Chapter 1 ®)
Introduction to Lightning and Lightning oo
Protection

Abstract In this chapter we introduce the entire subject of the book from both
engineering and physics perspectives. A brief presentation of the general nature
of lightning flashes is followed by describing, with simple models, the two main
parts of the lightning flash. Namely, the leader stroke and the return stroke. The
electromagnetic phenomena related to lightning is also presented. First the electro-
magnetic waves along the lightning channel are analyzed considering the lightning
channel as an electric plasma channel with free electric charge particles moving in
it; We study the electric parameters of the lightning channel, including its electric
conductivity. Models of the lightning flash are briefly presented. Lightning protec-
tion is summarized in this chapter considering aircraft interaction with lightning and
aircraft protection zones, and protection of electric power systems. In addition, the
protection of electronic systems and devices is also considered.

1.1 The Lightning Flash: General Characteristics
and Damage Caused

Lightning engineering is an increasingly important discipline due to the increase
in lightning damage to electronic and microelectronic systems that are operated
at very low voltage and current levels. The electronic systems include computers,
communication systems, medical equipment, security and safety equipment, military
systems, and monitoring devices. Relatively small lightning induced voltage surges
and slightly increased current flows can damage and disrupt the function of these
sensitive systems used in navigation, military technology, biomedical systems and
many other transport, business and service systems and smart homes applications in
ground and airborne systems and devices. Furthermore, since electrical power and
communication, and command and control systems are interconnected and cover a
large space, the entire system is simultaneously exposed to lightning-caused electric
voltage and current threats. When large machinery to handheld devices are electron-
ically monitored and operated, the entire interconnected system hardware is exposed
to instability and damage if the microelectronic systems should be interfered with
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or burnt by lightning flash voltage impulses. Present and future smart cities are
particularly vulnerable to lightning-caused malfunction and damage.

As much as thirty percent of damage in electrical power and electronic systems
is caused by over-voltages due to switching and lightning flashes. The remaining
seventy percent of damage is due to water, human error, fire, sundries, theft and
storms. Damage due to lightning surges far exceeds that due to switching surges.
Lightning damage is caused by direct lightning strikes to installations and structures,
as well as by indirect effects of lightning where the electromagnetic pulse radi-
ated by lightning (lightning electromagnetic pulse, LEMP) induces surge voltages
and currents in distant, electrically unconnected electric power lines and electronic
systems. The effects of LEMP are similar to those due to nuclear electromagnetic
pulses (NEMP). The ratio of the number of direct lightning strike surges to indi-
rect lightning surges is about 1: 600, but the ratio of damage caused is about 1: 2
since direct strikes are far more severe than the surges induced by indirect effects of
LEMP. In other words, say there are 100 direct lightning strike surges in a system
of a city each year. Then the indirect lightning effect caused surges will be about
600,000. However, if the number of damages caused by direct lightning strike to
the telecommunication installations of the city is 50,000, then the damage caused
by indirect effects will number 100,000. The cost of lightning-caused damage to
electrical and electronic systems and devices runs into tens of millions each year
for a moderately sized, technologically advanced country. Insurance payout due to
lightning has reached such high proportions that insurers only pay for damages to
hardware, and even that only if it is a first event. After the first damage, they expect
the customer to improve lightning protection to prevent further damage.

Consider first a few examples of lightning-caused damage to hazardous areas.
Outdoor or underground (e.g. diesel station) Storage tank flammable material
is susceptible to catch fire when lightning strikes the tank or the ground nearby. In
1965 a solid petrol tank roof was struck by lightning. Once the petrol tank roof
voltage was elevated above the lightning flash voltage of a million volts, the large
volt drops between the tank and the wires of the measuring cable, which was at
earth potential, resulted in an electric arc flashover between the roof and the cable.
The electric arc which is at a very high temperature fired the explosive mixture. The
whole tank exploded and was burnt. In Netherlands, in 1975, a lightning flash to a
tree close to a kerosene tank resulted in a flashover between the roots of the tree and
the underground earthing system of the tank. Once the earthing conductor voltage
increased to millions of volts, there was a flashover between the earth conductor and
the line running from the thermostat measuring the temperature inside the tank. The
flashover ignited the kerosene-air mixture inside, which resulted in an explosion and
a fire. In 1984 in Herne, the potential of the measuring cable entering the tank was
raised due to lightning flashes, and the potential drop between the measuring line
and the ground conductor caused an arcing flashover inside the alcohol chemical
plant resulting in a fire. In 1995, an Indonesian oil refinery tank was hit, and the tank
caught fire. Due to poor grounding of the earthing system this fire resulted from a
lightning-produced arc. Neighboring tanks also caught fire causing a major oil crisis
in the country. In 1996, a lightning strike to a petrol tank in USA set fire to multiple
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Fig. 1.1 Multiple lightning flashes over a built-up city Credit NOAA_NSSL With permission

tanks. The basic reason for these damages to explosive installations is the potential
drop of about one million volts that develops between the enclosing Faraday cage
like tank and the single cable coming into the tank, where the cable is connected to
monitoring and measuring devices inside the tank.

Figure 1.1 shows multiple lightning flashes from the cloud to ground (CG). The
downward, that is cloud to ground, direction of the initial electric breakdown (the
leader stroke) is indicated by the downward pointing branches of the lightning flash.
As cities move towards greater use of Internet of Things (IoTs) and smart cities,
the threat of lightning induced impulses poses a greater threat to microelectronic
system based transport, safety, security, communication, navigation, and commercial
systems. If the thunderstorm is in the vicinity of an airport, any aircraft that are
landing or taking off may be struck by lightning, as well as aircraft parked outside
the hangars. A lightning strike to a commercial aircraft taking off from the Tokyo
airport showed one part of the lightning channel to originate from the radome of the
aircraft and move up towards the thundercloud. With the branches of the lightning
segment pointing upward, the indication is that the aircraft imitated the lightning flash
due to large accumulation of electric charges at the radome resulting in an electric
field greater than the breakdown electric field for air, which is about 30 kV/cm (or 3
MV/m) at ground level (for dry air but lower in wet or moist conditions). Moreover,
the second portion of the lightning channel extended from the fin of the aircraft
down towards the ground and had branches pointing downwards. This indicates that
the second part of the lightning flash also originated from the aircraft, specifically
from the aircraft tail, and moved towards the ground. When connections with the
thundercloud above the aircraft and the ground below are completed, then the high-
current return stroke (e.g. 300,000 Amperes, with rise times of the order of one
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microsecond) which radiates intense light, is initiated. The aircraft structure, as well
as the internal power, electronic, control, navigation, and information technology
systems and equipment need to be well protected against adverse effects of aircraft-
lightning electrodynamics. In 1987, in Rundschau, lightning struck a Boeing 747
aircraft with 225 passengers, when it entered into a thunderstorm zone close to
Newark, New Jersey airport. The four lightning strikes to the aircraft within a few
minutes damaged the autopilot, radio communication to the airport and the weather
radar. The captain and the co-pilot had to exercise immense effort to keep the aircraft
flying because the elevator control was also damaged. Air to air communication with
a nearby British Airways aircraft was used to safely land the aircraft. Landing gear
brakes had to be used since the braking thrust reversals of the four engines were also
damaged by the lightning strikes. About the structure of the aircraft, parts of the tail
fins were missing, and hundreds of fire damages to the aircraft shell and wings were
also found, where lightning had attached itself to the aircraft, or was burnt by the
dragging of the lightning stroke over the surface of the structure.

In 1985 a lightning-caused fire accident of the Perishing II rocket in Germany
killed three army personnel and injured nine others. The fire was caused by electro-
static sparks produced by the thundercloud electric fields in the propelling charge of
the motor. Apollo 12 rocket and the Saturn V rocket were struck by lightning in 1964,
36 s after lift-off. The Saturn V was struck by lightning when it was 2000 m above
ground, with a connecting strike to the ground platform. In 1987 lightning struck the
78-million-dollar Atlas Centaur rocket 51 s after take-off, sending it out of control.
Lightning struck the nose of the rocket. Both the rocket and the 83 million Pentagon
satellite payload it was carrying had to be destroyed over the Atlantic Ocean. The
lightning strike which penetrated the rocket, by making a 5 cm hole on its nose,
disrupted the main computer which gave false commands to the driving engineer
resulting in a failed trajectory. In 1987, lightning struck three small research rockets
at the NASA base in Wallops, tripping the ignition mechanism. The three rockets
had a common earthing system. After lifting off after the ignition was switched on
by the lightning induced currents, the three rockets fell into the Atlantic Ocean. The
normal practice is not to trigger the take off of a satellite launch vehicles when there
is thunderstorm activity in the vicinity, just as aircraft are usually prevented from
taking off or flying under thunderclouds.

Lightning also strikes small passenger planes and control towers. In Fig. 1.2a is
shown a lightning strike path through a military aircraft flying at striking distance
from the thundercloud. More frequently lightning strikes commercial aircraft when
it takes off or landing, and under the thundercloud. In 1995 the radar control station at
Changi Airport, Singapore was directly hit by lightning, and it took four hours to start
up the system with the backup system. In 1993 in France, an Airbus was struck when
taking off, the nose was broken, and the radar was affected, and the aircraft had to be
landed in emergency. In 1992, the almost impregnable lightning protection system
with 32 lightning arresters in the airport control tower was bypassed by a lightning
strike knocking out the control tower for two hours. The fire control system was also
set on fire. In 1996 lightning strike to the German meteorological measuring system
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Fig. 1.2 Lightning flash to a Lightning strike to an aircraft; the lightning channel connects the
thundercloud and ground through the aircraft. b Lightning strike to an elevated structure, such a
electric power towers and buildings. Credit NOAA_NSSL, USA. With permission. Endeavor space
shuttle pad hit by lightning Credit NASA, USA). ¢ Lightning flash triggered by a rocket fired
towards a thundercloud. Photograph of a space vehicle struck by lightning (Credit NASA, USA).d
Lightning flash triggered by a laser beam fired towards the thundercloud, An experimental system
set up in Switzerland

at Dusseldorf made it malfunction, resulting in a temporary shutdown of the airport
to flights.

Figure 1.2b shows a lightning strike to an object elevated from the ground. Here
the forked lightning channel is seen above the tower, such as a telecommunication
tower. Lightning strikes electric power line towers as well as the bare power lines held
up by the towers which run for several hundreds of kilometers. Multiple lightning
channels from the strike point to a power line indicate that there is not only one flash,
but following the first stroke, are subsequent strokes to the same point on the power
line through the now ionized channels, imitating a multiple number of destructive
high voltage transient pulses that will travel along the line in both directions, that is,
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Fig. 1.2 (continued)

towards the power generating station at one end and towards the power substation at
the other end, at which the transmission voltage is stepped down to lower voltages
for electric power distribution. In Fig. 1.2c is shown an artificially triggered lightning
strike. A rocket which has a light, flexible, grounded conducting wire connected to it,
is fired towards a thundercloud. The rocket, thereby, takes the ground potential close
to the thundercloud, thus increasing the electric field at the tip of the rocket at ground
potential to make it become very large until it launches a leader stroke towards the
thundercloud. Then the first return strike occurs through the wire and the rocket,
melting or destroying both with its heat. In Fig. 1.2d, instead of a rocket attached to
a ground conductor wire, a laser beam is shot towards the thundercloud, which takes
the ground potential closer to the thundercloud. Here the first return stroke occurs
through the conducting laser beam. These artificially triggered lightning strikes are
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used to make measurements on lightning at a controlled, instrumented, fixed point
on earth.

About thirty percent of electric power failures in the USA are due to lightning
flashes. The damage caused can exceed five billion dollars. Lightning-caused electric
power failure and damage to both the power apparatus and the consumer installations
connected to the power grid are much higher in poorly protected electric grids in
developing countries. In 1977 a 345 kV power line close to New York was struck by
lightning. With the whole city plunged into an electric power cut, it took one day to
restore electric power, with a loss of 350 million dollars to the city. Two 345 kV power
lines in Minnesota went out of service due to lightning and subsequent overheating
of power lines sagging down to touch trees, caused further electric short circuits and
failures. For over nineteen hours, the chain reaction at other interconnected state
power grids resulted in eight states plunging into loss of electricity. In technically
developed countries, such as France, close to five percent of all insurance claims in
a year is lightning related. In the telecommunication industry this can be close to ten
percent of all insurance payments. In the USA about 50% of the annual 200,000 forest
fires are due to lightning. In the summer of 1999 about 2000 forest fires were caused
by lightning flashes resulting in 400 million dollars of property damage. With the
increase in renewable energy sources used for the generation of electricity, lightning
protection of both wind power stations and solar power installations becomes more
important. In 1988 a particularly severe thunderstorm in Sweden triggered 1400
alarms, and the police radio and telephone exchange was disrupted. The 130 kV
power system failed, and the emergency generators were not started up because the
control computers were damaged. The low voltage mains distribution, the control
room, and computer terminals were damaged. In 1993 the rotor wings of the large
wind generator in Helgoland, Germany, were destroyed, causing damage with up
to DM 800,000 spent on repair. Although the annual number of lightning flashes
over the ocean is much lower than the annual number of lightning flashes over land,
offshore oil platforms need lightning protection because of the tall structures and
the special type of material handled.

Figure 1.3a shows a heavily branched cloud-to-ground lightning flash. The
branches of the lightning flash point downwards, giving it the appearance of an
inverted tree. The downward pointing branches indicate that the leader stroke of the
flash traveled from cloud towards ground, and the intense return stroke traveled from
the ground towards the cloud. The return stroke not only runs towards the thunder
cloud, but also along the branches thus neutralizing the electric charges deposited in
the branches of the leader stroke. Such lightning flashes are called cloud-to-ground
(CG) lightning flashes. This is the most common type of lightning flash to ground.
The upward going leader, from tall earth structures or aircraft radome (or nose) for
instance, is called a ground to cloud (GC) flash. In GC flashes, the branches point
upward towards the cloud. In Fig. 1.3b is shown a ground to cloud (GC) lightning
flash, with the branches pointing upward. Such upward GC flashes are produced
by tall buildings and towers. Lightning protection of the structure of buildings and
its surrounding environment is important. Moreover, the electrical and information
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Fig. 1.3 a A heavily branched lightning strike to ground. A simultaneous, horizontal cloud to
air flash well above ground, like an inverted tree. A cloud-to-ground (CG) lightning flash. Credit
NOAA_NSSL With permission. b An upward lightning stroke, where the branches point upwards,
like an upright tree. A ground to cloud (GC) lightning flash. Credit DEHN. With permission

technology (IT) equipment inside the buildings needs to be protected from the light-
ning currents and voltage impulses, as well as from radiated electromagnetic pulses
(LEMP) produced by the lightning flash.

Figure 1.4 shows long lightning flashes stretching across the sky. One such cloud
flash in Oklahoma terrain stretched to a distance of 350 km. Such flashes could be
between electric charge centers within a single cloud, between the thundercloud and
air or lightning flashes between two large thunderclouds. It is expected that unusually
intense lightning flashes, as well as long flashes that may last for several seconds
(instead of the conventional one second flash) will increase with climate change,
especially with the warming up of the earth’s surface. Much research into lightning
strikes and lightning strike parameter prediction for severe lightning flashes with
climate change is an urgent need for the protection and preservation of electrical,
power, telecommunication and emergency electronic systems (e.g. medical surgery
and intense care unit electronic/computer systems), as well as for human safety.

The microphysical and thermodynamics-based nonlinear processes of the atmo-
spheric disturbances and anthropogenic enhancements of heat emission play a crucial

Fig. 1.4 Lightning flashes within a thundercloud (the intracloud or IC flash) or cloud to air flash
(cloud to air or cloud to cloud or CC flash). Credit NOAA_NSSL, USA. With permission
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role in the cloud-to-ground electrification. Evidence has shown that surface temper-
ature rise from heat generated through anthropogenic activities is a key factor in
driving lightning activities. Such evidence points to an inevitable risk of cloud-to-
ground (CG) flashes that have been observed over major cities around the world.
The risk is heightened further as a result of unprecedented weather patterns due the
effects of climate change. There is strong interactions between climate change and the
electrical processes of the earth’s atmosphere (i.e. the troposphere, extending from
the earth’s surface to a height of 14 km) and beyond (notably, the ionosphere, the
layer that stretches from 90 to 400 km above the earth). Moreover, it is conventional
to link climate change with all extreme weather events including high frequencies
and intensities of lightning flashes. Lightning inception criterion is still a subject of
debate and research. Lightning activity is more continental than oceanic, with conti-
nental updrafts at 50 m/s producing thunderclouds compared to the 10 m/s updrafts
over the ocean. Intense lightning activity is seen to prefer dry climates (e.g. Africa)
rather than wet climates (e.g. South America), although both regions may be close
to the earth’s equator. Thus, lightning flash, especially the CG flash, induced voltage
and current transients pose serious threats to ground and airborne vehicles, struc-
tures, and systems. The need for mitigation of lightning’s direct and indirect effects
continues to drive the protection systems to structures, their contents and systems to
a higher level.

There are, to date, no devices or methods capable of modifying the natural weather
phenomena to the extent that they can prevent lightning discharges. Lightning flashes
are hazardous to people, to the structures (buildings, towers, aircrafts, etc.) and their
contents and installations. This is the overarching reason why protection measures
in aircraft, structures and systems become vital against both the direct and indirect
effects of lightning. The need for protection, the economic benefits of installing
protection measures, and the selection of adequate protection measures should be
determined in terms of risk management.

Lightning interaction with structures is categorized as direct effects and indi-
rect effects. The direct effects of the lightning stroke (or flash) comprise high return
currents. The current peak magnitudes are of the order of several tens of kilo amperes.
A value of 200 kA and up to 500 kA has been reported. The four specific effects of
lightning current due to direct effects that are considered to be of high severity
in producing damage are: (1) the peak current, which is the high-current pulse
flowing through a conducting surface. It is responsible for the voltage induced on the
conducting surface of magnitude v = iR, where i is the current pulse, and R is the
resistance of the surface; (2) The maximum rate of change of current. This is depen-
dent on the current steepness which gives rise to an electromagnetically induced
voltagev = M %, where M is the mutual inductance of the loop of conductors;
(3) The integral of the current over time, Q0 = f idt, which is the electric charge
transferred and is responsible for the mechanical force and the heating effects; and
(4) The integral of the current squared over time % = [i%dt, where W is the
energy dissipated into a 1 €2 resistor (R) which is referred to as the specific energy
or the action integral. The resistance R is the temperature-dependent D.C resistance
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of the conductor and R/W is the specific energy which is responsible for the melting
effects.

The indirect effects of lightning threats are due to the radio frequency interferences
and lightning electromagnetic pulses (LEMPs). The LEMPs can induce disruptive
voltages (v = Ldi/dt) and currents (i = Cdv/dt) that can adversely impact elec-
trical and electronics systems through resistive and/or electromagnetic couplings.
The advent of digital electronic technology in electrical/electronic systems and the
evolution of Internet of Things (IoT) through radio frequency identification devices,
barcodes, smart phones, and the convergence of smart technologies in smart homes,
smart industries, smart cities, smart environment, and smart ecosystem in smart
people with micro-chips implanted forming the smart planet by integrating modern
communication and information technologies will all heighten the requirements for
a professional approach to lightning protection. LEMPs threats can have serious
damaging effects. The electrical and electronics systems are susceptible to LEMPs
at frequencies between 1 and 500 MHz and produce internal field strengths of 5
to 200 V/m or even greater. Internal field strengths greater than 200 V/m of pulse
widths less than 10 ps can absorb lightning-induced voltages and currents ranging
from several tens to thousands of voltages, say from 50 V and 20 A to over 3000 V and
5000 A. Susceptibility of electrical/electronic system to LEMPs has been suspect as
the cause of “nuisance disconnects,” “hardovers,” and “upsets” in electronic systems.
Generally, such malfunctions in digital electronics systems occur at lower levels of
EM field strength than that which could cause component failures, if no proper
shielding or protection system is utilized.

Because of the lack of detailed knowledge of the lightning strokes, little theoretical
work has been done. Where the physics of the leader stroke or return stroke is taken
into consideration, the underlying theories frequently contradict even some of the
known, measured behavior of the strokes. The bulk of the work on the leader stroke
has been to determine the velocity of the leader—each school of thought assuming
different processes to dominate. We examined the leader stroke theories, to gain an
understanding of the path over which the return stroke travels. Work on the return
stroke was examined, to learn from the ideas found therein and their limitations,
examining why no satisfactory solution or agreement regarding the physics of the
return stroke has been found to date. A common weakness has been to prescribe
unreasonably large, stored energy in the leader in order to obtain observed return
stroke velocities of the order of 10% m/s, close to a third of the velocity of light in free
space. The lightning flash is a challenging problem in physics and engineering, but
it is not easy to tackle to full satisfaction any one of the many distinct stages which
make up the majestic flash, from thundercloud formation, to lightning initiation, to the
leader stroke and return stroke, or the subsequent dart leader and return strokes. That
each stage plays an important role in discharging the thundercloud, thus balancing
the electrical changes which take place during fair-weather conditions, is clear.



1.2 The Leader Stroke 11

1.2 The Leader Stroke

The fair-weather volt drop of 250 kV between the upper atmosphere and the earth may
be represented by a battery. Shown in Fig. 1.5 is also the electric circuit model of the
fair-weather electric circuit: voltage source represented by a DC battery connected
through the thundercloud resistance R to the fair-weather atmospheric resistor R¢ (200
2), which in turn is connected to the ground through the fair-weather capacitance Ci
(0.7 F). The fair-weather CR time constant is 2 min. This is the time taken for the
250 kV electric potential difference between the earth and the upper atmosphere to
charge the fair-weather capacitor Ci. The charging current Ic is about 1250 A. When
the thundercloud replaces the fair-weather environment, the large, approximately
50-100 million volt drop (50-100 MV) between the thundercloud and the earth
generates electric breakdown (at about 30 kV/cm electric field stress, sometimes as
low as 18 kV/cm) and the leader stroke moves between the earth and the thundercloud
to create a short circuit. The short circuit results in the intense, destructive return
stroke current wave.

The nature of the leader is represented by an RC circuit (Fig. 1.5) triggered by a
constant voltage source, for which

1
RI(t) + E/I(t)dt =VQ®) (1.1)
which on differentiation gives

I(t)

R Leader
Resistance

Leader Tip

Tipto
Ground
Capacitance

S Ll

Ground
V(t) It)

Vv,

0 t 0 t

Fig. 1.5 A crude circuit model for the leader stroke
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After the initial rise of V, we have dV/dt = 0. Thus the current is simply Io
exp(-t/RC) and is sketched as in Fig. 1.5b.

The fair-weather electric field between the upper ionosphere and the earth at a
height z may be given as

E(z) = — (—93.8 e(—452782) 4 44 4 e(—0.1211))\//1,11

for height z less than 60 km. At ground level, with z = 0, E is about 150 V/m. At
= 10km, E is 4.5 V/m and at 30 km it drops to 0.3 V/m and to 1 wV/m at very high
altitudes close to 60 km. Under the thundercloud, with its lower region at a height of
1 km from ground, the electric field at ground level could rise to about 50 MV/km,
yielding 50 kV/m. The high electric field produces the lightning leader stroke which
results in the high-current lightning return stroke. The energy in a return stroke is in
the region of 10° to 10'° J. Can this lightning energy be used to provide electricity
to homes? Consider a 100 W bulb burning for one month. The energy it requires is
100 x 3600 x 24 x 30 = 0.26 x 10° J. This means just to light up a 100 W electric
bulb, it will take about 10* years of lightning energy to light that electric bulb for
one month. The reason for this is that although electric power in lightning is high,
the electric energy is very low, since it lasts for only about half a minute. Moreover,
since much of the lightning energy is dissipated into heating in the lightning leader
channel, the energy delivered to earth is much lower.

The electric charges in the lower part of the thundercloud determining the electric
charge polarity of the lightning flash varies from country to country and season to
season. A positive electric charge concentration in the lower part results in a positive
lightning flash, with positive electric charges lowered to the ground by the return
stroke. When the lower part of the thundercloud has a surplus of negative electric
charges, this results in a negative flash with the return stroke lowering negative
electric charges from the thundercloud to the ground. In the USA, for instance,
monthly positive lightning flashes are about 90, whereas the negative flashes per
month are about 50. In summertime, there are more negative flashes (20 per month)
than positive flashes (15 per month). In Japan the number of monthly positive flashes
(66 per month) is much higher than negative flashes (29 per month). In France on
average there are 81 positive flashes each month and 34 negative flashes each month.

There are two difficulties facing the theoretician studying lightning and labo-
ratory spark leader strokes: (1) There is scant knowledge of transport, ionization
and recombination coefficients and of thermal and electrical conductivities of the
processes involving kinetic energy dissipation by chemical, thermal and radiative
means; (2) Theoretical calculations of unknown parameters such as the electron
temperature, calculations that are based on mere assumptions. The problem still
remains intractable. In the extensive work on leader channels using the time invariant
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fluid equations for electric plasmas, some of the assumptions made are quite drastic—
for example, it is assumed that there are no conduction, convection, or displacement
currents flowing in and around the leader; however, current peaks of 1kA and average
currents of 100-300A have been reported for leaders. Further it is assumed that the
diameter of the leader is over 5 m, hence postulating that the leader motion is due
to electrostatic forces between the cloud and the tip. However, such a shock wave
theory, in addition to the unacceptable assumptions made above, is difficult to defend
for the following three reasons:

(1) In asphere—plane electrode system the electric field will exponentially drop,
as the observer moves from the sphere to the electrode. In such a situation the
energy for the progress of the streamer to a short distance from the thundercloud
may be provided by the cloud. But the major part of the gap must be governed by
the streamer using stored potential energy in the pocket of charges accumulated
at the tip, which is constantly refurbished by conduction currents flowing down
from the cloud;

(2) The theory does not properly explain the progress of a positive streamer. In
order for a positive streamer to exist, the electron pressure must pass through
a sharp maximum in the positive streamer wave front such that the electron
diffusion process allows the electrons to move against the electric field. Such
a high temperature it is claimed is achieved by electron—electron collision,
which is rather doubtful since this would require very large electron density
and collision frequency. Even if electrons could be heated to high temperatures,
the question of how much energy is used for velocity reversal and how much
lost to the electric field has to be addressed; and

(3) The shock wave theory of the leader requires a leader radius larger than 5 m.
However, the leader radius for long laboratory sparks is 1-5 mm, with a thinly
ionized region surrounding it. Generally, the thin corona streamer develops
into a highly conducting leader in about 75 s, during which time both current
and the temperature changes are observed as the channel expands from 1 mm
to say 2 mm.

The leader tip is preceded by quite complex processes. Some choose to ignore
these discharge processes which precede the leader. The view that there is a pilot
leader preceding the main leader appears to be correct; the pilot leader must be made
up of corona and glow phenomena. Collisions between accelerated free electrons and
atoms generate more free electrons, which result in the highly ionized, electric plasma
environment around the leader tip. Electron acceleration depends on the electric field
at the tip of the leader. As to how a 1 m diameter corona region first collapses into a
glow region and then into a thin leader channel is not clear. This transition is observed
to occur with the arrival of a rekindling wave. There is not a sufficient amount of data
on long DC sparks, these being very difficult to generate, and hence we assume that
some of the observations made on leaders with impulsive voltages are also applicable
to DC sparks. We take it that the lightning leader diameter is about 5 mm, with high
conductivity which is invariant once having fully developed. In the return stroke
considerations, we are not interested in the initial expanding stage of the leader.
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Various relationships between the leader velocity and leader current have been
claimed. One such relationship suggested for a 16 m long spark at about 2.5 MV is v
=1+ 0.95 cm/ps where v and I are average velocities and currents, respectively. The
leader currents observed for laboratory sparks are of the order of 1 A, giving a velocity
of about 2 cm/ps. This velocity for the positive spark is about an order smaller if
the current is taken to be 200 A and compared to a negative leader step velocity of
0.5 m/ps or dart leader velocity of about 0.06 m/s (0.2 m/s from triggered lightning
measurements). A fundamental difference which must determine the higher currents
and velocity in the lightning case, compared to the long DC laboratory spark, must be
the very high potential of the thundercloud, leading to restrikes which are associated
with intense ionization and large current pulses.

When downward leaders in cloud-to-ground flashes approach a tall object or struc-
ture, it rapidly changes direction and strikes largely the tip of the tall object. In such
lightning flashes one can observe a sharp kink, or change of direction as the lightning
leader sharply turns towards the tall, grounded structure. The current-striking distance
is related to the stepped leader charge Q (Coulombs). The relationship between the
peak return strikes current I (kA) to the electric charge transferred is empirically
defined by I = 10.6 Q°7. The relationship between the striking distance d (meters)
and the peak current I (kA) is d = 10 1%, The upward leader that rises from the tip
of the tall structure to encounter the downward leader heading towards it could be
20-100 m long. In rare cases where there are two tall structures that launch upward
leaders towards the down coming main leader, there will be two different stepped
leaders producing two different return strikes, giving rise to a forked lightning.

Upward leaders in ground to cloud flashes are initiated from very tall earth struc-
tures, and structures or trees in the mountaintops or artificially initiated lightning
where a rocket with a ground conductor attached to it is fired towards a thunder-
cloud. The 3 x 10° m/s upward leader first initiates a dart leader that travels down
to ground initiating a first return stroke going from ground to cloud, which largely
looks like a subsequent return stroke of a cloud-to-ground flash. In rare cases, the
upward going leader may initiate a first return stroke that travels from cloud to
ground. When the upward going leader enters into a thundercloud, there are strong
intracloud flashes that lower 30 C—300 C electric charges into the dart leader that
carries it towards the ground. Fast introduction of conductors, including an aircraft,
rocket, nuclear explosion produced conductive matter, or plumes of water that sprout
from an ocean bomb blast, can also initiate an upward leader that travels towards
the cloud. When rockets with ground wires trailing behind them are fired towards
a thundercloud, the rocket height H meters at which the upward leader is launched
depends on the electric field E kV/m at ground before the rocket is launched. The
relationship between E and H is roughly, H = 3900 E~'33. The velocity of the rocket
and the type of the ground wire attached to it does not appear to have a major effect
on the lightning flash properties. However, the presence of melted conductor inside
the lightning plasma channel and the very good grounding provided at the earth end
give rise to sharply rising wavefronts in rocket initiated lightning flashes compared
to natural lightning flashes.
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1.3 The Return Stroke

1.3.1 General Description

The lightning leader strokes are largely generated at the thundercloud electric charge
center and move downwards towards the ground, and at the leader channel termi-
nations at ground are generated the return strokes of a cloud-to-ground (CG) flash.
Figure 1.3 shows both CG and GC lightning flashes, where the return stroke travels
from ground to cloud (CG, Fig. 1.3a) and from the thundercloud to ground (GC
flash, Fig. 1.3b). Figure 1.6 shows the intracloud (IC) flash, where there are multiple
lightning flashes from the electric charge centers, e.g. negative charge centers) from
one part of a thundercloud to the electric charge centers (e.g. positive electric charge
centers) of opposite polarity in another part of the thundercloud. Here in Fig. 1.6
multiple, spidery shaped multiple bright flashes that are seen in Fig. 1.6, namely,
multiple return strokes, travel from one electric charge center towards another.

The lightning return stroke therefore originates at the point at which the leader
stroke contacts the ground (CG flash) and moves upwards along the ionized leader
stroke channel. However, when a tower or ground object of 150 m height is under
the thundercloud, about 23% of the lightning leader strokes originate at the upper tip
of the ground object or tower, and these move upward towards the thundercloud. In
this case, the lightning flash is called a ground to cloud (CG) flash. This return stroke

Fig. 1.6 An Intracloud (IC) lightning flash between multiple electric charge centers inside the
thundercloud. Simultaneous clod to ground flash Credit NASA, USA



16 1 Introduction to Lightning and Lightning Protection

originates at the cloud electric charge center (or at the round?) and moves downward
towards the ground (or upward towards the cloud?). When the object is 200 m tall,
50% of the leader strokes originate at the earth object or tower. The percentage of
ground to cloud flash increases to 80% of flashes when the height is 300 m to 91%
when the object is 400 m tall, and to 98% when the height is 500 m.

Once the first return stroke has completed traveling from ground to cloud in
a cloud-to-ground (CG) flash ionized channel, there could be a subsequent leader
and a subsequent return stroke occurring. In between the first return stroke and the
subsequent leader, smaller electric voltage pulses called the M-components may
travel from the cloud-to-ground transporting electric charges from the thundercloud
to ground.

During the electrically intense return stroke strong electromagnetic pulses called
the lightning electromagnetic pulses(LEMP) are radiated out from the return stroke
ionized channel. These LEMP may induce large electric voltage pulses on distant
electric lines and circuits. Up to 5 MHz the strength of LEMP is inversely proportional
to the frequency (f). In the range of 100 MHz—1 GHz the strength of LEMP is inversely
proportional to f2.

1.3.2 The Empirical Model

Both the lightning leader stroke and the return stroke are columns of ionized gas,
in which when the free electrons are subject to an electric potential (such as the
thundercloud voltage), the electrons collectively move in one direction, resulting in
the flow of electric current. Matter exists in four states. These are, namely, solid,
liquid, gas, and plasma. Plasma in electrical science, is ionized gas. The thunder-
cloud produced electric breakdown results in electrons freed from oxygen and water
molecules, producing leader strokes, and subsequent return strokes. In nuclear fusion
technology, electric plasma is produced and the free ionized particles are confined
to the plasma region by strong magnetic fields externally produced in parallel to
the plasma column. Nuclear fusion plasma immersed in an external magnetic field
is called magnetized plasma. But the lightning channel is an unmagnetized plasma
channel, where at high pressure the channel particles may in a high-pressure internal
explosion be thrust out of the ionized column. That expulsion as a shock wave is
heard as thunder. The return stroke currents flow along the electric plasma channel
of the leader. The ionized gas channel (i.e. the plasma channel) acts like a conductor
for the lightning return stroke current.

We may identify two different approaches to the modeling of the return stroke.
The first approach is to specify the current-time and current-height characteristics.
Parameters such as the peak current, the time constants, and the velocity of the return
stroke may be obtained from ground measurements of currents and/or the LEMP.
The double exponential empirical description of the return stroke current is the most
widely used, because it is simple and easily generated in a high voltage laboratory.
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Fig. 1.7 A simple circuit
model for the return stroke
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However, it is open to question whether such models are true to the physical processes
and whether they may rightly be called models of the return stroke.

We may best illustrate this lumped LCR circuit model by a very crude, intuitive
model of the return stroke, as shown in Fig. 1.7.

In the case of the return stroke, for the simple model shown in Fig. 1.7 (a), we
assume that all the cloud charge is transferred to the leader as the leader is connected
to the ground. For the lumped circuit shown in Fig. 1.7a, Kirchhoff’s law gives

LdI+RI+l/1dt—O (1.3)
dt C o ’

Differentiating (1.3) gives

d*1 dl I
+R—+—==0 (1.4)

L_
dt? dt C

which has the solution form

—R+K
)

I1(t) = A7) 4 Be(557 (1.5)

where

R2— 4L
K=,—=. (1.6)
C

Using, the initial condition I(t) = 0 when t = 0 we obtain
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1(6) = Vo[e(%)f _ (B ’] (1.7)

The form of (1.7) resembles the empirical Bruce-Golde lightning return stroke
model and is sketched in Fig. 1.7b.
Differentiating (1.7) and setting di/dt = 0, we have the rise time given by

. _L1 B R+ K (1.8)
T—Kog R K sec s .

which is a strong function of L/R, for R%>>4L/C and K ~ R. We note that the impor-
tant parameter t, depends on the careful estimation of L/R. Some LCR circuit models
for the return stroke set L/R = 0.0 so that such distributed LCR models are unreliable
for rise time estimation. In the case of erroneous setting of parameters, for instance,
ignoring the L parameter at ground level, singularity points appear in the calculations.
In computation it is important to keep the time step At << L/R, and the accuracy is
easily checked by ensuring that there are computed points on the wavefront.

Return stroke velocity. The velocity with which the lightning return stroke current
and voltage surges travel from ground to cloud, in a cloud-to-ground lightning flash,
is about 108 m/s. The value is less than the velocity of light (3 x 10® m/s). The velocity
of a surge traveling along a lossless electric conductor is equal to the velocity of light.
The return stroke current I = dq/dt, where q is the electric charge collapsing along
the lightning return stroke channel as it is rapidly lowered to ground by the return
stroke traveling upwards in a cloud to ground flash. The velocity of the return stroke
wave is v = d//dt. where [ is the length traveled by the return stroke. With q being the
electric charge deposited along a channel of length dl, current I = qv. Unit mismatch.
I becomes C m/s Hence for velocity v = 10%, and q = 10~3 C/m check unit, we get I
= 100 kA, the return stroke current. We have assumed that the velocity v is constant
from ground to cloud. But in lightning flashes, the velocity v of the rerun stroke
decreases with height.

There are two factors that affect the velocity of the return stroke. (I) First, the
longitudinal resistance of the lightning channel, which is not zero. The lightning
plasma channel, or the ionized channel, is not lossless, but a lossy conductor with a
finite value of R of about 1 €2/km. The maximum electric field along the lightning
channel, or the longitudinal electric field, falls from about 100 kV/m in the first
few microseconds. But as the lightning channel diameter expands the electric field
falls to a value of about 10 kV/m. The resistance of the channel may increase to
about 30 ©2/km in 20 to 30 us after the return stroke first reaches a point along
the channel. (II) Secondly, there is a further reason why the lightning return stroke
velocity is less than the velocity of light. When considering the lightning return
stroke channel, at the center it is very narrow, a highly conductive core the diameter
of which is a few mm to a cm. This inner core is surrounded by a larger region
of dispersed, conductive ionized particles. This sheath therefore has a conductance.
The outer sheath conducting region further adds to the surge impedance, which from
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free space values of 300 €2 could increase to 500 €2. This outer corona sheath could
further impede the propagation of the return stroke and reduce its velocity.

1.3.3 Lightning Return Stroke Models

Although a variety of lightning models have been discussed in the literature, the
two most important models from an engineering perspective are the following two.
(1) The curve fitting model obtained from electromagnetic field measurements and
then trying to guess what the electric current that is generated should look like, by
a curve fitting technique. The curve fitting method is used extensively by lightning
researchers in USA and Sweden. The method is to construct the lightning current
pulse by a curve fitting method to get the shapes of lightning electromagnetic pulses
(LEMP) measured at ground level. This is an indirect, curve fitting method, that is not
strictly based on the physics of the lightning flash. (2) The other, the most important
model in our view, is the distributed transmission line model. The lightning flash was
initially modeled as a lumped circuit as described in Sect. 1.3.2. Taking the lumped
circuit model a step further, the return stroke is modeled by the distributed LCR
transmission line model. For the model to have self-consistency, it is necessary to
ascertain that it is scientifically valid to represent the return stroke by a transmission
line, and if there is a satisfactory case for such a model, with the elements of the
line to be determined from basic principles. The models, unless carefully calculated
L, C, and R parameters are used, may yield erroneous solutions for a CR network
instead of an LCR network. The CR network is a diffusion model and not a fast
electromagnetic wave model. In Chap. 5 is presented a self consistent LCR model of
the lightning return, which is solved using the finite difference time domain method
(FDTD).

There have been suggestions that it is important to include resistances which
vary with frequency or time t, as the channel expands. Braginskii’s model of a hot
plasma channel is used to obtain radius r (proportional to t'/). Moreover, a curve fit is
used to obtain conductivity o following Plooster. Discussion on the lightning leader
models using shock wave-like phenomena and their shortcomings also apply to using
the Braginskii’s and Plooster’s works. The degree of freedom in estimating r—t and
o—t characteristics are larger. R = 1/67rr2, where R, o, r are the per unit resistance,
conductivity and the radius of the channel, respectively. The distributed LCR electric
circuit model to represent the lightning return stroke wave as an electromagnetic wave
yields, as shown in Chap. 5, results that adequately match all known measurements,
including the convex wave front of the return stroke, without going into additional
frequency or time domain calculations of channel radius and conductivity.

Now in the case of the lightning channel where high currents repeatedly flow
through the channel, both during the leader and the return stroke phases over a
considerable length of time, the channel would have reached a saturation level in
terms of its conductivity. During the leader phase itself the discharge carries average
currents of the order of 300 A for a negative leader, and above 1000 A for a positive
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leader. It is reasonable to assume that the high-current leader resembles a high-
pressure arc in its final stage, with the current mainly determined by the external
circuit. The idea is further supported by the fact that the estimated temperature of
the leader is 20,000° K, and for the return stroke the peak temperature is about
25,000° K (the average is about 20,000° K). It is therefore reasonable to expect a
negligible amount of change in the lightning channel conductivity during the return
stroke phase.

The general picture of return stroke modeling work is that there has been a trend
to put in lots of details which may not be significant in reality but are characterized
by a serious lack of agreement with fundamentals. The questionable models include
postulating a conducting shell around the return stroke channel, and equating the
energy dissipated to establish a laboratory arc to the energy used in establishing
the lightning return stroke. Fluid equations for electrons in a laboratory leader have
been extended to the return stroke. A standing wave for the return stroke has been
assumed without any discussion of how the wave is formed in the first place. Data
from laboratory sparks has been used to model the lightning return stroke without
considering the different processes taking place, and in putting in details that may
lead to drawing wrong conclusions from computer procedures which are question-
able (e.g. in the time step used which may allow the fast moving wave to spill over
to the next spatial increment before a single time step is over.) Large capacitances
have been prescribed to obtain low velocities for high frequency signals along trans-
mission lines. Others have prescribed electromagnetic models of the return stroke,
as described above, using a curve fitting technique to project back from measured
return stroke radiated electric and magnetic fields.

1.4 Lightning Radiated Electromagnetic Pulses (LEMP)

1.4.1 Computation of Radiated Electromagnetic Pulses

The most severe lightning flashes have return strokes of the order of 200 kA, with an
electric charge of the order of 100 C and T,/T, = 10/350 ws where T, and T, are the
front time and half fall-off time. The action integral, that is the specific energy, is about
10 MJ. The return stroke front time to half fall-off time ratio values is given by T/T,
= 10/350 ws. Subsequent return strokes of severe lightning strikes have a maximum
value of 50 kA, rate of rise of 200 kA/ws and T;/T, of 0.25/350 ws. The very short
rise times of 0.25 s give rise to high values for dI/dt. This results in large radiated
electromagnetic fields or LEMP. These radiated LEMP may couple to loops to induce
destructive voltage and currents in electric power systems to microelectronic circuits.
Thus, one needs to try to avoid loops in electric circuits. Continuing currents lower
electric charges up to 200 C over a duration of 0.5 s. The total flash charge is of the
order of 300 C. The voltage induced in a voltage loop of area A by a magnetic field B
radiated by the lightning return stroke is given by V = A dB/dt. A current I flowing
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along the lightning channel produces a magnetic flux density B = p, I/(2nr), at a
distance-r from the flash channel, with ., = 47tx10~". Let us do a simple calculation
on induced voltage. At a distance of 10 m from the flash, B(t) = 2 x 1078 I(t). For
dI/dt = 10'" A/s, the voltage induced in a 10 cm x 10 cm square loop of area A
=102 m? is V= (Lo A2mr) dI/dt = 2 x 1078 dI/dt = 2 x 10° = 2 kV, which is
relatively large. In addition to the electromagnetic pulses radiated by the lightning
leader and return strokes, there are also smaller radiations of electromagnetic pulses
called the M and K pulses. The K pulses are produced by electric processes that take
place between two return strokes, that is during the inter-stroke period or the dark
period after the ground flash is over. The M pulses occur mostly during the luminous,
200 A or so continuing current that immediately flows after the, say 100 kA, return
stroke. The M and K changes are non-threatening, and similar to each other. The
M process radiate more frequent submicrosecond pulses than the K process. These
processes are of some interest in radio noise studies.

Calculation of the electric and magnetic fields radiated from the lightning return
stroke are important for two main reasons: (1) any new return stroke (and leader)
models must be tested to verify that the fields determined from such models are
consistent with the general radiated electromagnetic pulses (LEMP) measured on
ground. (2) To be able to determine the LEMP at any height above the ground
and distance from the lightning flash. Although the current-time characteristics at
different heights of the lightning channel postulated from field measurements do not
give a valid return stroke model, a self- consistent return stroke model ought to give
LEMP which generally resembles the observed, ground LEMP. Such a return stroke
model may be used to determine the LEMP at any point in space surrounding the
return stroke model, including points at which an aircraft which is landing or taking
off may be located in space, points that are inaccessible for measurements.

The methods of LEMP calculations may be classified into four different classes.

(i) The old dipole moment method. This method has been widely used to
determine fields far from the lightning channel.

(i) The method based on integral equations for electric and magnetic fields. The
integral formulation is most suitable when the field at a limited number of points
is required. A widely used approach, it formulates the integral expression of
magnetic and electric fields radiated from the entire length of the channel.
What is unfortunate about this method is that it is difficult to visualize the
contribution to LEMP fields made by the distance-R dependent electrostatic
term (dependent on the electric charge, and decays as 1/R*® where R is the
distance from the channel), the induction or intermediate term (dependent on
current, and decays as 1/R?) and the radiation term (dependent on the rate
of change of current, and decays as 1/R). Furthermore, there appears to be a
fundamental error in the expressions as they stand. The constants of integrations
do not result from the return stroke. This constant may be arbitrarily taken to
be 3100 A. The leader charge has not been accounted for in the calculations
reported.
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The leader has an electric charge distribution of the order of 0.3 mC/m, for a total
charge of say 1 C distributed along the leader trunk of 3 km length. The average
charge lowered by a subsequent stroke (without branches) is about 1.4 C. Ignoring
this charge in LEMP calculations will give higher field values close to the flash; in
particular, for positive flashes where the charges involved are higher, the appearance
of bipolar fields (+ve field changing to —ve, or vice versa) near the flash will be
suppressed. In physical terms, ignoring the charge deposited along the leader amounts
to not considering the return stroke discharging the charged leader channel. In order
to rectify this error, an effort is made to place point charges at the tips of the elements
of a discretized leader channel, whence adding a new term to the former expression.
The magnitudes of these charges are determined by considering the difference in
currents between two adjacent segments to reside in a sphere and integrating it over
time. Such an assumption is difficult to defend, and it should be remembered that
the charge is distributed over the whole length of the channel and does not reside in
globules.

(iii) The integral technique reported in this book, the best and most scientifically
accurate method reported to date, includes accurate integral method LEMP
calculations linked to the currents and distributed electric charges along the
lightning channel calculated using the distributed LCR model of the return
stroke electromagnetic wave. The channel is discretized, during the LCR
model for return stroke current calculations, made up of many segments of
specified length (e.g. 100 m segments for a 1000 m lightning channel) to solve
the LEMP by numerical integration. This book, moreover, includes the tech-
nique for the calculation of electrostatic fields before a lightning strike, with
or without an aircraft present in the vicinity. This allows the lightning currents,
electric charges, voltages and LEMP to be calculated with external bodies or
structures, such as aircraft and buildings or towers present in the vicinity, and
become attached to the lightning leader-return stroke phases. Thus, it provides
a self-consistent, low memory, fast and accurate computer-based testbed for
lightning simulation and lightning interaction and testing.

(iv) A fourth method for determining fields is numerically to solve the differential
formulation of the problem using the finite element method. It is best used
when fields over the whole space around the lightning channel are required,
and external objects such as an aircraft are present in the vicinity. But it is an
expensive method if LEMP fields at only a few points are required. The gener-
ality of the differential formulation makes it difficult to identify the contribu-
tion of the different field terms. The finite element method is a promising tool
for three-dimensional and transient field calculations on aircraft.
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1.4.2 Calculating Rate of Rise of Currents from Measured
Electric Fields

With a notable increase in electric field measurements in the late 1970s and 1980s,
there have been attempts at the calculation of the rate of rise of return stroke current
using measured electric fields E, from the expressions for E and B given in the
well-known forms:

p
_ B [di

E; = —dz. 1.9
27 o dtZ (1.9)

The electric field at ground level is approximately expressed as

o .d.
E, =M |:Iv—/1—ldz% Ho IV} (1.10)
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at ground, where v is the return stroke velocity (assumed constant along the channel)
and I the current (also assumed constant). With the knowledge of dE,/dt at the wave
front, dI/dt has been determined—giving very high values for dI/dt, even as high as
280 kA/ws. The average measured value of dI/dt for negative subsequent strokes is
40 kA/ps, for first strokes it is 12 kA/us. Since wave front of E; measured at far
distances (e.g. 100 km) will be significantly modified by the earth, trees, buildings,
etc. fields measured close to the lightning strike point, at say 1 km were considered.
However, only radiation field component was assumed to contribute to the wave
front, and thus normalized it to 100 km by using 1/R decay. The contribution of the
near (electrostatic) and intermediate fields to the overall electric fields measured was
ignored. Hence the erroneous. large dI/dt values obtained using near field values, and
then they were normalized to distant field values for the computation of dI/dt from
measured dE/dt.

Three further points to note are (a) (1.10) only applies for a return stroke wave
front with a constant dI/dt. In actual fact Ez is proportional to dI/dt.v in agreement
with (1.10). However, measured LEMP electric field E wave fronts have a sharp
rise for only about 90 ns, giving rise to the calculated value of 280 kA/s which is
an overestimate, since it has been assumed that the whole Ez wave front has a 45
v/m/ps rate of rise. (b) The second note is a word of caution in interpreting measured
electromagnetic fields. If the value 45 V/m/ps was obtained from measurements
made near to the flash, the 19 V/m/us contribution of leader has to be deducted.
Furthermore, the near and intermediate components of the fields contribute about 20
per cent or more of the fields. If the fields were measured at distances of about 30 km,
the 9 V/m/ps contribution of cloud pulses has to be deducted. (c) Without proper
velocity measurements, the validity of the use of (1.10) is limited by the fact that it
is velocity dependent. The return stroke velocity ranges from 50 m/ps to 150 m/ps.
Very few correlated measurements exist. We have also noted that there is a large
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discrepancy in the rate of rise of ground electric fields reported. And inaccuracies in
field measurements need careful consideration.

1.5 Electromagnetic Waves

The four Maxwell equations that form the basic mathematical foundation to
electromagnetic fields yield the electromagnetic wave equation in conducting
medium,

VZE—l &CE + dJ (1.11)
= £ —_, .
eVp ’ de? ’ dt

where E is the electric field, p was the volume electric charge density, J is the electric
current density, € the permittivity of the material, and | the permeability of the
material.

Using (1.11) and rearranging we obtain

VzE—Mo—t—,ue—=—. (1.12)

We assume that E(r,t) = Eexp(j(wt-k.r)) and also remember that the electromag-
netic wave is a transverse wave k.E = o where k is unit vector in the direction of
travel; thus (1.12) reduces to

2 12 o
K°E=k;| 1+ - E. (1.13)

iwe,

where k is wave number and ko = (w?/c?)"? and ¢ = 1/pogg the velocity of light. E
on left and right in (1.13) will cancel, yielding,

2_ g2 o
K2 =k 1+ - : (1.14)
iwe,

where k is complex. But when o/weg >> 1, k? is predominantly imaginary. In this
case the attenuation distance, the distance over which the amplitude decreases by 1/e
and is roughly given by the usual formula for the skin effect,

7 \?
d:< ) (1.15)
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for 0 =4000 Q' m™!, f = 1 MHz say, d = 8 mm and d = 25 cm for f = 1 kHz with
k = 1/d 4 j 1/d. In a poor conductor, o/wep << 1, k = w/v where wave velocity v =
1/(ueo)'”.

In the discussion above the magnetic force exerted on an electron is ignored in
comparison to the force exerted by the electric field; the ratio magnetic force/electric
force = v/c << 1, when the electron velocity v is much less than the velocity of light,
c. The term “fully ionized gas” is somewhat loosely used for the lightning channel
where there is about 10 per cent ionization. For an electron density of about 10%*
/m3, with the density of gas molecules for air at standard temperature, pressure is
2.5 x 10% m?, it is appropriate to point out the implications of taking the lightning
channel to be a fully ionized gas.

For a weakly ionized gas, the number densities of electrons and positive ions are
considerably less than the number of the neutral particles. The electronic motion is
modified by collisions with the neutral particles. For this Lorentz gas, the Langevin
equation ignoring the effect of the magnetic field of the electromagnetic wave,

dv
M,— 4+ M. Yorv = —eE (1.16)
dt
e 1
v=————7——F. 1.17)
Me (Vem - la))
Now the electron current density
J=0FE — N.ev. (1.18)

And hence from (1.18) and (1.17) the conductivity is given by

N? 1
e A — (1.19)
Me (yem - la))

The conductivity has a real and an imaginary part. The DC value of conductivity
is Nee?/MeYem.
If we substitute (1.19) in (1.14) and extract the real and imaginary parts,

1 —w? lwy
2 _ g2 P P
¢ _ko|:(l/2+w2> _a)()/2+w2):|' (1:20)

Dropping the subscript for the collision frequency and remembering that the
plasma frequency is given by w,”> = Nce? /Mcey when y = 0, we have the familiar

dispersion relation
1 —o?
k2=k§(7”>, (1.21)
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where no dissipation takes place in the plasma. The situation given by (1.19) and
(1.21) is important if the lightning channel is a very poor conductor, in which case
the channel is like a dielectric rod, or, if the electron temperature is very high. The
latter situation would arise if there is a very high electric field (about 1 MV/m) to be
associated with return stroke, in which case there will be electron run away with the
electrons moving quite independently of other particles so that y = 0. The possibility
of this cold plasma type of motion occurring in lightning needs further discussion.

The first case of dielectric line plasma is more to be associated with low current
discharges, as in corona or glow discharges. In this case low frequencies cannot
propagate along the column, the actual dispersion curve depending on the ratio y / o,
according to (1.20). In lightning leader and return strokes, the low frequency signals
dominate, whereas the high frequency signals are not very significant. The dielectric
analogy where electrons are like bound charges, each being associated with a positive
ion to form an electric dipole, is probably true for lightning initiation and inter-stroke
processes; it is these processes which will radiate in the frequencies above 1 MHz.
For the return stroke the static conductivity may be employed without appreciable
error, well into infrared frequencies if necessary.

In a fully ionized isothermal gas, the collision frequency assumes another meaning
from that in the Lorentz gas. First, when electrons and ions are the only constituents,
Yei (>Yem) 1s the predominant frequency, so that conductivity o is smaller than when
neutrals are present. Secondly, the presence of large numbers of electric charges
requires that the frequent distant encounters must be included. It is this conductivity
in which we shall be interested. The boundary between weakly and strongly ionized
gases depends on collision cross section area and gas temperature.

Considering a temperature of 20,000° K, with a gas density of about 10> /m?,
the electron-ion collision frequency is about 10'> s™!. At such a high electron-ion
collision frequency we may take No/N, > 107 to be for a strongly ionized gas. A
useful test for local thermodynamic equilibrium is

No(em™3) > 1.75 x 10"*(T, (ev))* (E* ) (1.22)

from which it is reasonable to take for a discharge column in air, mainly consisting
of Ny (V; = 15.5 V) and O, (V; = 12 V), and a fair measure of oxygen atoms (V;
=13.5V), and NO (V; = 12 V), at N, = 10" cm™ and T, = 20.000° K (1.7 eV)
to be at local thermodynamic equilibrium. In this situation the population of excited
states is mainly determined by collision with free electrons.

The electron density of 0.5 to 1 x 10'8 cm™ is taken to be a good estimate, since
this was calculated from Stark profiles of Ballmer series of hydrogen-hydrogen due to
decomposition of water vapor—which is primarily dependent upon charged particle
number densities and only slightly dependent upon particle energies. The values
obtained using Saha’s equation at temperatures determined by line intensities for
nitrogen plasma show good agreement.
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1.6 Lightning Protection: An Introduction

Over the past decade there has been an increasing interest in lightning and light-
ning protection for several reasons, including the proliferation of microelectronic
equipment and IT systems in mission critical systems as well as in everyday use
in banks, industries to homes. Both high voltage power systems and low voltage
networks need lightning protection. Personal protection of people is also highly
critical in thunderstorm environment and from electrocution by lightning currents
flowing through the ground, electric conductors and water systems. Lightning strikes
to power lines produce large, fast transient voltage and current surges which trickle
down to IT systems, military command and control systems as well as to several other
microelectronic equipment and control systems. Moreover, aircraft may be struck by
lightning when it is parked on ground, landing and taking off or in military operations
where the aircraft has to keep close to ground and when the atmosphere is electrified
by a thundercloud. Unusual phenomena have been recently observed which includes
a lightning flash which stretched to over 350 km over Oklahoma, USA, and in 2016
about 300 reindeer in Norway were killed by a single lightning strike to ground.
Severe thunderstorms may soon become more common if the temperature signature
of the earth surface with climate change continues as at present. Whereas a single
lightning phenomenon was expected to last only for one second, it has been recently
observed that a single lightning event may last as long as seven seconds, packing in an
immense amount of energy and repeated strikes at one location or to one object. The
energy and intensity of lightning may continue to increase causing damage and elec-
tronic rust, as well as increasing threat to human life. We explore here the protection
of electronic equipment, structures and in house systems from lightning. We will
also consider lightning related Electrostatic Discharge (ESD) threat to aerospace
vehicles and microelectronic systems. This is especially so with the increased use of
non-metallic, composite material for the aircraft body. Moreover, we will summarize
the important lightning techniques used in the protection of electric power systems
and houses.

1.6.1 Lightning Effects

Lightning can initiate forest fires, endanger life, destroy electric equipment and cause
power line faults. It plays a vital role in atmospheric chemistry. It was found that
during the summer months lightning activities increase NOx by 90% and ozone by
more than 30% in the free troposphere.

The damage caused by lightning mostly occurs at some point where a cloud-to-
ground leader stroke terminates on a tree, a structure such as buildings, or a conductor
situated on an elevated position like high rise wiring systems. Electric control systems
malfunction and fail, and expensive microelectronic equipment to super high voltage
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Fig. 1.8 The direct and indirect effects of lightning

(SHV) apparatus are destroyed by lightning strikes. But the lightning strike also
results in other kinds of after-effects that impact living things (Fig. 1.8):

Visual effect (lightning flash)
Acoustic effect

Thermal effect
Electrodynamic effect
Biological effect

Generally, these lightning effects are classified into two types of accidents or
disasters which are a direct lightning strike accident which relates to all the effects
mentioned above when lightning directly strikes upon an object or a being. The
second classification is due to indirect lightning effects where the after effect of the
lightning strikes causes problems to any nearby object or being which is due to (i)
electric induction, (ii) conduction, and (iii) magnetic coupling of lightning currents
and voltages in the ground to other grounded electric conductors and systems.
Consider first the direct effects.

Visual effect: this effect is due to the extremely high brightness emitted by the
lightning strikes which can injure any person or damage visual measuring devices
such as a light sensor. With a close enough distance from the striking zone, this will
cause a short-term blindness in eyesight. In certain instances, a fatal permanent eye
blindness may occur. Other than the eye, electronics also may be affected where a
light sensor can be burnt due to overdose of light received from the lightning strike.
Hence, any devices with light sensors such as a camera may suffer malfunction.

Acoustic effect: this is normally caused by thunder emanating from the expanding
lightning channel during the return stroke, where the sudden shock wave from the
overheated lightning channel causes a rapid release of pressure (2-3 times atmo-
spheric pressure) which breaks the sound barrier and creates a sonic boom. Exposure
to the sonic boom from thunder may lead to a short-term loss of hearing or in the
worst case, damaging the ear drums. Other organs such as the heart and lung too may
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be affected by the pressure wave. Fracture of glass and disruption of microphone and
transducers are also caused by thunder.

Thermal effect: since lightning strike emits extremely high heat (higher than the
heat emitted by the sun), it results in melting holes of varying sizes on high resistant
materials that are attached to the lightning channel. On other materials with low
conductivity or high insulation (e.g. trees), the large amount electrical energy released
by the lightning strike is instantly converted to heat energy. This quick transformation
of heat can burn any materials, sometimes causing flammable liquid or gases to be
ignited and turning water into steam at high pressure in a short amount of time, which
can result in an explosion of the container with flammable material.

Electrodynamic effect: lightning currents through the magnetic fields produced may
become strongly coupled to other current carrying conductors. In this situation, the
effects of the interactions between conductors and other equipment occur due to
large magnetic fields produced by a lightning strike’s current. This in turn causes a
considerable amount of mechanical forces which may be attractive or repulsive. The
mechanical forces are stronger when the distance between the conductors is smaller
and the current flowing through them is higher.

Consider now the indirect effect of lightning strikes. The indirect effects have
become more important due to the increasing use of highly sensitive microelectronics.
These microelectronic devices are vulnerable to the transient overvoltage caused by
lightning. The overvoltage can either be atmospheric in origin (such as lightning)
or of industrial origin (from man-made equipment such as electric motors). The
atmospheric (e.g. lightning) overvoltage is more harmful than industrial overvoltage.
The indirect effects of lightning are categorized as follows:

(1) Conduction: this is from an overvoltage that flows along a conductor or appa-
ratus which has been directly hit by a lightning strike. This sudden rush of
electricity may have a very destructive effect on other systems, apparatuses,
and humans at a distance since most of the lightning energy will spread through
the entire power system network or grid causing threats to all the other devices
or systems the strike point is connected to.

(2) Induction: this is caused by the radiation of the electromagnetic field (LEMP)
produced by the lightning strike. The return stroke currents flowing along the
lightning channel resemble a transmitting wire antenna carrying currents. The
LEMP radiated may be picked up by other conductors that act like a receiver
antenna. Therefore, under the effect of the sudden fluctuation in current, the
wiring cables, air ducts which act as aerials, and antennae may receive through
induction a large portion of the lightning destructive overvoltage and energy.
This is also the reason that putting the network and power system underground
does not guarantee full protection from a lightning strike, since LEMP can
penetrate the ground or be generated by lightning currents flowing inside the
ground.

(3) Lightning effects transferred through the ground: this happens when a lightning
strike hits the ground, upon which an overvoltage and current can rise up from
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the ground in order to find a more preferable path (in other words, more conduc-
tive path) to flow. This may cause a sudden overvoltage in a nearby grounding
conductor. It can lead to a backflow of currents from earthling conductors and
shields into the tanks, electric and electronic devices, and apparatuses, posing a
threat. Moreover, the large voltage drop caused in the ground, with the voltage
rapidly dropping from the point of lightning contact with ground, causes circu-
lation of currents through the legs of creatures such as cows, as well as across
differently grounded electrical installations, which is fatal.

With the disastrous effects, direct or indirect, of lightning strikes on living beings
and material things (such as electronics, power grids, trees, and man-made struc-
tures), the importance of lightning protection is obvious and it must address the
control, avoidance or diversion of high currents, high voltages, high temperatures,
and high-pressure waves that are associated with lightning flashes.. Loss of the
impacted equipment will be costly for the utility or user. If the lightning protection
system is weak or poorly maintained and not upgraded, loss of lives, massive loss of
revenues, crimes, and social disruption are frequent short-term effects. In addition
we have long-term damage to electrical and electronic equipment and systems which
is unavoidable.

According to Ohm’s Law.

V=IR (1.23)

V = Voltage Drop, in V.
I = Peak current of lightning strike, in A.
R = Earth Resistance, in €2.

Assuming that the resistance of the object struck (e.g. ground) is constant, the
voltage at the point of strike follows the time domain pattern of the lightning current.
Other than current and voltage, the charge Q of the lightning current is also an
important element in the characteristics of a lightning strike. The charge of the
lightning current plays a role in energy conversion where the energy W (electrical
energy) will be converted into another form of energy (mostly heat energy) at impact
point. The formula for Q and W can be seen below.

Q=/Mt (1.24)

W=0.V (1.25)

Q = Charge of lightning current, in C.

i = current of lightning strike, in A.

W = energy conserved in a lightning strike, in J.

V = voltage drop of the lightning strike near the impact zone, in V.

Therefore, the electric charges and the energy conversion at the lightning strike
point result in extremely high heat which will cause the impact point to melt or burn.
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However, the efficiency of energy conversion from electrical to heat largely depends
on the resistance at the impact point. This energy conversion is given by

w
== fizdt (1.26)
w
W= R./izdt = R.E (1.27)

R = resistance of conductor (temperature dependant), in 2.

+ = specific energy, or action integral.

The calculation implies that all the heat generated by the conversion of energy is
dissipated in the ohmic resistance of the impact point. Furthermore, it is also expected
that there is no perceptible heat exchange with the surrounding due to the extremely
short duration of the conversion process. Table 1.1 shows the temperature rises of
different materials that are used in lightning protection as well as their cross-sections
as a function of specified energy.

Apart from specific energy, the electrodynamic forces F generated by the current
I in the conductor that was struck by the lightning on a long, parallel conductor of
length /, at a distance d, can be estimated by using the formula:

I
Ft) = 5—7‘;12@).5 (1.28)

F(t) = Electrodynamic force, in N.
i = current within a conductor, in A.
1o = Magnetic field constant in air, (in 47.10~" H/m).

Table 1.1 Temperature rise AT in K of different conductor materials

Cross section (mm?) 4 10 16 25 50 100
Material | Aluminum W/R (MJ/2) 25 |- |564 146 52 12 3
56 |- |- 454 132 |28 7
10 - |- - 283 |52 12
Iron W/R (MJ/S2) 25 |- |- 1120 | 211 37 9
56 |- |- - 913 |96 20
10 - |- - - 211 37
Copper W/R (MJ/2) 25 |- |169 |56 22 5 1
56 |- |542 143 51 12 3
10 - |- 309 98 22 5
Stainless Steel W/R MJ/2) |25 |- |- - 940 | 190 |45
56 |- |- - - 460 | 100
10 - |- - - 940 | 190
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Fig. 1.9 Representation of !7
|

Potential Gradient Area

@ = Potential relative to impact point (1]

r, Distance from impact point

1 = conductor length, in m.
d = distance between two parallel conductors, in m.

The force between two conductors can be attractive if the two currents flow in the
same direction and repulsive if the two currents flow in the opposite directions. The
force is proportional to the magnitude of current and inversely proportional to the
distance between the conductors. Thus, the specific energy dissipated by the lightning
strike will cause stresses upon the impacted conductor to cause deformation.

When a lightning strike hits the ground, large amounts of current flow through the
ground, neutralizing them. However, this action also causes the conductive surface of
the impact area to form a potential gradient area, as shown in Fig. 1.9. If aliving being
(either human or animal) is inside the potential gradient area, an upwards voltage is
formed and can cause an electric shock towards that being which could potentially
kill it or cause other negative effects which can be referred to the effects of lightning
strikes section. But, this risk can be reduced if the ground’s conductivity is higher
which then, flattens the potential gradient area making the victim less likely to get
electrocuted.

Most lightning properties are beyond normal human comprehension. The cloud-
to-ground discharge has an enormous magnitude of voltage that is tens of millions
of volts or more. The maximum discharge of currents in each strike may vary from
several thousand Amperes to 200,000 Amperes or even more. The current increase
to this high magnitude lasts for a short time of about few millionths of a second
(microsecond), and the primary part which usually has the highest possible value of
current on each strike usually lasts even less than a thousandth of a second.

1.6.2 Effects of Lightning on Aircraft

Both commercial and military aircraft in flight are subject to many atmospheric
disturbances of which lightning is no exception. As commercial aircraft are scheduled
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to fly fixed routes, it is often difficult to avoid thunderstorm formation along their
paths. It is statistically reported that on average, every commercial aircraft is struck
by lightning once every year. The flight path is an influential factor that increases
the probability of lightning strike rate on an aircraft. That is, a lightning strike to an
aircraft is a function of both the aircraft flight path and altitude, and the thunderstorm
formation altitudes. Aircraft at a low altitude either in ascending or descending phases
have an increased probability of being struck by lightning.

As the aerospace industry expands into both manned and unmanned commercial
and military vehicles, preventing electric field enhanced aircraft initiated lightning
strikes and protections against serious damage and accidents become a major concern
to the aerospace industry. When an aircraft flies into the environment of an electrified
cloud, it enters into an enhanced electric field region surrounding the cloud, which
in most cases has a large negative charge center in its lower region. The electric
fields will induce an electric dipole charge over the body of the aircraft, with positive
electric charges on the top surface of the aircraft and negative electric charges on the
underbelly of the aircraft, resulting in an electric dipole charge structure. These can be
sufficiently enhanced to result in electric discharges, for instance, resulting in positive
leaders emanating from the radome of the aircraft. With this, at another extremity
of the aircraft, that in the tail part, a negative leader may develop from electrostatic
discharges occurring at another electric field enhanced part of the aircraft body.
The negative leader will move towards the ground or another nearby thundercloud
or electric charge center in the air. It is important to determine the electric field
enhanced areas of the aircraft in order to design preemptive measures to reduce
lightning strike risks, even to design and to maintain the aircraft to reduce electric
field enhancements in these high-risk areas. A knowledge of the electric charges
induced on the aircraft body and the electric field distribution is also essential to
decide on the safe placement of sensitive microelectronic systems associated with
aircraft measurement and navigational systems.

For an aircraft to be air worthy, the aircraft manufacturers need to provide the
overall assurance for adequate lightning protections. This process requires certifi-
cation plans for tests done on components or systems of components such as the
airframes, power and electrical wirings and components, fuel systems and compo-
nents, avionics and communication systems such as the radar, and other control and
automation components. The certification plans for the tests are done either within
the aircraft manufacturers’ laboratories or the component suppliers’ laboratories. In
a nutshell, the protection of aircraft against lightning strike can be summarized in
the following steps (i) determine lightning attachment zone; (ii) determine systems
and components which are likely damaged by lightning; (iii) set lightning protec-
tion standards for systems and components; and (iv) confirm the rationality of the
protection design by the use of tests. The following parts of the aircraft experience
electric fields that have potential to cause electrostatic discharge or electronic circuit
flashovers: the radome, the wing tip, the wing surface, and the stabilizer tip.

In future aircraft the metal body surfaces will have their body materials increas-
ingly replaced by composite materials, and fiber glass. Determining the lightning
strike effect zones using prestrike electric field stress, becomes more critical to these
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non-electric shield materials. The most susceptible return stroke zones, the first strike
zones, are the extremities of the aircraft. All the areas of the aircraft surfaces where
a first return stroke are likely during lightning channel attachment with a low expec-
tation of flash hang on, that is the lightning flash remains than being attached to the
aircraft as the aircraft moves. The current at these zones of attachments may exceed
200 kA. Zone 2 are the aircraft surfaces where a subsequent return stroke is likely to
be swept with a low expectation of flash hang on. The current in Zone 2 can exceed
100 kA. Zone 3 includes those surfaces not in Zones 1 and 2, where any attachment
of the lightning channel is unlikely, and those portions of the aircraft that lie beneath
or between the other zones and/or conduct substantial amount of electrical current
between direct or swept stroke attachment points.

1.6.3 Lightning Effects on Electric Power Systems Network

Electric power transmission and distribution grids are routed for miles in open fields.
Thus, they are prone to lightning strike. A lightning strike on structures such as
a high voltage overhead transmission line can induce voltage and current surges
whose amplitudes far exceeding the peak values of the nominal operating levels.
The amplitudes are in the order of 1000 kV and 100 kA or more in the transmission
line. The values of the peak rate of rise can reach measured and modeled values
of 100 kA/pis. An overhead earth wire provides protection against direct lightning
strikes in diverting the current and or voltage pulses to ground through the tower
footing resistance. The tower footing resistance should be as low as 10 Q or even
less for more negative reflection from the tower base to reduce the chance of a voltage
flashover at the top of the tower.

However, in the event of shielding failures, back flashover, and or an induced
voltage on a transmission line when lightning strikes a nearby object, high current and
voltage pulses will reach the terminal equipment such as a transformer at substations.
(That is, the cloud charge induces a charge on the line which is attracted to a point
closest to the cloud, and when the cloud charge flashes to a nearby object, the charge
on the line is released from the Coulomb forces holding it and runs in both directions).
In such cases, surge protection devices (SPD) are required to divert the major part of
the energy of the surge to ground via surge diverters or absorbers, or by modifying
the waveform to make it less severe via surge modifiers. Fuses which depend on
exploding wires, or melting wires, are too slow to act for the high speed lightning
surges that travel along conductors. Surge diverters (or lightning arrestors) generally
consist of one or more spark gaps in series, together with one or more nonlinear
resistors in series. Silicon Carbide (SiC) was the material most often used in these
nonlinear resistor surge diverters. However, Zinc Oxide (ZnO) is being used in most
modern day surge diverters on account of its superior volt-ampere characteristic.
An ideal lightning arrester should: (i) conduct electric current at a certain voltage
above the rated voltage; (ii) hold the voltage with little change for the duration of
overvoltage; and (iii) substantially cease conduction at very nearly the same voltage
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at which conduction started. Figure 1.10 gives an illustration of lightning protection
system with placements of shield wire, SPDs, circuit breakers, grounding systems,
and the air terminals.

An absorber is in series with the line, such as a conducting PbO. As the surge runs
through it, the property of PbO changes with heat, it becomes a nonconductor and
kills the surge. A divertor is connected from the line to the ground like a spark plug.
The surge makes the gap break down and diverts it to the ground. It is reusable. But
an absorber is not reusable, because its composition changes.
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1.6.4 Substation Protection Systems

Substations accommodate some of the most expensive equipment such as the power
transformers, current transformers, voltage transformers, and relays. Protection
systems using arresters, absorbers, and breakers only protect the equipment from
traveling waves induced by lightning. Protection against a direct lightning strike
requires masts and shielding wires, as shown in Fig. 1.10a. The lightning protec-
tion of a substation utilizes three methods: using masts, using shielding or static
wires, and/or using both masts and shielding wires. However, breakage of shielding
wires (due to lightning current or poor maintenance) can cause catastrophic faults
in substations when it snaps off. Further, another disadvantage of using shielding
wires is high cost in comparison with the using of masts. Moreover, a mast attracts
lightning flashes more easily than the shielding wire when the tip is made small.
Thus, the application of a mast in substations is preferred to shielding wires for
lightning protection for substations. A general arrangement for a power substation
protection is shown in Fig. 1.10b. The requirements for the two different lightning
protection mechanisms are discussed below (i) A shield wire lightning protection
system will be generally used in smaller substations of lower voltage class, where
the number of bays is fewer, the area of the substation is small and the height of
the main structures is of normal height. The major disadvantage of shield wire type
lightning protection is that it causes a short circuit in the substation or may even
damage the costly equipment in case of its failure (i.e. snapping off); (ii) A lightning
mast: this type of protection is generally used in large, extra high voltage substations
where the number of bays is more. It has the following advantages, (a) It reduces
the height of the main structures, as peaks for shield wire are not required, and (b) It
removes the possibility of any back flashover with the nearby equipment or structure
during discharge of lightning strokes.

Further, electrical substations require an earth mat for good grounding. Grounding
high frequency signals or currents of the lightning currents require special care
in order to keep the high frequency grounding resistance small enough. Vertical
grounding rods that conduct lightning currents carry currents at frequencies up
to 100 MHz, compared to the low 50 Hz or 60 Hz electric power frequency.
At higher frequencies the currents flow only over the outer surface (determined
by the frequency dependent skin depth) of the vertical rod, thus increasing the
grounding impedance because of the reduced surface area over which the currents
flow at high frequencies. The earthing system provides a low resistance return
path for earth faults within the plant, which protects both personnel and equipment.
The earthing system provides a reference potential for electronic circuits and helps
reduce electrical noise for electronic, instrumentation, and communication systems.
The earthing system also provides a low resistance path (relative to remote earth) for
voltage transients such as lightning and surges/over-voltages. Another requirement
for substation earthing is to provide for equipotential bonding which helps prevent
electrostatic build up and discharge, which can cause sparks with enough energy to
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ignite flammable atmospheres. Special consideration must be given to the protec-
tion of the increasing amount of electronic systems, such as the distribution static
compensator (D-SATCOM), that form the critical systems of the electric power grid.

1.6.5 Rolling Sphere Method Applied in Substation
Protections

The application of the rolling sphere method involves rolling an imaginary sphere
of radius S over the surface of a substation. The sphere rolls up and over (and is
supported by) lightning masts, shield wires, substation fences, and other grounded
metallic objects that can provide lightning shielding. A piece of equipment is said to
be protected from a direct stroke if it remains below the curved surface of the sphere
by virtue of the sphere being elevated by shield wires or other devices. An equipment
that touches the sphere or penetrates its surface is not protected. The basic concept is
illustrated in Fig. 1.11 based on IEEE Standard 998-2012, “IEEE Guide for Direct
Lightning Stroke Shielding of Substations.”

The calculation for the rolling sphere method is based on the electro-geometrical
model. It is summarized in the following equations based on a 69 kV substation. The
striking distance, S with respect to lightning strike peak current, / is calculated by
using Eq. (1.28).

S = 10-19%, (1.28)
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Fig. 1.11 TIllustration of rolling sphere protection method. Credit Adapted from DEHN
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where [ is a function of the surge impedance (Zs) and the basic impulse level (BIL).
For a 69 kV system for which an assumed Z; = 300 €2 and BIL: = 350 kV. Then

BIL

Is = 22 7

(1.29)

from which we get a value of I5 of 2.567 kA. Using the calculated current stroke
value, the radius of the sphere can be computed which is 18.45 m. This is the length
of the last leader as it strikes the mast. It is also the length of the upward leader from
the mast tip as it meets the downward leader from the cloud at the stroke point.

1.6.6 Lightning Protection Methods for Buildings
and Infrastructures

The lightning protection system of buildings and infrastructures is categorized into
three as illustrated in Fig. 1.12. It covers (i) protection for buildings and installa-
tions against direct strike by lightning; (ii) protection systems against overvoltage on
incoming conductors and conductor systems; and (iii) protection systems against the
electromagnetic pulse induced by lightning striking a nearby object as an indirect
effect.

The protection against direct lightning strike requires air-termination rods with
good bonding to ground through down conductors via metallic structures on the
external building structures as specified by grounding standards. Figure 1.11 gives
and illustration of the rolling sphere requirements for buildings with areas indicated
as shown that need air terminals to shield the building from direct lightning strike.
Further, a good bonding to ground is necessary to provide an equipotential ground
plane for all components within the building for single integrated earth termination
systems for structures, combining lightning protection, power and telecommuni-
cation systems. Figure 1.13 gives an illustration of the equipotential bonding of
an installation and the application of SPD in protection of building components
(Fig. 1.14).

Figure 1.14 shows the complete protection system zones within a building.
Air-termination methods in protection of building structures requires the electro-
geometrical method of rolling sphere to determine the safe zones from lightning
strikes. The air-termination method requires the use of rods spanned by wires or
cable, and mesh conductors. Further, the air terminal requires the electro-geometrical
method of a rolling sphere to determine the safe zones from lightning strikes.

The protection systems cover both external protection devices using air terminals,
and down conductors to ground. This protects the building from both direct and
induced voltages and currents from lightning striking the nearby objects. The interior
protection requires the necessary grounding of the building circuits and utility piping.
The SPD devices are also used indoors for the protection of lightning induced LEMPs
on appliances.
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1.7 Lightning, Climate, Upper ionosphere, and Other
Planets

Lightning is a good indicator of the intensity of atmospheric convection. Hence light-
ning can be related to the earth’s atmosphere where there is the greatest instability.
This atmospheric instability occurs either due to the heating of the boundary layer by
solar radiation or by mixing of air of different densities. There is an organized pattern
to form the unstable regions which is originally driven by the heating pattern of the
earth’s surface by the sun. Therefore, if the climate system is changed, the regions
of convection will be changed ultimately changing the lightning patterns around
the globe. Meteorological Measuring Systems are used to globally monitor light-
ning activity, which is also a direct measurement of climate change. Monitoring is
carried through all three stages of the thunderstorm life cycle, namely, the developing
stage, the maturing stage and the dissipating stage. Over the developing stage the
towering cumulus cloud builds up and there may be occasional lightning activity. It is
during the maturing stage that we get heavy rain, strong wind, hail, frequent lightning
and tornadoes. During the heavy rainfall of the dissipating stage lightning activity
may drop, but it continues even after rainfall ceases.
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Due to solar heating there will be rising temperature around the globe with
maximum occurring in tropical regions. The region of rising air along the thermal
equator is known as the Inter Tropical Convergence Zone (ITCZ). The thermal
equator is not a constant as is the geographical equator. The thermal equator moves
to the northern and southern hemisphere with the seasonal changes. As the land to
ocean ratios are different in the two hemispheres and as the heat capacities are also
different, the width of the ITCZ will also change.

The tropical monsoons consist of moist oceanic air, which results in heavy rain-
fall with low rates of lightning. Intense lightning can be observed in a dry envi-
ronment. That is why more intense lightning activities can be observed in the
African continent. Lightning activity in the North Pole has dramatically increased
in recent times, as well as the annual number of lightning flashes over many coun-
tries, including the USA. Increase in the number of electrically severe thunderclouds
results in increasing number of severe tornadoes produced by such super thunder-
clouds. The greater the air mass density difference, the greater the atmospheric
instability which will result in a greater intensity in these storms.

1.7.1 Effect of Temperature on Lightning

By using different time scales (diurnal, daily variations, intra-seasonal, semiannual
variations, annual variations, etc.) it was observed that there is a positive relationship
between temperature and lightning with lightning activity increasing for every degree
the surface warms up. The daily, regional, averaged surface temperature over Africa
when compared with the regional lightning activity, showed that lightning activity
increases with surface temperature. For tropical lightning surface temperature is a
key factor determining daily lightning activity, while no relationship was observed
in the long term over the last 50 years.

Water vapor absorbs infrared radiations emitted from the earth’s surface and it is
the primary natural greenhouse gas influencing the climate. The earth’s climate is
more sensitive to the changes of water vapor in the upper troposphere which naturally
has a low level of water vapor. Recently it was found out that thunderstorms deposit a
large amount of water vapor in the upper troposphere. Lightning activity over Africa
was seen to vary with the specific humidity of the upper troposphere. It may be stated
that lightning can be used to monitor the intensity of the deep convection. Water
vapor, cloud cover, ice water content, and ice particle size have different impacts on
earth’s radiation balance and many studies have proved lightning activity has a direct
correlation with the above.
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1.7.2 Effect of Lightning on Troposphere

Lightning activity will produce nitrogen oxides and ozone, which is another green-
house gas. Recent studies show concentrated NOy in thunderstorm anvils and concen-
trated ozone in downwind. Taking exact measurements of the concentration of these
gases and building a relationship with lightning parameters is a difficult task. But
lightning is the main source of NOx and these gases play a vital role in earth’s climate.

Itis evident that global temperatures are increasing and the cause is the increase of
greenhouse gases. The modeling of future lightning activities showed that the greatest
warming due to greenhouse gases will occur on the equatorial upper troposphere and
not on the surface, and moisten the upper troposphere due to the deep convection.
But a paradox occurs as the upper atmosphere warms up, and atmospheric lapse
rate becomes more stable tending to inhibit future convection which will reduce
the amount of thunderstorms. But many climate model stimulations conclude that
lightning activities will increase in a warmer climate with 10% increase in lightning
activity globally for every 1 °C warming. It is shown that in a doubled CO; climate,
the updraft strengthens, and drying in a warmer climate reduces the frequency of the
thunderstorms but those that do occur are very intense.

Global temperature in recent times has increased by about 2-5 °C depending
on the region of the planet earth. The annual increase in temperature on average
is 0.25 °C per decade. Nitrogen oxides NOx (NO and NO,) break into Nitrogen
and Oxygen molecules through electron impact and very high temperatures in the
lightning channel. About 10 eV energy electrons inside lightning channels are able
to break N,. Electrons at energy higher than 5 eV are able to break O,. In a region
with 10® ions in a 0.5 mm radius streamer, electron collisions can produce about
5 x 10" NO molecules. Moreover, high temperatures of the order of 25,000 °K
inside the lightning channels also result in the formation of NO molecules, through
the reactions of O + N, = NO + N and N + O, + NO + O. However, NO can
be destroyed by thermal collisions too: NO + N =N, + O, NO + O =N + O,
and NO + NO = N,0 + O. In general, a total of about 10*° NO, molecules may
be found in a 10 km long lightning channel. This production of NOy occurs not so
much during the return stroke phenomena, but during the production of streamers,
corona and M-components.

Lightning activity over ship routes are expected to double due to particles emitted
from ships. In cities lightning flashes to earth are expected to increase in the range of
45-80% during summer. This is partially due to an increase in urban cloud conden-
sation nuclei concentration. A fourfold increase in summertime lightning activity
is expected. Over growing cities, due to convergence of surface winds due to the
heat island effect and high air pollution, may increase lightning flash density from
1 per km? to 4 per km?. In some cities, lightning activity over cities has increased
by 60—70% over the built-up areas of a city. A decrease in positive lightning flashes
by 7-8% has been observed over such cities. Due to increase in pollution particles
over the city, cloud-to-ground flashes were seen to increase by about 50%. Light-
ning is a major cause of damage to trees and forests through direct hits or by setting
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forests on fire. In the Western USA 40% of forest fires over an area of 0.4 ha are due
to lightning, with 76% in Alaska, with an area larger than 200 ha. Over the years
between 1973 and 2013, with climate change, it was found that there was a global
mean of fire season increased in duration by 18.7%, with an increase of 10.8% in
burnable areas. With the increase of wind turbines in 90 countries from a capacity
of 514 GW to 5476 GW in 2050, damage to the rotor, burns, punctures, tip damage
and edge debonding of blades is expected significantly to increase with the increased
number of wind turbine installations and increase in atmospheric temperature and
frequency of severe lightning strikes. It is known that the rotor blades of the wind
turbines initiate lightning at 3 s intervals over periods of hours. The rotating blades
increase lightning strike vulnerability.

The most destructive type of lightning is the cloud-to-ground discharges. Since
they might discharge large currents to the earth through buildings, living beings, etc.,
only about 25% of global lightning events are cloud-to-ground lightning. There are
several types of cloud-to-ground discharges. They are negative downward, negative
upward, positive downward, positive upward lightning flashes and bipolar lightning
flashes. From these about 90% of lightning flashes are downward negative lightning
flashes which transport negative charges in the downward direction of the cloud.
Figure 1.15 shows lightning and electric discharges in the upper atmosphere above
the thundercloud. Lightning cloud discharges paint beautiful pictures in the sky. They
do not make contact with the ground. They can be either an inter-cloud discharge,
intracloud discharge or an air discharge. Out of these three categories intracloud
discharges are more frequent. Cloud discharges are less destructive to human life
and animals since they do not make contact with the earth. But cloud discharges can
be destructive to aircrafts, space crafts and complex electronic devices. Lightning
mapping arrays are used to study lightning. These are three-dimensional arrays which
are used to map lightning. Red sprites, blue jets and elves are three types of transient
luminous events which are associated with cloud discharges to the higher atmosphere.
These are rarely observable to the naked eye. Red sprites are not very bright. They
are red in color and the period of red sprites are is just a few seconds. Blue jets have
been witnessed by pilots and the period of blue jets is less than a fraction of a second.
Elves occur in the ionosphere, during the occurrence of a cloud-to-ground discharge.
The period of elves is less than a thousandth of a second. Elves are of an expanding
disk shape, as shown in Fig. 1.15a. In Fig. 1.15b is shown the global lightning
activity, showing very little activity over the sea (say, 5 lightning flashes/km?/year)
and as many as 150 to 250 lightning flashes/km?/year in some countries close to the
equator. The highest number of flashes are found in Africa and South America. In
some regions such as North India, lightning activity peaks around the monsoon rain
season (in May, for instance), whereas in other countries lightning activity is uniform
throughout the year.

Sprites. Consider now the upper ionosphere of earth. The troposphere extends from
10 km altitude to 15 km. Lightning flashes occur from the top of a thundercloud to the
upper atmosphere. There are further lightning like activities in the upper ionosphere.
First, there are the Sprites which are jelly fish shaped, as shown in Fig. 1.15. They
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Fig. 1.15 a Types of Lightning (Credit NOAA_NSSL, USA. With permission. https://www.nssl.
noaa.gov/education/svrwx101/lightning/types/) b Global Lightning activity, with as many as 150
lightning flashes per square kilometer per year in the light pink areas (Credit NASA, USA)
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have an oval shaped body with numerous tendril-like electric discharge channels. The
Sprites occur at altitudes of 70 to 90 km. The main electric discharge body is reddish
in color, and the tendrils tend to be bluish in color. The total length of Sprites is 5 to
30 km with the individual tendrils being 10 m in diameter. The entire volume is about
10,000 km?. It lasts for about 10 to 100 ms. The Sprites are thought to be produced by
lightning activity in the earth’s lower atmosphere. The upper atmosphere is a good
conductor. The upper region of a thundercloud produces a strong electric field in
the upper atmosphere, which move the free electrons in the upper atmosphere. The
thundercloud electric charge builds up slowly, so that the movement of the electrons
is slow. However, when the lightning flash suddenly depletes the thundercloud of
electric charges, the electric field in the upper atmosphere suddenly collapses. This
results in a fast, sudden collapse of electrons producing rapid ionization, that appears
as sprites. Inside the upper region of a thundercloud, at an altitude of 10 km, the total
electric charge could be about 100 C.

Blue Jets. In addition to Sprites, there are also blue jets and gigantic jets that appear
in the upper atmosphere. These travel up from the upper region of the thundercloud,
originating from 15 to 18 km and moving up towards the upper atmosphere to heights
of about 40 km. The blue jets are conical shaped, and travel at about 103 m/s, with
a cone angle of 15° and last for 200 to 300 ms. When lightning flash rate is high,
gigantic blue jets are produced which travel from the top of the thundercloud at 15 km
to all the way up to the ionosphere at 70 km. They travel at a velocity of 10° m/s.
Blue jets are largely positive discharges.

Elves. When electromagnetic waves (electric field E and magnetic flux density B)
impinge on the ionosphere, they produce the Lorentz force F = q (E 4+ v x B)
on free electric charges q inside the ionosphere moving at velocity v. These electric
charges moving along the upper layer of the ionosphere produce a current that moves
out in ring shape. These currents radiate visible electromagnetic fields when the
moving electrons collide with N, and O, with the excited atoms radiating light.
These ring shape red light radiations are called elves and last for about 1 ms. There
are other non-visible energetic radiations also associated with lightning, including
X ray and antimatter from within thunderclouds. These radiations occur due to very
large electric fields inside the thunderclouds which accelerate electrons to run away
speeds. These electrons, which are at energy levels of 100 meV, radiate X-rays and y-
rays. These strong electric fields are generated at points where positive and negative
streamer tips meet.

1.8 Summary

Direct and indirect lightning effects on a power systems network, and building
and system structures have become serious threats. The effects of climate change
coupled with the anthropogenic enhancements of heat emission play a crucial role in
the cloud-to-ground electrification which is experienced in major cities today. The
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threats can be contained through proper protection measures such as the SPDs, and
proper shielding and grounding practices as defined in various standards on light-
ning protections highlighted. Future changes in lightning activities and severity with
climate change may force a reevaluation of current lightning protection standards
and techniques. However, with the probabilistic nature of lightning phenomena, the
protection measures many not provide 100% protection in shielding the direct and
indirect effects of lightning flashes. Thus, new measures in protections and standards
will have to drive protection to a higher level for the mitigation of lightning threats.

The need to harden aircraft, power systems, structures, electronics, computers,
electronics devices and other information communication systems against severe
electric storm has been highlighted in this chapter. Among the many things high-
lighted is that electric storms remain a complex phenomenon that cannot be controlled
and or be prevented. Undoubtedly, it remains a serious threat to aircraft, power
systems, electronics, and communications systems. As an aircraft in flight near
ground can become a path of the electric storm discharge circuit either through a
triggering mechanism process or through interception, the direct and indirect effects
pose severe threats to flight safety. These threats are heightened further with aircraft
industries continually modifying and or adopting new designs into the aircraft such
as the CFC in airframe design and the latest in the state-of-the-art digital control,
command, and communication systems. As climate change may result in lightning
flashes with more electric voltage and current pulses, and electric power transmission
is pushed to higher voltages and taller towers, the number and severity of lightning
strikes to electric power systems and surges that trickle down to low voltage commer-
cial, industrial and smart city installations will increase. Microelectronic circuits
and systems that operate at very low battery voltage ARE??? more vulnerable to
small voltage and current spikes due to the lightning radiated electromagnetic pulses
(LEMP).
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