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« All religions, arts and sciences are branches of the 
same tree. All these aspirations are directed toward 
ennobling man’s life, lifting it from the sphere of mere 
physical existence and leading the individual towards 
freedom » 

Albert Einstein 
 
 
« Todas las religiones, artes y ciencias son ramas del 
mismo árbol. Todas esas aspiraciones están 
encaminadas a ennoblecer la vida del hombre, 
elevándolo de la esfera de la mera existencia física y 
llevándolo hacia la libertad » 

Albert Einstein 
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My princess and our dreams 
My beloved mother 
My other praying mother 
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Mi princesa y nuestros sueños 
Mi madre 
Mi madre intercesora 
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1 Introduction 

“Most people can only judge of things by the experiences of ordinary life, but 
phenomena outside the scope of this are really quite numerous. How insecure 
it is to investigate natural principles using only the light of common knowl-
edge and subjective ideas”   

Joseph Needham, Science and Civilization in China, 1986. 

1.1 The lightning protection problem 
A lightning flash can be considered as a transient high-current electrical 
discharge that lowers the charge of the thundercloud to ground. Rough esti-
mates show that worldwide a total of 100 lightning flashes strike the surface 
of the earth each second [1]. Some of these flashes may strike people or 
other different objects on the ground surface such as buildings, transmission 
lines, telecommunication towers, oil storage tanks, etc., causing loss of life 
and damage or destruction to property.  

During the middle ages, lightning had been regarded as a divine expres-
sion, a fearful force against which there was not possible protection other 
than prayers and the ringing of church bells [2]. Ironically, churches were 
often struck by lightning because of the high elevation of the church spires 
and towers, setting them on fire or killing bell ringers [3]. However, it was 
until 1753 that Benjamin Franklin suggested the use of grounded pointed 
conductor rods above houses, churches, ships, etc., to protect them against 
the destructive consequences of a lightning strike [4]. Thus, Franklin pub-
lished the first instructions of a lightning protection system for small dwell-
ings, churches and agricultural buildings made of wood [5], which were 
frequently destroyed by fires started by lightning: 

 “It has pleased God in his Goodness to Mankind, at length to discover to 
them the means of securing their habitations and other buildings from mis-
chief by thunder and lightning. The method is this: provide a small iron rod…  
but of such a length that one end being three or four feet in the moist ground, 
the other may be six or eight feet above the highest part of the building… A 
house thus furnished will not be damaged by lightning” [6]  
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After this, the use of lightning rods rapidly spread in the United States and 
Europe, after the successful action of lightning rods was observed during 
storms in Philadelphia. The purpose of this lightning protection system was 
to safeguard structures against fire and structural damage.  Nevertheless, the 
dispute on the range of protection offered by lightning rods started soon after 
a lightning flash missed a lightning rod installed as suggested by Franklin on 
a powder mill at Purfleet in 1777 [7]. Even though the powder did not ignite, 
the incident sparked the controversy about the effectiveness of the instruc-
tions to install lightning rods. Only 45 years after the incident, Gay-Lussac 
suggested that a lightning rod protects effectively against lightning strikes in 
a circular space around it, whose radius is twice the height of the rod [5]. 
However, several different values of the ratio between the radius of the pro-
tection zone and the height of the rod were suggested by different scientists. 
Literature surveys in the history of the lightning rod during the nineteenth 
century show that the protection ratio varied between 0.125 and 9 [8].  

In 1876 J. C. Maxwell speculated that even though a lightning rod on a 
building protected its surroundings, it attracted more lightning flashes to-
wards the building than if the rod had not been installed. Maxwell suggested 
the use of an enclosed metal shell around a house instead of the use of a 
lightning rod, following the principle of the Faraday cage [5]. In this way, a 
lightning flash would strike the top of the metal shell and it would proceed 
safely to earth, while the interior of the metal shell is protected. An example 
of the Faraday cage effect is found in all-metal vehicles such as cars and 
airplanes. However, it is impractical to install a full metallic shell around 
normal structures such as buildings, substations, etc. Instead, a mesh of wire 
conductors is recommended to be installed on the whole exposed surface of 
the structure to be protected. This alternative protection scheme is nowadays 
called the Faraday cage type [5] or the protective mesh method. In this case, 
the spacing between conductors is the key factor that defines the efficiency 
of such lightning protection system.  

In the early decades of the 20th century, the quick expansion of the trans-
mission system networks considerably increased the exposure of the power 
grid to lightning. Due to the importance of maintaining a reliable and con-
tinuous service under all practical conditions, the lightning problem was then 
closely related to the economic development of the transmission and utiliza-
tion of electric energy [9]. Thus, the use of shielding ground conductors 
overhead the phase conductors was introduced as a measure to mitigate the 
problems caused by direct lightning strikes to the power transmission lines. 
At the same time, the protective angle method was suggested as the basis for 
the installation of shielding wires in transmission lines and lightning rods in 
electrical substations. This method considers that any object located inside a 
zone limited by the envelope surface generated from a lightning rod or a 
shielding wire to the ground, at a fixed angle to the vertical, is protected 
against a direct lightning strike. 
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Given the similarities between the lightning flash and the electric sparks 
shown by Franklin himself [3], several attempts were made to estimate the 
protective area of lightning rods and conductors based in scale models in the 
laboratory. AC (alternating current) and DC (direct current) voltages were 
initially used for such studies until the impulse voltage generator became 
available as standard equipment in high voltage laboratories [8]. Neverthe-
less, the question of the validity of the extrapolation of results obtained in 
laboratory to be applied to the lightning discharge remains controversial 
since then.  Despite of this, values of the protective angle varying between 
20 and 75 degrees were suggested from empirical criteria or scale laboratory 
models [10]. The values of the protective angle were formalized by Wagner 
and coworkers [10, 11] and since then, fixed angles are still in use today as a 
design tool [12]. 

In the early sixties, Horvath [13] proposed the use of a fictitious sphere 
for the location of lightning rods, based on the concept of protected spaces 
bordered by circular arcs. This method considers that a lightning flash strikes 
a structure at the places that touch the surface of a fictitious sphere that is 
rolled over it. Even though no knowledge about the proper radius of the 
sphere was available at that time, values equal to 15 and 50 m were sug-
gested depending upon the desired level of lightning protection. This ap-
proach is the essence of the well-known rolling sphere method. 

Few years later, new studies of the attachment of lightning flashes to 
transmission lines were boosted when the failures of the shielding ground 
conductors (Figure 1.1) were recognized as a substantial mode of outages in 
power transmission lines [14]. The poor lightning performance of Extra High 
Voltage (EHV) power lines (345kV) in the United States, redirected the at-
tention of scientists and engineers towards the problem related to the loca-
tion of shielding ground conductors to effectively protect the phase conduc-
tors against direct strikes [15]. Thus, the main interest was the definition of 
the steps required to locate the shield wires to intercept all the lightning 
flashes striking the power transmission lines with prospective peak currents 
above a minimum amplitude.  

Consequently, a better alternative to the protective angle method used for 
the design of lightning protection systems was developed [5, 16]. This alter-
native, called the electrogeometric method (EGM), considers that the protec-
tion zone of any lightning rod or shielding conductor is not purely geometri-
cal but that it also depends upon the amplitude of the lightning return stroke 
current. In an attempt to further develop the existing transmission line 
shielding theory, Armstrong and Whitehead [17] proposed a modified ver-
sion of the EGM. Essentially, it considers that the exposure of a conductor to 
lightning flashes is given by the surface of an imaginary arc with radius rss  
(Figure 1.1). The exposure of the earth is represented by a line located at a 
distance rsg above ground level, which was assumed to be equal to the prod-
uct of the radius rss and a proportionality constant Ksg.   
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Figure 1.1. Sketch of a power transmission line and the lightning exposure arcs of 
the conductors according to the electrogeometric theory. This example shows a 
transmission line with expected shielding failures. 

According to Armstrong and Whitehead’s electrogeometric theory, the ge-
ometry of an effectively protected transmission line is such that the exposure 
arcs of the shielding ground wires and the exposure line of the earth entirely 
covers the phase conductors and their exposure surfaces [17]. The radius rss 
is the distance from the conductor where the downward leader, if personality 
is ascribed to it, would decide the object it will strike. Thus, rss was esti-
mated by extrapolating the switching breakdown voltages measured in a rod 
to rod air gap – up to 5 m long – and representing the downward leader by a 
rod electrode with a potential given by the Wagner lightning stroke model 
[19]. From this analysis, the widely-know analytical relation between the 
radius rss and the return stroke peak current Ip in the form rss = a·Ip

b was pro-
posed [17]. In order to reach a satisfactory agreement between their shield-
ing theory and the field observations, Armstrong and Whitehead [17] cali-
brated the constant Ksg with data of effectively shielded transmission lines in 
the United States. Hence, Ksg was adjusted such that the effective shielding 
angle predicted by the electrogeometric theory agreed with the shielding 
angles of existing high performance transmission lines. Later, small changes 
to the constant parameters a and b were performed by Brown and Whitehead 
[18], Gilman and Whitehead [20] and Love [14] among others. In addition, 
further calibration of the EGM was performed with data of shielding failures 
from an intensive field campaign supported by the Edison Electrical Institute 
[15, 21].  

In spite of the uncertainties of the EGM, the usefulness of this method has 
been demonstrated for the lightning design of power transmission lines [14]. 
Nonetheless, the accuracy of the electrogeometric theory may well be the 
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result of self-cancelling errors introduced by the assumptions considered by 
Whitehead and coworkers [15]. Because of the apparent agreement of the 
electrogeometric theory with field observations, it has been used also today 
for calculations of lightning attachment to a large diversity of other struc-
tures such as buildings [22], power substations [23], airplanes [24], etc. The 
main justification for this extension of the EGM theory is that there is not 
any other reliable set of statistics concerned to lightning strikes to structures, 
except the one used to calibrate the EGM. Thus, the electrogeometric theory 
has been used also to define the rolling sphere radius and to evaluate the 
value of the protective angle in the lightning protection standards [25–27].  

However, the EGM is far from perfect since it is based on a gross over-
simplification of the physical nature of the lightning discharge [8, 28]. Fur-
thermore, the calibration of the Whitehead electrogeometric theory only 
involved shielding failures in transmission lines produced by lightning cur-
rents in the lower region of the current amplitude frequency distribution, 
ranging between about 3 kA and 9 kA [17, 18]. For this reason, it is expected 
that the electrogeometric theory correctly predicts the performance of trans-
mission lines similar to the ones used in the calibration. But there are still 
open questions regarding the extrapolation of the EGM predictions to other 
kind of structures. Whitehead himself questioned the validity of extrapolat-
ing the results of his theory to 500 kV EHV lines or ultimately to UHV (Ul-
tra High Voltage) lines [15]. Interestingly, field observations of lightning 
strikes to phase conductors of UHV transmission lines [29] have recently 
shown disagreement with the predictions of the Whitehead’s EGM.  

Thus, there is a considerable world-wide interest on the improvement of 
the IEC International Standard on Lightning Protection of Structures [25–
27]. It includes the development of improved methods for location of light-
ning rods on complex and vulnerable structures. This is motivated by the 
increasing need for the effective lightning protection of vulnerable grounded 
structures such as buildings with fire hazards, oil storage tanks, structures for 
storage of explosives and inflammable materials, etc. However, the design of 
the lightning protection systems for such structures still relies on the empiri-
cal protective angle method, the mesh method and the rolling sphere method.  

Furthermore, new lightning protection devices have been introduced in 
the market during the last years. The promoters of such devices claim that 
they have a larger lightning protection range than a conventional Franklin 
lightning rod or that they can completely avoid lightning strikes. The former 
devices are usually called Early Streamer Emission devices (ESE) [30] and 
the later are known as Dissipation Array Systems (DAS) [31]. Due to the 
theoretical and practical difficulties to either approve or reject these new 
devices [30], there is an ongoing controversy between scientists and manu-
facturers about the validity of these claims and the efficiency of these de-
vices. In addition, new methods have been proposed by ESE manufacturers 
for positioning of lightning rods given the limitations of the current lightning 
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protection practice [32–34]. These methods have also been subject of discus-
sion and controversy [35, 36].  

1.2 Towards a better physical understanding of the 
attachment of lightning flashes to grounded 
structures 

During almost 150 years after Franklin introduced the lightning rod, no rele-
vant scientific progress related to the nature of the lightning discharge was 
made. The ideas prevailing during that time were more or less philosophical 
speculations and ideas motivated by different workers [37]. It was only at the 
beginning of the twentieth century when the lightning photography and spec-
troscopy initiated a real progress in the scientific research of the lightning 
flash [38].   

Particularly, a new method of obtaining direct information regarding the 
mode of development of the lightning discharge was development with the 
invention of the Boys camera in 1926 [39]. Thus, the high-speed photo-
graphic measurements of Schonland and coauthors [39–41] showed that the 
downward lightning flash from a negative cloud develops in the form of a 
leader discharge that propagates in a stepped manner from the cloud towards 
the ground. This discharge is hereinafter called the downward stepped 
leader. As the downward leader approaches to ground, self-propagating elec-
trical discharges are initiated from sharp objects on the ground, beginning 
the attachment process. Thus, one or more of these discharges, called up-
ward connecting leaders, travel upwards trying to meet the downward com-
ing leader. When an upward connecting leader succeeds to attach the down-
ward stepped leader, a highly conductive path is created through which the 
high lightning current, called the first return stroke current, is drained to the 
ground. After this current has ceased to flow, it is possible that a flash may 
end or that it may keep on with more several strokes if additional charges in 
the thundercloud are available to the top of the already existing lightning 
channel [1]. 

One of the first attempts to study the physical conditions for the attach-
ment of downward leaders to grounded structures was made by Golde [5]. 
He suggested that the downward stepped leader approaches to ground until 
the potential gradient at the surface of a grounded object has increased suffi-
ciently as to initiate an upward connecting leader. As a first approximation 
of the critical gradient required for the leader inception, Golde extrapolated 
the critical breakdown electric fields obtained in long air gaps under long-
fronted impulse voltages [5]. Furthermore, Golde used the term striking dis-
tance to define the distance between the downward stepped leader and the 
grounded object tip when the upward leader discharge is initiated [8]. This 
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definition follows the same descriptive terminology already used by Franklin 
to refer to the distance where the point to be struck is determined [3]. In or-
der to avoid confusion with other definitions of the striking distance [17], it 
is hereafter called the striking – inception – distance. 

Based on the observation of lightning flashes to the Empire State Building 
in New York, McEachron [42] reported in 1939 that upward leader dis-
charges could also be triggered by the electric field produced by thunder-
clouds. He observed that upward leaders are initiated if the thundercloud 
ambient electric field is high enough so that the leaders propagate upward 
until they connect with the charge pockets in the electrified cloud before any 
downward leader occurs. This kind of discharge is usually known as upward 
initiated lightning. However, the polarity of the charge lowered to ground 
was not reported by McEachron [43]. It was not until 1967 when Berger [44] 
clearly identified the polarity and type of cloud to ground lightning dis-
charges. Based on photographic records and current oscillograms of several 
lightning strikes to two 70 m tall TV masts in the San Salvatore Mountain, 
Switzerland, Berger found four different types of lightning flashes:  

 
� Downward moving stepped negatively charged leaders lowering 

negative cloud charge to ground or downward negative lightning. 
� Upward moving positively charged leaders lowering negative cloud 

charge to ground, or upward initiated negative lightning. 
� Downward moving positively charged leaders lowering positive 

cloud charge to ground, or downward positive lightning. 
� Upward moving stepped negatively charged leaders lowering posi-

tive cloud charge to ground, or upward initiated positive lightning. 

Interestingly, Berger found that upward initiated lightning flashes occurred 
much more frequent to his masts than downward lightning flashes [44]. Even 
though upward initiated lightning is mostly triggered by very tall structures 
[45], Berger also observed that upward lightning could often be initiated 
from other objects of moderate height on the top of the San Salvatore Moun-
tain. As to downward lightning, Berger confirmed that upward connecting 
leaders are initiated under the influence of downward moving leaders and 
that the junction point where both leaders meet is shorter than about half the 
striking – inception – distance. Also, Berger pointed out that the striking 
distances observed for the lightning strikes to his towers were notably longer 
than the gap distances used in laboratory studies, which were not longer than 
5 m long at that time [37]. Consequently, he mentioned based on his obser-
vations that it is not possible to justify the theories that connect laboratory 
breakdown voltages and the lightning striking distance [44]. Nonetheless, 
Berger also recognized that the physical knowledge gathered from experi-
ments with long sparks in the laboratory could be used to understand the 
complicated nature of the lightning discharge [37].  
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Later in 1971, Les Renardieres group started a pioneering research project 
on laboratory long air gap discharges [46]. This project provided not only 
extensive empirical data but also theoretical analysis of the statistical behav-
iour and physical characteristics of the initiation and propagation of positive 
and negative leaders [46–49]. Thus, it constitutes the milestone of the physi-
cal modelling of leader discharges in the laboratory [50–53], and it opened 
the doors to the theoretical study of lightning leaders [54–59]. Since it is 
generally believed that downward negative lightning flashes probably ac-
count for about 90% or more of all global cloud-to-ground discharges [38], 
the study of upward positive leaders has been mainly addressed in the litera-
ture. Studies of negative upward leaders are less common given the fact that 
the physics of these discharges is still not well understood [60]. 

Based on the analysis of several photographs of lightning strikes to a 
70 m tall mast in South Africa, Eriksson suggested in 1979 that the success-
ful connection of the downward leader by a newly initiated upward leader 
depends on the relative velocities of both leaders [61]. In this way, Eriksson 
suggested that both upward and downward leaders intercept at a given dis-
tance from the struck point, called the interception distance. Also, he sug-
gested that the attachment of the downward leader can only take place within 
a defined geometric zone called the collection volume. The lateral extension 
of this volume was defined by the downward and upward leader velocity 
ratio (taken as unity by Eriksson) and by the striking – inception – distance. 
This distance was estimated by using the critical radius concept [64] used to 
evaluate the condition for initiation of leaders in long sparks.  

In 1999, Dellera and Garbagnati [65, 66] proposed a more sophisticated 
method of analysis compared with Eriksson’s, which is usually known as the 
leader progression model. It involves the iterative simulation of the propaga-
tion of both leaders based on electrostatic calculations. In this case, the 
leader initiation condition is also evaluated with the critical radius concept 
[64].  Both leaders are modeled by line charges and are assumed to approach 
with a relative velocity ratio equal to four immediately after the upward 
leader initiation and equal to one close to interception. Later, Rizk [67, 69] 
presented a similar leader propagation model than Dellera and Garbagnati, 
but based on his own leader inception model [70]. The propagation of the 
upward leader is simulated by considering a unitary velocity ratio and the 
vector velocity directed towards the tip of the unperturbed downward leader. 
The upward leader is modeled as a channel with a constant average potential 
gradient obtained from a semi-empirical expression from laboratory experi-
ments [68].  
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1.3 The context of this thesis 
There is today an important need for improving the IEC Standard on Protec-
tion of Structures against Lightning [25–27]. This is motivated by the fact 
that the new results of research conducted in the twentieth century have had 
very little effect on the standardization of lightning protection systems [71]. 
Thus, a request has been made to the scientific lightning community through 
the CIGRE Working Group WG 33.01.03 on Lightning to develop better 
procedures to evaluate in detail the lightning exposure of structures. For this 
reason, a thorough study of the state of the art of lightning attachment was 
conducted in 1997 by the Task Force on lightning attachment [72]. This 
study showed that the leader propagation models used for the simulation of 
the lightning attachment to structures represent important improvements to 
appropriately model the lightning attachment to grounded structures. More-
over, it showed that some predictions of these models agree with several 
phenomena experienced in the field. Despite of this fact, it was also con-
cluded that further developments are still required to improve these models, 
particularly related to their basic assumptions. Hence, the major improve-
ments suggested by the CIGRE WG 33.01.03 for the further development of 
the leader propagation models are related to [72]: 

 
a. The physical evaluation of the inception of upward leaders: the calcula-

tion of the conditions required to initiate upward connecting leaders 
from grounded structures have been done based on leader inception 
methods derived for long air sparks [64, 70]. However, there are doubts 
about the validity of these criteria when applied to evaluate the condi-
tions of upward leader inception under natural lightning [73]. Moreover, 
these criteria cannot take into account the effect of asymmetries, com-
plex geometries or surrounding objects since they have been derived for 
simple rods or conductors only. In addition, the existing leader inception 
criteria do not consider the difference between unstable leaders (precur-
sors) and self-propagating leaders, which have been identified in rocket 
triggered experiments [74–76]. On top of this, the existing leader initia-
tion criteria have not been able to bring light to a conclusive discussion 
on the efficiency of the new technologies on lightning protection such as 
the Early Streamer Emission devices (ESE) [30] and the Dissipation Ar-
ray Systems (DAS) [31]. 

b. The ambient electric field under a thundercloud: the effect of the thun-
dercloud ambient electric field has not been properly addressed by the 
leader propagation models. They disregard the effect of any space 
charge produced between the cloud and the ground on the thundercloud 
electric field. Particularly, the ambient electric field is strongly shielded 
by the space charge layer created by corona at irregularities on the 
ground surface. During the development of a thunderstorm, the space 
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charge layer can drift upwards up to some hundreds of meters [77, 78], 
distorting the electric field even at those altitudes. This can be highly 
important for the appropriate evaluation of the risk of lightning strikes to 
tall structures caused by upward initiated lightning. 

c. Parameters directly taken from laboratory experiments: the main physi-
cal properties of the upward leaders, namely the charge per unit length 
or the leader channel potential gradient, are taken from leaders obtained 
in laboratory long air gaps [46–49]. Nevertheless, the leader formation 
conditions under natural lightning are believed to be considerably differ-
ent compared with those in the laboratory under switching voltages [76]. 
For this reason it is not proper to use values taken from laboratory ex-
periments and directly extrapolate them to describe physical properties 
of upward connecting leaders. Therefore, an improved leader propaga-
tion model should be capable of self-consistently estimate the physical 
properties of upward leaders under the influence of the downward mov-
ing leader [59]. 

d. The leader velocities: the evaluation of the attachment point between the 
downward and the upward leaders strongly depends on their velocity. 
The existing leader propagation models assume a before-hand chosen 
velocity ratio to describe the relative propagation of the upward leader 
compared with the movement of the downward stepped leader. Because 
of the lack of data, Eriksson [62, 63] and Rizk [67, 69] assumed that the 
downward and the upward leaders propagate with the same velocity (ra-
tio equal to one). In the case of the leader model of Dellera and Garbag-
nati [65, 66], this ratio was assumed to be four immediately after the 
upward leader initiation and then gradually decreases to one as the two 
leaders get closer to the attachment point. Since the chosen velocity ratio 
can significantly affect the junction trajectories and the estimation of the 
interception distances, more realistic values according to the latest avail-
able data are required. 

e. The representation of the downward leader: the physical processes re-
lated to the attachment of lightning flashes to grounded structures are all 
driven by the electric field produced by the descent of the downward 
leader [79]. Thus, the choice of the charge per unit length distributed 
along the downward leader is one of the most influencing factors on the 
lightning attachment evaluation. Since it is necessary for practical rea-
sons to relate the downward leader charge to the prospective return 
stroke peak current, appropriate relationships are required. This also in-
cludes the careful evaluation of the charge distribution along the leader 
channel, such that the calculated electric fields reproduce values meas-
ured by different authors. However, the values currently used of the 
downward charge density are derived by semi-empirical considerations 
that neglect the effect of branches. Regarding the propagation of the 
downward leader, it is still a controversial issue whether a downward 
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lightning stepped leader propagates unaffected by any structure on 
ground or not. Moreover, if a change of direction during the downward 
leader propagation is considered, it is required to evaluate the effect of 
the chosen simulation step lengths on the predictions of the models.  

f. Flash polarity: The lightning propagation models only consider down-
ward negative flashes. Even though downward positive flashes are less 
frequent, they have a higher destructive power due to their higher peak 
current, duration and energy levels compared with negative lightning.  In 
addition, positive lightning can be the dominant type of cloud to ground 
lightning during cold seasons, during dissipation stages of thunder-
storms, etc [38].  

Based on the previous points, the CIGRE WG 33.01.03 report [72] con-
cluded that further research was required in the following major areas:  

 
� Lightning physics regarding the initiation and propagation of up-

ward leaders under the influence of down-coming stepped leaders. 
This includes theoretical and experimental studies related to pa-
rameters such as charge distribution in thunderstorms, ambient 
electric field profiles and the physical parameters of upward con-
necting leaders. 

� Update and improvement of the leader propagation models. In or-
der to reduce the dependence of the predictions of the models on 
the considered assumptions, the current knowledge on leader dis-
charges and lightning physics has to be incorporated.  

� Further development of self-consistent models for the simulation of 
leaders under triggered and natural lightning. If possible, these 
models should have a high application level.  

Fortunately, there is nowadays a better knowledge of the physical parameters 
involved on the initiation and propagation of upward leaders. This is partly 
due to the several experiments conducted at instrumented tall towers [44, 
61, 80–86] and to the use of rocket triggered lightning techniques [74–76], 
and partly due to the improvement in theoretical leader inception and propa-
gation models [54–59]. From the experimental perspective, different ex-
periments with natural and triggering lightning have provided valuable in-
formation about the physical properties of upward and downward leaders 
under natural conditions. On the other side, the theoretical models have clari-
fied the basic physical mechanisms of leader discharges and have settled the 
basis for the simulation of upward lightning leaders.  

Therefore, a research project was started in 2003 at the Division for Elec-
tricity, Uppsala University, within the framework of the CIGRE Working 
Group WG 4.4.01 Task Force on lightning attachment. This project was 
intended to contribute, with a more physical approach, to the proper evalua-
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tion of the attachment of lightning flashes to grounded structures. Particu-
larly, it represents further work on the research area related to the develop-
ment of a self-consistent model for the simulation of upward leaders during 
lightning strikes. Due to the high application level and the predictive power 
of the developed model, some contributions to the physical understanding of 
the parameters that influence the initiation and propagation of upward posi-
tive lightning leaders during thunderstorms have also been made. In this 
way, the work presented in this doctoral thesis presents contributions related 
to the improvements (a) to (d) suggested by the CIGRE WG 33.01.03 report 
[72] for further development of the lightning leader propagation models.  

Thus, Paper I introduces the first version of a physical model developed 
to evaluate the initiation of upward positive leaders during lightning strikes. 
As a first approximation, a static condition is considered. It assumes that the 
electric field that drives the initiation of the upward leader (produced by 
either the thundercloud charge or a descending stepped leader) does not vary 
during the inception process. The proposed model is applied to predict the 
background electric field required to initiate an upward leader from a light-
ning rod and from one corner of a rectangular building. The estimations of 
the leader model are compared with other existing leader inception criteria 
and with the results of a triggered lightning experiment [76]. Furthermore, a 
simplified algorithm is introduced to facilitate the use of the model by any 
engineer or designer to evaluate the initiation of upward lightning leaders 
from any grounded structure.  

The extension and improvement of the model presented in Paper I into a 
time-dependant leader inception model is presented in Paper II. In this case, 
the dynamic condition for initiation of upward connecting leaders under the 
influence of downward moving leaders is introduced. It takes into account 
the time variation of the electric field produced by the approach of the 
downward stepped leader. Furthermore, it considers the shielding effect pro-
duced by the space charge created by streamers and aborted leaders gener-
ated before the initiation of the self-propagating leader. The model is vali-
dated by comparing its predictions with the initiation time of leaders in the 
laboratory under switching voltage waveforms and with an altitude rocket 
triggered lightning experiment [74]. Based on the predictions of the model, 
the effect of the tip radius on the efficiency of lightning rods as well as the 
field observations of competing lightning rods [85, 86] are analyzed and 
discussed. 

The analysis of the efficiency of Early Streamer Emission (ESE) devices 
[30] to launch upward connecting leaders before a conventional Franklin rod 
is presented in Paper III. The dynamic leader inception model presented in 
Paper II is used to simulate the laboratory experiment under which the early 
streamer emission concept was found [87, 88]. The model is also applied to 
evaluate the early streamer emission concept on the inception of upward 
connecting leaders under natural lightning. The differences between leaders 
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in laboratory under switching waveforms and under natural lightning are 
described. The validity of the ESE claims is discussed based on the obtained 
results.  

Paper IV presents an application of the static leader inception model of 
Paper I to evaluate the conditions required to initiate upward lightning from 
tall slender structures in presence of the corona space charge layer. The tem-
poral evolution of the space charge layer created during a typical thunder-
storm is simulated and its effect on the initiation of upward lightning from 
tall towers is evaluated. The effect of the neutral aerosol concentration of the 
site on the ambient electric field profile and the minimum thundercloud elec-
tric field required to initiate upward positive leaders is also presented.  

A self-consistent model for the evaluation of the upward connecting 
leader propagation is introduced in Paper V. This paper complements the 
analysis presented in Paper II. In this way, both the initiation and the propa-
gation of upward connecting leaders are simulated under the dynamic condi-
tions imposed by the descent of the downward stepped leader. The main 
physical properties of the upward connecting leader are self-consistently 
calculated from its inception until the attachment with the downward stepped 
leader. In addition, the predictions of the model are compared with the re-
sults of an altitude rocket triggered lightning experiment [74]. The validity 
of using a constant charge per unit length taken from laboratory experiments 
to describe the upward leader channel is discussed.  

Paper VI presents the analysis of the factors that influence the propaga-
tion velocity of upward connecting positive leaders. The development of 
upward connecting leaders initiated from a tall tower is self-consistently 
simulated with the model presented in Papers II and V under different con-
ditions. Hence, the effect of the prospective return stroke peak current, the 
downward stepped leader average velocity and location as well as the ambi-
ent electric field on the time variation of the upward leader velocity is stud-
ied.  

Papers VII and VIII introduce the practical implementation of the model 
proposed in Paper I for the analysis of lightning attachment to grounded 
complex structures. In the first paper, the background electric field required 
to initiate upward leaders from the corners of complex actual buildings 
struck by lightning in Kuala Lumpur is computed and compared with the 
observed lightning strike points. The main aim of this paper is to describe a 
physics-based method to assess the location of vulnerable places to be struck 
by lightning on complex grounded structures. In the latter, the striking          
– inception – distances of the same buildings studied in Paper VII were 
computed in the presence of the downward leader. The leader inception 
zones were computed taking into account the horizontal position of the 
downward leader channel respective to the analyzed corners. A qualitative 
comparison of the obtained results with the predictions of the existing meth-
ods is presented.  
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2 Initiation of lightning upward positive 
leaders 

“As soon as any of the thunder-clouds come over the kite, the pointed wire 
will draw the electric fire from them; and the kite, with all the twine, will be 
electrified” 

From a Letter of Benjamin Franklin to Mr. Peter Collinfon concerning                     
an electrical kite, 1752. 

During a thunderstorm, positive upward leader discharges can be initiated 
from grounded structures under the influence of the electric fields produced 
by either an active thundercloud with dominant negative charge (upward 
initiated negative lightning) or by the descent of a downward negative 
stepped leader (downward negative lightning). In the former case, upward 
positive leaders are triggered by the presence of tall structures or from ob-
jects with moderate height (lower than 100 m) located on mountain tops 
under charged thunderclouds [89]. They appear to coincide in time with long 
horizontal strokes between clouds [37], which provide the high electric field 
required to initiate upward leaders in the absence of a downward leader. In 
the latter case, one or several upward connecting leaders are initiated at 
sharp grounded objects by the rapidly increasing electric field produced as 
the downward stepped leader approaches to ground. Then, the incepted up-
ward leaders start to propagate towards the downward moving leader trying 
to make connection with it [38].  

The initiation of upward leaders is the first condition necessary to get a 
lightning strike to a protruding grounded object. Thus, it is generally be-
lieved that a lightning flash strikes a structure at the point where a self-
propagating upward positive leader is first incepted [8]. Consequently, the 
upward leader inception is a key step on the evaluation of lightning attach-
ment to grounded objects. This is because the prediction of the upward 
leader initiation is the starting point for any leader propagation model [72]. 
On the other hand, the knowledge on the conditions required to initiate up-
ward leaders under thunderclouds is important to evaluate the risk of upward 
lightning initiated from tall towers.  

The present chapter is devoted to the physics and modelling of upward 
leaders initiated from grounded objects. Only upward positive leader dis-
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charges associated to negative lightning flashes are studied in this document. 
Hence, the leader inception models proposed to evaluate the initiation of 
upward lightning positive leaders are briefly described and discussed. A 
physics-based model to estimate the upward leader inception conditions in 
both upward initiated and downward lightning is also introduced. In addi-
tion, the proposed model is used to evaluate the differences between leader 
discharges in the laboratory and under natural conditions. Besides, the effect 
of the space charge layer on the initiation of upward lightning is analysed in 
the last section of this chapter.  

2.1 Positive leader discharges 
The leader discharge is the main physical mechanism of breakdown in long 
air gaps [46]. The time-evolved stages of the leader positive discharges have 
been identified from streak photographs taken in laboratory experiments 
when switching impulse voltages are applied to long air gaps [46–48]. As it 
is schematically shown in Figure 2.1, a first streamer corona burst is created 
(time t1) when the electric field on the surface of the positive electrode is 
high enough to initiate streamers. This condition is known as the streamer 
inception. Once initiated, a streamer starts propagating from the electrode 
and then splits into many branches forming a conical volume [47]. These 
branched streamers develop from a common stem. The space charge injected 
in the gap by the first corona distorts the electric field in the configuration 
and produces a dark period where no streamers are created. The duration of 
the dark period (t2 – t1) depends upon the injected charge and the rate of in-
crease of the applied voltage [47].  

 
Figure 2.1. Streak image and sketch of the development of positive leaders in labora-
tory long air gaps (adapted from [56]). 

After the dark period, a second corona burst is incepted (time t2) as the total 
electric field on the surface of the electrode increases due to the increase in 
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the applied voltage. Depending upon the energy input supplied by the 
streamers, the temperature of the stem of the second corona burst can reach a 
critical value around 1500 K [50], leading to the creation of the first leader 
segment. This transition from streamer to leader is usually called the unsta-
ble leader inception. It takes place if the total charge �Q in the second or 
subsequent corona bursts is equal to or larger than about 1�C [50]. This 
value corresponds to the critical charge required to thermalize the stem of 
the streamer, after at least one corona burst (first corona) has occurred.  

However, the transition from streamer to leader is not sufficient to guar-
antee the stable propagation of the newly created leader. Only when the en-
ergy available in front of the leader tip is high enough to sustain the ther-
malization of its channel and the creation of new leader segments, the leader 
starts continuously propagating (time t’2) with streamers developing at its tip 
(Figure 2.2). This condition is defined as the stable leader inception.  

 
Figure 2.2. Detail of the structure of positive leader discharges. a) Frame image 
(adapted from [56]), b) sketch of the leader channel and the corona zone at its tip. 

In the laboratory, it has been observed that positive leaders propagate con-
tinuously with an approximately constant velocity [47]. The estimated veloc-
ity of positive leaders in the laboratory ranges between 104 and 3 × 104 m s–1. 
The leader velocity has been correlated to the leader current through a pro-
portionality term, which represents the charge per unit length required to 
thermalize a leader segment [46–48]. This parameter, which depends mainly 
on the rise time of the applied electric field and the absolute humidity, has 
been estimated between 20 and 50 �C m–1 [50].  
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The last stage of the leader propagation is the final jump (time t3 in Figure 
2.1). It takes place when the streamers of the leader corona reach the oppo-
site electrode. This stage is characterized by the creation of a high conductiv-
ity path that short circuits the gap and leads to the voltage collapse and the 
rapid increase of the current [46].  

Even though positive leaders are not easily detectable with streak photo-
graphs under natural conditions [37], optical measurements of upward lead-
ers triggered by tall towers (upward initiated lightning) have fortunately 
been recorded. Interestingly, the first optical measurements of upward light-
ning from tall towers suggested that upward positive leaders sometimes ex-
hibit a kind of stepping [42, 44]. The estimated velocity of the observed up-
ward lightning leaders ranged between 4 × 104 and 106 m s–1 [42, 44]. Later 
measurements [81–83] report estimates of the velocity of upward leaders 
ranging between 6 × 104 and 1.4 × 106 m s–1. In that case, however, all the 
upward leaders that were observed propagated continuously without any 
stepped motion [83].  

The first measurements of upward connecting leaders (under the influence 
of downward stepped leaders) reported in the literature appeared in 1990 
[80]. The average propagation velocity of the observed upward connecting 
leaders initiated from a tall tower ranged from 8 × 104 to 2.7 × 105 m s–1. 
Unfortunately, it is not possible to distinguish between positive or negative 
upward connecting leaders in the dataset reported in [80] since neither the 
polarity nor the return stroke peak current were reported. Recently, the 
propagation of an upward connecting leader initiated from a tower under the 
influence of a branched descending stepped leader has been detected with an 
intensified, high-speed camera in the USA [84]. The minimum detected ve-
locity of the upward connecting leader was 2.7 × 104 m s–1 after inception 
and then the velocity gradually increased to a value close than 2.5 × 105 m s–

1 just before the connection with the downward leader. The descending 
stepped leader propagated with an average velocity of 2.5 × 105 m s–1. No 
record of the upward leader current has been made in any of these experi-
ments with tall instrumented towers.  

On the other hand, rocket triggered lightning experiments have been an 
intensive source of information about upward positive leaders under natural 
conditions [1, 38]. Experiments with triggered lightning can provide infor-
mation about upward leaders either triggered by the thundercloud electric 
field or initiated by the descent of a triggered downward stepped leader.  

In the case of classical triggering, an upward positive leader is launched 
from the tip of a rocket trailing a thin grounded wire under an active thun-
dercloud [38]. The inception of the upward leader usually takes place when 
the rocket is at an altitude of 200 to 300 m [1]. As the rocket ascends, several 
current pulses are usually measured before the inception of the self-
propagating upward leader [74–76]. This current pulses are attributed to 
unstable aborted leaders (precursors) launched from the tip of the triggering 
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rocket, which stop propagating after some few meters. The charge of indi-
vidual pulses has been estimated in the order of several tens of microcou-
lombs [74]. After these pulses, the current gradually damp out and merge 
into a slowly varying current of few amperes [76]. As the upward leader 
keeps moving towards the thundercloud, the measured current can reach few 
hundred of amperes [74, 90]. Streak images in classical rocket triggered 
lightning show upward leader velocities ranging between 2 × 104 and 105 m 
s–1 [75]. In some experiments [75, 91], the triggered upward leader appears 
to propagate with discontinuous luminosity of its tip (Figure 2.3.a), which 
has been interpreted as stepping [38]. In some other experiments [90], the 
upward positive leaders appear to propagate continuously (Figure 2.3.b).  

 
Figure 2.3. Streak image of upward positive leaders initiated with the classical 
rocket triggered lightning technique. a) upward leader propagating with discontinu-
ous luminosity at its tip (adapted from [91]). b) upward leader continuously propa-
gating (adapted from [90]).    

In the triggering technique called altitude triggering [38], the ascending 
rocket is trailing a thin wire that is not grounded. Usually, this floating wire 
is connected to an insulating wire followed by a grounded wire. Similar to 
classical triggering, an upward positive leader is launched from the rocket tip 
by the ambient thundercloud electric field. Some microseconds later, an up-
ward connecting positive leader is also initiated from the grounded wire 
under the influence of a downward negative leader triggered from the bottom 
end of the floating wire. Up to date, few experiments with altitude rocket 
triggered lightning have been reported in the literature [74, 75]. It has been 
reported that a small current of few amperes with superimposed pulses starts 
to flow in the ground wire when the upward connecting leader is incepted 
[74]. In response to the descent of the triggered downward stepped leader, 
the upward leader current continuously increases with superimposed pulses, 
which suggests stepping [74]. Since upward connecting leaders created in 
altitude rocket triggered lightning are very faint, no streak image or velocity 
estimation is available.  
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2.2 Existing leader inception models  
Due to the importance of the leader initiation condition on the evaluation of 
breakdown in long sparks, leader inception models were first proposed in the 
literature to estimate the breakdown voltage in the laboratory. The critical 
radius concept introduced by Carrara and Thione [64] and the generalized 
leader inception model of Rizk [70] are the main leader inception models 
proposed for laboratory long sparks.  

The critical radius concept considers that a positive leader is initiated at 
the corona inception voltage obtained if the electrode’s curvature was de-
fined by a critical radius, for any configuration with electrode radius equal to 
or smaller than the critical radius [64]. It is based on the fact that the break-
down voltage in sphere-plane and conductor-plane configurations remains 
almost constant for electrodes with radius lower than the critical value and 
increases accordingly with the corona inception voltage for larger radii. Un-
der switching impulse voltages 230 / 3000 μs, the critical radius was ob-
served to increase with gap length, reaching an asymptotic value of about 0.1 
and 0.36 m for conductor-plane and sphere-plane configurations [64].  

The Rizk model is based on the observed correspondence that exists be-
tween the conditions prevailing at the moment of the final jump and the ini-
tial stage of the leader development. This condition takes place when im-
pulse voltages with critical rise time of about 500 μs are applied. As a result, 
a generalized equation to compute the voltage required to incept a continu-
ous propagating leader from any configuration was proposed in [70]. An 
attempt to extend the generalized leader inception model of Rizk to other 
geometries is reported in [92].  

  These models were soon extrapolated to evaluate the initiation of up-
ward lightning leaders under natural conditions from rods, masts, power 
lines [61, 62, 65, 66, 68, 69] and from buildings [93]. Moreover, further ex-
periments in the laboratory were performed under configurations that resem-
ble in a better way the conditions of a lightning rod under a thundercloud 
[94, 95]. In the case of the critical radius concept, it was found that the as-
ymptotic value of the critical radius for earthed electrodes placed between 
ground and a metallic net energized with a negative switching voltage im-
pulses 500 / 6000 �s was about 0.28 m [94]. For the same configuration, the 
generalized leader inception model of Rizk was in good agreement with the 
experimental results [95].  

Based on experimental results obtained in long gaps, other models have 
been developed for the initiation of upward leaders from grounded struc-
tures. Petrov and Waters [96] proposed a leader inception criterion based on 
the length of the streamer zone and the range of electric field intensification 
produced by the presence of a grounded object. For this reason, it is usually 
called the field intensification model [32]. It assumes that a positive upward 
leader can successfully develop when the streamers from the structure ex-
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tend beyond a critical length equal to 0.7 m. The electric field over the 
streamer zone must exceed a value equal to 500 kV m–1. A similar approach 
was followed by Akyuz and Cooray [97] but considering a critical streamer 
length of 2 m. The field intensification model was extended in [98] by as-
suming that the stable propagation of the incepted leader is reached if the 
rate of change of the potential induced by the downward leader at the tip of 
the rod is larger than 6 kV �s�1.  

Later, Bazelyan and Raizer [99] also proposed a model to determine the 
conditions required to initiate upward leaders. It is based on a set of 
semiempirical expressions derived from experiments in laboratory long gaps, 
which describe the velocity, electric field and current of the upward leader. 

With the development of theoretical leader inception and propagation 
models [54–59], a most appropriate way to evaluate the initiation of upward 
leaders under natural conditions was available. Thus, Lalande [57] applied 
the physical model for the leader propagation in long gaps proposed in [52] 
to derive an equation for the critical background electric field necessary to 
initiate stable upward leaders. This critical field, called the stabilization elec-
tric field, was calculated for rods and conductors. He assumed that the back-
ground electric field does not vary during the inception process, which cor-
responds to the case of upward lightning from tall towers or triggering rock-
ets. Few years later, Lalande [56] introduced a second equation for the stabi-
lization electric field from rods, conductors and triggered rockets. No further 
information of the changes introduced to the model was given. 

2.3 The proposed leader inception model 
Due to the evident differences in the time variation of the electric fields pro-
duced by thunderclouds and those produced by the descent of a downward 
moving leader, the concept of static and dynamic upward leader inception is 
introduced in Papers I and II. The static case corresponds to the initiation of 
upward leaders from tall grounded structures under the influence of the elec-
tric field produced by a thundercloud with dominant negative charge (up-
ward initiated negative lightning). The dynamic case corresponds to the ini-
tiation of upward connecting leaders from grounded objects under the influ-
ence of the changing electric field produced by the descent of a downward 
negative stepped leader (downward negative lightning). The differences in 
the leader inception conditions for both cases are similar to the equivalent 
case of leaders initiated in the laboratory under DC voltages and under im-
pulse voltages.  
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2.3.1 Evaluation of the static upward leader inception 
For the static case, the leader inception model presented in Paper I assumes 
that a stable upward positive leader is initiated when the background electric 
field is high enough for the stable propagation of the leader at least along the 
first few meters. The charge injected in the corona zone in front of the leader 
channel is computed and used to determine the leader advancement step. The 
relation between the leader velocity and the current proposed by Gallimberti 
[50] is used for the calculations.  

During each simulation step, the corona charge is evaluated by assuming 
that the electric field in the corona zone is constant [52]. The leader potential 
gradient is assumed to vary as a function of the leader length according to a 
semi-empirical equation derived by Rizk [70]. The corona charge calculation 
is performed in 3 dimensions in order to consider the analysis of leaders 
initiated from structures with and without axial symmetry such as buildings, 
complex structures, etc. The analysis of the leader propagation is iteratively 
performed until the leader stops moving or until the leader advancement 
steps continuously expand. This last condition defines the stable leader in-
ception condition. Similar to the analysis of Lalande [57], this model also 
assumes that the background electric field does not vary during the inception 
process.  

Furthermore, in order to facilitate its implementation for practical cases, a 
simplified algorithm of the leader inception model is also introduced in Pa-
per I. It is based on an iterative geometrical analysis of the potential distri-
bution in front of the analyzed structure, such that a set of equations are it-
eratively solved to evaluate whether an upward leader is able to propagate or 
not. This model has been used to evaluate the effect of the space charge layer 
on the thundercloud electric fields required to initiate upward lightning lead-
ers from tall towers in Paper IV. In addition, the model is used to compute 
the leader inception conditions from grounded complex structures in Papers 
VII and VIII. An independent analysis of the likely lightning striking points 
in wind mill farms, performed with the leader inception model presented in 
Paper I, has been reported in a doctoral thesis at the Technical University of 
Denmark [100].   

2.3.2 Evaluation of the dynamic upward leader inception 
For the case of upward connecting positive leaders initiated under the influ-
ence of the electric field produced by the descent of a downward stepped 
leader, a time dependent leader inception model is introduced in Paper II. It 
corresponds to an improved and extended version of the model presented in 
Paper I, which account for the time variation of the electric field as well as 
for the space charge left by streamers and aborted leaders produced before 
the stable leader inception takes place. In this case, the simulation is initiated 



 34 

by computing the height of the downward leader tip where the streamer in-
ception takes place. Once the first streamer is initiated, its charge is com-
puted by using the same representation of the corona zone as in the static 
case [52]. This charge is then used to calculate the duration of the dark pe-
riod where no streamers are produced. A new streamer burst is generated 
until the streamer inception condition is satisfied again due to the increase of 
the electric field caused by the descent of the downward leader. This analysis 
is repeated until the total charge of any subsequent corona burst is equal to 
or larger than 1 �C [50]. This condition defines the streamer to leader transi-
tion (unstable leader inception) in which the first leader segment is created.  

The simulation of the leader propagation is started by evaluating the po-
tential at the tip of the first leader segment. In order to improve the calcula-
tion of the leader tip potential used in the static case, the thermohydrody-
namical model of the leader channel proposed by Gallimberti [50] is used 
instead. The total corona charge in front of the leader segment is computed 
with the charge simulation method or with the geometrical analysis of the 
potential distribution before and after the corona formation. Then, the elec-
tric field for the new position of the downward leader channel is updated. 
The relation between the leader velocity and the current proposed by Gal-
limberti [50] is also used in the dynamic model.  

Based on the predictions of the model, the effect of the tip radius on the 
efficiency of lightning rods is discussed in Paper II. It is also found that the 
initiation of upward connecting leaders depend on the average velocity of the 
downward approaching leader. Thus, it is shown that the striking – incep-
tion – distance increases as the average downward leader velocity augments. 
For a 10 m tall rod and a prospective return stroke peak current of 10 kA, the 
predicted striking – inception – distance for the lower and the higher limits 
of the downward leader velocity reported in the literature differs by more 
than 80%.  

2.4 On the validity of the existing leader inception 
models for lightning studies 

The question about the validity of the leader inception models when applied 
to natural lightning dates back to the moment when the first laboratory-based 
model was used to evaluate the initiation of lightning positive leaders [61]. 
Due to the fact that the experimental measurements of lightning strikes to 
towers [42, 44, 61] did not provide enough data related to the conditions for 
upward leader initiation under natural conditions, laboratory experiments 
were initially suggested to validate the models.  

Hence, Bernardi et al [94] performed laboratory experiments to test the 
validity of the critical radius concept for lightning studies. A laboratory ar-
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rangement of grounded electrodes between ground and an energized net 
overhead was used, which is more similar to the real case of a grounded 
object under a thundercloud. Rods and conductors up to 21 m high were 
tested for gap distances (between the electrode and the overhead net) ranging 
between 3.5 and 7 m. From this experiment, the theory of the critical radius 
was confirmed but with a different and constant value of the critical radius 
(equal to 0.28 m) for both electrodes. After this, several other experiments 
have been carried out [95, 101] in order to test the validity of the critical 
radius concept [64] and the generalized leader inception model of Rizk [70].  

However, laboratory leader discharges are apparently not long enough to 
become fully thermalized and therefore they require larger background elec-
tric fields to propagate in comparison with upward lightning leaders [76]. In 
addition, it appears that the switching voltage waveforms used in the labora-
tory do not resemble the electric fields produced by a downward moving 
leader. Therefore, the leaders in the laboratory have different features com-
pared with upward leaders initiated under the natural conditions, as it is 
shown in Paper III. Since it has been found that laboratory experiments 
cannot adequately simulate the conditions under natural lightning [37, 72], 
they cannot be used to validate leader inception models used for lightning 
studies.  

Due to the same reasons, empirical data taken from laboratory experi-
ments cannot be directly used to model upward leaders under natural light-
ning [72]. This fact also brings serious doubts on the validity of leader incep-
tion models based on empirical equations or criteria taken from laboratory 
leaders when applied for lightning studies. This is the case of the critical 
radius concept [64] and the leader inception models of Rizk [70], Petrov and 
Water [96], and Bazelyan and Raizer [99].  

In the case of the critical radius concept, laboratory experiments also 
show that critical radius varies with the rise time of the applied voltage [48] 
and the electrode geometry [48, 94]. Therefore, the critical radius concept is 
strongly geometry dependant and the estimations of the leader inception 
conditions are highly influenced by the chosen critical radius, as shown in 
Papers I and II. On the other hand, the assumptions used to derive the 
leader inception model of Rizk [70] are only valid for critical rise time of 
about 500 μs [48]. This condition does not apply for the rate of increase of 
the electric field experienced by upward connecting leaders.  

With the development of rocket triggered lightning techniques, a better 
source of experimental data under natural conditions was available. One of 
the first measurements of electric field at ground level at the moment of ini-
tiation of upward leaders as a function of the rocket height was published in 
1985 [102]. This experiment reported that upward leaders were initiated 
from the rocket at a height of about 100 to 200 m above ground when the 
ground electric fields ranged between 5 and 10 kV m–1. This data was later 
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used to justify the validity of the leader inception model of Rizk to evaluate 
upward connecting leaders under natural conditions [69].  

However, later experiments showed that there is no clear relationship be-
tween the altitude of the rocket at the moment of upward leader inception 
and the electric field at ground, contrary to the earlier investigations [103]. 
This is because a space charge layer is produced by corona at ground level 
due to the thundercloud electric field [77, 78]. For this reason, measurements 
of electric field at ground level during the initiation of upward leaders from 
triggered rockets or tall instrumented towers cannot describe the effective 
background electric field at the triggering height and consequently cannot be 
used to validate leader inception models.   

Even though other triggered lightning experiments were performed to 
gather more information about different aspects of the lightning flash [74, 
75, 104], the first measurements of the effective background electric field 
required to initiate upward leaders from a triggering rocket were not per-
formed until 1999 [76]. In this experiment, the vertical ambient electric field 
profile beneath thunderstorms was measured with a second measuring rocket 
fired 1 second before the triggering rocket. In this way, the effective ambient 
electric field at the height of the rocket where the upward leader inception 
takes place was measured considering the electrostatic shielding produced by 
the space charge layer.  

Figure 2.4 shows the background leader inception (static) electric fields 
computed with the different models and the average electric fields measured 
in the rocket triggered experiment [76]. Observe that the predictions of the 
Rizk model [67] and the first equation of Lalande [57] do not agree with the 
results of the triggered lightning experiment [76]. The other leader inception 
criteria, namely the Petrov and Waters model [96], the Bazelyan and Raizer 
model [99], the second equation of Lalande [75] and the proposed static 
leader inception model (Paper I), are in rather good agreement with the 
experimental values.  

In particular, there is a good agreement of the model presented in Paper I 
with the measurements when the space charge left behind the rocket by 
aborted streamers and leaders is taken into account. Even though the space 
charge produced at the tip of grounded structures may influence the initiation 
of upward leaders [105–107], the space charge left behind the rocket also 
affects the leader inception conditions in triggered lightning experiments as 
shown in Paper I. This effect had not been taken into consideration by any 
other leader inception model before. 

Note that despite of the apparent agreement of some models with the ex-
perimental data [76], it is still not possible to fully validate them to evaluate 
the inception of upward positive leaders triggered by tall structures. This is 
because the average leader inception electric fields measured in the triggered 
lightning experiment [76] only covered triggering heights larger than 200 m.  
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Figure 2.4. Comparison of the background average electric fields required to initiate 
stable upward positive leaders from a rocket, obtained with different leader incep-
tion models and measured in a classical rocket triggered lightning experiment [76].  

Even though the existing data suggests that structures lower than 100 m do 
not normally initiate upward lightning [89], there are recent reports of up-
ward initiated lightning from objects as short as 50 m on flat ground [108]. 
Due to the large differences between the leader inception models for heights 
lower than 200 m, further experiments with instrumented towers and rocket 
triggered lightning are required to measure the effective background electric 
fields required to initiate upward leaders triggered by shorter structures. 

On the other hand, Lalande and coauthors [74] performed an altitude trig-
gered lightning experiment with simultaneous records of current, electric 
field and luminosity measured during the initiation and propagation of an 
upward connecting leader. In this experiment, the rocket first spooled out 50 
m of grounded wire, followed by 400 m of insulating Kevlar and from it to 
the rocket tail a second (floating) copper wire [74]. Then, an upward positive 
leader is initiated from the top end of the floating wire and consequently a 
negative stepped leader is initiated from its bottom end. In response to this 
downward moving negative leader, an upward connecting positive leader is 
initiated from the top end of the grounded wire. The upward leader current, 
the electric field change produced by the descending negative leader (meas-
ured at 50 m from the wire) and the leader luminosity (with still and streak 
photography) were measured simultaneously during the experiment.  

In order to reconstruct all the physical parameters during the inception of 
the upward connecting leader in this experiment [74], the time-dependent 
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leader inception model presented in Paper II is used. Figure 2.5 shows the 
predictions of the model for the main physical parameters of the upward 
connecting leader in the experiment before and during its initiation. It is 
predicted that several streamers and aborted leaders are launched before the 
inception of the successful upward connecting leader, which takes place 
around 4 ms. This calculated leader inception time is in good agreement with 
the experimentally estimated value of 4.02 ms [74]. As the downward 
stepped leader approaches to ground, the total corona charge in front of the 
upward connecting leader tip augments and its channel potential gradient 
decreases (Figure 2.5d). Consequently, the injected current and the velocity 
increases and the upward leader starts accelerating continuously reaching the 
stable propagation condition. Note the good agreement between the com-
puted leader current and the main component of the measured current (Fig-
ure 2.5b). 

Based on the reconstructed physical parameters of the upward connecting 
leader in the experiment (Figure 2.5), the validity of the assumptions consid-
ered in the Petrov and Waters [96, 98] and Bazelyan and Raizer [99] models 
are analyzed. No further discussion of the validity of the critical radius con-
cept [64] and the generalized leader model of Rizk [67] is made given the 
inaccuracy of these models when applied to lightning. In addition, the leader 
inception equations of Lalande [56] are not discussed further since they only 
consider the initiation of leaders under static electric fields (in the absence of 
a downward stepped leader).  

In first place, note that the length of the streamer zone during the creation 
of the successful leader in the experiment is about 1.7 m (Figure 2.5.a). This 
value is several times larger than the critical value of 0.7 m assumed by Pet-
rov and Waters [96]. Moreover, the critical length of streamers at the mo-
ment of the unstable leader inception can vary between 0.7 m and 2 m due to 
the effect of the space charge produced by aborted streamers, as it can be 
seen in Paper II. This variation of the streamer length after unstable leader 
inception also occurs in the laboratory depending upon the rise time of the 
applied field [48], contradicting the constant value taken in [96].  

As to the assumptions considered for the extension of the Petrov and Wa-
ters model [98], note that the velocity of an upward connecting leader can 
reach values as low as 104 m s–1 (Figure 2.5.c), slower than the minimum 
upward leader velocity of 6 × 104 m s–1 considered in [98]. This value was 
used to estimate the critical rate of change in the induced potential at the 
rod’s tip that would lead to the propagation of a stable upward connecting 
leader [98]. Since the velocity of upward connecting leaders can change 
from flash to flash as it is shown in Paper VI, it is not possible to define a 
constant critical rate of change in the induced potential as a measure of sta-
ble leader propagation, as it is assumed in [98].  



 39

 
Figure 2.5. Predictions of the leader inception model presented in Paper II for the 
upward connecting leader in an altitude rocket triggered lightning experiment [76]. 
a) streak image, b) predicted and measured upward leader current, c) predicted up-
ward leader velocity and values computed with an empirical equation [99], d) pre-
dicted leader channel average electric field and values computed with an empirical 
equation [99]. 
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Regarding the leader inception model of Bazelyan and Raizer [99], it uses a 
set of empirical equations from laboratory experiments to estimate the up-
ward leader velocity and the average leader channel electric field. For sake 
of comparison, the leader velocity and channel average field computed with 
these empirical equations are also shown in Figures 2.5c and 2.5d. Note that 
the empirical equations gives a higher velocity than the value estimated in 
the experiment, especially soon after the unstable leader inception takes 
place (Figure 2.5c). The empirical equation derived by Bazelyan and Raizer 
[99] gives a velocity of 1.2 × 104 m s–1 for any newly created leader, overes-
timating the propagation velocity of any leader immediately after its unstable 
initiation. On the other side, the empirical equation generally gives lower 
channel average electric fields than the estimated values. The combined ef-
fect of higher leader velocity and lower leader electric field obtained with 
the empirical equations of Bazelyan and Raizer [99] after unstable inception, 
would favor the propagation of unstable aborted leaders. This artifact of the 
model leads to the erroneous estimation of the stable leader inception time. 

2.5 On the validity of the Early Streamer Emission 
claim 

Even though the controversy over the extend to which results obtained in the 
laboratory can be applied to natural lightning is not new [8], it has been cur-
rently fuelled by the use of laboratory experiments to assess the efficiency of 
early streamer emission (ESE) terminals [33, 34]. However, the discussion 
of this issue together with the debate of the efficiency of the ESE terminals 
has been seldom based on actual test data or on enough theoretical evidence 
[30]. Although the testing of ESE terminals or lightning rods under natural 
conditions is the very best way to solve the controversy, it has obvious limi-
tations [30]. Moreover, well-planned field experiments [85, 86] devoted to 
evaluate the efficiency of lightning rods have been subject of questions [30].  

Due to these reasons, the manufacturers of ESE devices keep indiscrimi-
nately using laboratory experiments to justify their claims [33, 34]. They are 
usually substantiated by the fact that an earlier initiation of streamers in an 
air gap in laboratory under switching voltages leads to the reduction of the 
leader initiation time and therefore to a shorter time to breakdown [87–88]. 
This is the basis of the Early Streamer Emission concept. Consequently, the 
reduction on the leader initiation time in the laboratory has been arbitrarily 
extrapolated to the natural case by ESE supporters. The main assumption of 
this extrapolation is that the switching electric fields applied in laboratory 
“fairly approximate” the electric fields produced by the descent of a negative 
downward moving leader [87–88]. 
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Thus, it appears that the theoretical modelling of the upward leader initiation 
from lightning rods offers the best approach to answer the essential questions 
of the on-going controversy. Nonetheless, such analysis requires the inclu-
sion of the statistics of discharge initiation, which is generally avoided in the 
existing theoretical models [30, 109]. Given the fact that the model intro-
duced in Paper II can resolve in time the development of upward leaders, it 
is possible to evaluate the early streamer concept in the laboratory and under 
lightning conditions. Therefore, Paper III presents the predictions of the 
time-dependent inception model presented in Paper II for the initiation and 
propagation of leaders under both conditions. The stochastic nature of the 
streamer initiation time has been included to evaluate the effect of an early 
streamer on the leader inception time. It is found that the emission of an 
early streamer from a rod in a laboratory air gap under switching voltage 
waveforms indeed leads to an earlier inception of a positive leader. How-
ever, this effect does not happen when the same rod is exposed to the electric 
fields produced by a descending negative leader. In this case, there is no 
reduction in the stable upward leader inception time by triggering an early 
streamer.  

 
Figure 2.6. Simulated streak images of the initiation and propagation of a leader 
discharge under a) a laboratory switching electric field and under b) the electric field 
produced by the descent of a downward leader with prospective return stroke current 
of 5 kA and average velocity of 2 × 105 m s–1.  
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The reason why the early streamer concept found in the laboratory does not 
work under natural conditions is due to the differences in the rate of change 
of the electric field in both cases (Figure 2.6). The rate of increase of the 
lightning electric fields changes from slow to fast as the downward leader 
approaches, while the rate of change of the switching electric fields applied 
in laboratory changes from fast to slow. Due to this difference, the leaders in 
the laboratory have longer propagation times, are longer and are more de-
pendent upon the inception of the first streamer (Figure 2.6a). In the case of 
lightning-like electric fields (Figure 2.6b), a stable leader is initiated a long 
time after the inception of the first streamer. It also can be preceded by one 
or several aborted leaders, and the initiated stable leader develops within a 
very short time. Thus, it is shown in Paper III that the switching voltage 
impulses used in the laboratory do not “fairly approximate” the electric 
fields produced by the descent of a downward leader, as claimed in [87–88]. 
These results leave without theoretical basis the claims of ESE manufac-
tures. They also show that the leaders generated in laboratory have several 
differences compared with upward connecting leaders in natural lightning. 
Further discussion of other points regarding the ESE claims is also presented 
in Paper III.  

2.6 The space charge layer and the initiation of 
upward lightning 

Based on balloon electric field soundings, Standley and Winn [77] reported 
in 1976 that the electric fields aloft ground can be several times larger than 
at the surface. In one case, electric fields 6 times larger than at the ground 
surface were measured at 300 m above ground. This difference was attrib-
uted to the electrostatic shielding effect caused by the space charge layer 
formed by ions produced by corona at ground irregularities such as grass, 
bushes, etc. In this case, the maximum space charge concentration close to 
ground was estimated about 0.8 nC m–3.  

Later, Chauzy and Raizonville [78] estimated charge densities at ground 
level ranging from 2 to 7 nC m–3 from the electric field profile in a thinner 
corona space charge layer (less than 200 m thick). In another experiment, the 
space charge layer extended up to an altitude of 600 m above ground with 
densities of about 1 nC m–3 close to ground [110]. From electric field meas-
urements performed during a rocket triggered lightning experiment [76], the 
average charge density of a 500 m thick space charge layer was estimated as 
0.3 nC m–3. The differences between the measured electric fields profiles and 
the estimated space charge densities in these experiments can be mainly 
attributed to variations of the neutral aerosol concentration [78, 111]. How-
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ever, air motion (wind) of the sites can also influence the thickness and den-
sity of the space charge layer [111].   

Due to the distortion produced by the space charge layer on the ambient 
electric field, it can influence the conditions for the initiation of upward 
leaders from grounded tall objects under thunderstorms [72]. Even though 
extensive work has been done on the local space charges created by corona 
at the tip of a grounded object [105–107], a thorough analysis of the effect of 
the space charge layer on the inception of upward leaders is not available in 
the literature. Thus, Paper VI presents the simulation of the space charge 
layer created during a thunderstorm and the analysis of its influence on the 
thundercloud electric fields required to incept upward lightning positive 
leaders from tall towers. In order to drive the calculation of the development 
of the space charge layer around a tall tower, the electric field measured at 
600 m above ground during a triggered rocket experiment [110] was used as 
input parameter. The space charge profiles at the moment of four triggered 
lightning flashes to ground are obtained and used to evaluate the thunder-
cloud electric field required to initiate upward lightning leaders from tall 
towers in the presence of the space charge layer. Different values for the 
neutral aerosol density and the corona current density of the site were also 
used to analyse the effect of these factors on the space charge layer profiles 
and the leader inception thundercloud electric fields.  

It was found that the electrostatic shielding effect of the space charge 
layer does affect the conditions for upward positive leader inception from 
tall towers. Hence, considerably larger thundercloud electric fields are re-
quired to initiate upward leaders from tall towers immersed in a thick space 
charge layer than in a shallow or non-existing layer (as in the case of the 
sea). The neutral aerosol density is the factor that mainly influences the 
thickness of the space charge layer and consequently, the leader inception 
thundercloud electric field. Therefore, upward initiated lightning from tow-
ers is found to require lower thundercloud electric field in the case of pol-
luted sites (with large neutral aerosol density) and coastal areas than in clean 
rural zones with low neutral aerosol density. 
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3 Interception of downward lightning stepped 
leaders by upward connecting leaders 

“The real voyage of discovery is not in discovering new lands, but in seeing 
with new eyes” 

Marcel Proust.  

As a downward negative lightning leader approaches to ground, one or sev-
eral upward connecting leaders are initiated from protruding structures on 
the ground. These upward positive leaders propagate towards the downward 
moving leader driven by the electric field produced by its charge of opposite 
polarity. When any upward leader successfully intercepts the downward 
leader, a conducting path is created between the thundercloud charge center 
and the ground. Thus, the high lightning current is drained to ground, flow-
ing through the place (struck point) where the successful upward connecting 
leader was initiated. This sequence of events represents the lightning attach-
ment process. 

Due to the better understanding of this process, the evaluation of the 
lightning exposure of grounded objects has been improved by the develop-
ment of lightning leader propagation models [72, 113]. These models aim to 
predict the conditions required for the initiation and propagation of upward 
connecting leaders to finally estimate the point of connection between both 
leaders. Hence, the distance between the downward leader tip and the struc-
ture at the moment of the connection of the leaders, here called the intercep-
tion distance, is the main output of these leader propagation models. In order 
to evaluate the lightning exposure of a ground structure, the models are ap-
plied for different horizontal distances between the structure and the down-
ward leader channel. In this way, the lateral [65] or attractive distance [63] 
is obtained, which represents the maximum horizontal distance at which the 
connection of the downward leader is still possible. Together with the light-
ning flash density, this distance is generally used to evaluate the number of 
expected strikes to a structure per year. 

 In this chapter, the existing leader propagation models [62, 66, 69] are 
briefly described. A self-consistent leader propagation model is also intro-
duced and used to evaluate the validity of the assumptions made by the exist-
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ing models. Furthermore, the lateral attractive distances computed with the 
self-consistent model for different possible conditions in a thunderstorm are 
shown in the last section of this chapter. 

3.1 Leader propagation models 
In 1979, Eriksson [61] suggested a pioneering method to evaluate the 

lightning attractiveness of grounded objects. Based on the analysis of photo-
graphs of lightning strikes to a tall instrumented tower, he suggested that the 
successful attachment of a downward stepped leader depends on the initia-
tion of the upward leader and the relative velocity of the both leaders. The 
first condition, defined by the striking – inception – distance, determines the 
starting point of the propagation of the connecting leader. The later deter-
mines the upward connecting leader propagation length and defines a para-
bolic interception locus as shown in Figure 3.1a. Hence, Eriksson considered 
that the connection of the downward leader with the newly initiated upward 
leader is only possible within a volume defined by the surface generated by 
the striking distance and the parabolic locus. The lateral extension of this 
volume, called the collection volume, defines the lateral attractive distance. 
Eriksson used the critical radius concept [64] to evaluate the striking dis-
tance and assumed a unitary value for the velocity ratio of the downward and 
the upward leader. Since the inception conditions is driven mainly by the 
electric field produced by the downward leader charge, he assumed that the 
charge distribution increases linearly with the prospective return stroke peak 
current. Further, he assumed that the downward leader charge density is 
distributed linearly along its channel. 

Based on his calculations, Eriksson [63] found that the lightning attractive 
distance does not only depend upon the prospective return stroke current (as 
the electrogeometric model suggests) but also upon the height of the ana-
lyzed object. Thus, he suggested an improved electrogeometric model based 
on the attractive distance, which is a function of both the prospective return 
stroke peak current and the height of the power transmission line [89]. How-
ever, Eriksson’s model was soon questioned [112] since the calculated 
shielding angles of transmission lines were relatively insensitive to the con-
ductor height, contrary to the predictions of the classical electrogeometric 
theory. 

Dellera and Garbagnati [65, 66] proposed an iterative simulation of the 
propagation of both leaders based on electrostatic calculations, better known 
as the leader progression model (Figure 3.1.b). In contrast to Eriksson’s, the 
leader progression model considers the electrostatic interaction between the 
downward and the upward leader to evaluate the direction of the upward 
leader propagation as well as the connection criterion. The downward leader 
is modeled by two line segments with uniform charge density. The lower 
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100 m of the downward leader channel is assumed to have a charge of 100 
μC m–1 while the charge of the rest of the channel is computed as a function 
of the prospective return stroke peak current. The charge of the thundercloud 
is represented by equivalent negative ring charges located at a height of 2 km 
above ground. The upward leader is modeled by line charge segments of 
constant density equal to 50 μC m–1 according to laboratory experiments. 
Both leaders are assumed to approach with a relative velocity ratio equal to 
four immediately after upward leader initiation and equal to one close to 
interception. The time variation of the velocity ratio was suggested to de-
pend on the mean electric field between the tips of both leaders [72].  Similar 
to Eriksson’s model, the critical radius concept [64] is used to evaluate the 
striking – inception – distance. The attachment of the downward leader is 
assumed to take place when the streamer zone of the upward connecting 
leader reaches the tip of the stepped leader. 

Later, Rizk [67] pointed out that the results obtained with Eriksson [62, 
63] and Dellera and Garbagnati [65, 66] models showed an excessive de-
pendence of the interception distance on the structure height. This excess 
was attributed to the leader inception model – the critical radius concept – 
used by these authors [67]. In order to overcome this problem, Rizk [67, 69] 
presented a model similar to Eriksson’s, but based on his own leader incep-
tion model [70]. In this case, the propagation of the upward leader is simu-
lated by assuming a unitary velocity ratio and an upward leader velocity 
vector directed towards the tip of the unperturbed downward leader (Figure 
3.c). The charge of the downward leader was assumed to decrease linearly 
with height. The upward leader is modeled as a channel with a constant av-
erage potential gradient obtained from a semi-empirical expression from 
laboratory experiments [68].  

 
Figure 3.1. Sketch of the representation of the lightning attachment process by the a) 
Eriksson [62, 63], b) Dellera and Garbagnati [65, 66] and c) Rizk [67, 69] leader 
propagation models.    
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Even though all these leader propagation models describe the main stages of 
the attachment of lightning flashes to grounded structures, they introduce 
different simplifying assumptions for each phase. Because of the lack of 
knowledge at the time when the models were proposed, different downward 
leader charge distribution, leader inception criterion, velocity ratio and up-
ward leader properties were used in each case. For this reason, the results 
obtained with the leader propagation models are sometimes quite different, 
even for the same condition as it can be seen in Figure 3.2.  

Unfortunately, sufficient field data to fully validate the leader propagation 
models is not available. Due to the inherent difficulties of controlled experi-
ments to evaluate the lightning attractiveness of grounded objects, there are 
no direct estimates of lateral attractive distances. Nonetheless, the first at-
tempt to indirectly estimate the lightning attractive distances from tall ob-
jects based on field observations was performed by Eriksson [63]. He gath-
ered data of about 3000 observed lightning flashes to a variety of free stand-
ing structures with height ranging between 22 m and about 540 m in various 
regions in the world. Since the structures were located on places with differ-
ent thunderstorm incidence (keraunic level) and unknown lightning flash 
density, he roughly normalized all the data to an arbitrary flash density of 1 
flash km–2 yr–1. By taking the normalized number of lightning strikes to the 
structures per year as a function of their height and considering a uniform 
lightning flash density of 1 flash km–2 yr–1 for all the data worldwide, the 
lateral attractive distance of the structures was estimated.  

 
Figure 3.2. Comparison of the attractive distance of a free standing structure pre-
dicted by the Eriksson [62, 63], Dellera and Garbagnati [65, 66] and Rizk models 
[67, 69] for a prospective return stroke peak current of 20 kA (solid line) and 60 kA 
(dashed line). Adapted from [113].  
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Figure 3.3. Lateral attractive distance estimated from field observations [63] and 
predicted by the Eriksson [62, 63], Dellera and Garbagnati [65, 66] and Rizk [67, 
69] models for free standing structures as a function of height. A prospective return 
stroke peak current of 31 kA was assumed for the models.  

Figure 3.3 shows the comparison between the predictions of the Eriksson 
[62, 63], Dellera and Garbagnati [65, 66] and Rizk models [67, 69] with the 
attractive distances estimated from the field observations collected by Eriks-
son [63, 89]. Notice the broad scatter of the attractive distances estimated 
from the field observations, which is caused by the various inadequacies in 
the collection, classification and normalization of the data. Especially, the 
normalization of the world wide results has significant errors due to the wide 
scatter of the relation between the flash density and the keraunic level used 
by Eriksson [114]. For instance, areas reporting a keraunic level of 20 thun-
derstorm days per year would have an estimated lightning density of 2 
flashes km–2 yr–1 even though they could in fact experience a flash density 
varying between 0.4 and 4 flashes km–2 yr–1 [63]. This kind of error in the 
calculated lightning flash density leads to large errors in the estimated lateral 
attractive distances. For these reasons, the values estimated from the ob-
served strike incidence to various structures by Eriksson [63] are inaccurate 
to be used for the validation of leader propagation models as done in [63, 68, 
72].  

Other attempts to indirectly evaluate the accuracy of leader propagation 
models have been performed by comparing the predicted and observed 
shielding angles to effectively protect phase conductors in power transmis-
sion lines [62, 79]. The field observations are based on the same dataset used 
by Whitehead and coauthors [15, 17–21] to calibrate the electrogeometric 
EGM theory. It corresponds to the observed effective shielding angles of 
high performance power transmission lines operating in the USA. Neverthe-
less, this kind of comparison is a gross validation since the shielding per-
formance of power transmission lines is affected by several other factors 
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such as environmental shielding (by trees), variations in the topography of 
the terrain, sag of the line, etc. [14, 15, 115]. Since these factors are difficult 
to evaluate or unknown for the transmission lines in the existing dataset, it is 
not possible to reproduce them with leader propagation models as to make a 
direct comparison between predicted and observed shielding angles.  

3.2 Self-consistent modelling of the upward leader 
propagation 

Even though some predictions of the leader propagation models agree with 
phenomena experienced in the field [72], they are based on some assump-
tions which have been questioned based on the current knowledge on the 
physics of leader discharges and lightning. Furthermore, some input parame-
ters for the modeling of the upward connecting leader are unknown or diffi-
cult to estimate. Hence, most of these parameters have been taken from labo-
ratory experiments given the similarities between lightning and laboratory 
long sparks. However, the physical properties of upward leaders in nature 
have been found to be different to those of leaders in the laboratory, as it is 
discussed in Section 2.5. Moreover, different experiments with natural and 
triggered lightning suggest that it is not possible to generalize the behavior 
of upward connecting leaders since it changes from flash to flash [61, 81]. 

For these reasons, it is required that a leader propagation model self-
consistently estimate the physical properties of upward connecting leaders in 
order to reduce the uncertainties of the calculations. These properties include 
the charge per unit length, the injected current, the leader channel gradient 
and the velocity of the upward connecting leader during its propagation to-
wards the downward stepped leader. With this idea in mind, a self-consistent 
physical model to simulate the initiation and propagation of upward connect-
ing positive leaders from grounded structures is introduced in Paper V. The 
model takes the time-dependant inception model presented in Paper II as a 
base, and extends the analysis of the upward leader propagation until the 
connection with the downward stepped leader. A careful analysis of the up-
ward leader channel and the transition region in front of its tip is performed 
to self-consistently estimate the leader physical properties. The model uses a 
thermohydrodynamical model to estimate the leader channel properties to-
gether with a thermodynamic analysis of the transition zone where corona 
converges to the leader tip, both proposed by Gallimberti [50]. In this way, it 
is possible to extend the analysis performed in Paper II to simulate the ad-
vancement of upward connecting leaders even when they propagate several 
tens of meters towards the downward stepped leader. 

Since it appears that the appropriate validation of a model should be per-
formed in fine details, such as the reproduction of specific events, the alti-
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tude rocket triggered lightning experiment reported in [74] is analyzed in 
Paper V. In this experiment, a rocket is launched toward the cloud overhead, 
spooling 50 m of ground wire, followed by 400 m of insulating Kevlar and 
from it to the rocket tail a second (floating) copper wire. An upward leader is 
initiated and propagates upward from the top end of the floating wire, which 
leads to the initiation of a downward stepped negative leader at the floating 
wire bottom end. As a consequence, an upward connecting leader is initiated 
from the tip of the grounded wire in response to the triggered downward 
stepped leader. The leader current, the background ground electric field 
change at 50 m from the grounded wire and the leader luminosity (with static 
and streak photography) were measured simultaneously during the experi-
ment [74].  

To reproduce the experiment, the calculations presented in Paper V are 
driven by the downward leader charge, which was inferred based on the 
measured ground electric field at 50 m from the ground wire [74]. A good 
agreement between the estimations of the proposed self-consistent leader 
propagation model and the experimental data is found. The connecting 
leader in the experiment started its continuous propagation around 4.02 ms, 
which is in excellent agreement with the leader inception time of 4 ms calcu-
lated by the model. There is also a good agreement between the simulated 
final jump time (at 4.33 ms) and the value observed in the experiment (at 
4.37 ms). Furthermore, a good agreement between the predicted leader cur-
rent and the continuous component of the current measured in the experi-
ment was found. 

Figure 3.4a shows the streak image for the altitude rocket triggered ex-
periment [74] simulated with the self-consistent leader propagation model 
presented in Paper V. For sake of comparison, the predictions of the leader 
models of Eriksson [62, 63], Dellera and Garbagnati [65, 66] and Rizk [67, 
69] are included in Figure 3.4.b. First, notice that the differences in the 
leader initiation time predicted by the existing propagation models are 
caused by the inception criterion used in each case. While Eriksson and Del-
lera and Garbagnati use the critical radius concept [64], Rizk uses his own 
leader inception model [70]. The introduction and discussion of the leader 
inception models is given in Chapter 2. Second, observe that the height of 
the downward leader tip, the connecting leader length and the time at the 
moment of the interception estimated by the existing leader propagation 
models differ considerably from the values computed in Paper V (Figure 
3.4a). Since the charge of the downward moving leader was the same in all 
cases, these differences can only be attributed to the manner the connecting 
leader is represented by the different models. Consequently, the differences 
in the estimations shown in Figure 3.4b are the result of the combination of 
the errors introduced by the assumptions considered by each model regard-
ing the inception, velocity and channel properties of the connecting leader.  
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Figure 3.4. Comparison of the streak image computed for the rocket triggered ex-
periment reported in [74] with a) the self-consistent model presented in Paper V and 
with b) the leader propagation models of Eriksson [62, 63], Dellera and Garbagnati 
[65, 66] and Rizk [67, 69]. 

In order to evaluate the validity of the assumptions of the leader propagation 
models regarding the upward leader properties, the main physical parameters 
of the leader in the experiment [74] are estimated with the self-consistent 
leader model presented in Paper V. The computed values of the velocity, 
average channel electric field and charge per unit length of the upward con-
necting leader are shown in Figure 3.5. Notice that the constant upward 
leader velocity assumed by Eriksson [62, 63] and Rizk [67, 69] exceeds by 
several times the computed values, especially immediately after inception 
(Figure 3.5.a). In the same way, the model of Dellera and Garbagnati [65, 
66] also overvalues the connecting leader velocity, although in a lower de-
gree. The direct effect of this overestimation of the upward leader velocity is 
the overestimation of the upward leader length and consequently to the 
evaluation of larger interception distances. Regarding the properties of the 
leader channel, observe that the average electric fields computed with the 
semi-empirical equation [70] assumed by Rizk [67, 69] in his model are 
lower than the self-consistently calculated values. The underestimation of 
the leader electric field causes the increase on the average electric field be-
tween the tips of both leaders, which is used to evaluate the final jump con-
dition. This would force to the estimation of an early final jump time.  



 52 

 
Figure 3.5. Comparison between the upward connecting leader parameters self-
consistently computed with the model presented in Paper V and the values assumed 
by the leader propagation models for the rocket triggered experiment reported in 
[74]: a) leader velocity, b) average electric field along the leader channel and, c) 
charge per unit length of the leader as a function of its velocity. 

As for the charge per unit length of the connecting leader, the constant value 
assumed by Dellera and Garbagnati [65, 66] also disagrees with the values 
computed with the self-consistent model. Moreover, the leader charge per 
unit length was found to increase as the connecting leader speeds up, in con-
trast with the constant value assumed by Dellera and Garbagnati. It is also 
worth to mention that the representation of the upward leader channel by a 
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line charge used by Dellera and Garbagnati [65, 66], leads to large errors in 
the evaluation of the potential at the tip of the leader channel. Since the total 
charge of the upward leader is distributed within its cover, its channel and 
the streamer corona zone, it is not appropriate to concentrate all of it only 
along the leader channel. This error causes the overestimation of the average 
electric field between the tip of the leaders, which affects the correct evalua-
tion of the time variation of the velocity ratio as well as the final jump condi-
tion in the model of Dellera and Garbagnati [65, 66].  

3.3 A Self-consistent Lightning Interception Model   
–SLIM – 

The self-consistent leader propagation model presented in Paper V has 
been shown to be a better way to estimate the conditions for the attachment 
of a downward stepped leader by a connecting positive leader. For this rea-
son, it has been applied in Paper VI to evaluate the factors that influence the 
velocity of the upward connecting leaders during lightning strikes. In order 
to facilitate the implementation of the model presented in Paper V for such 
analysis, a simplified procedure to evaluate the corona zone charge in front 
of the leader tip is used. It involves a numerical analysis of the background 
potential distribution as the leader propagates, in a similar way as for the 
simplified procedure introduced in Paper I. In addition, the charge per unit 
length of the downward stepped leader is evaluated with the equation pro-
posed by Cooray et al. [116], which is based on electrostatic considerations.  

In this way, the model presented in Paper V can be easily used to self-
consistently evaluate the initiation and propagation of upward connecting 
leaders in the presence of downward lightning stepped leaders. This version 
of the model is called SLIM, which stands for Self-consistent Lightning In-
terception Model. Paper VI shows an example of the predictive power of 
SLIM when applied to evaluate the attachment of a lightning flash to a 
grounded structure. Particularly, the case of the flash 771009 reported by 
Eriksson in his instrumented tower [61] is analyzed. It is found that parame-
ters such as the downward leader average velocity, the prospective return 
stroke peak current, the lateral distance of the downward leader channel and 
the ambient electric field can influence the velocity of upward connecting 
leaders. This clearly shows that the velocity of connecting leaders changes 
from one flash to another due to the variations of these parameters. Thus, it 
is not appropriate to use generalized ratios between the velocity of the 
downward and upward leaders, as assumed by the existing leader propaga-
tion models [62, 63, 65–67, 69]. Instead, the upward leader velocity has to 
be self-consistently computed for each case. 
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Due to the strong effect of the upward connecting leader velocity on the 
attachment point, the aforementioned parameters also influence the attrac-
tiveness of any grounded structure to lightning flashes. Figure 3.6 shows the 
predictions of SLIM for the lateral attractive distance of a free standing 
structure under the influence of a downward leader moving with average 
velocity of 2 × 105 m s–1. In order to illustrate the effect of the downward 
leader velocity on the attractive distance, the calculations are also performed 
for the lower and upper limits of the measured values of the average stepped 
leader velocity [38]. Recent measurements with high-speed cameras show 
that the 2-D average velocity of downward negative stepped leaders is dis-
tributed between about 9 × 104 and 2 × 106 m s–1, with a median of 2.2 × 105 
m s–1 [117]. Thus, the variation on the computed attractive distances for 
downward leader velocities ranging between those limits is shown with bars 
in Figure 3.6. The predictions of the existing leader propagation models of 
the Eriksson [62, 63], Dellera and Garbagnati [65, 66] and Rizk models [67, 
69] are shown as reference values.  

 
Figure 3.6. Attractive distance computed with SLIM for free-standing structures 
under a downward leader with prospective return stroke current of 31 kA and aver-
age velocity of 2 × 105 m s–1. The error bars show the variation of the attractive 
distances due to the dispersion of the observed downward leader velocity probability 
distribution function. The predictions of the existing leader propagation models are 
shown as reference.  

Note that the wide range of the estimated attractive distances is produced by 
the large spread of the values of the downward leader average velocity ob-
served in nature. Therefore, the attractive distances of free-standing objects 
range between the limits shown with the bars in Figure 3.6, following the 
probability distribution function of the downward leader velocity. In this 
way, it is shown that the attractiveness of a free-standing object does not 
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depend on the prospective return stroke current or the height of the structure 
only, but also on the downward leader average velocity. This result suggests 
that the analysis of the lightning attractive distances of grounded objects 
have to account also the downward leader probability distribution in order to 
give a better estimate of this parameter.  
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4 Lightning attachment to complex grounded 
structures 

“... the lightning did not fall upon the body of the house, but precisely on the 
several points of the rods, and was conveyed into the earth without any mate-
rial damage to the building, tho’ the conductors were sometimes not suffi-
ciently large and complete to secure their own substance.” 

Benjamin Franklin. Experiments, observations and facts, tending to support 
the opinion of the utility of long pointed rods, for securing buildings from 
damage by strokes of lightning, 1772. 

There is nowadays an increasing need for the effective lightning protection 
of vulnerable structures such as nuclear plants, buildings with fire hazards, 
petrol service stations, refineries and oil storage tanks, houses for storage of 
explosives and flammable materials [118]. The protection of such structures 
requires special attention since it is mostly the direct effects of the lightning 
current flow which produce sparks that can cause fire, ignite flammables or 
detonate explosives [28]. Similarly, commercial or industrial buildings also 
demand an effective lightning protection system, especially in the cases 
where continuity of facility services is required. Particularly, practical light-
ning protection designs in such cases require of the maximization of effi-
ciency and the minimization of costs [119]. However, the design of external 
lightning protection systems (i.e. lightning rods and shielding wires) for such 
sensitive structures still relies on empirical methods such as the protective 
angle, the mesh method and the rolling sphere method [27].  

For these reasons, there is a considerable world-wide interest on the de-
velopment of improved methods for location of lightning rods on complex 
and vulnerable structures [120]. This interest has also been motivated by the 
recent controversy about the efficiency of early streamer emission (ESE) 
terminals [30] and the new methods proposed for positioning of lightning 
rods [32].  

In this chapter, the current international standard on lightning protection 
is shortly described. Furthermore, the physics-based methods proposed for 
analysis of lightning attachment to grounded complex structures are pre-
sented. 



 57

4.1 The International Standard on protection of 
structures against lightning 

The main guidelines for the evaluation, design and installation of lightning 
protection systems are given by the IEC International Standard on protection 
of structures against lightning [25–27]. It is a guide to protect common struc-
tures of ordinary use such as dwelling houses, farms, public and commercial 
buildings against the harmful effects of lightning strikes. The standard was 
restricted to structures up to 60 m tall [25, 26], but it has been extended 
without limitation of the structure height in its last edition [27]. For the de-
sign of the air termination system, the lightning standard still relies on em-
pirical methods such as the protective angle, the rolling sphere and the mesh 
methods. Unfortunately, the new results of research conducted in the 20th 
century have had very little effect on the standardization of lightning protec-
tion systems [71].  

Thus, the IEC standard suggests the protective angle method for simple 
structures or for small parts of bigger structures. Therefore, air terminals, 
masts and wires should be positioned so that all parts of the structure to be 
protected are inside the volume defined by the surface generated by project-
ing a line from the air terminal or conductor to the ground plane, at an angle 
� with the vertical (Figure 4.1.a). The protective angle � takes different val-
ues for different heights of the air terminal above the surface to be protected.  

The rolling sphere method, as used today in the lightning standard [25– 
27], comes from a simplified version of the electrogeometric method [15] 
applied for the protection of buildings and industrial plants [22, 121]. It con-
siders that protected and unprotected parts of a structure are identified by 
rolling a fictitious sphere over the surface of the earth and over the structure 
[22, 121]. In this manner, any part of the structure that is touched by the 
sphere during its movement is considered to be susceptible to a direct light-
ning strike, while the untouched volume defines the lightning protected zone 
(Figure 4.1.b). The radius of the sphere R is defined as a function of the pro-
spective return stroke peak current, according to the lightning interception 
distance derived by Whitehead and coworkers for power transmission lines 
[15, 17, 18]. In the standard, the rolling sphere method is recommended as 
the main method to design the air terminal system for complex shaped struc-
tures [27].  

For the protection of flat surfaces (Figure 4.1.c), the international standard 
recommends the mesh method. It is based on the principle of the Faraday 
cage [122] and considers the installation of a mesh of wire conductors on the 
whole exposed surface. It also includes the installation of wires on the ex-
posed lateral surfaces as well as on edges and ridge lines of the roof of the 
structure. The mesh dimensions are specified according to the protection 
level used in the design. 
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Figure 4.1. Methods used for the design of external lightning protection systems [24, 
47, 48]. a) the protective angle method, b) the rolling sphere method, c) the protec-
tive mesh method. The dashed areas correspond to the lightning protected zones. 

In contrast to the case of power transmission lines where the acceptable tol-
erance for lightning protection is given by the basic insulation level (BIL) of 
the system [121], the efficiency of the protection for common structures is 
given in levels labeled from I to IV [25–27]. These protection levels are re-
lated to the probability of a lightning strike with a prospective return stroke 
peak current equal to or larger than a given critical value. Thus, an external 
lightning protection system designed for a given protection level must pro-
vide full protection against lightning strikes with prospective return stroke 
currents larger or equal than the critical current. Lightning strikes with pro-
spective return stroke currents lower than the critical peak current could 
strike either the structure to be protected or the air terminals of the lightning 
protection system. The corresponding values of efficiency, critical prospec-
tive return stroke current as well as the values used for the rolling sphere 
radius, the protective angle and the mesh width for the different protection 
levels are shown in Table 1. 
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Table 1. Positioning of air terminals according to the protection levels defined by the 
IEC standard [25–27]. 

Protective angle 
method for different 
heights of terminals 
[m] 

Rolling 
sphere 
method 

20 30 45 60 

Mesh 
method 

Protection 
level 

Critical 
minimum 
prospective 
return 
stroke peak 
current 
[kA] 

Efficiency 
of protec-
tion 

Sphere 
radius  
R [m] 

Protective angle � 
[degrees] 

Maximum 
distance     
D [m] 

I 3 99% 20 25 * * * 5 

II 8 97% 30 35 25 * * 10 

III 10 91% 45 45 35 25 * 10 

IV 16 84% 60 55 45 35 25 20 

Despite of the widespread use of the rolling sphere method, there are several 
facts that call for modifications to its present form [123]. First, the rolling 
sphere method considers that it is equally likely a lightning strike to ground, 
to a sharp point or corner, to an edge or to a flat surface on a structure. How-
ever, field observations of buildings struck by lightning in Malaysia and 
Singapore [36, 120, 124–126] have shown that nearly all observed strikes 
terminate on sharp points or protruding corners (more than 90% of the ob-
served cases). Only few lightning strikes occurred to exposed horizontal or 
slanting edges (less than 5%) and to elevated vertical edges (less than 2%).  

Second, the radius of the sphere used in the standard is obtained from a 
gross oversimplification of the physical nature of the lightning discharge and 
it is the result of compromises in standardization committees [71]. Since the 
rolling sphere method was proposed as used today [22, 121], the radius of 
the sphere has been directly taken from the interception distance derived and 
“calibrated” for power transmission lines according to the electrogeometric 
(EGM) theory [17, 18]. Due to the lack of data available at that time, this 
extension of the EGM theory to other kind of structures was done without 
any further validation. However, the existing leader propagation models [62, 
63, 65–69] have shown that the attachment of lightning flashes to grounded 
structures does not exclusively depends upon the prospective return stroke 
peak current. It also depends upon the geometry of the structure to be pro-
tected, as it is shown in Papers VII and VIII. This fact casts serious doubts 
about the validity of using a rolling sphere radius which neglects the effect 
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of the geometry of the structure on the lightning attractiveness and is only 
dependant on the prospective return stroke peak current.  

Third, the rolling sphere method has not been useful for the evaluation of 
new lightning protection technologies introduced in the market such as the 
ESE terminals [30] or the Dissipation Arrays Systems [31]. Due to its em-
pirical nature, the rolling sphere method cannot provide any scientific or 
technical information to either reject or accept this kind of devices. For the 
same reason, the rolling sphere method has not been useful either for the 
discussion of the recently introduced air terminal positioning methods [32, 
33, 34].  

4.2 Physics-based analyses of lightning attachment to 
grounded structures 

Due to the limitations of the existing empirical methods, physics-based stud-
ies have been proposed to assess the optimum location of air terminals on 
complex grounded structures. Thus, the leader progression model of Dellera 
and Garbagnati [65, 66] was implemented to evaluate the interception dis-
tances from the edges of square structures [72]. However, the interception 
distances from the corners of the structure could not be considered since this 
analysis was only performed in two dimensions [72]. Later, the collection 
volume concept proposed by Eriksson [62, 63] for free standing structures 
was used for the analysis of lightning strikes to buildings [32], together with 
electric field intensification factors [93]. Even though this method is claimed 
to be validated with field observations [127, 128], there are still doubts in the 
lightning community about its use [35, 36, 120]. Recently, a leader progres-
sion model similar to the one proposed by Dellera and Garbagnati [65, 66] 
was implemented in three dimensions to evaluate the lightning incidence to 
buildings [129].  

In the aforementioned studies, the critical radius concept [64] was used to 
evaluate the initiation of the upward connecting leaders from the analyzed 
structures. Nevertheless, the critical radius concept has been found to be 
inappropriate to evaluate the initiation of upward leaders from structures, as 
discussed in Chapter 2. Furthermore, the mentioned methods are based on 
several assumptions questionable according to the current knowledge on the 
physics of leader discharges and lightning. As it has been discussed in Chap-
ter 3, the assumptions of the existing models lead to errors in the estimation 
of the lightning attractiveness of grounded structures.  

In order to improve the accuracy of the previous studies, the leader incep-
tion model proposed in Paper I is implemented in Paper VII for the evalua-
tion of upward positive leader initiation from the corners of actual complex 
structures. Since this model was devised for structures with and without 
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symmetry, it can be appropriately used for any kind of grounded object.        
   Thus, different actual complex structures that have been struck by light-
ning in Kuala Lumpur [36, 124] were analysed. For sake of simplicity, the 
electric field produced by the downward leader is represented by an equiva-
lent background quasi-uniform electric field close to ground. In this way, the 
static background leader inception electric field from all the corners of the 
analysed structures are computed and compared with the observed number 
of strikes [125, 130]. A good correlation between the corners with the lower 
static leader inception electric fields and the observed lightning struck points 
was found. This result supports the hypothesis suggested by Golde [8] that a 
lightning flash strikes a grounded structure at the point where a stable up-
ward leader is first incepted. Thus, the procedure presented in Paper VII can 
be used to identify the most likely lightning strike points on complex struc-
tures. This procedure would help lightning protection designers to take better 
decisions about the optimum location of air terminals.  

As an example, Figure 4.2b shows the lightning strike points predicted by 
the rolling sphere method on a complex structure such as the Ångström labo-
ratory, Uppsala, Sweden (Figure 4.2a). Note that the rolling sphere method 
does not distinguish between a lightning strike to a sharp point, a corner, an 
edge or a flat surface. Thus, a large number of points on the structure are 
predicted to be equally susceptible to be struck by lightning, making it diffi-
cult to identify the optimum location for the air terminals.  

On the contrary, the more likely places to be struck by lightning on the 
structure can easily be identified with the procedure presented in Paper VII. 
Figure 4.2c shows the predicted most likely lightning strike points on the 
Ångström Laboratory, based on the leader inception electric fields normal-
ized to the minimum value computed in the structure. Since a lightning strike 
occurs when an upward moving leader intercepts the downward stepped 
leader, it is more likely that the point to be struck corresponds to the place 
where the first upward leader is incepted. Thus, the calculation of the condi-
tions required to initiate upward leaders provides important information to 
pinpoint the optimum places where air terminals may be installed.  

However, the initiation of an upward positive leader is not a sufficient 
condition to guarantee the attachment of a lightning flash to a grounded 
structure. The incepted connecting leader has to propagate towards the 
downward stepped leader and successfully intercept the downward stepped 
leader. Hence, the procedure presented in Paper VII does not provide in-
formation about the attractiveness of the air terminals installed on a struc-
ture. It is just the first step in the design of the lightning interception system 
since it identifies the optimum locations of the air terminals on the structure.  
Then, the next step is to evaluate the number of air terminals required to 
effectively protect the structure for a given protection level. Therefore, it is 
necessary to evaluate the lightning attractive zones of each air terminal and 
identify the protected and unprotected zones in the structure. 
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Figure 4.2. The Ångström Laboratory, Uppsala, Sweden. a) photograph of the struc-
ture, b) vulnerable points to be struck by lightning according to the rolling sphere 
method with a sphere radius of 60 m [27], c) the most likely lightning strike points 
computed with the procedure presented in Paper VIII. The percentages correspond 
to the normalized static leader inception electric fields.  

In order to provide qualitative information about the attractive zones of 
likely lightning strike points, the striking – inception – distances from the 
corners of two buildings struck by lightning in Kuala Lumpur are computed 
in Paper VIII. This calculation is performed taking into account the lateral 
location of the downward leader channel and assuming that its electric field 
does not change considerably during the leader initiation process (static 
leader inception). In this way, it is possible to evaluate the maximum lateral 
distance at which a downward leader can initiate an upward leader from a 
given point on a structure. This maximum lateral distance defines the up-
ward leader inception zone (Figure 4.3).  

Due to the fact that the propagation of both leaders is not taken into ac-
count, the effective lightning attractive zones are not evaluated in Paper IV. 
Nevertheless, the computed static leader inception zones are a first approxi-
mation of the lightning attractive zones since downward leaders located out-
side the leader inception zones cannot initiate upward leaders. It is found that 
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upward leaders incepted from protruding corners in a structure are mostly 
initiated by downward leaders located outside its periphery. This result could 
explain the fact that some buildings in Kuala Lumpur and Singapure are 
struck by lightning at the corners even if lightning rods are installed at the 
center of the roof [124]. Conversely, downward leaders located above the 
roof have reduced chances to initiate upward leaders from the corners. Thus, 
the leader inception zone of a corner does not define a symmetrical circular 
region as it is assumed by the collection volume/field intensification method 
[32] (Figure 4.3b). In addition, the area and shape of the leader inception 
zones is found to depend not only on the prospective return stroke current as 
the rolling sphere predicts, but also on the geometry and height of the struc-
ture and the surroundings.  

 

 
Figure 4.3. Observed lightning damaged points (dots) and the upward leader incep-
tion zones (dashed lines) from the corners of two bank buildings: Industry and Pem-
bangunam in Kuala Lumpur, Malaysia, a)  3D plot, b) top view. The asterisks show 
the location of the downward leader channel where the leader inception takes place 
in the calculations.  
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Even though the static analysis presented in Paper VIII considers the up-
ward leader inception zones only, similar conclusions can also drawn based 
on the analysis of lightning attractive zones. Thus, to complement the analy-
sis presented in Paper VIII, the lightning attractive zones of the two bank 
buildings shown in Figure 4.3 are computed with the Self-consistent Light-
ning Interception Model (SLIM) introduced in Section 3.3. In this case, the 
predictions of SLIM for a vertical downward leader propagating with an 
average velocity of 2 × 105 m s–1 and with prospective return stroke current 
of 16 kA, are shown in Figure 4.4.  

 
Figure 4.4. Top view of the lightning attractive zones of the corners of two bank 
buildings: Industry and Pembangunam in Kuala Lumpur, Malaysia computed with 
SLIM. The asterisks show the location of the downward leader channel where the 
connection with the upward positive leader takes place in the calculations.  

Notice that the qualitative analysis of the static leader inception zones pre-
dicted in Paper VIII (Figure 4.3), also apply for the lightning attractive 
zones calculated with a fully dynamic leader inception and propagation 
model (Figure 4.4). However, it is important to mention that it is not possible 
to make a direct comparison between the areas of the leader inception zones 
presented in Paper VII and the lightning attractive zones computed with 
SLIM. Since the striking – inception – distances in Paper VII are computed 
for a static condition, the estimated leader inception zones in that case are 
larger than the actual leader inception zones under the influence of a de-
scending stepped leader, as in the simulations made with SLIM.  

Since the effective lightning attraction zones can be easily calculated with 
SLIM, it is also possible to make a quantitative comparison of its predictions 
with the results of the rolling sphere method. Figure 4.5 shows an example 
of the lightning attractive zones predicted by SLIM for a simple square 
structure protected according to the rolling sphere method with an air termi-
nal at the center of the roof. Since the protection level IV is considered in the 
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calculations, the structures (including their corners) are inside the protected 
zone given by the rolling sphere with radius of 60 m (corresponding to a 
critical return stroke peak current of 16 kA). Only vertical downward 
stepped leaders propagating with average velocity of 2 × 105 m s–1 are taken 
into account. Due to the symmetry of the geometry, only the attractive zones 
of one corner are computed. 
 

 
Figure 4.5. Side and top view of a square structure a) 5 m, b) 10 m and c) 20 m tall 
protected according to the rolling sphere method (R = 60 m) with an air terminal at 
the center of its roof.  In all cases, the air terminal tip is located at 30 m above 
ground. The lightning attractive zones simulated with SLIM of one corner and the 
air terminal are also shown. The dashed area in the top view corresponds to the ex-
posure area of the corner to vertical downward stepped leaders.  

Notice that the lightning attractive zones of the corners of the structure are 
not entirely covered by the attractive zone of the air terminal in some cases 
(Figures 4.5a and b). Therefore, the corners are exposed to direct vertical 
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lightning strikes, even though they are “protected” according to the rolling 
sphere method. Conversely, the lightning attractive zones of the corners pro-
tected according to the rolling sphere method are indeed entirely covered by 
the attractive zones of the air terminals, as in the case shown in Figure 4.5c.  

Thus, the analysis of the attractive zones simulated with SLIM can give 
valuable information of the conditions under which the rolling sphere 
method succeeds or fails to properly identify protected and unprotected 
zones. Consequently, a more suitable radius of the rolling sphere can be sug-
gested based on this kind of analysis. Further study of other study cases and 
a preliminary discussion of the validity of the rolling sphere method to locate 
air terminals on simple structures is presented in [131].  
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5 Conclusions 

In the present thesis, a self-consistent physical model based on the physics of 
leader discharges has been introduced for the evaluation of the initiation and 
propagation of upward lightning positive leaders. The model considers sepa-
rately the case of upward leaders initiated from tall structures under the in-
fluence of an active thundercloud with dominant negative charge and the 
case of upward connecting leaders initiated under the influence of a down-
ward stepped leader. In the first case, the predictions of the (static) leader 
inception electric fields are in good agreement with values measured in a 
classical rocket-triggered lightning experiment. Particularly, excellent agree-
ment between the measurements and the predictions of the model is found in 
Paper I when the space charge left behind the rocket is taken into account in 
the model. In the later case, the calculated (dynamic) leader inception times 
are found to be in good agreement with the results of laboratory long air gap 
experiments and an altitude rocket triggered lightning experiment (Paper 
II). Since the model also self-consistently simulates the propagation of up-
ward connecting leaders from their initiation to the final connection with the 
downward stepped leader, its predictions are also compared with the meas-
ured parameters of an altitude triggered lightning experiment in Paper V. 
There is good agreement between the model predictions and the measured 
leader current and the experimentally inferred spatial and temporal location 
of the final jump. 

Since the proposed model is based on the state-of-the-art modeling of the 
basic physical processes involved in the initiation and propagation of posi-
tive leader discharges, the model is able to generate testable predictions. In 
addition, the simplification of time-consuming steps in the model facilitates 
its implementation for practical cases. Given the predictive power and high 
application level of the developed model, the main contributions made in 
this thesis to the better understanding of the lightning attachment process are 
the following: 
 

� The tip radius of a lightning rod slightly affects the conditions required 
to initiate upward connecting leaders. However, there is an optimum 
radius that is slightly more efficient (with an improvement of only 
10% in the striking – inception – distance) than other rod radii to initi-
ate upward leaders. This optimum radius agrees with the observations 
of competing rods in New Mexico [85, 86] although the outstanding 
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differences observed between sharp and blunt rods are attributed in 
Paper II to be caused by the setup of that experiment.  

� The initiation of upward connecting positive leaders is also strongly 
affected by the average velocity of the downward stepped leader. 
Similar to the case in the laboratory [47], the initiation of positive 
leaders under natural lightning is affected by the rise time of the ap-
plied electric field (Paper II). For the same prospective return stroke 
current, the estimated striking – inception – distance under the influ-
ence of downward leaders propagating with velocities ranging be-
tween the upper and lower limits observed in nature differ by more 
than 80%. 

� The initiation of a positive leader requires a lower background elec-
tric field under the changing electric fields produced by an ap-
proaching downward leader (dynamic inception) than under the 
slowly changing fields produced by a thundercloud (static incep-
tion). Thus, the striking – inception – distances calculated assuming 
the static condition (Paper I) are shorter than in the dynamic case 
(Paper II). 

� The Early Streamer Emission concept does not work under light-
ning conditions. Even though a leader can be launched earlier by 
triggering an early streamer in the laboratory under switching volt-
ages, this effect does not happen under lightning-like electric fields. 
In Paper III it is shown that the time development of positive lead-
ers in the laboratory is different to the case under natural lightning. 
Thus, the switching voltage impulses used in the laboratory do not 
“fairly approximate” the electric fields produced by the descent of a 
downward leader, as claimed by supporters of Early Streamer 
Emission ESE devices.  

� The space charge layer created by corona at ground level signifi-
cantly increases the thundercloud electric field required to initiate 
upward lightning leaders from tall objects. The neutral aerosol par-
ticle concentration of the site is found to have a significant influ-
ence on the critical thundercloud electric field required to initiate 
upward positive leaders. Therefore, it is found in Paper IV that 
lower thundercloud electric fields are required to trigger an upward 
lightning flash from a tall tower in the case of sites with high neu-
tral aerosol particle concentration such as polluted areas or coastal 
regions.  

� The assumptions of the existing leader propagation models [62, 63, 
65, 66–69] regarding the physical properties of upward connecting 
leaders, are not in agreement with self-consistently obtained values 
during an altitude rocket triggered lightning experiment. This result 
suggests that a more physical and proper evaluation of the attach-
ment of the downward stepped leader is obtained when the upward 



 69

connecting leader parameters are self-consistently computed by the 
leader propagation model. For instance, it is shown in Paper V that 
the charge per unit length of the upward leader channel changes in 
time as it propagates towards the downward leader. In the same 
way, it is found in Paper VI that the velocity of the upward con-
necting leader depends on the downward leader average velocity, the 
prospective return stroke peak current, the lateral distance of the 
downward leader channel and the ambient electric field. Hence, the 
upward leader velocity changes from flash to flash due to variations of 
these parameters, in contrast to the constant values assumed by the ex-
isting leader propagation models.  

� The corners of actual buildings struck by lightning in Kuala Lum-
pur, Malaysia coincide rather well with the places characterized by 
low leader inception electric fields. Consequently, the background 
leader inception electric fields can be used to evaluate the most 
likely lightning strike points on complex grounded structures and to 
assess the optimum location of air terminals. In Paper VII it is also 
found that the geometry of the buildings significantly influences the 
conditions necessary to initiate upward leaders and therefore the lo-
cation of the most likely lightning strike points.  

� The striking – inception – distance from sharp features on complex 
structures depend not only on the prospective return stroke current 
and the geometry of the building, but also on the lateral position of 
the downward leader channel. Hence, the leader inception zones of 
the corners of complex structures do not define symmetrical and 
circular regions as it is generally assumed [13, 32, 125]. Interest-
ingly, upward leaders from the corner of a building are mostly ini-
tiated by downward leaders located outside the periphery of the 
structure (Paper VIII). This result can explain the field observa-
tions of buildings in Kuala Lumpur and Singapore which have been 
struck by lightning at the corners even if lightning rods are installed 
at the center of the roof [124].  
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6 Future work 

Due to the complexity of the lightning attachment phenomenon, it has been 
always necessary to consider several assumptions and simplifications in 
order to formulate leader propagation models [72]. For this reason, the pre-
sent thesis constitutes another effort to use the up-to-date physical knowl-
edge of leader discharges to avoid unnecessary assumptions in the evaluation 
of the lightning exposure of structures. Particularly, the work presented in 
this thesis was focused on the development of a state-of-the-art, physics-
based model to self-consistently simulate the initiation and propagation of 
upward positive leader discharges from any kind of grounded structure. 
However, after more than four years following that aim, there are still many 
open questions and several undone studies, which define the framework for 
the future steps after this thesis. 

In first place, the constant need for experimental data to validate and im-
prove theoretical lightning attachment models call for further experiments 
with rocket triggered lightning and with instrumented towers. One major 
requirement is that several parameters are measured simultaneously during 
the initiation and propagation of upward positive leaders. These parameters 
include mainly the static and high frequency electric fields at different loca-
tions, low and high range leader currents and leader luminosity (stereo still 
photography and streak photography or high speed video). Nonetheless, 
other measurements such as optical spectrometry, gamma rays and X-rays 
detectors would be of high interest for the study of energetic processes of 
streamer and leader discharges under lightning.   

Further studies with the models presented in this thesis should also be 
continued. First, the inception model presented in Paper I could be extended 
to evaluate the upward leader initiation from floating (non-grounded) objects 
such as airplanes or spacecraft. However, further experimental data of the 
physical parameters of streamers and leaders at pressures lower than atmos-
pheric would be required in such case. This also applies for the analysis of 
the formation of large-scale transient luminous phenomena in the upper at-
mosphere such as blue jets and blue starters.  These transient luminous dis-
charges develops upwards from electrically active thunderclouds to terminal 
altitudes up to 40 km [132] and are believed to correspond to streamers from 
a positive leader initiated from the top of a thundercloud [133]. Second, the 
lightning attachment process of dart negative leaders could be studied. Even 
though the self-consistent leader inception and propagation model presented 
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in Papers II and V considers the case of downward stepped leaders, it can 
be extended to study the attachment of the high-velocity dart negative lead-
ers by upward connecting leaders. Third, the theoretical analysis of the 
propagation of downward positive leaders can complement the latest meas-
urements made with high speed cameras [84, 117]. Such study can provide 
relevant information such as the charge per unit length of the leader channel 
and the factors that influence the downward positive leader velocity.  

Particularly, other studies can also be performed by implementing the 
Self-Consistent Lightning Simulation Model – SLIM – proposed in this the-
sis to other different structures. For instance, the study of lightning attach-
ment to moving grounded objects such as the blades of windmills can be 
continued. Moreover, the existing theory of protection of traditional struc-
tures such as power transmission lines, free-standing structures and buildings 
can be re-evaluated with SLIM. Especially, the simulation of specific well-
documented incidents where the predictions of the electrogeometric model 
of Whitehead and coauthors [17, 18] disagree with field observations would 
be very useful. In this way, better values for the protective and shielding 
angles, the distance between wires in a protective mesh and the radius of the 
rolling sphere could be suggested.  

Further development of complementary models to evaluate other mecha-
nisms not considered in the present theses is important for an integral under-
standing of the lightning attachment processes. Due to the increasing impor-
tance of the effective protection against positive lightning, it is necessary to 
extend the leader propagation models to evaluate the attachment process of 
downward positive leaders [72]. Thus, the improvement of the numerical 
models to simulate the initiation and propagation of negative leader dis-
charges, similar to the one reported in [60], are required for analyses in a 
practical level. Furthermore, additional experiments and theoretical studies 
related to the glow discharge from the tip of grounded objects under thun-
derstorms and its transition into streamers are necessary. This kind of analy-
sis should consider the effect of wind, rain and the thundercloud electric 
field changes. On the other hand, it is also essential that better estimations of 
the downward negative leader charge distribution including branching, be-
come available in the literature. In the same way, a better knowledge on the 
physical conditions required for the change of direction in the propagation of 
leader discharges are necessary for the proper modeling of downward mov-
ing leaders.  
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7 Svensk sammanfattning 

Denna avhandling behandlar fysikalisk modellering av uppåtriktade positiva 
urladdningar (positive leader discharges) i samband med blixtnedslag. Detta 
slags urladdningar kan startas från jordade föremål genom inverkan av ett 
yttre elektriskt fält. Källan till detta fält är då antingen den negativt laddade 
nedre delen av ett aktivt åskmoln, eller en negativ stegurladdning (negative 
stepped leader discharge) som rör sig nedåt från åskmolnet. En numerisk 
beräkningsmodell har utvecklats utifrån de senaste rönen om åskurladdning-
ar för att analysera dessa två situationer. Resultaten av de teoretiska beräk-
ningarna stämmer väl överens med resultat från experiment, där blixtar star-
tas med raketer. 

Tack vare denna modell har vi kunnat göra flera bidrag till den fysikaliska 
förståelsen av ”leader”-urladdningar. Dessa urladdningar beror endast svagt 
av krökningsradien hos spetsen på en stavformig åskledare. Istället spelar 
medelhastigheten hos den annalkande stegurladdningen en mycket större 
roll.  

Modellen har också använts för att simulera positiva uppåtriktade urladd-
ningar, i laboratoriemiljö samt under naturliga förhållanden. Det visade sig 
att urladdningar i laboratoriet inte duger som en ungefärlig beskrivning av 
”leader”-urladdningar. Man kan således inte på ett enkelt sätt hänvisa till 
laboratorieexperiment för att utvärdera förmågan hos åskledare att dra till sig 
blixtar. Resultaten visar också att en ny typ av åskledare, kallade ESE (Early 
Streamer Emission), inte har större förmåga att dra till sig blixtar än vad 
vanliga Franklin-stavar har. 

Modellen har också använts för att utvärdera inverkan av ett lager elekt-
riska rymdladdningar på uppkomsten av uppåtriktade ”leader”-urladdningar. 
Detta laddningslager skapas av små korona-urladdningar vid geometriska 
oregelbundenheter nära markytan, t.ex. gräs och buskar. Vi har funnit att 
rymdladdningslagret tydligt ökar det elektriska bakgrundsfält, som behövs 
för att starta uppåtgående ”leader”-urladdningar. Den här effekten beror av 
tjockleken hos rymdladdningslagret, vilket i sin tur i huvudsak beror av den 
lokala förekomsten av mycket små fasta partiklar (aerosoler) i luften. 

Vidare har vi funnit att hastigheten hos en ”leader”-urladdning, som an-
sluter till en nedåtgående stegurladdning (den första blixten från åskmolnet), 
inte enbart beror av stegurladdningens hastighet, vilket man förut brukade 
anta. ”Leader”-urladdningens hastighet beror också av toppströmstyrkan hos 
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huvudurladdningen (return stroke), liksom av det horisontella avståndet till 
stegurladdningen samt av det elektriska bakgrundsfältet från åskmolnet.  

Modellen har också använts för att analysera tillkomsten av uppåtriktade 
”leader”-urladdningar från kanter och hörn på stora byggnader med inveck-
lad geometri. Beräkningar har gjorts för verkliga byggnader i Malaysias 
huvudstad, Kuala Lumpur. Det visar sig, intressant nog, att observerade 
blixtnedslagspunkter stämmer rätt väl överens med punkter med låga beräk-
nade värden på det elektriska fält som behövs för att starta en uppåtgående 
”leader”-urladdning. Således kan man använda teoretiska beräkningar för att 
förutsäga vilka punkter på en byggnad som sannolikast kan träffas av blixt-
nedslag. Dessutom har det visat sig att de tredimensionella områdena med 
förhöjd nedslagssannolikhet inte har enkla geometrier (avhuggna sfärer etc.), 
så som man tidigare har antagit. Istället beror nedslagsområdena både på 
blixtens toppströmstyrka liksom på geometri och höjd hos byggnaden, samt 
på omgivningen i övrigt. 
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