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The Thunderstorm

1.1 Global Distribution of Thunderstorms

In accordance with international convention, thunderstorm activity is being recorded by Meteorological Offices throughout the world on the basis of days `with thunder heard'. For anyone who has to reach a decision on whether or not to protect a building against lightning this is a poor guide. In a temperate region, a wide frontal thunderstorm may pass a given district within a few minutes or it may remain stationary for several hours. In tropical areas, thunder emanating from a stationary cloud covering no more than a few square kilometers of country may be heard over 1500 square kilometers, thus giving a grossly exaggerated record of thunderstorm activity.

A reliable assessment of the need for lightning protection requires knowledge of the frequency of lightning flashes to earth. Numerical information available on this value will be seen to be inadequate [1]. Until more reliable information has been accumulated, the best possible use must, in these circumstances, be made of data from Meteorological Offices.

Figure ‎1.1 shows the global distribution of thunderstorms as prepared by the World Meteorological Organization [1]. The lines which connect places having the same number of thunderstorm days are called isokeraunic lines and the average annual number of thunderstorm days at a given place is called isokeraunic level.

As can be seen from Figure ‎1.1, the number of thunderstorm days is highest about the equatorial belt and decreases towards the poles and it is higher over land masses than over oceans [1]. Local thunderstorm activity can vary considerably from year to year but attempts to detect a periodicity have so far been unsuccessful. Long-time statistics are therefore required to establish reliable information on thunderstorm activity at any particular place. Seasonal and diurnal variations are pronounced but these are of no importance for the lightning protection of structures although they may have to be considered in special circumstances, such as the handling of explosive mixtures or underground blasting operations.

Detailed thunderstorm maps are available for many countries and these are usually prepared by Meteorological Offices or sometimes by organizations responsible for aviation or research. Such maps are occasionally incorporated in national codes for the lightning protection of structures.

1.2 The Thundercloud

Thunderstorms can be conveniently subdivided into two main classes: heat storms and frontal storms. The heat or convective storm predominates in the tropics but also frequently occurs in mountainous areas. It is due to the fact that, on a hot day, warm air rises from patches of ground and is replaced by colder air drifting down. As the hot air rises it is progressively cooled and forms a cloud consisting first of water droplets and, at greater heights, of ice crystals. In this way a single or multiple cloud `cell' is formed the top of which may reach a height of 12 km.
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Figure ‎1.1 Annual frequency of thunderstorm days (World Meteorological Organization)

Frontal storms which predominate in temperate regions are caused by the impact of a front of cold air on a mass of warm moist air which is lifted above the advancing cold front. As the warm air rises the process described above is repeated but the resulting cumulo-nimbus clouds may in this case extend over several tens of kilometers in width and contain a large number of individual cells.

The mechanism by which a cloud becomes electrically charged is not yet fully understood but it can be taken to be associated with the violent updraught of air in the centre of a cell and the resulting impact of super-cooled water droplets on ice crystals [1]. Each cell has a diameter of several kilometers and undergoes a life cycle lasting some 30 minutes during which electric charges are generated and lightning activity continues until the charging mechanism is exhausted [1]. In any frontal storm several cells may be active at the same time and the total duration of a thunderstorm can amount to several hours.

The mature state of a typical thunderstorm cell is illustrated in Figure ‎1.2. It shows, in an idealized form, the distribution of rain droplets, snow flakes and ice crystals as well as the strong up- and down-draughts which are conveniently utilized by glider pilots but which have also endangered the lives of early balloonists.

The ice crystals in an active cloud are positively charged while the water droplets usually carry negative charges. A thundercloud thus contains a positive charge centre in its upper region and a negative charge centre in the lower parts. Electrically speaking, this constitutes a dipole, the various consequences of which are discussed later. Occasionally, but by no means invariably, an additional concentrated region of positive charge is found near the lower leading edge of a moving cloud.

For the purpose of numerical evaluation of the electric field produced by cloud charges, these can be regarded as concentrated in two points. On this understanding, the centre of the upper positive charge is found to be situated at a height of about 6 km above ground and that of the lower negative charge at about 2-5km [1].
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Figure ‎1.2: Thunderstorm cell in mature state (Byers and Braham, 1949)

These values have been determined for storms in Britain and may be regarded as typical for temperate regions. In the tropics, corresponding values are 10 km and 5 km respectively [1].

The total charge in a cell has been estimated at 1000 coulombs, distributed over a space of 50km3.

1.3 Point-Discharge Currents

In undisturbed fine weather, the earth which is an electrical conductor carries a negative charge. The corresponding positive charge resides in the upper atmosphere. This layer and the earth thus represent a large spherical condenser. The intermediate atmosphere is subjected to an electric field which is perpendicular to the earth surface. According to convention this fine-weather field has positive polarity and its magnitude is 100 V/m [1].

As shown in the preceding Section, a thundercloud carries, in its lower part, a heavy 
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Figure ‎1.3: Electrostatic field distribution about vertical lightning conductor

negative charge. When such a cloud approaches a given point of the earth's surface the polarity of the electric field is reversed and this characteristic feature can be utilized to give a warning of an approaching thundercloud.

The magnitude of the electric field is highest vertically below the negative charge centre and rapidly decreases with increasing distance. The negative field may reach a value exceeding 20 000 V/m and, even at a distance of 5 km from a cloud centre, it may still amount to 5000 V/m.

A vertical   electrical conductor, such as a metallic flagpole or a lightning rod, short circuits part of this electric field so that an intense field concentration is produced at its tip (Figure ‎1.3). If the field strength at the tip is high enough, ionization by collision occurs and this leads to positive ions being transported from the earth through the conductor into the atmosphere. The resulting current is called a point-discharge current [1]. The ions produced at or near the tip of the earthed conductor move upwards in the prevailing electric field. However, at some small distance above the point, their velocity becomes small compared with that of the high wind speeds below a thundercloud. The ion movement is thus largely governed by the gustiness of the wind so that pockets of positive space charge are formed in the atmosphere. Point-discharge currents and the resulting space charges play an important part in the development of the lightning discharge and in the action of a lightning conductor.

The amplitude of the point-discharge current is a function of the magnitude of the electric field, of the height above ground level of the conductor by which it is produced and of wind velocity; for a conductor of several tens of meters height standing in open country the current amounts to a few microamperes. In mountainous areas where thundercloud fields are intense the currents may reach a few milliamperes [1]. They can persist for lengthy periods according to the speed of movement of the thundercloud, a time of half an hour being typical.

Point-discharge currents are also produced by natural growth, such as trees, grass blades or even sharp rocks and stones. They occur furthermore on man-made conducting structures, like buildings, the metal towers of electrical transmission lines or ships' masts. In the last case they were well known to mariners of old by whom they were termed `St. Elmos' Fire' after the patron saint of Mediterranean sailors [1]. In the high mountains the same type of discharge can be seen in darkness at the tips of mules' ears or the raised finger tips of men's hands. While harmless in themselves, they are indicative of a highly charged atmosphere and mountaineers are well aware of the risk of sudden lightning strikes once these point-discharge currents have developed.

1.4 The Lightning Discharge

1.4.1 Temporal Development of Flash to Ground

As shown in Section 1.2, the typical thundercloud carries positive charges in its upper part and negative charges below. Electric fields thus exist between these charges, as well as below and above them. When a round water droplet is exposed to an electric field it becomes elongated in the direction of the field and, as indicated in Figure ‎1.4, tiny charges of equal and opposite polarity accumulate at its tips according to the principles of electrostatic induction. As the droplet is further elongated point-discharge processes can be initiated at its tips. Millions of water droplets can be subjected to this process more or less simultaneously and the resulting tiny discharges can coalesce into larger discharge channels.

[image: image4.png]
Figure ‎1.4: Induction and deformation of water droplets in increasing electrostatic field 

It is in this way that a lightning discharge is thought to be initiated in a cloud [1]. Much of the observation of cloud development, electrical field, and current flow has been done by meteorologists, who use weather radar to identify and locate cloud formations. 

1.4.2 Mature Stage

As the separation of charge proceeds in the cloud cell, the potential difference between the concentrations of charge increases and the potential drop across any vertical unit distance of the charged mass similarly increases. After 20 min or so of the generation process, the cloud will have reached a mature stage, charged to a point where a discharge will be initiated. The temperature at the main negative-charge center will be about -5°C and at the auxiliary pocket of positive charge below it, about 0°C. The main positive-charge center in the upper cloud will be about 15°C colder than its negative counterpart. At the mature stage the total potential difference between the main charge centers will be 108 to 109 V, and the total stored charges several hundred coulombs. Only a part of the total charge is released by lightning to earth, as there are both intercloud and intracloud discharges as well [2].

1.4.3 The Leader Stroke

There are several varieties of lightning discharge, and of these the dominant cloud-to-earth type will be described first. The channel to earth is first established by a stepped discharge called a leader or leader stroke. The initiation of the leader might be due to the downward movement of negative charge, outside an updraft in the core. Positively charged moisture particles are drawn into this flow, which in turn attracts more negatively charged particles in a funneling action that, under the influence of the strong electrical field, eventually forces a negative streamer out of the base of the cloud into the air. Another possible mechanism is the breakdown between elongated, polarized water droplets at the cloud base caused by the high potential field or a discharge between the negative-charge mass in the lower cloud and the positive pocket of charge below it.

Once in the air the negative streamer advances in steps, seeking areas of positive space charge. It may probe into several branch paths but stop after a short distance in favor of the main channel, which presents more positive charge. The average speed of the stepped leader is about 105 m/sec, or one-thousandth of the speed of light. Each step of the leader advances its tip a distance of 10 to 200 m, and these spurts are separated by time intervals of 40 to 100 µsec. The tip of the leader bears a corona fringe, and at the completion of each step a pulse of current shoots back toward the cloud. The leader deposits a small portion of the cloud charge along its length which is neutralized by space charge. This amounts to 0.5 to 1 C. The developmental stages of a leader are shown in Figure ‎1.5.
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Figure ‎1.5: The developmental stages of a lightning flash. 

While the leader channel is developing there is a displacement current between the charged cloud and ground caused by the high potential difference. This current is supplemented by point discharges from earth objects, such as buildings, towers, trees, or even blades of tall grass. At some instant the concentration of such discharges can constitute an arc that flows upward to meet the leader tip at 20 to 70 m above ground, depending on the existing field potential. The point at which the two channels meet is called the point of strike and is the start of the return stroke [2].

The stepped leader takes about 20 msec to reach the earth, but the return stroke takes only 100 µsec or thereabouts to flash from earth to cloud.

It is within the last 100 m of ground or of an object thereon that the point of strike is determined. The higher the electrical potential between cloud and ground, the higher will the striking point is. Also the stronger the electrical field, the less likely is the leader to deviate from the vertical as it nears the earth. The area within which a strike may be expected near a tall earthed object is accordingly dependent on the electrical field strength, and this makes it difficult to be specific about the "safety zone" afforded by a tall object [2].

1.4.4 The Dart Leader

After the first return stroke, there is usually enough charge in a higher region of the cloud to initiate another leader. Usually this leader follows the path taken by the previous stroke. Owing to the remnant ionization of the path the leader darts to earth directly in about 1 msec, accordingly it is called a dart leader. The interval between the first return stroke and the dart leader is 70 msec on the average, and thereafter successive dart leaders and their return strokes may recur at 40- to 50-msec intervals. Three or four return strokes along the same path are common. There are as many as 10 return strokes in about 10% of lightning flashes. If a dart leader is too long delayed, due probably to the slowness of charge buildup in the cloud, the path ionization diminishes and the next leader will "step" its way downward, but at a higher velocity and with shorter steps than the original stepped leader.

Whereas the average velocity of the stepped leader is in the range of 0.01 to 0.7% of the velocity of light, the dart leader's velocity is between 0.13 and 10% of the speed of light.

The velocity characteristics of a dart leader compared with those of a stepped leader and with those of a return stroke are illustrated in Figure ‎1.5 [2].

1.4.5 Analogy with Spark Breakdown in Air 

The process of an electrical spark across an air gap has been observed to be similar to a cloud-to-ground lightning discharge,' so that the characteristics of the air-gap breakdown are helpful in explaining the lightning discharge. When a sufficiently high voltage is applied across a volume of insulating gas (such as reasonably dry air), the gas breaks down and electrons are released. Above a certain voltage an ionization wave, called a streamer, proceeds from the highly stressed positive electrode toward the cathode, branching out along the way and extending into the gas where the electrical field stress is somewhat less. If the applied voltage is high enough, the vigorous streamer or streamers reach the cathode with a high-potential wavefront. As the wavefront reaches the cathode, electron emission is stimulated by the temporary local electrical field and negative streamers from the cathode are produced. These negative streamers greatly increase the density of ionization in the channel, which yields a "backstroke," or discharge across the gas from cathode to anode.

For longer gas paths or air gaps, the streamers from the anode might be incapable of reaching the cathode. In this case a number of secondary channels will develop at the anode and proceed toward the cathode. The resulting increased ionization of the gas can become dense enough to produce breakdown of the gap and a spark discharge [2]..

1.4.6 Variations of the Leader and Return Strokes

From mountain peaks or very tall structures, such as the Empire State Building, a positive leader channel may start upward from the peak due to the intense concentration of positive charge accumulated there, forced by the strong electric field. When this leader reaches the cloud, the charge there remains diffuse in the volume of water droplets, with the result that there is no sudden increase in current, but a comparatively gradual current flow of modest amplitude. However, any subsequent strokes return to the common pattern of a down-going dart leader and a high-current return stroke. The positive leader carries a heavier current than a negative leader (i.e., a few hundred amperes on the average).

Occasionally there is a lightning stroke between a positively charged cloud and ground. The leader for this kind of stroke can be an upward negatively charged leader followed by a positive-current stroke from the cloud or a downward positively charged leader followed by an upward negative-current stroke from the ground.

Multiple lightning strokes or several strokes within a relatively small area can occur.

Positive leaders advance without stepping in most cases and at a higher velocity than do negative leaders. In negative ground-to-cloud strokes the leader also advances upward in steps. The junction point with a positive streamer from the cloud occurs at a considerable height above ground. At high ground altitude the junction has been observed at 1000 to 1800 m above a tower struck by lightning.

1.4.7 Unusual Lightning Discharges

There are several unusual types of discharge that cause little damage because of their rarity. For example, lightning discharges can be caused by severe dust storms and volcanic eruptions.

At high altitudes, when a thundercloud is passing over, the electrical field can have sufficient intensity to attract a discharge from grounded objects, such as towers or structures, or even a person's hair. This can often be heard as a hissing sound and seen as a glow several inches long if in darkness. The corona current attains values of  1 to 4 µA. It has been estimated that the charge released by such corona discharges annually is from one twenty-fifth to one-seventh the charge released by lightning itself.

Occasionally there is an upward positive streamer from the earth that does not reach the lightning channel; and it might follow in time a distant flash.

Sometimes in urban areas certain kinds of trees, including dead ones, a chimney, or a flagpole will be struck in preference to some adjacent higher tree or other object. An explanation of this phenomenon has been given.' It postulates that the susceptible object initially presents a very high resistance to corona-discharge currents flowing between its upper parts and ground. Assuming that the voltage gradient above the object increases under the influence of the charged thundercloud, the leakage current along the object also increases until the "resistor" breaks down due to internal stress, surface flashover, or tracking where there is soot (e.g., along a chimney). The electrical breakdown will suddenly bring the top of the object to earth potential, with a consequent quick rise in voltage gradient between the object and the cloud, which can initiate the lightning discharge. Such occurrences can be avoided by placing, along the height of the object, a down conductor connected to a suitable earth electrode [2].

1.4.8 Ball Lightning

The most prevalent and distinctive variant of the lightning discharge is called ball lightning. Its characteristics have been summarized as follows:

1. Usually spherical in shape.

2. Usually occurs toward the end of a nearby electric storm.

3. Varies in size from 10 to 20 cm in diameter, but can be as much as several feet in diameter.

4. Color ranges from brick red to orange to blue.

5. Sometimes accompanied by humming, fluttering, crackling, hissing, or sizzling sounds.

6. Often leaves a smell of ozone.

7. Extinction may be silent or explosive, or simultaneous with a lightning stroke.

8. Exhibits translatory motion by rolling or sliding along metallic objects, such as telephone wires, railway tracks, or wire fences.

9. Has been known to magnetize ferrous objects.

10. Movement is slow, about 2 m/sec, independent of the wind direction and along a tortuous path; it may detach itself from a grounded object and may appear to bounce.

11. Has sufficient energy to melt wire, boil away several pounds of water, burn persons severely, and set fires.

12. Decay can last from several seconds to several minutes. 13. At times dartlike discharges may radiate from the ball.

The variation in point of occurrence and motion of ball lightning is one of the difficulties encountered by analysts who attempt to postulate a theory for it. The discharge can move through dwellings, entering openings like chimneys or windows and sometimes emerging from enclosed spaces; it can move along a section of railway tracks, over or through a vehicle, and so on [2].

With regard to protection however, the rarity and limited destructive power of ball lightning make special measures unnecessary. This is fortunate because normal lightning protection would not be effective [2].

1.4.9 Lightning Currents and Related Parameters

From all the available data, it appears that the development and the characteristic parameters of lightning flashes to open ground in different parts of the world are essentially the same although the numerical values of each individual parameter vary over a certain range. The statistical distribution of the frequency of occurrence of most of these parameters is reasonably well established [1] but, for the purposes of lightning protection, representative and maximum values need only be quoted in most cases.

When an object, be this a building, a rail leading into an underground tunnel or an aircraft in flight, is struck by lightning the stresses to which it is subjected are determined by the current discharged into it. From the point of view of lightning protection this current thus represents the most important single parameter of the lightning discharge.

Complete knowledge of the time variation of a lightning current can only be obtained by oscillographic recording in the object struck. In view of the rare occurrence of a lightning strike to an object of normal height, accumulation of records by this method would be very time consuming and costly. Oscillographic recording was therefore concentrated on high objects which are liable to be struck fairly frequently, such as very tall structures or balloons connected to earth by steel cables. From the first records which were so obtained it became clear that lightning currents are almost invariably unidirectional, that is, they either discharge negative currents or, much less frequently, positive currents into the object struck. This accord with the physical picture of a negative earth stroke as a mechanism by which negative charges in a cloud volume are transported into the body of the earth until the cloud charge originally tapped has been neutralized by the return-stroke process.

Once it was established that current flow in a lightning stroke is unidirectional a cheaper method of measuring its maximum current amplitude could be devised. The method adopted utilizes magnetic links, small bundles of highly coercive steel strips or wires, or links made from sintered material. If such a magnetic link is installed at right angles to, and at a short distance from, a current-carrying straight conductor, it becomes magnetized and the polarity and magnitude of the magnetizing current can then be derived from the residual magnetism retained by the link.

Many hundreds of thousands of these devices have been installed on lightning conductors, electrical transmission towers and other objects in different parts of the world and several thousand readings have been obtained. These results are subject to two major limitations [1]. In the first place, magnetic links as installed in practice are incapable of recording current amplitudes below about 1000 to 5000A. Secondly, unambiguous results can be expected only from measurements involving a single discharge path. 

Omitting weak discharges with current amplitudes of less than 2 kA, the average lightning current amplitude is seen to amount to about 25 kA while amplitudes exceeding say 80 kA can be regarded as rare [2].

For structures involving a high risk of loss of life, knowledge is required of the highest possible current amplitude. This cannot be stated with any degree of confidence. Suffice it to say that the maximum value reliably recorded is 270 kA [1] but that much higher amplitudes cannot be ruled out. Some of the highest amplitudes, including the foregoing value, were observed in the comparatively rare positive strokes.

The most comprehensive information on the wave shapes of lightning currents is due to the work on Mount San Salvatore [1] on which several oscillographs with different sweep speeds are employed. It must be stressed that the wave shapes of no two lightning currents are exactly alike. However, certain common characteristic features have been established [1]. 

The heat dissipated in a lightning conductor carrying a current of i amperes is proportional to the term ( i2dt. The highest values recorded so far are 107 A2s for positive discharges and 106 A2s for negative discharges [1].

Little reference has so far been made to cloud discharges by which charge centers of opposite polarity either in the same thunderstorm cell or in different cells is neutralized. Cloud discharges are actually considerably more frequent than earth discharges. The ratio of cloud-cloud to cloud-ground flashes varies considerably with the topography of the ground, being usually lower in the mountains than over flat country. It also varies widely in different storms over the same locality. One other notable feature is an increase in the percentage of earth flashes with increasing geographical latitude [1]. Thus earth flashes are relatively more frequent in temperate than in tropical areas of the world, the ratio of cloud-cloud to cloud-ground flashes being of the order of 1.5 : 1 in the former and 5 : 1 in the latter.

1.4.10 Frequency of Lightning Discharges

The only structures endangered by cloud discharges are aircraft in flight. However aircraft must be securely protected against even the most severe lightning strikes and the frequency with which they are likely to be struck by either cloud or earth flashes is therefore of little importance for the degree of protection to be provided.

All other structures, whether on or below ground, are endangered only by earth flashes. The need of their protection and the extent of this protection are therefore a function of the likelihood of their being struck and this, in turn, is related to the frequency of occurrence of earth flashes per unit area of ground. The same argument applies to electrical transmission lines on which lightning constitutes the most frequent single cause of supply interruptions and damage. 

The most comprehensive review of the frequency of earth flashes was undertaken under two headings, namely visual observations and electric recordings on the one hand and lightning strikes to overhead transmission lines on the other [2].

The results of this survey [1], slightly extended to cover more recent data, are brought together in Tables 1 and 2 in which the frequency of earth flashes is related to the appropriate number of local thunderstorm days and a unit of one square kilometer of earth surface.

Table ‎1.1 incorporates the results of visual observations in the USA, Australia and South Africa, photo-electric recordings in Canada, the experience of close earth flashes of two groups of people of varying age and totaling 254 persons in England, point-discharge recordings in England, electric field-change measurements in the USA and photographic observations in Switzerland.The data listed in 
Table ‎1.2
 are derived from magnetic-link measurements on high-voltage transmission lines in different parts of the world. In order to associate these numbers with the appropriate surface area an assumption had to be made concerning the horizontal distance over which a downward leader stroke would be attracted by a transmission line and this estimate was based on the same considerations on which the attractive effect of a lightning conductor of given height is determined.

Table ‎1.1: Frequency of earth flashes based on observations and measurements

	Method
	Reference
	Radius

(km)
	Country
	Yrs
	TD

p.a.
	Earth

flashes

(per km)

& 10 TD)

	visual
	Hagenguth, 1947
	4.8
	USA
	2
	33
	0.4

	photographic
	Schonland, 1964
	
	South

Africa
	
	55
	1.4

	photo-
	Ellis et al,
	19
	Canada
	
	26
	0.4

	electric
	1958
	
	
	
	
	

	personal

experiences
	Golde, 1945
	0.03
	England
	17
	11
	1.8

	point-
	Whipple et al,
	4
	England
	1.5
	14
	13

	discharge
	1936
	
	
	
	
	

	point-
	Berger, 1967
	10
	Switzer-
	17
	40
	1.0

	discharge
	
	
	land
	
	
	

	field change
	Wormell, 1939
	4
	England
	10
	12
	0.35

	field change
	Trueblood et al,
	16
	USA
	2
	30
	1.1

	
	1949
	
	
	
	
	

	field change
	Trueblood et al,
	16
	USA
	2
	50
	1.45

	
	1949
	
	
	
	
	


TD = Thunderstorm days

Considering the different parts of the world included in this survey, the short periods of some of the observations, and the notable variability of lightning activity from year to year, the data given in Table ‎1.1 and 
Table ‎1.2
 show surprisingly little discrepancy. It would thus appear that a figure of one to two earth flashes per 10 thunderstorm days per square kilometer may be accepted as a representative estimate of earth-flash density.

In order to obtain strictly comparable data on this parameter an instrument is required which is capable of recording all earth flashes within a given area. If such an instrument is to be installed in large numbers it must be simple and inexpensive. With this aim in mind, a lightning-flash counter was designed and, after further development by an international committee of experts, these counters were installed in four continents [1].

Table ‎1.2: Frequency of earth flashes deduced from

	Reference
	Line voltage

(kV)
	Country
	Yrs
	TD

p.a.
	Earth

flashes

(per km)

& 10 TD)

	Golde, 1945
	220
	USA
	8
	39
	1.9

	Golde, 1945
	132
	USA
	8
	42
	1.9

	Golde, 1945
	66
	USA
	7
	62
	1.8

	Golde, 1945
	66
	USA
	7
	62
	1.95

	Anderson
	88
	Southern
	8
	54
	1.35

	et al, 1954
	
	Rhodesia
	
	
	

	Schlomann
	345
	USA
	1
	45
	1.9

	et al, 1957
	
	
	
	
	

	Baatz, 1951
	220
	Germany
	4
	20
	1.25

	Baatz, 1951
	110
	Germany
	8
	24
	125

	Baatz, 1951
	50
	Germany
	8
	21
	1.1

	Baatz, 1951
	50
	Germany
	7
	20
	3.1

	Popolansky,
	110
	Czecho-
	6
	30
	2.1

	1960
	
	slovakia
	
	
	

	Brown et al,
	69-345
	USA
	1.7
	30-50
	1.65

	1969
	
	
	
	
	


TD = Thunderstorm days

2 Protection of Power-Transmission Systems

2.1 Reasons for Protection

Since the days of Steinmetz in the 1920s many investigations have been carried out on the effects of lightning on power-transmission lines and on methods of protection. It is probably correct to say that the study of lightning for the purpose of power-line protection has been the basis of the principles that have been evolved for the protection of all other systems and structures. Maintaining the continuity of electric service and the avoidance of major damage to transformers, switchgear, and other components provide strong reasons for protecting power systems [2].

Although protection methods are well developed, lightning still causes frequent power interruptions. For example, in Britain about 15,000 interruptions per year occur on high-voltage lines and the average isokeraunic level there is relatively low, at 10 or less. An investigation made in Britain indicated the relationship between the number of thunderstorm days and the frequency of lightning incidents (one or more circuit interruptions due to one lightning stroke) on power lines of various transmission voltages. 

These relationships over a 10-year period are shown in Figure ‎2.1.
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Figure ‎2.1: Annual variation in the frequency of lightning incidents and thunderstorm days. Key: 
, Il-kV system;
 Il-kV system; ---, 33-kV system; -••-, 66-k V system; ---, 132-k V system; ….,
annual number of thunderstorm days. 

In the United States, where the isoceraunic level varies from nearly zero in the northwest to a maximum of 90 in Western Florida, a large amount of data on lightning strikes was collected by a committee, of the American Institute of Electrical Engineers (AIEE)[2]. From these data they plotted the two curves of Figure ‎2.2, which indicate the number of strokes to transmission lines per year per 100 miles of line (curve B) and the percentage of these strokes that had currents exceeding a particular value (curve A). The AIEE committee ascertained from the data that in areas where the isoceraunic level is 30, about 100 strokes would occur per 100 miles of line per year.

[image: image7.png]
  Figure ‎2.2: lightning Stroke Probability Curve

As the transmission-line voltages have increased over the years, the lightning strikes to them have increased. This is attributed to the higher towers and wider cross-arms, which reduce the shielding effect of the overhead "ground" conductor.

However, for the newest high-voltage lines, exceeding 300,000 V, the insulation required to withstand internal switching surges is so high that most lightning strokes can be conducted to ground without causing a flashover or can be limited to short trip-offs if a phase conductor is struck

2.2 Review of the Discharge Mechanism

Recent investigations' indicate that a typical downward stepped leader would have a potential of about 50,000 kV. Using an accepted value of 500 kV/m as the spark-over voltage gradient for air, it follows that when the leader tip comes within 100 m of a grounded object, the main discharge would occur. The leader-tip position at this instant is called the point of discrimination' because prior to it the leader is independent of the impedance to earth. Immediately thereafter, as the return stroke develops, the voltage gradient of the channel increases for a period of 1 µsec or less, and one result of this is a slowing of the return-streamer velocity to between 0.1 and 0.3 the velocity of light. The velocity of the return streamer increases with increasing stroke current. The formation of the final flash (described in Section ‎1.4) is depicted in Figure ‎2.3. The process of charge collection by both the leader head and by the return streamer from the stricken tower, as indicated by stages D, E, and F, is a factor in decreasing the velocity of the return streamer and in raising the effective impedance of the leader path.
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 Figure ‎2.3: Stages in the development of an upward channel

This impedance is on the order of 3000 ( over the last 100 m between the point of discrimination and the stricken object. The effect on the current wavefront is to produce a concave upward shape, representing the growth of the current from the charge-collection process. When the two main channels, meet the discharge current is at maximum value (i.e., its curve flattens out).

The subsequent dart leaders have a higher velocity than the original, and consequently the stroke-current wavefronts are somewhat steeper.

From an analysis made available from the literature [2], the parameters for two typical strokes are listed in 
Table ‎2.1
. This indicates that the surge impedance increases with shortening of the striking distance (i.e., as the head of the return stroke rises), which contributes to the fall in stroke current following the crest value.

Table ‎2.1: Parameters of Two Lightning Strokes

	Current
	i (A)
	50,000
	10,000

	
	D (ft)
	300
	300

	
	b (ft)
	6
	2

	
	v, a numeric
	0.3
	0.17

	Potential 
	V (kV)
	46,000
	20,000

	Impedance 
	Z (()
	920
	2000

	Striking distance 
	(ft)
	310
	135


D = length of (return) stroke when current has reached nominal crest value, i.

b = assumed radius of return stroke channel.

v = velocity of propagation relative to that of light. 

V = stroke potential at current, i.

Z = surge impedance of return stroke at current, i.

2.2.1 The Overall Discharge Paths

The stepped leader preceding a return stroke might strike the transmission tower, the overhead "ground" wire, the conductor at midspan, or the earth at some distance from the line, depending on the position of the thundercloud and the intensity of its charge. Even a phase conductor, on a line with overhead ground wire, can be struck.

The different paths by which a transmission line can be struck by lightning have been well illustrated  by sketches as illustrated in  for both low and high towers. There is a direct path from the capacitive charged head of the leader stroke to the overhead "ground" conductor of the transmission line (1). The tower length presents surge impedance to the current, which, combined with the tower earth resistance, develops a high potential at the tower top. This voltage can flash across insulator strings to the phase conductors, that is, a backflash-over may occur. Second, there is an indirect path (2) where a primary discharge occurs between the capacitance of the charged leader head and earth, at some distance from the line. The electrical field produced by the high-current return stroke may induce a high voltage surge on the line conductors, sufficient to arc across the insulators. This kind of strike is usually called an induced voltage due to a nearby stroke to earth [2].
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Figure ‎2.4: Earth-wire  shielding – geometrical model for (a) low and (b) high towers. Key:(, earth wire; (, phase wire; ( protective angle [2].  

Line faults due to indirect strokes are generally limited to lower voltage transmission lines, where lower towers and shorter insulator strings are used. For higher towers a strike to the earth near the tower base could raise the potential of the tower to such an extent that a backflashover would occur from tower to live conductors.

The third path is between the leader head and a phase conductor, forcing a high current into the conductor whose surge impedance raises the potential of the conductor, sufficiently in some cases to flash over to the tower. This is the "shielding failure" type of discharge because the overhead ground conductor fails to shield the line.

The geometry of Figure ‎2.4 helps to illustrate the relative vulnerability of low and high towers, via the three different paths. The straight-line perpendicular to the line joining "ground" wire and phase conductor at its midpoint is equidistant from these two conductors. Stepped leaders approaching from above this line in region 1 will strike the overhead "ground" wire. Between the "equidistant" line and the earth plane, a long curved line is drawn that is equidistant from the phase conductor and the earth plane. The line and curve enclose area (3) where the phase conductor is vulnerable to lightning strikes, which may flash across the supporting insulator to the tower. An arc of a circle centered on the phase conductor can be drawn to represent an area within which the lightning voltage would choose the tower as a terminal rather than the insulated phase conductor. In area 2 between the ground plane and curved line, the earth would receive the strike and at times would raise the tower potential to a value that would cause a backflashover between tower and phase conductor. The figure illustrates that area 3 is much larger for the higher tower, making the phase conductor more vulnerable to strikes.

To reduce the size of area 3 the protective angle 0 must be made smaller by moving the overhead "ground" wire outward. That is to say, taller towers require a smaller protective angle for a given degree of protection. According to Wood,' the protective angle should be 45, 25, and 10 degrees for tower heights of 50, 100, and 150 ft, respectively, on ehv transmission lines. Another authority, [2], has arrived at similar values-that is, 45, 30, and 12 degrees-based on data from analysis and operating experience.

2.2.2 General Design Factors

The effect of lightning on a transmission line is influenced by some general design factors. If, for example, a line carries two circuits, there is an advantage in having the insulation value of one different from the other. With this arrangement a backflashover will cause a fault on only one of the lines rather than on both.

On dc transmission lines a conductor of one polarity only, usually positive, will be struck at a time. A trend in transmission-line design is fast-acting autoreclosing switchgear, which can minimize lightning outage time.

One of the newer devices for identifying lightning faults on transmission lines is a pathfinder device can indicate three different events: a backflashover from tower to phase conductor, a flashover in the opposite direction from phase conductor to tower, and a power arc if it follows the flashover. Its value is in determining the proportion of strokes that are not diverted by the lightning protection system of overhead "ground" wire and buried electrode system.

2.2.3 The Air Terminal

The established method of providing a lightning-discharge terminal on power transmission lines is the overhead "ground" conductor. One or more of these conductors are installed so as to provide protective angles of approximately 45, 30, and 12 degrees for tower heights of 50, 100, and 150 ft, respectively. Shielding has increased importance for high-voltage lines. Flashovers on 275-kV lines are mainly due to shielding failures, whereas on 132-kV lines the failures are due principally to backflashovers [2].

2.2.4 Tower Impedance

It has been determined with some degree of certainty that the tower surge impedance looking into the tower top comprises a relatively small portion of the total impedance facing the lightning discharge. The surge impedance is difficult to calculate because of the tower's nonuniform shape, its lattice-type construction, and its relationship to earth. Analyses and measurements by several investigators have yielded different results. 

2.2.5 The Buried Earth System

A conventional buried electrode for power lines is a buried earth wire called a counterpoise running below the line, along its length. Looking from the top of any tower the impedance of this buried conductor running in opposite directions from the tower footing would be that of two buried wires in parallel. In addition there would be a small capacitance between the overhead ground conductor and the counterpoise. The footings of the towers would constitute some resistance in parallel with the counterpoise. In locations of very low ground conductivity but with a layer of top soil additional buried radial conductors can be installed.

A lower tower ground resistance requires less insulation of the live conductors for a given degree of lightning protection [2].

2.2.6 Protective Leakage Paths-Pipe-Pipe Gaps

Attention is now being directed toward bleeding off pre-discharge leakage currents produced by the high voltage gradients ahead of a stepped leader. This current leakage occurs between the overhead ground wire and the phase conductors of the transmission line. The existence of this leakage path lowers the potential gradient caused by an approaching leader tip, or stated another way, the line withstands a higher potential produced by a stepped leader before flashing.

A device to increase the leakage current and thereby increase the protection to the power line from lightning is called a pipe-pipe gap because pipe sections were first used to form the gap. 

The lengths of pipe are mounted parallel to each other, and the gap between them is made just greater than the length of the insulator string. The lengths of the pipe sections are limited only by structural requirements. Such gaps, by permitting high current leakage under thunderstorm conditions, can hold off lightning strikes until the potential gradient rises significantly above the value that would otherwise permit a lightning stroke to occur.

Another device to protect transmission lines is the tube protector, which consists of a gap within an insulating tube, normally mounted below a live conductor. The rating of the tube is chosen so that its gap will flash over before the insulator breakdown voltage is reached. The impedance characteristics of the tube enable it to regain its insulating property quickly while the discharge voltage is going through a minimum of its oscillation. The protector tube is applicable to ac lines.

2.2.7 Protection of Substations

Although power-supply agencies usually provide lightning protection for their equipment, incidents of equipment damage due to lightning still occur. For the protection of substations or switching yards the three fundamentals of air terminal, downlead, and earth system are, of course, required.

The air terminal is usually several overhead wires strung between the switching frames or towers, vertical rods mounted on top of the steel towers or frames, or separate masts on the perimeter with wire strung between their tops.

The down conductor is normally provided by the legs of the metal switch frames or towers, and from the base of these structures a number of heavy leads connect to a buried ground system of horizontal conductors and rods. An effective coupling with the earth can be achieved by the grid system. As there is usually some discretion permitted in locating the station, an effort should be made to find a site with deep surface soil and to avoid bare-rock surfaces.

In at least one large station in the tropics the lightning protection system is kept separate from the power ground system [2]. This reduces the possibility of raising the power-ground-system potential sufficiently to cause backflashovers to the equipment. The lightning protection is provided by several tall masts placed on the perimeter of the station, each having buried radial wires emanating from its base. The buried conductors are independent of the ground conductors for the power apparatus. The lightning masts are made tall enough for their protective zone to encompass the equipment area.

2.2.8 Underground Cables

The impedance of the sheath of an underground cable to a current surge is on the order of 100 ( and falls off to the ohmic earth resistance of the conductor as the surge dies out. It has also been found that attenuation of the current wave pulse along a buried conductor is rapid, so that it diminishes to a low value in a length of 100 m. Voltage reflections are therefore not a serious problem. But the magnitude of the induced voltage on a cable sheath by a current pulse is on the order of 50 kV/kA of entering current [2]. It follows that in lightning-prone areas cables buried in soil of low conductivity require high insulation or protection by overlying buried earth conductors, associated with ground rods if necessary, to provide an earth resistance that is relatively low compared with the cable sheath itself.

2.2.9 Lightning Arresters

The lightning arrester is a "safety valve" used to limit overvoltages and to bypass the associated current surge to a ground system. The arrester is the triggering device, but the ground system absorbs most of the energy. The purpose of the arrester, or surge diverter, is to protect electrical equipment from being damaged by voltage surges and to minimize the interruption of electrical systems. Consequently they are normally installed adjacent to the transformer, reactor, or other component needing protection; the sparkover voltage rating of the arrester is selected in relation to the normal voltages of the system to which they are connected.

The arrester has a dual role of protecting against abnormal over-voltages due to faults on the system and protecting against voltage surges due to lightning. 

3 Effect of Lightning on Power Transmission systems 

Methods to determine the effects on lightning on power transmission systems have focused on two main areas of lightning research

· Lightning location 

· Correlation of lightning location data and design formulas

· Lightning prediction

3.1 Lightning Location

As mentioned in Section 1.4.9 lightning location systems are based on magnetic links using direction finding arranged into small networks. These networks are built into the electric system by the electricity companies and cover the whole country [3]. 

There are three types of commercially available lightning location systems being operated in Japan. All of these systems observe electromagnetic radiation from lightning discharges at multiple stations, and locate the sources of radiation either by direction finding, by the time-of-arrival (TOA) technique or by the combination of them. In interpreting the output of lightning location systems, knowledge on the characteristics of the systems as well as lightning phenomena themselves is indispensable [3].

 Japan is the only country in which all the above three types of lightning location systems have been operated for a few years. The performance of a system under winter thunderstorms is still an important subject of research [3]. 

3.1.1 Application by Electric Power Utilities

Lightning location systems are operated by nine regional electric power companies and three weather companies. Table ‎3.1 summarizes the usage of lightning data by electric power companies [3]. 

Information on lightning activity in real time helps engineers to control electric power flow to minimize instability influenced by lightning faults, and keep safety of workers on transmission line. Comparison of located lightning and transmission-line routes enables discrimination of lightning faults from those by other causes, which brings about quick recovery of service and improves efficiency in maintenance by inspecting damages individually. Traveling lightning activity sometimes indicates future activity in remote areas several hours prior to the attack of thunderstorms, which enables maintenance workers to prepare for lightning faults.

Some electric power companies deliver real-time data to customers, so that they can switch to their own electric power generators to avoid influence of lightning outages or instability in the supply voltage on their activities. This scheme reflects the request for higher quality in service of electricity supply, not only in the aspect of uninterrupted service, but also in the operating voltage and frequency. In addition, some companies disclose lightning data to public through Internet.

Accumulated lightning data are utilized to produce statistics of lightning parameters such as lightning flash density, important in optimizing insulation design of transmission lines against lightning damages. To take advantage of the location accuracy in this aspect, sensors of their lightning location systems tend to be installed close to the boundaries of their service areas, which usually results in good performance of the systems in their service areas.

Table ‎3.1: Usage of real-time lightning data.

	Aim
	Usage

	Power supply
	Electric power flow control 

	
	Scheduling of maintenance

	
	Fault location 

	
	Fault analysis

	
	Preparation for fault recovery 

	
	Forecasting lightning activity

	Subsidiary

service
	Disclosing lightning data to public

	
	Providing online data 


 On the other hand, weather companies treat lightning data as one of the meteorological elements, and supply them to general customers in real time, or providing archived data for analysis of lightning disasters. The configuration of their network reflects their business strategies [3].

3.2 Recording Lightning Activity and Correlation with values obtained from Formulas

Lightning activity in Greece was estimated from the recorded number of the thunderstorm days per year. The latest were recorded from the National Meteorological Service, which provided properly equipped recording stations in all over the country. Based on those recordings a map was developed from which the number of lightning flashes to the ground per square kilometer per year can be determined. Furthermore, the High Voltage Laboratory of the University of Patras (HVL) developed a small lightning recording station, which is in operation since 1985. This station consists of 4 lightning flash counters that have been installed in the campus of Patras University. The type of the flash counters is CIGRE 10 kHz [4].

After the elimination of the discrepancies and the proper calibration of the recording station, the lightning activity of the region was recorded for several years. The recorded values are compared with those obtained by calculations, based on formulae connecting lightning ground-flash density with the number of the thunderstorm days per year [4]. 

 Beside of recording the lightning activity of the region of Patras, an additional objective of the station was to verify the consistency of the validity of the following formula [4]

for the region of Patras, around the HVL recording station, and under certain conditions for the whole area of Greece.

Ng = 0.04 T1.25       






Equation (1)

Ng = lightning ground flash density

From the year 1985, when the station started its operation, through 1999, i.e. for a time interval of 15 years, the lightning activity of the area has been recorded, with the exception of the year 1992 when for a certain period the station had operational problems. For the same time period, recordings concerning the number of thunderstorm days have been obtained from the National Meteorological Service. For several years (1993-1999) and for verification reasons, the number of thunderstorm days was recorded from the station of the University as well. As a result, the recordings of the National Meteorological Service had been verified satisfactorily. Furthermore, since the publication of the measurements from the National Meteorological Service are released with a delay of two years, the recordings of the thunderstorm days performed from the HVL recording station are used in all calculations concerning the last two years [4].

The number of the thunderstorm days recorded in the area under investigation for the years 1985-1999 are included in 
Table ‎3.2
. From the data of this table it was calculated that the mean number of thunderstorm days for the area is 38 days. If we introduce the value T = 38days in formula Equation (1), it is derived that Ng =3.8 flashes/km2-year. This value is very close to the value Ng =3.9 flashes/km2-year, which was determined from the counters. So, we can conclude that formula Equation (1) applied in the area of the station gives satisfactorily results for the estimation of the lightning activity of this area [4].

Table ‎3.2: Number T- of thunderstorm days compared- with the lightning activity Ng. (Numbers in brackets are from the local recording system of HVL).

	Year
	TNMS
	Ng, CIGRE
	Ng, Eq(1)

	1985
	35
	3.9
	3.4

	1986
	50
	5.0
	5.3

	1987
	50
	6.6
	5.3


	1988
	40
	4.1
	4.0

	1989
	25
	4.5
	2.2

	1990
	38
	4.0
	3.8

	1991
	37
	5.1
	3.7

	1992
	29
	-
	2.7

	1993
	41
	3.0
	4.1

	1994
	33
	3.4
	2.6

	1995
	41
	1.4
	3.7

	1996
	40
	2.4
	4.0

	1997
	35
	3.5
	3.4

	1998
	(36)
	2.5
	3.5

	1999
	(39)
	3.0
	3.9

	Avg.
	38
	3.7
	3.8


3.3 Prediction of Lightning Activities By using Fuzzy-Neural Network 

Since the lightning strike shares the major part on the cause of transmission line failure, many efforts have been made on enhancement of infrastructure such as installation of overhead grounding wire and arrester, or improvement of grounding characteristics in between tower and earth. However, it is costly and yet not possible to prevent lightning strike perfectly. Another way to deal with is to minimize the impact by managing the power system well with problem proactively, to achieve the aim the prediction of the transition of lightning activities becomes a key in this approach [5]. 

Generally, any investigation related to weather claims development of exquisite numerical models with large number of elements. They usually require full understanding on cause and effect of each meteorological event. Moreover, even if the model is built successfully, it will demand large amount of computing resources, and collection of data needs larger facilities and cost. This type of system will find diverse information about weather, but we are interested only in transient of lightning location after the occurrence of lightning. No long-term prediction (say, weekly bases) or wide range forecast (Entire Japan, for example) is necessary but few hours ahead are enough to be predicted. This is preferred to be a handier system [5].

Recent research developed Lightning Prediction System based on Neural Network for several years. The system was by performing by certain correctness, but the accuracy needs to be enhanced as well as a shorter processing time [5].

The goal of this research was to develop affordable system that could predict lightning activities for several hours ahead. The transition of lightning location was the main focus; hence the forecast of newly developed lightning was out of scope. Another requirement was to shorten the processing time during the training process [5].

3.3.1 Course of the project

(1) Utilize Fuzzy Neural Network

Meteorological factors like landform, wind or distributions of temperatures are correlated to lighting activities in a complicated manner. Though we still need to understand basic phenomenon of lightning, using Neural Network (NN), which does not need exact cause and effects are beneficial. Fuzzy-Neural network (FNN) is a combination of Neural Network and Fuzzy theory. While one of the issue on conventional NN is the difficulties to comprehend the knowledge of relationship between input and output which NN obtained from training process, FNN could provide these information because fuzzy theory generates them explicitly. Another advantage of FNN is that we only need to set basic figure of the membership function together with fuzzy rules, then use NN with back-propagation method to adjust these properties by themselves. FNN was employed based on past experiences with NN.

(2) Focused on summer season.

Prior to the prediction, some statistical analysis was made on lightning activities, such as difference of flash density in seasons, correlation of time and amount of lightning, and typical transition path of lightning location. Because the characteristics of lightning differ from summer and winter, each season should have its optimized. The current research focused on June to October. Other seasons may be discussed in the future.

(3) Using transition pattern.

We anticipate a build in process that could make the system more "smart" as they have more experience. Though the gimmick was not materialized yet, we use pattern libraries to categorize actual lightning pattern. This arrangement could also shorten the processing time because the initial values of coupling factor are given by the pattern libraries.

(4) Lightning Detection System

. Information of lightning such as exact time, polarity and lightning current are obtained together with location of strike from data Japan Lightning Detection Network, JLDN owned and operated by Franklin Japan Co., Ltd, using sensor located within the network The network covers the whole of Japan with LPATS/IMPACT systems. Data obtained from this systems are distributed in digital format via CD-ROM which can readily be used for analysis.

3.3.2 Advantage of fuzzy neural network

Fuzzy theory is suitable for application where expert judgment is essential. Similar to neural network, fuzzy theory can handle ambiguous issues by emulating the way human being to make rational decisions. Human minds rather work with subjective concepts, like "much" or "few", than with objective and exact numbers.

There are two key elements in fuzzy theory, i.e. fuzzy rules and membership function. Generally speaking, fuzzy rules are found by experience of human beings so that it will take longer time to set all the rules. Fuzzy neural network (FNN) will utilize neural network to find fuzzy rules that the process to find the rules are to be automated. By applying FNN, it is said that we can avoid the risk of local minimum during training process. The new system we developed was driven by FNN. Details of the FNN formulation are given by the author [5].

3.3.3  Continuous Prediction

Applying three hours of lightning data to processes can make prediction of fourth hour. To find prediction of fifth hour and later will be found by using predicted data together with second and third data. Theoretically, this can be repeated many times. But there are certain limitations in the matter of accuracy.

Attempt was made by using FNN on July 31 / 1994 and August 21 / 1995. The following conditions are applied. The mesh is shown in Figure ‎3.1. 

· Areas of interests are from N34'30" to N37'30" and

· E138' to E141' to cover greater Tokyo area and its vicinity

· Mesh sizes are 15" square. (Approximately 28 km)

· Total 144 regions. (12 by 12)

· Unit time length of prediction is 60 minutes.

The same prediction was also made using NN as the reference.

3.3.4 Verification Method

For the purpose of verification, equation (2) was used. The values of d shows how close the prediction and actual patterns are.  This method uses sum of distances from origin and region where lightning activities are predicted. The less value shows better correlation.
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Equation (2)

L0 = distance from origin by observation data

Lf: distance of origin by predicted data

Origin: lower left corner of map
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Figure ‎3.1: FNN Mesh

3.3.5 Accuracy of Predictions

To verify the effectiveness of FNN, same attempt by NN was also made. The results were using the values of d in Equation (2). Table ‎3.3 summarizes the results.

Table ‎3.3: Comparison of NN and FNN

	Method
	16-17

(hrs)
	17-18

(hrs)
	18-19

(hrs)
	19-20

(hrs)
	Average

	FNN
	0.82
	0.72
	0.28
	1.58
	0.85

	NN
	2.45
	0.36
	0.38
	0.70
	0.97


As shown on the table, overall accuracy (average) of prediction was enhanced. Thus FNN is effective or enhances the accuracy of prediction.

4 Conclusions

1. Thunderstorms occur at highest at the equatorial belt and decreases towards the poles. Local thunderstorm activity varies from year to year.

2. Lightning data is available from the meteorological services of countries in the form of flash maps showing isokeraunic lines, i.e. lines joining areas have the same number of thunderstorm days. 

3. The mechanism of light formation and discharge involves electrical charging of water droplets within a cloud leading to a dipole. The electrical field thus produces causes a cloud to cloud lightning discharge or a cloud to earth discharge.

4. The average lightning current of about 25 kA.

5. The earth flash density varies in different parts of the world with the earth flash density estimated at 1 to 2 flashes per 10 thunderstorm days.

6. A variety of protection mechanism exist for the lightning protection of transmission lines  including ground conductors(air terminals), counterpoise , pipe-pipe gap, down-lead, grounding systems, underground cables and lightning arresters. 

7. Traditional methods of lightning monitoring include the use of magnetic link direction finders and lightning counters. 

8. Correlation between lightning data obtained from meteorological lightning networks and those obtained using standard formula show good agreement. 

9. More modern methods have focused on lighting prediction using neural network and fuzzy neural network techniques, but these only provide prediction a couple of hours before the lightning strike.
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