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Abstract 

This thesis investigates various discharge processes associated with upward lightning 

initiated from tall objects, both experimentally and theoretically, trying to bridge the 

knowledge-gap in understanding the mechanisms of the phenomena. 

Upward lightning initiation has attracted a great deal of interest during recent years 

due to the proliferation of tall communication towers and wind turbines.  

Simultaneous lightning current waveforms, close electric field changes, and lightning 

location system data associated with upward lightning measured at the instrumented 

Gaisberg Tower (GBT) near Salzburg in Austria from 2005 to 2009 is studied. It was 

observed  that a majority of upward flashes (87%) were self-initiated, namely they 

were initiated at the tower top without any nearby preceding discharge activity, 

whereas only  26 (13%) upward flashes were nearby-lightning-triggered, namely they 

were triggered by nearby preceding lightning discharges occurring within 100 

milliseconds or so. This observation is different from the study conducted in Rapid 

City in South Dakota of USA where they observed the majority of upward flashes 

(80/81) initiated from ten tall towers were nearby-lightning-triggered. The possible 

reasons for self-initiated upward flashes dominating at the GBT could be (1) the field 

enhancement due to the shape of Gaisberg Mountain which is more than 800 m 

above the surrounding terrain of the city of Salzburg and (2) low altitude of charge 

region in the cloud during non-convective season (September to March) in Austria. 

Three modes of charge transfer had previously been identified in cloud-to-ground 

lightning, namely that happens during leader-return stroke sequence, during 

continuing current and during M-components. On the basis of the analysis of the 

simultaneous current, electric field changes, and high-speed video images 

measurements, a mixed mode of charge transfer to ground for ICC pulses and M-

components in tower-initiated (upward) lightning is proposed. Compared to classical 

rocket-triggered lightning, occurrence of multiple branches of upward lightning from 

tall towers is very common. A newly illuminated or re-illuminated branch connecting 

to the already luminous channel attached to the tower during initial continuous 

current and continuing current following return strokes is frequently observed. A 

mixed mode of charge transfer to ground is composed of a new or decayed branch 

involving the leader/return-stroke mode of charge transfer to ground, and 

superimposing on the old channel with continuous (continuing) current mode of 

charge transfer to ground. This mode can explain ICC pulses exhibiting shorter 



ii 

risetimes, larger peaks, and shorter half-peak widths than “classical” M-components 

as reported in previous studies. 

Charge density expressions for the tall object and lightning channel when lightning 

strikes a tall object are derived based on continuity equation and current expressions 

given by the series point current source model representation of the tall object and 

lightning channel. Validation of charge density expressions was performed by 

comparing the total vertical electric field at ground level calculated by the traditional 

dipole technique with that calculated by the monopole technique using charge density 

expressions derived above. Distribution of charge density versus height along the tall 

object and along the lightning channel by considering the different values of current 

reflection coefficient at strike object base and the return stroke front speed in the 

lightning channel has provided an alternative way to explain the polarity inversion of 

vertical electrical field at very close range from strike object base. 

Characteristics of upward positive and bipolar lightning flashes observed from the 

GBT during 2000-2009 are studied in detail. A total of 26 upward positive flashes 

and 21 upward bipolar flashes were identified, which only accounted for 4% and 3%, 

respectively, of the total 652 flashes measured at the GBT during the 10-year 

observation period. There are only very few previous studies of upward positive and 

bipolar flashes. Bipolar flashes lower both negative and positive charges during 

different phases with the same flash. In the positive flashes, median values for flash 

peak current, flash duration, flash charge transfer, and flash action integral were 

determined as 5.2 kA, 82 ms, 58 C and 0.16×10
3
 A

2
s, respectively. From 

simultaneous current and high-speed video measurements of one bipolar flash it is 

inferred that sub-branches are connected to one branch transferring both positive and 

negative charges successively, running into charge source regions of opposite 

polarity in the thundercloud.  

 

Index terms: Tall objects, Upward lightning initiation, Charge density distribution, 

Upward positive lightning, Upward bipolar lightning  
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Chapter 1 Introduction 

1.1 Background 

As a spectacular natural phenomenon, from ancient times, there have been many 

myths around lightning and thunder. In Scandinavian mythology, the god Thor (see 

Figure 1.1) hurled his magic hammer Mjollnir to produce the lightning flash, when 

he was riding a rolling chariot thunderously upon the clouds [1]. While in ancient 

China, the thunderbolt was controlled by the goddess of lightning Tien Mu and the 

god of thunder Lei Kung as shown in Figure 1.2, respectively. 

 

Figure 1.1 The god Thor in Scandinavian mythology. 
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Figure 1.2 The goddess of lightning Tien Mu (left) and the god of thunder Lei Kung (right) 

in Chinese mythology. 

Lightning has been validated as an electrical discharge phenomenon when Benjamin 

Franklin proposed his famous kite experiment in 1752.  The lightning rod invented 

by Franklin, is still the main means of lightning protection for houses and buildings 

in our modern society, when it is installed at the top of the building connected all the 

way down to earth.  

According to Uman [2], lightning is defined as a transient, high-current electric 

discharge whose path length is measured in kilometers. The most hazardous lightning 

type is called cloud-to-ground (CG) lightning, which occur between the cloud and 

ground, even though lightning occur in thunderclouds between the clouds, between 

the cloud and air, and within a cloud.  

On the basis of the initial leader propagation direction and the polarity of charge 

transferred to ground, we can classify CG lightning discharges into four types, 

namely (a) downward negative lightning, (b) upward negative lightning, (c) 

downward positive lightning, (d) upward positive lightning, (e) downward bipolar 

lightning, and (f) upward bipolar lightning [1] [3].  The first four types can be found 

in Figure 1.3.  The latter two types were suggested by Wang et al. [3]. The bipolar 

lightning is defined as CG lightning in which both negative and positive charges are 

transferred to ground within the same flash.  The study of this thesis is focused on (b) 

upward negative lightning, (d) upward positive lightning, and (f) upward bipolar 

lightning. 
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Figure 1.3 Classification of lightning discharges between cloud and ground. Adapted from 

Rakov and Uman [1]. 

As illustrated in Figures 1.3b and 1.3d, compared with downward lightning, upward 

lightning will not happen unless tall objects are involved. In Figure 1.4, we illustrate 

the occurrence of upward negative lightning initiated by a tall tower situated on a 

mountain top. If the electric field intensity at the tower tip exceeds the breakdown 

threshold value of air, a self-consistent upward positive leader will initiate and 

propagate upward toward the overhead thundercloud. As the path between tower tip 

and cloud is built by upward propagating positive leader, initial continuous current 

(ICC) will flow along this path, which can last up to hundreds of milliseconds. The 

upward leader process and initial continuous current compose the initial stage of 

upward negative flash. After no-current interval, sometimes the initial stage will be 
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followed by downward negative leader/upward return stroke sequences. An example 

of the corresponding current waveform that would be measured at the tower top of 

this upward negative lightning is shown in Figure 1.5, which is the current waveform 

of upward flash GBT #488 measured at the Gaisberg Tower (GBT) on 8 September 

2006. Note that downward negative leader/upward return stroke sequences in upward 

negative lightning are similar to subsequent return stroke processes in natural 

downward negative lightning. 

The subject of our study is focused on upward-initiated lightning from tall structures. 

It has attracted a great deal of attention during past decades, not only due to it being 

less common and less understood compared to its counterpart downward lightning, 

but also due to its important role on lightning protection issues of fast expanding 

wind turbines, communication towers, and skyscrapers, all of which produce upward 

lightning. Both experimental analysis of lightning data collected at the GBT and 

theoretical modeling of lightning interaction with tall structures are covered in this 

thesis.  

 

Figure 1.4 Schematic diagram showing the upward negative lightning. Adapted from 

Diendorfer et al. [4]. 
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 Figure 1.5 An example of corresponding current waveform (upward negative flash GBT 

#488 occurred on 8 September 2006) that would be measured at the tower top during upward 

negative lightning illustrated in Figure 1.4.  

1.2 Literature Review 

1.2.1 Initiation of Upward Lightning from Tall Structures 

It is generally thought that upward flashes can occur from towers on flat ground only 

when the tower height is exceeding 100 m [1]. However, if the tower, even with 

height less than 100 m, is located on a mountain top, it can also experience upward 

lightning events. This is because of the field enhancement due to the presence of the 

mountain on which the structure is located. To account for the increased lightning 

incidence to towers on mountain tops, a concept of effective height of the tower is 

introduced [5]. Effective height is considerably larger than the physical height of the 

tower [5].  

In order to determine the field enhancement factor due to the shape of the mountain, 

Zhou et al. [6] measured the electric fields simultaneously at the mountain top (about 

800 m above the surrounding terrain) and the surrounding terrain under fair weather 

conditions at the Gaisberg Mountain by using two identical electric field mills. As 
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shown in Figure 1.6, an enhancement factor of 2.75 of amplitude due to the mountain 

itself was obtained. 

 

Figure 1.6 Simultaneously measured electric fields at the surrounding terrain (bottom curve) 

and at the top of Gaisberg Mountain (top curve). Adapted from Zhou et al. [6]. 

From the above analysis, it can be stated that the pronounced field enhancement due 

to the mountain will strengthen the lightning incidence to a tall tower on top of it 

compared to a similar tower on the flat ground.  

It would be interesting to investigate how upward lightning is finally initiated from 

tall structures on mountain tops. Berger and Vogelsanger [7] first noted that the 

electric field needed for the initiation of upward lightning is rapidly created by the 

preceding in-cloud discharge, rather than created by the slower charge build up in the 

cloud. An upward flash originating at one of two towers on Mount San Salvatore 

could be the result of the transient strong electric field caused by a distant flash or an 

ambient electrostatic field of sufficient strength as reported in Orville and Berger [8]. 

On the basis of the analysis of the electric field changes resulting from 14 upward 

flashes initiated from a windmill and its lightning protection tower in Japan, two 

types of upward lightning initiation were suggested by Wang et al. [9], the first type 

being called “self-triggered” is initiated without any nearby preceding lightning 

activity and the second type called “other-triggered” is triggered by nearby preceding 

lightning activity. Simultaneous electric current and electric field change waveforms 

of the two types of upward lightning discharges mentioned above were first 
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documented by Wang et al. [10]. An example of self-trigged type upward lightning 

can be seen in the top panel of Figure 1.7, whereas an other-triggered type upward 

lightning can be seen in the bottom panel of Figure 1.7. Lu et al. [11] presented the 

direct evidence that one upward lightning can trigger another upward lightning of 

opposite polarity from a nearby tall grounded object if the electrical charge structure 

of the thunderstorm is favorable. K processes in cloud flashes and negative cloud-to-

ground lightning could be the initiators of upward positive flashes were observed by 

Zhou et al. [12] at the GBT in Salzburg of Austria. Thottappillil et al. [13] and Rakov 

et al. [14], define K changes as the step-like changes in electric field produced by K 

processes which are superimposed on the slow electric field with duration on the 

order of 1 ms and an interval of several tens of ms. Both Liu et al. [15] and Warner 

[16] presented that upward flashes can be triggered by a nearby positive cloud-to-

ground return stroke from Brixton Tower in South Africa and from four towers in 

Rapid City in South Dakota of USA, respectively. 

 

Figure 1.7 Examples of self-triggered (a) and other-triggered (b) upward lightning 

discharges. Adapted from Wang et al. [10]. 
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Wang and Takagi [17] reported 25 out of 53 upward flashes were “self-triggered,” 

and the remaining 28 were “other-triggered” based on the experimental results 

obtained from six winter seasons during 2005-2010 in Japan. Warner et al. [18] 

found that the majority (80/81) of upward lightning flashes were “other-triggered” 

with the positive return stroke being the dominant triggering event observed from ten 

towers in Rapid City in South Dakota of USA during summer seasons of years 2004-

2010. In the same meaning as Wang et al. [10] used the terms “self-triggered” flashes 

and “other-triggered” flashes, the terms “self-initiated” flashes and “nearby-

lightning-triggered” flashes to classify the two types of upward flashes from tall 

towers will be used throughout the thesis, respectively. 

In Chapter 3, simultaneous observations of lightning current, close electric field 

changes, and lightning location system data associated with upward lightning 

initiation at the GBT in Austria from 2005 to 2009 are presented, including both 

summer and winter seasons. In addition to the field enhancement factor due to the 

mountain which could affect upward lightning initiation from tall structures as 

mentioned before, the altitude of charge region also plays an important role in 

initiating the upward lightning from tall objects. 

1.2.2 Modes of Charge Transfer to Ground in Lightning Discharges 

According to Rakov and Uman [1] and Rakov et al. [19], there exist three modes of 

charge transfer to ground in lightning discharges, namely leader/return-stroke process, 

continuing current, and M-component. A subsequent return stroke in downward 

negative lightning is taken as an example to illustrate the three modes of charge 

transfer to ground, which are shown in Figure 1.8 schematically.  

In the leader/return-stroke mode, the downward propagating leader creates the 

conductive channel and deposits negative charge along the channel. As the leader 

touches the ground or the upward connecting positive leader, a return stroke initiates 

from ground or near ground, propagating upward along the previously formed leader 

channel toward the thundercloud charge region overhead, simultaneously 

neutralizing the negative charge in the lightning channel and effectively lowering the 

negative charge  to the ground at the end of the process.  

The continuing current, is considered as a quasi-stationary arc between overhead 

charge region and ground, lowering negative charge to ground. Usually the amplitude 

of continuing current is on the order of 10-100 A [1].  
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The M-component, is considered as perturbations in the continuing current and 

enhancements of channel luminosity. Based on the analysis of the simultaneous 

measurements of channel-base current and close-range electric fields of M-

components, Rakov et al. [20] proposed a guided wave mechanism for M-

components, which involves the superposition of downward progressing incident 

guided wave and the upward progressing reflected guided wave in the continuing 

current channel, which can be seen in Figure 1.8c. The distinctive difference between 

M-component and leader/return-stroke modes, is the existence of a conducting 

channel, maintained by continuing current. 

 

Figure 1.8 Schematic diagram showing the three modes of charge transfer to ground and 

current profiles measured at ground in subsequent return-stroke sequence of downward 

negative lightning. Adapted from Rakov and Uman [1]. 

We note that in both upward flashes and rocket-triggered lightning, the initial 

continuous current (ICC) often appears as a steady (slowly-varying) current with a 

number of pronounced current pulses, referred to as ICC pulses, which are 

superimposed on it (see Figure 1.9). ICC pulses have gained great interest among 

researchers during recent years. These ICC pulses were first reported by Berger [21] 

in upward lightning initiated from two towers on Mount San Salvatore in Switzerland, 

and then by Hubert [22] who presented ICC pulses during the initial stage of rocket-

triggered lightning in New Mexico. Fuchs et al. [23] also reported ICC pulses  
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Figure 1.9 Overall current record of an upward negative flash GBT #231 observed at the 

Gaisberg Tower in Austria. The record starts with the slowly varying initial continuous 

current (ICC) and superimposed ICC pulses, then after no-current interval, followed by three 

return strokes, the last return stroke has a long continuing current with superimposed M-

components.  

observed at the Peissenberg Tower in Germany, which they termed α-components. 

Wang et al. [24] performed the first detailed comparison of the characteristics of ICC 

pulses and M components in triggered lightning in Florida, studied by Thottappillil et 

al. [25], and inferred that they are manifestations of similar physical processes. Note 

that M components occur during the continuing current following a return stroke in 

all types of lightning [1]. Miki et al. [26] found that ICC pulses in object-initiated 

lightning exhibit larger peaks, shorter risetimes, and shorter half-peak widths than 

those in rocket-triggered lightning. Further, based on simultaneous current 

measurements and high-speed video images of upward flashes at Fukui chimney in 

Japan, Miki et al. [27] showed that the ICC pulses with short risetimes originate from 

a branch that is different from the branch in which the background continuous current 

is flowing, implying that the ICC pulses with short risetimes are associated with the 
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leader/return-stroke mode of charge transfer to ground in one of the two active 

branches, as first suggested by Rakov and Uman [1]. From the analysis of 

synchronized current and high-speed video images for 33 ICC pulses and nine M-

components in upward lightning recorded at the Peissenberg Tower in Germany, 

Flache et al. [28] found that both ICC pulses and M-components with longer 

risetimes (>8 µs) tended to occur in already luminous (current-carrying) channels, 

and hence were indicative of the M-component mode of charge transfer to ground, 

while those with shorter risetimes (<8 µs) tended to develop in a newly-illuminated 

channel and, hence, were associated with the leader/return-stroke mode.  

More recently, Qie et al. [29] compared simultaneous current and close electric field 

measurements in a rocket-triggered lightning flash in China for ICC pulses and M-

components, and found their key features to be similar, but distinctly different from 

the features of leader/return stroke sequences.  

In Paper II of this thesis, the term mixed mode of charge transfer to ground for ICC 

pulses is proposed to characterize ICC pulses involving two simultaneously active 

channels. This will be presented in Chapter 4. Winn et al. [30], from high-speed 

video observations of luminous pulses (corresponding to ICC pulses in current 

records) during initial stage of one triggered lightning in New Mexico, USA, 

suggested that there is only one single mode for ICC pulses , which is “the merger of 

a dart leader on a relatively dark branch into an illuminated branch”. On the other 

hand, Yoshida et al. [31] reported that ICC pulses can be excited either by recoil 

leaders or via the interception of separate in-cloud leaders by a current-carrying 

channel connected to ground. Note that the mode of charge transfer to ground, as it is 

defined by Rakov et al. [19], refers to a single channel and is independent of the 

transient excitation mechanism. 

In Chapter 4, simultaneously recorded current and electric field observations of ICC 

pulses and M-components in upward lightning initiated from the GBT and available 

observations of channel luminosity obtained by using high-speed video camera are 

presented. The goal of this study is to further investigate and clarify the mechanisms 

of the ICC pulses and M-components in upward-initiated and rocket-triggered 

lightning. It will be shown that the mixed mode of charge transfer to ground 

introduced in this thesis can clearly explain the characteristics of measured current 

waveforms and pulsed luminosity for ICC pulses and M-components in lightning 

discharges. 
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1.2.3 Modeling of Lightning Strikes to Tall Objects 

1.2.3.1 Engineering Models Extended to Include the Tall Strike Object 

Engineering Models were initially developed to specify the spatial-temporal current 

distribution along the lightning channel during the return-stroke process by using a 

simple equation to relate it to the channel-base current. Rakov [32] summarized five 

engineering models used for return-stroke process initiated from ground as the 

following generalized equation: 

' '
( ', ) ( ) ( ') (0, )

z z
i z t u t P z i t

v v
                                                                         (1.1) 

where ( )u t  is the Heaviside function equal to unity for 0t  and zero otherwise, 

( ')P z is the model-dependent attenuation function, v   is the upward propagating 

return-stroke front speed, v
is the current-wave propagation speed. Detailed 

parameters for five engineering models have been given by Rakov [32], and 

reproduced in Table 1.1 as follows. 

Model ( ')P z
 v

 

TL 1 v  

MTLL '1 z
H

  
v  

MTLE 'exp( )z


  
v  

BG 1   

TCS 1 c  

Table 1.1 ( ')P z and v
for five engineering return-stroke models. Adapted from Rakov 

[32]. H is the total  channel length,  is the current decay constant, and c  is the speed of 

light. 

The five engineering return-stroke models include: 1) the transmission line (TL) 

model, in which the lightning channel during the return stroke process is assumed as 

an ideal transmission line where the return-stroke current pulse starts at ground level 

and propagates along the lightning channel without attenuation and distortion; 2) the 

modified transmission line model with linear current decay (MTLL) with height; 3) 

the modified transmission line model with exponential current decay with height; 4) 
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the Bruce-Golde (BG) model; and (5) the traveling current source (TCS) model. 

Detailed review and comparison of these models can be found in [33][34][35][36]. 

The channel-base current at ground level for subsequent return stroke is calculated 

from the following analytical expression [33]: 

)(
1)/(

)/(
),0( 432

022

1

2

101 







ttt

eeIe
t

tI
ti






                                                    (1.2) 

The values of above parameters are given as: 
01I =9.9 kA,  =0.845, 

1 =0.072 s , 
2

=5.0 s , 
02I =7.5 kA, 

3 =100.0 s , and 
4 =6.0 s . 

The current and current derivative waveforms are plotted in Figure 1.10 as below, 

where the peak current is 11 kA and the maximum time derivative is 105 kA/us, 

representative of typical subsequent return stroke current at channel-base. This 

current will be used hereafter in this chapter.  

 

Figure 1.10 Current and current derivative waveforms used in field calculation. Adapted 

from Nucci et al. [33].  
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The lightning interaction with tall objects has attracted a great deal of attention 

during recent years [37][38]. Figure 1.11 shows typical impulsive current waveforms 

measured at different heights of the 540-m tall Ostankino tower in Moscow as 

adapted from Gorin and Shkilev [39]. In Figure 1.11 the transient behavior of the 

tower due to the reflections at the tower bottom and top is evident. Engineering 

Models have been extended to take into account the presence of tall strike object in 

earlier works. For example, Diendorfer and Uman [40] and Guerrieri et al. [40], 

modeled the object as an ideal transmission line that supports the wave propagating 

at the speed of light without attenuation and distortion.  

 

Figure 1.11 Typical impulsive current waveforms of upward negative lightning measured at 

heights of 47 m (near the bottom), 272 m (in the middle), and 533 m (near the top) on the 

540-m tall Ostankino tower in Moscow. Adapted from Gorin and Shkilev [39]. 

Based on distributed-shunt-current-source representation of the lightning channel and 

assuming that the initial current launches into the strike object ( 0(1 ) ( , )t i h t  and 

lightning channel ( 0(1 ) ( , )t i h t  )) at the attachment point unequally, Rachidi et al. 

[42] generalized the engineering return-stroke models to include the vertically 

extended strike object. They derived the current equations along the strike object and 

along the lightning channel as follows: 
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for 'z h  (along the lightning channel),                                                                 (1.4) 

where h  is the height of the strike object, t and g are the current reflection 

coefficients at the object top and bottom (ground) for upward and downward 

propagating current waves, respectively. These reflection coefficients can be defined 

as: 

t ch
t

t ch

Z Z

Z Z


 


                                                                                                          (1.5) 
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Z Z
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                                                                                                           (1.6) 

chZ and tZ  are characteristic impedances of lightning channel and strike object, 

respectively. gZ is equivalent grounding impedance. 0 ( , )i h t is the undisturbed 

current which is defined as the ideal current that would be measured at the object top 

if the current reflection coefficients ( t and g ) were equal to zero. The distributed-

shunt-current-source representation of the lightning channel can be simplified as a 

parallel current source at the junction point between the lightning channel and strike 

object [42]. Figure 1.12 shows the equivalent circuit of this model schematically. 
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Figure 1.12 Equivalent circuit of the parallel current source model when the tall object is 

struck by lightning. Adapted from Rachidi et al. [42]. 

Furthermore, Baba and Rakov [43] proposed a lumped voltage source placed at the 

junction point between the strike object and lightning channel.  In this model, the 

initial current injected equally into the strike object and lightning channel is obtained 

by using the lumped voltage source 0 ( , )V h t divided by the sum of chZ and tZ . The 

equivalent circuit can be found in Figure 1.13. 

 

Figure 1.13 Equivalent circuit of the series voltage source model when the tall object is 

struck by lightning. Adapted from Thottappillil and Theethayi [44]. 

Baba and Rakov [43] gave the following expressions for the current distribution 

along the strike object and along the lightning channel with the assumption of two 

lossless uniform transmission lines: 
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for 'z h (along the lightning channel),                                                                  (1.8) 

where ( , )sci h t is the short circuit current, which  is defined as the lightning current 

that would be measured at an ideally grounded object ( gZ 0 or g chZ Z ) of 

negligible height [43], it can be simply related to the undisturbed current 0 ( , )i h t  by: 

0( , ) 2 ( , )sci h t i h t                                                                                                    (1.9) 

If we insert the above equation into equations (1.7) and (1.8), and set v c  (the 

current propagation speed for the upward waves reflected from the ground and 

transmitted into the lightning channel) in the second and third terms of equation (1.8), 

we can easily find, and also as shown in Baba and Rakov [43], that equations (1.7) 

and (1.8) are identical to equations (1.3) and (1.4) derived by Rachidi et al. [42]. 

However, both Rachidi et al. [42] and Baba and Rakov [43] thought that the series 

ideal current source representation of lightning channel [40] does not allow one to 

obtain a self-consistent solution, since the ideal current source has an infinitely large 
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internal impedance, which does not let the reflected current waves returning from 

ground pass through the junction point and enter into the lightning channel. 

Thottappillil and Theethayi [44] stated that the new proposed series point current 

source does not encounter the problem mentioned above. The point current source is 

not a Norton ideal current source, does not have any physical dimensions and the 

value of internal impedance is negligibly small since it is in series with the object-

lightning channel. The concept of series point current source model is illustrated in 

Figure 1.14. As the downward negative leader meets the upward positive connecting 

leader, if there is any, a quasi-spherical Transverse ElectroMagnetic (TEM) wave 

will be initiated. The upward propagating wave will neutralize the negative charge 

deposited along the downward leader, while the downward propagating wave will 

neutralize the positive charge deposited along the upward leader and tower (object). 

This kind of quasi-spherical TEM wave structure as supported by the two conductor 

geometry (the object-lightning channel and ground plane) is similar to the lightning 

strikes to flat ground with a series point current source at ground level [45]. The 

equivalent circuit for the series point current source model is shown in Figure 1.15. 

 

Figure 1.14 Schematic diagram showing the concept of series point current source model 

when the tower (tall object) is struck by lightning. Adapted from Thottappillil and Theethayi 

[44]. 
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Figure 1.15 Equivalent circuit of the series point current source model when the tall object 

is struck by lightning. Adapted from Thottappillil and Theethayi [44]. 

Thottappillil and Theethayi [44] and Theethayi and Thottappillil [46] expressed the 

distribution of current along the strike object and along the lightning channel as: 
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for 'z h (along the lightning channel),                                                                (1.11) 

where 0 ( , )I h t  is defined as the same as the current that would be measured at 

ground in the absence of the strike object, it is related to the series voltage source by: 

0
0

( , )
( , )

ch t

V h t
I h t

Z Z



                                                                                                 (1.12) 

Inserting the above equation (1.12) into (1.10) and (1.11), it can be seen that they are 

identical to equations (1.7) and (1.8). 
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In Chapter 5, the series point current source model is used to derive the charge 

density distribution along the tall object and along the lightning channel. Also 

equations (1.10) and (1.11) are used as input parameters to calculate electromagnetic 

fields from lightning strikes to tall structures in Chapter 5. 

1.2.3.2 Electromagnetic Field Computation Methods at Ground Level over 

a Perfectly Conducting Ground 

As noted in the previous subsection, the spatial-temporal current distributions along 

the lightning channel (the return stroke initiates from the ground) and along the 

object-lightning channel (the return stroke initiates from the attachment point 

between the lightning channel and strike object) have been specified, the resulting 

time-domain electromagnetic fields can be found using four different, but equivalent 

approaches [47][48]. The first three approaches were presented by Thottappillil and 

Rakov [47] and the fourth one was presented by Cooray and Cooray recently [48]. 

Note that in our calculations presented in this thesis, propagation effects are not taken 

into account, the ground is assumed to be perfectly conducting. 

The first approach, the so-called dipole technique, involves the use of current density 

to find the vector potential, the use of vector potential and the Lorentz condition to 

find the scalar potential, the use of vector and scalar potentials to calculate the 

electric field, and the use of vector potential to calculate the magnetic field. In this 

approach, the source is described in terms of current density only, and the 

electromagnetic fields are expressed in terms of current. 

The second approach, the so-called monopole technique, involves the use of current 

density to find the vector potential, the use of current density and continuity equation 

to find the charge density, the use of charge density to find the scalar potential, the 

use of vector and scalar potentials to calculate the electric field, and the use of vector 

potential to calculate the magnetic field (the same as the first approach). In this 

approach, the source is described in terms of current density and charge density, and 

the electric field is expressed in terms of current and charge density, while the 

magnetic field still is expressed in terms of the current, the same as the first approach. 

Figure 1.16 schematically shows how to find electric fields using the aforementioned 

two approaches.  

In the third approach, the electromagnetic fields are expressed in terms of the 

apparent charge density, which is the charge density that would be seen on the 
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lightning channel by the observer at a given point as explained in Thottappillil and 

Rakov [47]. 

 The fourth approach is by utilizing the accelerating charge to generate the 

electromagnetic fields, which are expressed in terms of current [48]. 

As pointed out by Thottappillil and Rakov [47] and Cooray and Cooray recently [48], 

even though these four methods obtain the same total electric fields, as expected due 

to the solutions of the same Maxwell’s equations, their individual field components 

are different (field components of the first and third approaches are identical to each 

other). 

 

Figure 1.16 Schematic diagram showing how to find electric fields in the dipole and 

monopole methods. Adapted from Thottappillil [49].  



22 

 

Figure 1.17 Geometry of the problem used in calculating vertical electric fields and 

azimuthal magnetic fields at ground level associated with lightning strikes to flat ground. 

Here we mainly focus on the comparison between the dipole and monopole methods, 

since the former can show the distribution of current along the lightning channel or 

the object-lightning channel, and the latter can show how the distribution of charge 

density along it. The geometry of the problem is illustrated in Figure 1.17. In the 

dipole technique, the electric and magnetic expressions at ground level are given by 

[47]: 
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where 
ZE is the vertical electric field, while B is the azimuthal magnetic field. L '( t )

is the height of the return stroke wave front as seen by the observer. bt  is the lower 

limit of the time integral for the first term in equation (1.13), it represents the time 

that the return stroke wave front just reaches the height z ' . dL'/ dt is the speed of the 

current wave front as seen by the observer at point P. On the right side of equation 

(1.13), we can easily identify the electrostatic component ( 3R dependence, the first 

term), induction component ( 1 2c R  dependence, namely the second term), and 

radiation component ( 2 1c R  dependence, namely the third and last terms) for electric 

field expression, respectively. While on the right side of equation (1.14), we can also 

identify the induction component ( 2R dependence, namely the first term) and 

radiation component ( 1 1c R  dependence, namely the second and last terms) for 

magnetic field expression, respectively. The last term in equations (1.13) and (1.14) 

will be zero if there is no current discontinuity at the return stroke wave front. 

The magnetic field expression in the monopole technique, is identical to the dipole 

technique and is given by equation (1.14). The vertical electric field expression at 

ground level is given by [47]: 

'( )

*

3

0 0

'( ) *

2

0 0

'( )

2

0 0

*

2

0

2

0

1 '
( , ) ( ', ( ') / ) '

2 ( ')

1 ' ( ', ( ') / )
'

2 ( ')

1 1 ( ', ( ') / )
'

2 ( ')

1 '( ) '
( ', ( ') / )

2 ( ')

1 1
( ', ( ') /

2 ( ')

L t

Z

L t

L t

z
E r t z t R z c dz

R z

z z t R z c
dz

tcR z

i z t R z c
dz

tc R z

L t dL
L t R L c

dtcR L

i L t R L
c R L

   


 


 

 


 

  


 








'
)

dL
c

dt

                                                             (1.15) 



24 

Similar to equations (1.13) and (1.14), on the right side of equation (1.15), the 

electrostatic component ( 3R dependence, the first term), induction component 

( 1 2c R  dependence, the sum of second and fourth terms), and radiation component 

( 2 1c R  dependence, the sum of third and fifth terms) for electric field expression, can 

be easily identified. The last two terms in equation (1.15) will be zero if there is no 

current or charge discontinuity at the return stroke wave front. 

We present the calculated electric fields at distances of 10 m, 1 km, and 100 km from 

the lightning channel using the dipole and monopole techniques as a means to 

demonstrate the similar and different parts, at the same time also testing our Matlab 

code. The TL model is employed to describe the return-stroke process initiated from 

ground, the upward propagating return-stroke front speed v is set at 
81.3 10 m/s, 

and the channel-base current as shown in Figure 1.10 is the same as used by Nucci et 

al. [33]. For convenience, we use index LC (Lorentz Condition) to indicate the 

resulting field components using the traditional dipole technique expression derived 

using the Lorentz condition as given by equation (1.13), and index CE (Continuity 

Equation) indicates the resulting field components using the monopole technique 

expression derived using the continuity equation as given by equation (1.15).  The 

labels EQ, EI, and ER indicate electrostatic ( 3R dependence), induction ( 1 2c R 

dependence), and radiation components ( 2 1c R  dependence), respectively. 

It can be seen from Figures 1.18, 1.19, and 1.20, that the total electric fields 

computed from two different methods are the same, while the individual electrostatic 

( 3R dependence), induction ( 1 2c R   
dependence), and radiation ( 2 1c R  dependence) 

components in equation (1.13) are different to the corresponding components in 

equation (1.15) as first shown by Thottappillil and Rakov [47]. This difference is 

pronounced at close ranges, for example 10 m and up to several km. However, it is 

negligible at 100 km. 
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Figure 1.18 Comparison of the total vertical electric fields and individual components at a 

distance of 10 m calculated by equations (1.13) and (1.15) based on the TL model of return 

stroke process initiated from ground. For subscripts and abbreviations in the figure, refer to 

text for details. 

 

Figure 1.19 Same as Figure 1.18, but at a distance of 1 km. 
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Figure 1.20 Same as Figure 1.18, but at a distance of 100 km. 

In Chapter 5, the dipole and monopole techniques are utilized to calculate the 

electromagnetic fields associated with lightning strikes to a tall object, trying to give 

a more appropriate explanation on the polarity inversion of vertical electric field at 

very close distances from a tall object struck by lightning as reported by Mosaddeghi 

et al. [50]. 

1.2.4 Upward Positive and Bipolar Lightning Flashes 

1.2.4.1 Upward Positive Lightning 

Positive lightning discharges lower positive charges from cloud to ground. Based on 

the propagation direction of the leader, positive lightning can be classified into 

downward positive lightning and upward positive lightning.  

During recent years, by using the advanced high-speed video camera technique, 

downward positive lightning consisting of downward positive leaders to ground has 

been investigated and some new characteristics of downward positive flashes were 

presented. For example, extensive horizontal cloud discharges preceding the 

downward positive leader process were observed by Kong et al. [51] and Saba et al. 
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[52]. During the development of downward positive leaders toward ground, negative 

recoil leaders were observed by Saba et al. [53]. For downward negative lightning, 

continuing currents longer than 40 ms were observed only for return strokes with 

peak current amplitudes below 20 kA as noted in Saba et al. [54], whereas in 

downward positive lightning, high peak current values of positive return strokes 

greater than 20 kA can be followed by continuing currents longer than 40 ms [55]. 

Six conceptual cloud charge configurations and scenarios leading to production of 

downward positive lightning were proposed by Nag and Rakov [56] recently. 

Downward positive lightning involves a downward positive leader propagating from 

cloud to ground and lowers positive charges to ground. Even though upward positive 

lightning also lower positive charges to ground, it begins with an upward negative 

leader that is initiated by a tall object and propagates toward overhead cloud. On the 

basis of measured lightning current waveforms at two towers on Mount San 

Salvatore in Switzerland [57][58], Berger and co-workers were the first who 

presented a comprehensive study of positive discharges including both upward 

positive and downward positive flashes. As shown in Figure 1.21, two types of 

positive lightning current waveforms can be identified. The first type is a 

microsecond-scale impulse current waveform similar to a downward negative 

lightning and the second type is a millisecond-scale slowly varying current waveform. 

Median values of peak current of 36 kA, flash duration of 68 ms, and charge transfer 

of 84 C for these positive flashes were reported by Berger and co-workers [57][58]. 

Even today, the international lightning protection standards adopt these measured 

positive lightning current data as the main reference [59].  

Very few systematic studies of upward positive lightning have been conducted since 

Berger’s work [60] [61]. Six upward positive flashes (initial stage only) observed at 

the Peissenberg tower in Germany were reported by Heidler et al. [62]. In Japan, 

simultaneous current and optical observations of upward positive flashes at the Fukui 

chimney were presented by Miki [63]. Furthermore, 16 upward positive discharges 

initiated from wind turbines at Nikaho Kougen Wind Farm in the coastal area of the 

Sea of Japan were observed by Miki et al. [64], all 16 discharges consisted of the 

initial stage only. Median values of peak current of 6.53 kA, flash duration of 40 ms, 

and charge transfer of 30.1 C for these 16 upward positive flashes were obtained. 

More recently, Miki et al. [65] while investigating the characteristics of one upward 

negative leader from Fukui chimney, by using the Automatic Lightning Progressing 
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Feature Observation (ALPS) system in conjunction with measured current waveform, 

obtained an average upward negative leader velocity of 3×10
5
 m/s. 

 

Figure 1.21 Examples of two types of positive lightning current waveforms observed by K. 

Berger: (a) microsecond-scale waveform, and (b) millisecond-scale waveform. Sketches on 

the left-hand panels illustrating the type of lightning that might have led to its production. 

Adapted from Rakov [66]. 

In Chapter 6, the occurrence characteristics and measured current characteristics of 

upward positive lightning discharges observed from the GBT in Austria during years 

2000-2009 are reported. One purpose of this study is to see if there exists any 

characteristic similar to the high percentage of positive lightning discharges in winter 

season of Japan.  

1.2.4.2 Upward Bipolar Lightning 

The so-called bipolar lightning is defined as the current waveform measured at the 

channel-base exhibiting a polarity reversal within the same flash. This kind of flashes 

was first reported by McEachron [67] from his measurements at the Empire State 

Building in New York of USA. Later 11 bipolar flashes were presented by 
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Hangenguth and Anderson [68] from a 10-year observation at the Empire State 

Building.  

In Europe, 68 upward bipolar flashes (6%) out of 1196 discharges at Mount San 

Salvatore between 1963 and 1973 were obtained by Berger [58] in Switzerland. Six 

bipolar flashes (6.7%) out of 90 upward discharges initiated from the Ostankino 

tower in Moscow were reported in Gorin and Shkilev [39], and two bipolar flashes 

were observed on the Peissenberg tower in Germany by Heidler et al. [62].  

In Japan, 43 (20%) of 213 upward flashes observed at the Fukui chimney were 

presented by Miki et al. [69], further 50 bipolar flashes (18%) out of a total number 

of 278 flashes striking the wind turbines in the coastal area of the Sea of Japan were 

observed by Miki et al. [64] during winter seasons from 2005 to 2008. Wang and 

Takagi [17] reported 25% bipolar lightning flashes observed from a windmill and its 

lightning protection tower in winters during years 2005-2010. 

According to Rakov and Uman [1], bipolar lightning discharges can be mainly 

grouped into three types (see Figure 1.22). In Type 1 polarity reverses during the 

initial continuous current, in Type 2 different polarities are presented during the 

initial continuous current and of the following return stroke, and in Type 3 return 

strokes of opposite polarity are present within the same flash. 

In Chapter 6, the characteristics of 21 upward-initiated bipolar lightning flashes 

observed at the GBT during years 2000-2009 are studied.  

 

Figure 1.22 Schematic diagram showing three types of bipolar lightning discharges. 

Adapted from Diendorfer et al. [70]. 
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1.3 Outline of the Thesis  

Chapter 2 gives detailed descriptions of instrumentation used throughout the thesis. 

Chapter 3 investigates the initiation of upward lightning from tall objects. Analysis 

results of upward lightning initiation at the GBT from 2005 to 2009 based on 

simultaneously measured current, close electric field changes, and lightning location 

system data are presented in Paper I in detail. Characteristics of self-initiated and 

nearby-lightning-triggered upward lightning discharges are examined in detail and 

compared with other studies. 

Chapter 4 proposes the mixed mode of charge transfer to ground in upward lightning. 

It examines in detail simultaneously measured current, close electric field changes, 

and available high-speed video images data associated with ICC pulses and M-

components observed at the GBT. Results of ICC pulses have been partly presented 

in Paper II. 

Chapter 5 derives charge density expressions along the tall object and along the 

lightning channel based on the series point current source model and continuity 

equation. For detailed derivations, they can be found in Appendix A. The derived 

expressions as the source of the so-called monopole technique are used to calculate 

electromagnetic fields when the tall object is struck by lightning. The resultant total 

fields and individual field components are compared with their counterparts 

calculated using the traditional dipole technique. The former is also used to examine 

the polarity reversal of vertical electric field at very close range from the tower base.  

The simple version of this chapter has been presented in Paper III. 

Chapter 6 highlights our observation results of upward positive and bipolar lightning 

flashes from the GBT during 2000-2009. Characteristics of current parameters for 

these rare flashes are presented and compared with other studies. The detailed 

analyses of 10-year observations of upward positive and bipolar lightning flashes are 

presented in Paper IV and Paper V, respectively. 

Chapter 7 summarizes the appended papers in this thesis and describes the 

contribution of the author in each paper. 

Chapter 8 concludes the results presented in this thesis and gives some suggestions 

for future work. 
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Chapter 2 Experimental Setup 

2.1 Introduction 

The experiment involving direct measurements of lightning current, electric fields, 

optical images, and lightning location system data were carried out in collaboration 

with Department of Austrian Lightning Detection and Information System (ALDIS), 

Austrian Electrotechnical Association. Since 1998, direct lightning strikes to a radio 

tower have been measured at Mount Gaisberg, next to the city of Salzburg in Austria. 

This 100-m tall tower is situated on the top of the Mount Gaisberg. The tower 

coordinates are   .     N and   .     E, and the mountain top is 1287 m above sea 

level, which is about 800 m above the surrounding terrain of the city of Salzburg, 

Austria. Figure 2.1 shows the schematic overview of lightning instrumentation 

installed at the GBT site. Note that as marked in the figure: (4) measurement of 

current in ground wire and (8) electric field mill are not employed in this thesis, but 

they have been used in Theethayi et al. [71] and Zhou et al. [6] in previous studies, 

respectively. More details about the lightning measurement program at the GBT and 

the deployed instrumentation can be found in the work of Diendorfer et al. [72]. In 

the following sections, the instrumentation used throughout this thesis will be 

described in more detail. 

 

Figure 2.1 Schematic overview of lightning instrumentation installed at the Gaisberg Tower 

site. Adapted from Diendorfer [70]. 
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2.2 Current Measurement System 

As shown in Figure 2.2, a current-viewing resistor (shunt) of  .   mΩ installed at the 

base of the air terminal is used to measure the lightning current waveforms on the 

100-m tall Gaisberg Tower (GBT). The shunt has a bandwidth of 0 Hz to 3.2 MHz. 

Two separate fiber optic links (Nicolet ISOBE 3000, DC-15 MHz) associated with 

different sensitivities (Channel 1: ±2 kA, and Channel 2: ±40 kA) are used to 

transmit the electrical signal from the shunt resistor to the measuring system in the 

nearby building. The sampling interval is 50 ns and the total record length is 800 ms 

with 15 ms pre-trigger time. The trigger threshold of the system is set at ±200 A with 

a lower measurement limit of ±17 A. A low-pass digital filter with an upper cut-off 

frequency of 250 kHz (Butterworth, 2
nd

 order) and appropriate offset correction is 

applied to the current records before the lightning parameters (peak current, charge 

transfer, action integral, etc.) are determined [72]. 

 

Figure 2.2 The 100-m tall Gaisberg Tower and the installed current-viewing resistor at 

tower top. Adapted from Diendorfer et al. [72]. 
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2.3 Electric Field Measurement System 

As seen in Figure 2.3, the electric field measurement system was installed on a 4-m 

high metal platform at a distance of 170 m from the GBT. Vertical electric field is 

measured with a flat plate antenna with an active integrator/amplifier. The electrical 

signal from the integrator output is sent to the 12-bit A/D digitizer via a fiber optic 

link (ISOBE 5000, DC-25 MHz). The field measurement system has a frequency 

bandwidth from 300 Hz to 1 MHz and a decay time constant of 0.5 ms. The sampling 

interval is 200 ns and the total record length of electric field waveforms is 5 s with 2 

s pre-trigger time. Throughout the thesis, the atmospheric electricity sign convection 

is used, to which a downward directed electric field vector is assumed to be positive 

(negative return strokes in downward cloud-to-ground lightning produce positive 

electric field changes). Note that the field enhancement of the elevated antenna has 

not been calibrated so far, hence the electric field values given in this thesis are 

probably higher than actual ones. 

 

Figure 2.3 The flat plate antenna installed at a distance of 170 m from the GBT. Adapted 

from Diendorfer [70]. 

2.4 High-speed Video Camera  

At the same platform of flat plate antenna shown in Figure 2.3, a Kodak Motion 

Corder Analyzer SR-1000
® 

high-speed digital video camera operating at 500 frames/s 
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(the exposure time is 2 ms for each frame, no dead time between consecutive frames) 

and spatial resolution of 512 × 240 pixels is used to record optical images of 

lightning strikes to the Gaisberg Tower. The camera is triggered simultaneously by 

the current measurement system described above and each high-speed video frame is 

GPS time-stamped over a time period of about 2 s.  

2.5 Lightning Location System 

Austrian Lightning Detection & Information System called ALDIS is composed of 

eight LS7000 sensors manufactured by Vaisala Inc.[73][74]. Figure 2.3 shows the 

locations of the eight LS7000 sensors in Austria. ALDIS is a part of EUCLID 

(EUropean Cooperation for LIghtning Detection) lightning detection network 

consisting of about 140 sensors all over the European area. A median lightning 

location accuracy better than 500 meters is obtained from this network configuration. 

In CIGRE Brochure 376 [75] a CG stroke detection efficiency of about 85% was 

estimated as a lower bound for the EUCLID network in this region. Detection 

Efficiency of cloud discharges has changed over the years and is assumed to be 

significantly lower and unknown during the period analyzed in this thesis. 

Information obtained from ALDIS includes the time, location, inferred peak current, 

stroke polarity, the number of strokes in the flash, the stroke number within the flash, 

and stroke type (cloud discharges or cloud-to-ground lightning). 

 

Fig. 2.4 Locations of eight LS7000 sensors of the Austrian Lightning Location System 

ALDIS. Adapted from http://www.aldis.at. 

http://www.aldis.at/
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Chapter 3 Upward Lightning Initiation from Tall Objects 

3.1 Introduction 

Investigation of the initiation of upward lightning discharges from tall objects has 

gained high interest during recent years as noted in subsection 1.2.1. Simultaneous 

lightning current waveforms, close electric field changes, and lightning location 

system data for a total of 205 upward flashes initiated from the GBT from 2005 to 

2009 were examined in detail in Paper I. Two types of upward lightning initiation 

are identified at the GBT, namely the self-initiated upward lightning that occurs 

without any nearby preceding discharge activity and the nearby-lightning-triggered 

upward lightning which occurs within 100 ms or so after a nearby lightning activity, 

presumably triggered by that nearby lightning activity were observed at the GBT. In 

this chapter, Section 3.2 summarizes the study of Paper I and shows some examples 

of the aforementioned types of upward lightning initiation. Section 3.3 discusses 

possible reasons producing upward lightning and compares results to those 

previously reported from Japan and USA. 

 

Figure 3.1 Classification of two different types (self-initiated and nearby-lightning-triggered) 

of upward initiated flashes to the GBT from 2005 to 2009. +CG denotes positive cloud-to-

ground lightning, -CG denotes negative cloud-to-ground lightning, and IC denotes cloud 

discharge. Adapted from Paper I. 



36 

3.2 Occurrence Characteristics of Self-Initiated and Nearby-

Lightning-Triggered Upward Lightning Flashes 

As shown in Figure 3.1, 205 upward initiated flashes recorded at the GBT from 2005 

to 2009 were classified into self-initiated and nearby-lightning-triggered types of 

upward flashes. As can be seen clearly in the figure, the self-initiated upward flashes 

are dominant (87% or 179/205), whereas nearby-lightning-triggered upward flashes 

only account for 13% (26/205) of the total 205 upward flashes. 

 

Figure 3.2 (a) Simultaneously measured current waveform (black line) and electric field 

change (red line) at 170 m from the tower of self-initiated upward positive flash GBT #707, 

displayed on a 25 ms time scale. (b) Expanded time scale waveforms during upward lightning 

inception. The vertical dashed line indicates the inception time of this upward flash. Note that 

the polarity reversal to positive electric field in (a) is instrumental artifact due to the saturation 

at 18.6 ms, continuation of negative electric field is expected. Adapted from Paper I. 

The 179 self-initiated upward flashes consist of 168 upward negative flashes, five 

upward positive flashes, and six upward bipolar flashes. Figure 3.2 shows an 
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example of self-initiated upward positive flash GBT #707 with simultaneously 

measured current waveform (black line) and electric field change (red line) observed 

at a distance of 170 m from the GBT base. The high frequency current pulse train 

superimposed on the slowly varying continuous current in Figure 3.2a is actually an 

upward negative leader process, which is evident in Figures 6.2 and 6.3 in Chapter 6. 

The black vertical dashed line in Figure 3.2b indicates the inception time of this 

upward flash. Prior to this upward lightning inception, no lightning was observed 

within 2 s of electric field change and detected within 5 s of ALDIS data. This is a 

typical characteristic of a self-initiated upward flash.  

The 26 nearby-lightning-triggered upward flashes consist of 15 positive cloud-to-

ground lightning (+CG-triggered) triggered upward negative flashes, one negative 

cloud-to-ground lightning (−CG-triggered) triggered upward positive flash, and ten 

cloud discharges (IC-triggered) triggered upward flashes. Out of ten IC-triggered 

upward flashes, eight are upward negative flashes, one is an upward positive flash, 

and one is an upward bipolar flash with a negative initial current polarity.  

Figure 3.3 shows one example of -CG-triggered upward positive flash GBT #482. A 

negative cloud-to-ground flash preceding the upward lightning inception time by an 

interval of 13.5 ms, was located by ALDIS only 1.2 km from the GBT. As shown in 

Figure 3.3b, preliminary breakdown pulse trains (PB) preceding the negative cloud-

to-ground return stroke (RS) and downward-going stepped field changes were 

observed. As inferred from current waveforms, an attempted upward negative leader 

(Attempted UNL) from the tower tip was triggered by the preceding lightning 

activity. As seen in Figure 3.3c, the inception (see the black arrow in Figure 3.3c) of 

upward positive flash GBT #482 started after 3.1 ms of the beginning of field change 

(see the red arrow in Figure 3.3c) caused by nearby lightning activity following 

negative return stroke. 

Figure 3.4 shows one example of IC-triggered upward positive flash GBT #540. As 

seen in Figure 3.4b, six nearly regular and unipolar electric field pulses with pulse 

interval of about 10 ms are observed, the corresponding peak fields are in the range 

of 3-5 kV/m. These electric field pulse could be K changes [13][14], but distorted 

into pulses due to relatively short decay time of 0.5 ms of the employed electric field 

measurement system. Similarly distorted K change pulses can be found in Figure 3 of 

Kitagawa and Brook [76], who had a decay time of 0.3 ms. The first and last K 
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change occurred at 48.1 ms and 2.2 ms, respectively, before the initiation of upward 

positive flash GBT #540.  

 

Figure 3.3 (a) Simultaneously measured current waveform (black line) and electric field 

change (red line) from associated nearby negative cloud-to-ground lightning preceding the 

initiation of the nearby-lightning-triggered (-CG-triggered) upward negative flash GBT #482 

with a time interval of 13.5 ms. (b) Expanded time scale waveforms during very close-range 

(1.2 km) negative lightning. Attempted upward negative leader (also shown with embedded 

plot), preliminary breakdown pulse trains, and return stroke are labeled as Attempted UNL, 

PB, and RS, respectively. (c) Expanded time scale waveforms during upward lightning 

inception. The red arrow indicates the field change caused by nearby lightning activity 

following previous negative cloud-to-ground lightning, and the black arrow indicates the 

instant of upward lightning initiation. The time interval of them is 3.1 ms. Note that the field 

decay after the RS onset is instrumental, so that the apparent gap between the RS and nearby 

lightning activity may be an artifact. Adapted from Paper I. 
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Figure 3.4  (a) Simultaneously measured current waveform (black line) and electric field 

change (red line) from associated nearby early stage of the cloud discharge and K changes 

(labeled as K) preceding the initiation of the nearby-lightning-triggered (IC-triggered) upward 

positive flash GBT #540. (b) Expanded time scale waveforms of six K changes prior to 

upward lightning inception. (c) Further expanded time scale waveforms during upward 

lightning inception. The first and last K change occurred at 48.1 ms and 2.2 ms before the 

initiation time, respectively. The red arrow indicates the start time of field changes caused by 

the last K change, and the black arrow indicates the instant of upward lightning initiation. 

Adapted from Paper I. 

3.3 Discussion 

In the previous subsection, analysis results about the upward lightning initiation at 

the GBT are presented. More detailed results can be obtained from subsections 3.2 

and 3.3 in Paper I. The majority (87%) of upward flashes to the GBT were the self-

initiated type, while as reported by Warner et al. [18] from observations of upward 

lightning initiated from ten tall towers in Rapid City of South Dakota in USA, the 

majority of upward flashes that occurred during summer seasons were nearby-
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lightning-triggered. The distinct difference between the occurrence percentage of 

self-initiated and nearby-lightning-triggered upward flashes in two places Austria and 

USA, respectively, attracts us to further analyze the background mechanism. In Table 

1 of Paper I, a detailed comparison of tower height above ground level (AGL), 

mountain height above mean sea level (MSL), mountain height above surrounding 

terrain, self-initiated to nearby-lightning-triggered ratio, and observation period for 

three different tower-initiated lightning experimental sites in Austria, Japan, and 

USA are presented.  

As seen in Table 1 of Paper I, the strong field enhancement due to the Gaisberg 

Mountain having about 800 m above the surrounding terrain of the city of Salzburg 

could facilitate the initiation of upward flashes from the GBT, whereas the windmill 

and its lightning protection tower in Japan and ten towers in Rapid City of USA may 

suffer much less from these field enhancements, since the hill close to the Sea of 

Japan and the Black Hills in Rapid City have a maximum height of 40 m and 225 m 

above the surrounding terrain, respectively. 

Additionally, the altitude of charge region could also affect the triggering mechanism. 

A relatively low altitude of charge region could be expected for upward lightning 

occurring during winter seasons at the windmill and its lightning protection tower in 

Japan and a relatively high altitude of charge region in case of upward lightning 

observed at ten towers in Rapid City, USA, during summer seasons could be possible.  

For upward lightning initiation at the GBT, 142 (79%) out of the 179 self-initiated 

upward flashes occurred during non-convective season (from September to March), 

and 22 (85%) out of the 26 nearby-lightning-triggered upward flashes occurred 

during convective season (from April to August), even though the remaining four 

nearby-lightning-triggered upward flashes also occurred in early September. The 

domination of self-initiated upward flashes (87%) at the GBT could be the result of 

the field enhancement due to the Gaisberg Mountain above 800 m of the surrounding 

terrain and relatively low altitude of charge region during non-convective season, 

while the observed high ratio (85%) of nearby-lightning-triggered upward lightning 

occurred during convective season from the GBT could be due to relatively high 

altitude of charge region. 
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3.4 Summary 

In this chapter, we examined simultaneously measured lightning current waveforms, 

close electric fields, and lightning location system data associated with the initiation 

of 205 upward flashes from the GBT during 2005-2009. The combination of the field 

enhancement due to the Gaisberg Mountain with its height being about 800 m higher 

than the surrounding terrain of the city of Salzburg and the relatively low altitude of 

charge region during non-convective season in Austria could be possible reasons for 

the dominating (87% or 179/205) occurrence of self-initiated upward flashes at the 

GBT. Self-initiated lightning at the GBT occurred predominantly (79% or 142/179) 

during non-convective season and most (85% or 22/26) of nearby-lightning-triggered 

discharges at the GBT occurred during convective season. This may also explain the 

significant differences of observed percentage of self-initiated and nearby-lightning-

triggered upward flashes in Japan [17] and in the USA [18] where upward lightning 

in Japan was observed during winter seasons and all lightning in the USA was 

observed explicitly during summer seasons. 
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Chapter 4 Mixed Mode of Charge Transfer to Ground in 

Upward Lightning 

4.1 Introduction 

The physical mechanisms of the so-called initial continuous current (ICC) pulses and 

M-components in upward lightning are still not clear, even though many efforts have 

been made during the past years as mentioned in subsection 1.2.2. In this chapter, we 

examine some synchronized current, close electric field, and available high-speed 

video camera images of ICC pulses and M-components at the GBT from 2005 to 

2009, trying to find the possible reasons of observed current waveforms associated 

with different risetimes for ICC pulses and M-components. Analysis results for ICC 

pulses that occurred during the initial stage of upward lightning have been presented 

in Paper II. This chapter is an extension of the work of Paper II, including 

examinations of M-components that occurred following return strokes in upward 

lightning. 

Perhaps for the first time, the mixed mode of charge transfer to ground is proposed to 

explain various kinds of current waveforms observed in tower-initiated lightning 

current records. 

The chapter is organized as follows. Section 4.2 presents classical three modes of 

charge transfer to ground illustrated by upward lightning observed at the GBT. 

Section 4.3 investigates the modes of charge transfer to ground for ICC pulses and 

M-components occurring in upward flash processes. Discussions on ICC pulses and 

M-components can be found in Section 4.4. Finally, Section 4.5 summarizes the 

results. 

4.2 Classical Three Modes of Charge Transfer to Ground 

In Figure 4.1, the continuing current and superimposed M-component following the 

only return stroke in upward negative flash GBT #488 that occurred at 02:17:06 

(UTC) on 8 September 2006, are used to illustrate the three modes of charge transfer 

to ground in upward lightning. As seen in Figure 4.1a, the continuing current lasts for 

40 ms and the M-component occurs at 1 ms after return stroke pulse.  
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Figure 4.1 Overall current record for the only return stroke followed by continuing current 

with one pronounced M-component in upward negative flash GBT #488, displayed on a 50-

ms time scale: (a) low-amplitude and (b) high-amplitude records. Note that the positive 

overshoot after the return stroke in (a) is an instrumental artifact, due to saturation at 2 kA, the 

same current waveform without either saturation or distortion can be seen in (b). 

Figure 4.2 shows synchronized current and electric field waveforms in the top panel 

and the corresponding high-speed video images in the bottom panel. The 

leader/return-stroke mode of charge transfer to ground can be identified from first 

two frames in the bottom panel of Figure 4.2 and time-expanded current and electric 

field waveforms in Figure 4.3a, the M-component mode of charge transfer to ground 

can be inferred to occur in the third frame (enhanced luminosity of lightning channel) 

in the bottom panel of Figure 4.2 and time-expanded current and electric field 

waveforms in Figure 4.3b, and the continuing current mode of charge transfer to 

ground can be seen in the fourth and following 17 frames (not shown) in the bottom 

panel of Figure 4.2. The 10-to-90% risetimes for the return stroke current pulse and  
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(1)                   (2)                     (3)                      (4) 

             

         No luminosity prior to RS        RS               M-component    Continuing current 

Figure 4.2 Illustration of leader/return-stroke (RS), M-component, and continuing current 

modes of charge transfer to ground in upward (tower-initiated) lightning. Top panel: 

simultaneously measured current waveform (black line) and electric field change (red line) at 

170 m from the tower showing the RS, M-component, and continuing current in upward 

negative flash GBT #488 on an overall 4-ms time scale. Current is also shown on a larger 

time scale in Figure 4.3. Bottom panel: the corresponding consecutive video images (each has 

an exposure time of 2 ms). We infer that the third frame contains the M-component, because 

it shows enhanced luminosity relative to either the preceding or following frame.  

>2.5 km 
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Figure 4.3 Simultaneously measured current waveform (black line) and electric field change 

(red line) at 170 m from the tower for (a) return-stroke and (b) M-component in upward 

negative flash GBT #488 shown on expanded time scales (200 and 500 µs, respectively). 

Black and red vertical dashed lines indicate the start time of return-stroke or M-component 

current pulse and negative electric field peak, respectively. These two lines almost coincide in 

(a) and are separated by about 25 µs in (b). 

M-component shown in Fig. 4.3 are 1.3 µs and 41 µs, respectively, and the 

corresponding pulse peaks (absolute values) are 13 kA and 2.5 kA, respectively. The 

magnitude of background continuing current of M-component is 630 A. 
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4.3 Modes of Charge Transfer to Ground for ICC Pulses and M-

components in Upward Lightning 

4.3.1 ICC Pulses 

As noted in subsection 1.2.2 in Chapter 1, the focus of this study is to shed additional 

light on the physical mechanism of ICC pulses in upward lightning. Figure 4.4 shows 

an example of the M-component-like mode of charge transfer to ground for an ICC 

pulse that occurred during the initial stage of upward negative flash GBT #627, 

recorded at 10:35:48 (UTC) on 1 March 2008. As can be seen in this figure, 

simultaneously measured current waveform (black line) and close-range electric field 

change (red line) exhibit features that are very similar to those of the M-component 

shown in Figure 4.3b. The 10-to-90% risetime of this ICC pulse is 120 µs, the 

amplitude of pulse peak is 1.8 kA, and the background magnitude of ICC prior to the 

onset of the ICC pulse is 65 A.  In the following, examples of ICC pulses exhibiting 

features different from those shown in Figure 4.4 will be presented. 

 

Figure 4.4 Same as Figure 4.3b, but for an ICC pulse that occurred during the initial stage of 

upward negative flash GBT #627, showing the M-component-like mode of charge transfer to 

ground. 
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Figure 4.5 Same as Figure 4.3b, but for an ICC pulse that occurred during the initial stage of 

upward negative flash GBT #561. Adapted from Paper II. 

Figure 4.5 shows an example of ICC pulse that occurred during the initial stage of 

upward negative flash GBT #561. The 10-to-90% current risetime has a value of 37 

µs, and the current pulse peak to be 2 kA. In contrast with Figure 4.4, there is an 

abrupt change of electric field and the start time of current change marked by the first 

vertical dashed line. Also, the current risetime is considerably shorter than for the 

event shown in Figure 4.4. Unfortunately, no optical data are available for the event 

shown in Figure 4.5. In order to further investigate the electric field feature seen in 

Figure 4.5 the dataset was searched for similar events along with high-speed video 

images and found the one presented next.  
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                                       Background ICC              ICC pulse 

Figure 4.6 An ICC pulse illustrating the mixed mode of charge transfer to ground in upward 

lightning. Top panel: simultaneously measured current waveform (black line) and electric 

field change (red line) at 170 m from the tower for an ICC pulse in upward negative flash 

GBT #682 shown on a 2-ms time scale. Black and red vertical dashed lines indicate the start 

time of current pulse and negative electric field peak, respectively. Bottom panel: the 

corresponding consecutive video frames (each has an exposure time of 2 ms). White inclined 

arrow in the upper part of the right frame indicates the re-illuminated branch, presumably 

responsible for the abrupt electric field change seen in the top panel. Branch 3 (bottom part of 

frame) was also re-illuminated. The dark gap was probably due to water drops on the glass in 

front of the camera lens. Adapted from Paper II. 

>2.5 km 
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Figure 4.6 shows current and electric field for an ICC pulse of an upward negative 

flash GBT #682 that occurred at 15:07:17 (UTC) on 20 July 2008 as well as the time-

correlated images from a high-speed video camera. The 10-to-90% risetime for the 

ICC pulse is 83 µs, and the pulse peak is 5.1 kA. The magnitude of the background 

ICC prior to the pulse is 81 A. It appears that the ICC pulse is associated with the 

descending leader retracing the previously luminous branch marked by white inclined 

arrow in the right video frame in Figure 4.6, which joins the already luminous 

channel (see the left video frame in Figure 4.6) attached to the top of the GBT. The 

corresponding electric field waveform shows an abrupt change and the current shows 

the starting of current pulse. This new branch appears to be responsible for the ICC 

pulse and near electric field shown in the top panel of Figure 4.6. This kind of ICC 

pulses can be explained as due to a leader/return-stroke mode of charge transfer to 

ground retracing the previously luminous but decayed channel or creating the newly 

illuminated branch, superimposed on an already luminous channel carrying 

continuous current. To describe this kind of charge transfer, a new term mixed mode 

of charge transfer to ground is introduced in this thesis. 

 

Figure 4.7 Same as Figure 4.3b, but for an ICC pulse that occurred during the initial stage of 

upward negative flash GBT #565, showing the mixed mode of charge transfer to ground 

(dominated by the leader/return-stroke mode). Adapted from Paper II. 
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Figure 4.7 shows one example of the mixed mode of charge transfer to ground that is 

dominated by the leader/return-stroke mode, so that the current pulses onset and 

electric field peak occur nearly at the same time, as in the case of leader/return stroke 

sequences. The values of 10-to-90% current risetime and current pulse peak are 3.5 

µs and 1.3 kA, respectively. The background ICC has a magnitude of 163 A. No 

optical records are available for this event.  

Figure 4.8 presents further evidence of the mixed mode of charge transfer to ground 

for ICC pulses during the initial stage of upward lightning. One can clearly see from 

the bottom panel of Figure 4.8, where a predominantly leader/return-stroke mode of 

charge transfer to ground superimposed on background continuous current occurs. 

The 10-to-90% current risetime and current pulse peak are 1.9 µs and 1 kA, 

respectively. The background ICC has a magnitude of 81 A. 
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                                    Background ICC                      ICC pulse 

Figure 4.8 Same as Figure 4.6, but for an ICC pulse that occurred during the initial stage of 

upward negative flash GBT #733, further illustrating the mixed mode of charge transfer to 

ground (dominated by the leader/return-stroke mode). The downward leader propagated along 

the branch 1, and branches 2, 3, and 4 were probably newly created during return stroke 

process. 

>2.5 km 
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4.3.2 M-components 

In this subsection, similar analysis for M-components occurring during continuing 

current stage after return-stroke process in upward lightning is performed to learn 

more on their physical mechanism and to identify their differences (if any) from 

similar processes in rocket-triggered lightning and natural cloud-to-ground lightning.  

Figure 4.9 shows the overall current records of the 10
th
 (last) return stroke and its 

following continuing current of  23 ms duration with 7 superimposed M-components 

(M1 to M7) in upward negative flash GBT #621. The return stroke has a current peak 

of 6.2 kA and a 10-90% risetime of 1.5 µs. The corresponding values for the 7 M-

components are in the range of 0.1 kA to 2.4 kA and 1.5 µs to 942 µs, respectively. 

The magnitude of background continuing current prior to the 7 M-components varies 

from 40 A to 310 A. 

 

Figure 4.9 Same as Figure 4.1, but for the 10
th

 (last) return stroke (RS) and its following 

continuing current and seven M-components (M1 to M7) in upward negative flash GBT #621, 

displayed on 30-ms time scales: (a) low-amplitude and (b) high-amplitude records. 
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Figure 4.10 shows the simultaneous time-expanded current and electric field 

waveforms for two out of seven M-components M3 and M6 presented in Figure 4.9. 

As seen in Figure 4.10a, the waveform characteristics of M3 (10-90% current 

risetime of 1.5 µs and pulse peak of 2.4 kA) are similar to those of ICC pulses shown 

in Figures 4.7 and 4.8 and inferred to be demonstrating the mixed mode of charge 

transfer to ground dominated by the leader/return-stroke mode. In contrast, Figure 

10b shows waveform characteristics with a 10-90% current risetime of 120 µs and 

pulse peak of 1 kA, which are similar to those of the ICC pulse shown in Figure 4.4 

and inferred to exhibit the M-component-like mode of charge transfer to ground. 

Figure 4.11 shows M-component waveform characteristics similar to those of ICC 

pulses presented in Figures 4.5 and 4.6 and inferred to illustrate the mixed mode of 

charge transfer to ground. The current pulse onset (coincide with the abrupt change 

of electric field) and negative electric field peak marked by vertical dashed lines are 

separated by 8.6 µs. These features are possibly caused by the junction process when 

the approaching leader joined the already luminous channel, although no optical 

records for this event are available. 

 

Figure 4.10 Same as Figure 4.3b, but for M-components (a) M3 and (b) M6 presented in 

Figure 4.9, shown on a 1-ms time scale, to illustrate (a) the mixed mode of charge transfer to 

ground dominated by the leader/return-stroke mode and (b) M-component-like mode of 

charge transfer to ground. 
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Figure 4.11 Same as Figure 4.3b, but for the 3
rd

 M-component following the 10
th

 return-

stroke in upward negative flash GBT #561, showing the mixed mode of charge transfer to 

ground. 

 

Figure 4.12 Same as Figure 4.1, but for the 3
rd

 return stroke and its following continuing 

current with 18 superimposed M-components in upward negative flash GBT #630, displayed 

on a 200-ms time scale. Note that four M-components (M1 to M3, M5) are not labeled due to 

the limited resolution of current waveform shown here. The positive current overshoot 

between M8 and M9 in (a) is instrumental, due to saturation at 2 kA, the same current 

waveform without either saturation or distortion can be seen in (b).  
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Figure 4.12 shows current records for the 3
rd

 return stroke and its following 

continuing current of 153 ms duration with 18 M-components in upward negative 

flash GBT #630. Figure 4.13 shows the simultaneous time-expanded current and 

electric field waveforms for four largest amplitude M-components (M6, M8, M12, 

and M14), whose 10-to-90% current risetimes are 1.5 µs, 1.8 µs, 2 µs, and 2.2 µs, 

respectively. The corresponding peak current values are 4.8 kA, 13.1 kA, 10.1 kA, 

and 6.7 kA. The background continuing current values are 925 A (M6) and 310 A 

(M8, M12, and M14). The waveforms shown in Figure 4.13 are interpreted as 

indicative of the mixed mode of charge transfer to ground dominated by the 

leader/return-stroke mode. 

 

Figure 4.13 Same as Figure 4.3b, but for four M-components, (a) M6, (b) M8, (c) M12, and 

(d) M14, out of 18 presented in Figure 4.12, displayed on a 1-ms time scale, all showing the 

mixed mode of charge transfer to ground dominated by the leader/return-stroke mode of 

charge transfer to ground. 
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4.4 Discussion 

In rocket-triggered lightning in Florida and China the initial stage of the flash is 

usually associated with a single channel without branching below cloud-base. ICC 

pulses with a single active channel are associated with M-component mode of charge 

transfer to ground, and the leader-return stroke sequence in a new (or decayed) 

channel connecting to the channel with continuous current is rare. Therefore, most of 

the ICC pulses are expected to follow the classical M-component mode of charge 

transfer with a current wave travelling down the channel from cloud to the ground 

and a reflected wave from the ground [20]. The classical M-components occurring 

during the continuing current phase following the return stroke process have a more 

or less symmetrical waveshape and durations of the order of a couple of milliseconds 

and peak values of the order of a couple of hundreds amperes [25]. The analyses of 

ICC pulses in rocket-triggered lightning performed by Wang et al. [24] and Qie et al. 

[29] have shown that the characteristics of ICC pulses are similar to those of M-

components, supporting the hypothesis that ICC pulses and M-components are 

similar lightning processes and both are manifestations of the M-component mode of 

charge transfer to ground.  

However, in tower-initiated (upward) lightning, fromation of multiple upward 

branches during the ICC phase is very common. From video observations it looks 

like that a downward leader travels along an extinct (decayed) branch or creates a 

new channel and gets connected to the active channel carrying continuous current. 

The attachment of the descending leader to the grounded channel creates a bi-

directional return stroke from the junction point, with one wave travelling towards 

the cloud along the channel traversed by the leader and the other wave travelling 

downward to ground (along the common portion of the channel connected to the 

tower) to get reflected from ground. This process creates a current pulse at the tower 

top whose characteristics are intermediate between the typical ranges of classical 

subsequent return-strokes and classical M-components. This is the reason why Miki 

et al. [26] found that the ICC pulses in object-initiated lightning exhibited larger 

peaks, shorter risetimes, and shorter half-peak widths than those in rocket-triggered 

lightning, as mentioned earlier. Typical risetimes of ICC pulses associated with 

leader-return stroke process in a branch connecting to the channel carrying 

continuous current are in the range of a few microseconds (see Figures 4.7 and 4.8) 

to several tens of microseconds (see Figures 4.5 and 4.6) and peak amplitudes are in 

the range of several hundreds of amperes to a few kilo-amperes. In order to 
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distinguish this type of ICC pulses in tower-initiated lightning from those usually 

associated with the M-component mode of charge transfer to ground in rocket-

triggered lightning, the former is called mixed mode ICC pulses in this thesis. This 

means that the ICC pulse is produced by the leader/return-stroke mode of charge 

transfer to ground in a new or decayed branch that gets connected to the active 

channel, carrying continuous current during the initial stage of upward lightning. In 

the common portion of the channel, attached to the tower top, the downward-moving 

wave is similar to the incident wave of the classical M-component, except for that the 

length of the common portion (typically tens of meters) being not long enough for the 

formation of a true M-component wave. 

Two types of ICC pulses with relatively short (<8 µs) and relatively long (>8 µs) 

risetimes examined by Flache et al. [28] and attributed by them to the leader/return 

stroke and M-component modes of charge transfer to ground, respectively, probably 

could be explained within the frame of mixed mode of charge transfer to ground. 

Winn et al. [30], based on high-speed video observations of triggered lightning in 

New Mexico (about 3 km above sea level) with a heavily upward branched channel, 

stated that there exists only one mode of charge transfer to ground for ICC pulses, 

which is “the merger of a dart leader on a relatively dark branch into an illuminated 

branch”. This statement and similar observations reported for tower-initiated 

lightning by Mazur and Ruhnke [77] are consistent with the mixed mode of charge 

transfer to ground proposed in Paper II and elaborated here. The M-component 

mode of charge transfer to ground for ICC pulses observed in natural upward-

initiated lightning [27][28] and rocket-triggered lightning [24][29], can be viewed as 

a special case of the mixed mode when the junction point is high above (a kilometer 

or more) from the conducting channel base (current measurement point). The 

distance between the junction point and luminous channel base in excess of a 

kilometer or so is sufficient for the formation of M-component-type incident wave, 

whose spatial wavefront length was estimated by Rakov et al. [19] to be of the order 

of a kilometer (comparable to the distance between the cloud base and ground). 

According to Yoshida et al. [31], ICC pulses during the initial stage of rocket-

triggered lightning can be excited inside the cloud either by recoil leaders (also 

reported by Shao et al. [78]) or via the interception of separate in-cloud (stepped) 

leaders by a grounded, current-carrying channel. If the ICC pulse (or M-component) 

is excited at a relatively short distance (typically less than 100 m) from the current-

carrying channel base, the classical M-component mode is not possible. It is likely 

that the formation of long-front incident M-wave is a result of dispersion due to 
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propagation along a relatively-long, lossy channel. In the limit, when the junction 

point is very close to the channel base, the predominantly leader/return stroke mode 

takes place. 

It is worth mentioning here that the attachment process can produce different kinds of 

electric field waveforms as shown in Figures 4.4-4.8. An abrupt change of electric 

field waveform for some events (e.g., Figures 4.5 and 4.6) can be due to a connecting 

leader from the grounded channel or acceleration of the descending leader as it 

approaches the grounded channel. For other events (e.g., Figure 4.4) no such abrupt 

field change is seen. Different field signatures could be also related to the 

conductivity of newly illuminated channel and already luminous channel, as noted in 

Winn et al. [30]. It is important to note that the return-stroke process in the mixed 

mode can originate either from the junction point or from the tower top, depending 

on the conductivity (current magnitude) of the grounded channel [79]. In the latter 

case, it becomes indistinguishable from the leader/return stroke mode. 

Characteristics of M-components were found occurring during the continuing current 

stage following some return-stroke processes in upward lightning to be similar to 

those of ICC pulses during the initial stage. In previous studies [27], current 

waveforms of M-components with shorter risetimes (e.g., <2 µs) in upward lightning 

initiated from tall structures were found to be similar to the current waveforms of 

return strokes. Flache et al. [28] inferred that M-components with current risetimes 

less than 8 µs in upward lightning are associated with the leader/return-stroke mode 

of charge transfer to ground The results presented in subsection 4.3.2 have shown 

that in general M-components can be viewed as resulting from the mixed mode of 

charge transfer to ground. 

4.5 Summary 

In this chapter, simultaneously measured current waveforms, close electric field 

changes, and avialabe high-speed video images associated with ICC pulses 

superimposed on the initial continuous current and M-components following return 

strokes in upward flashes initiated from the GBT during 2005-2009 were examined. 

For ICC pulses that occurred during the initial stage of upward lightning, we note 

that in tower-initiated lightning, upward leaders exhibiting multiple branches are very 

common. So a so-called mixed mode of charge transfer to ground is proposed in this 

thesis, which involves a leader/return-stroke process occurs in a new or decayed 

channel that is connected to the already luminous channel carrying continuous 
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current. The connection point could be some tens to a few hundreds of meters 

distance from  the tower top. It is inferred that ICC pulses exhibiting shorter risetimes, 

larger peaks, and shorter half-peak widths than “classical” M-components, as 

reported by Miki et al. [26] from upward lightning initiated from tall objects, are due 

to the mixed mode of charge transfer to ground. Note that the mixed mode of charge 

transfer to ground would reduce to be leader/return-stroke mode and classical M-

component mode, if the connection point were a few meters and a kilometre or more 

of the tower top, respectively. While for ICC pulses in rocket-triggered lightning (at 

least in Florida and China), they are usually associated with M-component mode of 

charge transfer to ground [24][29], since only one channel is typically active below 

the cloud base. The mixed mode of charge transfer to ground is also applicable to M-

components following return strokes in upward lightning. 
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Chapter 5 Charge Distribution along the Tall Object and the 

Lightning Channel when Lightning Strikes a Tall Object 

5.1 Introduction 

As noted in subsection 1.2.3 in Chapter 1, engineering models which were initially 

developed to modeling the return stroke process initiated from the ground have been 

extended to take into account the presence of tall strike object when lightning strikes 

a tall object. Three source models have been proposed, namely, parallel current 

source model [42], lumped voltage source model [43], and series point current source 

model [44]. In Paper III, charge distribution during a return stroke along the tower 

and the lightning channel and close-range electric fields are presented. In this chapter, 

we extend the work of Paper III, elaborating the procedures of derivation and 

electric field calculation. In Section 5.2, we will use the series point current source 

model to derive charge density expressions along the tall object and the lightning 

channel. Section 5.3 gives the validation of above charge density expressions, by 

employing the monopole (Continuity Equation) technique in terms of the retarded 

current and charge density and the traditional dipole (Lorentz Condition) technique in 

terms of the retarded current. Section 5.4 shows the charge density distribution versus 

height along the tower and the lightning channel, alternative explanations are given 

for the inversion of polarity of the vertical electric field at very close distance from 

the tower base when the tower is struck by lightning. Section 5.5 concludes the 

results and discusses the inference from the charge density distribution on the tall 

object and the lightning channel associated with lightning strikes to the tall object. 

5.2 Derivation of the Charge Density Distribution along the Tall 

Object and the Lightning Channel  

For convenience, we reproduce the current equations (1.10) and (1.11) along the tall 

object and the lightning channel here.  

The distribution of current at any height 'z along the tall object as a function of time 

is expressed as 
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for 0 'z h   (along the strike object)                                                                    (5.1) 
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And by dropping the Heaviside function
'

( )
z h

u t
v


 , the distribution of current at 

any height 'z in the lightning channel is expressed as 
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for 'z h (along the lightning channel)                                                                   (5.2) 

where h  is the height of the tall object, c  is the speed of light for waves propagating 

along the strike object, and v  is the speed of upward waves propagating in the 

lightning channel. 

As shown in Appendix A, if we utilize the continuity equation below  
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and drop the term  'R z c , we can derive the distribution of charge density at any 

height z´ along the strike object as 
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for 0 'z h   (along the strike object)                                                                    (5.4) 

And the distribution of charge density at any height z´ in the lightning channel is 

given by: 
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for 'z h (along the lightning channel)                                                                   (5.5) 
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where 
t  and g  are the current reflection coefficients at the tall object top and base 

for upward and downward propagating waves as defined in equations (1.5) and (1.6), 

respectively. 

5.3 Validation for Charge Density Expressions 

In order to validate the charge density expressions derived above, we calculate the 

vertical electric fields associated with lightning strikes to a tall object at very close 

range, employing the traditional dipole (Lorentz Condition, LC) technique derived by 

Uman et al. [80] in which all source terms in the electric field expression are in terms 

of current, and comparing it with the electric fields calculated using the monopole 

technique of Thottappillil and Rakov [47] in which electric field expressions are in 

terms of both charge density and current. In the dipole technique, vertical electric 

field at ground level for a return stroke initiated from ground is shown in equation 

(1.13), which is reproduced below for convenience. 
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                                             (5.6) 

Expression (5.6) can be adapted to calculate electric fields from lightning strike to 

tall towers. The detailed field calculation consists of two parts. For 0 'z h  , 

substitute (5.1) into (5.6) and the upper limit of integration '( )L t h  ; for 'z h , 

substitute (5.2) into (5.6) and the lower limit of integration is h.  In the following 

calculations, since the transmission line (TL) model is applied to the lightning 

channel, there is no current discontinuity at the return stroke wave front, therefore the 

last term in equation (5.6) is zero. 

Adapting the monopole (Continuity Equation, CE) technique used by Thottappillil 

and Rakov [47] to calculate electric field for return stroke process in the presence of 

tall object when the bi-directional return stroke process is initiated from the strike 
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object top (upward connecting leader is not considered) is more complicated. As 

given in equation (20) by Thottappillil and Rakov [81], the general expression of 

electric field at a field point from an extending return stroke, without including the 

effect of ground and in a spherical coordinate system with channel-base as origin and 

return stroke along the z-axis is reproduced below. 
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Where ( / )Q t r c  is given by  
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For the return stroke process initiated from the ground level, as noted in Figure 5.1, 

the last two terms will vanish due to the contribution of point positive charge source 

and its image to the electric field is adding up to zero. The vertical electric field 

expression with perfect ground included, derived by Thottappillil and Rakov [47], 

and shown in equation (1.15), is given below for convenience.   
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                                                                 (5.9) 

 

Figure 5.1 Schematic diagram showing the contribution of point positive charge source and 

its image is zero for a field point at ground level when the return stroke process is initiated 

from the ground. 
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While for the return stroke process initiated from the tall object top, as seen in Figure 

5.2, both for the upward propagating return stroke wave in the lightning channel and 

for the downward propagating return stroke wave along the tall strike object, the 

contribution of point charge source and its image source will not cancel each other.  

So the last two terms in (5.7) will not vanish for each process.  

The vertical electric field expression at ground due to the transient process in the 

lightning channel is derived as: 
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Where 
2 2 1/2( ( ) / )Q t r h c   is given by  
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                                   (5.11) 

Substituting (5.2) and (5.5) into (5.10), the contribution from lightning channel to the 

vertical electric field at ground level is obtained. 

Similarly, the vertical electric field expression due to the transient process along the 

tall object is derived as: 
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                                                                 (5.12) 

Substituting (5.1) and (5.4) into (5.12), the contribution from tall object to the 

vertical electric field at ground level is obtained. 

Finally, the total field for the monopole technique can be applied to lightning strikes 

to a tall object is the sum of equations (5.10) and (5.12). Note that the sum of fields 

from the point charges at the bottom of the lightning channel (last two terms of 

equation (5.10)) and the top of the tall object (last two terms of equation (5.12)) is 

zero. 

Additionally, since the TL model is used, there is no current or charge discontinuity 

at the return stroke wave front in the lightning channel, the fourth and fifth terms in 

equations (5.10) and (5.12) are zero. 
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Figure 5.2 Schematic diagram showing the contribution of point charge source (either 

positive or negative source for the return stroke wave propagating in the lightning channel 

and along the tall object, respectively) and its image is not zero for a field point at ground 

level when the return stroke process is initiated from the top of the tall strike object, even 

though the total contribution from the co-located charges is zero. 

 

Figure 5.3 Geometry of the problem in calculating vertical electric fields presented in 

Figures 5.4-5.6. 
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Figure 5.4 shows the total vertical electric fields and their field components 

calculated at a distance of 10 m from a 168-m tall tower, corresponding to the 

Peissenberg Tower in Germany, with reflection coefficients of t equal to -0.53 and 

g  equal to 0.7, respectively. The velocity v is set at 1.2×10
8
 m/s. The injected source 

current is the same as used in Mosaddeghi et al. [50].  

We can clearly see that the total fields (EZ_LC and EZ_CE) are identical to each other, 

while the contributions of the individual field components to the total field are 

different in the two approaches. In the dipole technique, the electrostatic field 

component EQLC and induction field component EILC make an opposite contribution 

to the total field EZ_LC, even though the electrostatic field component EQLC exhibits a 

negative excursion at the early times (not distinguishable). However, in the monopole 

technique, these two field components (EQCE and EICE) make the same negative 

contribution to the total field EZ_CE at the beginning of the field waveform. In both 

approaches, the radiation field component (ERLC and ERCE) makes a positive 

contribution to their total fields. 

 

Figure 5.4 Comparison of the total vertical electric field and its components at a distance of 

10 m from a 168-m tall tower calculated from the dipole (LC) and monopole (CE) techniques. 

The labels EZ, EQ, EI, and ER indicate the total vertical electric field, electrostatic, induction, 

and radiation field components. t  = -0.53 and g  = 0.7. Adapted from Paper III. 
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Figure 5.5 Same as Figure 5.4, but for r=30 m. Adapted from Paper III. 

Figure 5.5 shows similar results at a distance of 30 m from the tower base and the 

total fields (EZ_LC and EZ_CE) exhibit a positive polarity, even though their field 

components are quite different. 

We have known that individual field components are not unique when lightning 

strikes to ground as shown in Figures 1.18-1.20 in subsection 1.2.3.2. As shown in 

Figures 5.4-5.5, they are also not unique when lightning strikes a tall tower. If we try 

to explain the inversion of polarity of the electric field at very close range from 

lightning striking a tower, it would be not enough or appropriate to do this solely 

based on contributions of components in the field expressions to the total field (the 

traditional dipole technique or the monopole technique).  

Similar to Figure 5.4, the results from the two different calculation methods are 

shown in Figure 5.6 for a different ground reflection coefficient g  being 1 (perfect 

grounding). Note that the polarity of total electric fields has also changed from 

negative (see Figure 5.4) to positive (see Figure 5.6). In Section 5.4, we will give 

some further explanations for this kind of polarity change phenomenon. 
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Figure 5.6 Same as Figure 5.4, but for g 1  . Adapted from Paper III. 

5.4 Distribution of Charge Density versus Height along the Tall 

Object and Lightning Channel 

In the literature, little or no attention is paid to the charge distribution along the strike 

object and the lightning channel when a tall grounded object is struck by lightning. 

Charge distribution is used to give an alternate explanation for the electric field 

reversal at ground level when one approaches close to the tower. Current distribution 

along the strike object and along the lightning channel has been reported by 

Diendorfer and Uman [40] and Pavanello et al. [82]. All the charges we are talking 

about here are inferred from continuity equation during the return stroke which is a 

result of the return stroke process, that is, we do not consider any additional charge 

on the tower structure induced by the charged cloud above the tower or deposited 

along the descending leader. 

In this thesis we present for the first time the calculated distribution of charge density 

along the tower and lightning channel at different instants of time. Figure 5.7 shows 

the results for time ranging from 0.1 to 1.5 µs with t 0.53    and g 0.7  .  
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Figure 5.7 Distribution of charge density versus height along the tower (blue lines) and 

lightning channel (magenta lines) at eight instants of time, t= . ,  . ,…, .  µs. The horizontal 

red line indicates the top of 168-m tall tower. t 0.53   and g 0.7  . Return stroke 

speed v in the lightning channel is 1.2×10
8
 m/s. Adapted from Paper III. 

Interestingly, the charge density shows a pronounced discontinuity at the tower top, 

since negative and positive charge density waves are assumed to propagate with 

different speeds in opposite directions, the former along the tower, while the latter 

along the lightning channel. Note that the current distribution does not show any 

discontinuity at the tower top [40][82]. Before the reflected wave from ground 

reaches the tower top, the charge magnitude at tower top in the lightning channel and 

that in the tower has the ratio v/c. As can be seen in Figure 5.7, initially, below the 

tower top, the negative charge density wave propagates downward along the tower 

(see the profile of charge density at 0.1 µs, 0.3 µs, and 0.5 µs), this incident charge 

density wave gets reflected and partially canceled by the reflected charge density 

wave (see the profile of charge density at 0.7 µs, 0.9 µs, and 1.1 µs). As the reflected 
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charge density wave arrives at the tower top, part of the wave gets reflected (see the 

profile of charge density at 1.3 µs and 1.5 µs at the tower side), and part of the wave 

transmits into the lightning channel (see the superimposed profile of charge density at 

1.3 µs and 1.5 µs at the lightning channel side). While, above the tower top, the 

positive charge density wave propagates along the lightning channel (see the profile 

of charge density from 0.1 µs to 1.5 µs). 

Considering the inversion of polarity of the total vertical electric field EZ at very 

close range within the height of the tower, we note that the polarity of electric field 

changes from negative to positive as shown in Figures 5.4 and 5.5 when the distance 

changes from 10 m to 30 m. This kind of polarity change within the height of tower 

is mainly due to the change of contribution for distribution of charge density along 

the tower to the total electric field as distance changes, compared to the contribution 

of distribution of positive charge along the lightning channel (slightly changed) to the 

total electric field. As seen in Figure 5.7, the tower base has negative deposited 

charge, since the incident negative charge is only partially neutralized by the 

reflected positive charge. At very close distance of 10 m, the electric field is highly 

affected by the distribution of charge density along the lower part of the tower. As 

the distance increases to 30 m, the distribution of charge density along the upper part 

of the tower will contribute more significantly to the electric field and thus affects the 

polarity of electric field at very close range. 

Figure 5.8 shows the distribution of charge density versus height when the ground 

reflection coefficient g  is set equal to 1. Compared with Figure 5.7, we can see that 

the profile of charge density along the tower has significantly changed. At tower base, 

there is no deposited charge at all; the incident negative charge has been completely 

neutralized by the reflected positive charge, which affects the polarity of electric field 

at 10 m as shown in Figure 5.6. 

Figure 5.9 shows the change of distribution of charge density along the lightning 

channel when the propagation speed in the lightning channel increases from v to c. 

The initial peak of charge density wave decreases by a factor of v/c, and compared to 

Figure 5.7, we note that the distribution of charge along the tower is not changed. 

The distribution of charge density along the lightning channel is also affected by the 

used return-stroke model. Transmission line model is used in this thesis as it well 

represents the current and associated fields for the very first microseconds [34].  



74 

 

Figure 5.8 Same as Figure 5.7, but for g 1  . Note that the net charge at ground level 

( ' 0z  ) is zero. Adapted from Paper III. 

 

Figure 5.9 Same as Figure 5.7, but for v c . Adapted from Paper III. 
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5.5 Summary and Discussion 

In this chapter, we have derived expressions to calculate the charge density along a 

tall object and the lightning channel based on the current distribution along the strike 

object and lightning channel obtained from a series point current source model and 

the continuity equation. The work presented here was stimulated by Mosaddeghi et al. 

[50], who first observed the phenomenon of the inversion of polarity of vertical 

electric field at very close range when lightning strikes a tall tower based on 

numerical simulations. However, as shown in Section 5.3, the total vertical electric 

field can be also calculated by employing the monopole technique with the use of 

charge density expressions derived above. The total field is exactly the same as that 

obtained by using the traditional dipole technique, but having totally different field 

components. So it would be not enough or appropriate to explain the polarity change 

solely based on contributions of components in the field expressions to the total field 

as given by Mosaddeghi et al. [50] in their first theoretical explanation. 

The second theoretical explanation in Mosaddeghi et al. [50] was based on the 

equation derived by Baba and Rakov [43], for the special case of return stroke speed 

in the lightning channel is equal to the speed of light and decoupling the total field 

into incident and reflected wave components. This explanation seems reasonable, but 

it is not so straightforward and general. As noted in Section 5.4, profiles of charge 

density along the tower is very sensitive to the reflection coefficient in the bottom of 

the tower, negative deposited charge disappears as the refection coefficient changes 

from 0.7 to 1, the corresponding total field polarity changes from negative to positive. 

Since the electric field at very close range is mostly affected by the distribution of 

charge density along the tower, the inversion of polarity of total field is not sensitive 

to the change of distribution of charge density along the lightning channel even 

though the return stroke speed affects it a lot. 
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Chapter 6 Characteristics of Upward Positive and Bipolar 

Lightning Flashes 

6.1 Introduction 

As mentioned in Rakov and Uman [1] and Rakov [66], positive and bipolar lightning 

discharges are less understood than negative lightning.  In this chapter, we examine 

the characteristics of upward positive and bipolar lightning recorded at the GBT 

during years 2000-2009. The study presented here is to gain additional knowledge of 

positive and bipolar lightning discharges. 

6.2 Occurrence Characteristics of Upward Positive and Bipolar 

Lightning 

6.2.1 Upward Positive Lightning 

The positive charge is lowered to ground in the upward positive lightning discharges 

as noted in subsection 1.2.4.1. At the GBT in Austria from 2000 to 2009, 26 (4%) 

upward positive flashes were observed out of the 652 flashes (one downward flash 

and 651 upward flashes) whose current waveforms were recorded. Interestingly, all 

the 26 upward positive flashes consist of initial stage only, that is, no leader-return-

stroke sequences followed. The positive flashes exhibiting millisecond-scale current 

waveforms observed at the GBT (see Figures 1 and 2 of Paper IV), are similar to 

that in Figure 1.21b as reported by Berger. Note that Berger [83] felt uncertainty to 

identify those positive flashes with large impulsive components as either downward 

or upward positive flashes, therefore the upward positive flash GBT #540 (see 

Figures 6.2a and 6.2b), exhibiting a large impulsive current pulse superimposed on 

the initial continuous current, will not be included in the statistical analysis in Section 

6.3. Six upward positive flashes observed at the Peissenberg tower in Germany were 

reported by Fuchs et al. [61] and 16 upward positive flashes observed at wind 

turbines in the coastal area of the Sea of Japan were presented by Miki et al. [64]. At 

the GBT, 19 (73%) out of the 26 flashes occurred during non-convective season 

(September to March), and this is consistent with the observation of a high 

percentage of positive lightning in winter thunderstorms in Japan. 

6.2.2 Upward Bipolar Lightning 

Bipolar lightning lowers both negative and positive charge to ground within the same 

flash as noted in subsection 1.2.4.2. In this chapter, we analyze current records for 21 

upward-initiated bipolar lightning flashes observed at the GBT in Austria during the 
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10-year observation period. Out of a total of 652 flashes recorded at the GBT from 

2000 to 2009, 21 upward-initiated lightning events were identified as upward bipolar 

flashes based on measured current waveforms. The upward bipolar lightning 

occurrence percentage is 3% (21/652), which is less than previous studies [1].  

Figure 6.1 shows that, in contrast to the overall lightning activity in Austria detected 

by the Austrian lightning location system (ALDIS), with its maximum (about 94% of 

total) during the convective season (it was defined from April to August by 

Diendorfer et al. [72]), only 31% of the 652 flashes to the Gaisberg tower occurred 

during the same time period and the maximum (69%) happened during the non-

convective season (September-March). As can be seen in Figure 6.1, thirteen (62%) 

of 21 bipolar flashes to the Gaisberg tower also occurred in non-convective season 

(September-March). 

Based on classifications given by Rakov and Uman [1], the 19 upward bipolar flashes 

are classified into three types and of two are not assigned to any of the three types. 

Thirteen (62%) of them belong to Type 1, namely polarity reversal during the initial 

stage (IS) current. It is interesting to note that for all Type 1 bipolar flashes examined 

in this study that reverse polarity during the IS have negative current polarity initially. 

Significant multiple reversals of polarity (5/13) occurred during the initial continuous 

current of Type 1 bipolar flashes, but never after IS. An example of this kind of 

bipolar events is shown in Figure 4 of Paper V. Five of the 21 upward bipolar 

flashes belong to Type 2, namely different polarities of the IS current and the 

following return strokes. One of the 21 upward bipolar flashes belonging to Type 3, 

namely return strokes of opposite polarity following the IS, was first reported by 

Schulz and Diendorfer [84].  

Sixteen (76%) of the 21 bipolar lightning current waveforms exhibit initial polarity 

reversal from negative to positive, and the other five (24%) have a polarity change 

from positive to negative. Interestingly, all 13 Type 1 bipolar flashes change polarity 

from negative to positive, however, in contrast to above trend, four of five Type 2 

flashes show a polarity change from positive to negative. 
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Figure 6.1 Percentage monthly lightning activity observed all over Austria detected by the 

Austrian Lightning Detection & Information System (ALDIS), lightning at the GBT, and 

bipolar flashes at the GBT from 2000 to 2009. Adapted from Paper V. 

 

Figure 6.2 (a) Overall current record for the flash GBT #540 with a large impulsive current 

pulse shown on the high amplitude scale, (b) expanded time scale shows the large impulsive 

current pulse, and (c) the high frequency current pulse train prior to the occurrence of the 

large impulsive current pulse expanded on a low amplitude scale. Adapted from Paper IV. 
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6.3 Statistical Analysis of Upward Positive and Bipolar Lightning 

Parameters of Interest 

6.3.1 Current Parameters for Upward Positive Lightning 

Figure 6.2 shows upward positive flash GBT #540 with a large impulsive current 

pulse superimposed on the initial continuous current saturated at 40 kA. As seen in 

Figures 6.2, prior to the appearance of the large impulsive current pulse, a high 

frequency current pulse train occurs (see Figure 6.2c), which is essentially an upward 

negative stepped leader process, as evident in Figure 6.3. This large impulsive 

current pulse is suspected to be produced by the upward negative leader connecting 

to the positively charged in-cloud channel, similar to the upward positive flash 

reported by Berger [83]. As seen in Figure 6.3, the leader steps have been involved 

during the front section of the initial continuous current.  

 

Figure 6.3 Simultaneous current and electric field waveforms measured at a distance of 170 

m from the GBT for the flash GBT #540 shown on a 1 ms time scale, illustrating the current 

pulses associated with high repetition characteristics superimposed on the initial portion of 

initial continuous current, are essentially upward negative stepped leader pulses. Adapted 

from Paper IV. 
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Figure 6.4 Cumulative frequency distributions of pulse peak current marked with squares 

and flash peak current marked with triangles (a), flash duration (b), charge transfer (c), and 

action integral (d) for upward positive flashes. The sample sizes (N) and median value 

(Median) are indicated in each subfigure. Adapted from Paper IV. 

Figure 6.4 shows the cumulative frequency distributions of peak current (Figure 6.4a), 

flash duration (Figure 6.4b), charge transfer (Figure 6.4c), and action integral (Figure 

6.4d) for 25 upward positive flashes measured at the GBT. As seen in Figure 6.4a, 

pulse peak current is shown with square symbol and flash peak current is shown with 

triangle symbol. Median values of 11 kA and 5.2 kA for pulse peak current and flash 

peak current were obtained, respectively. Note that Berger [58] did not report any 

high repetition rate current pulses superimposed on the initial continuous current, 

which are essentially upward negative stepped leader current pulses, as shown in 

Figures 6.2 and 6.3. The possible reason may be due to the limited bandwidth of 

current measurement instrumentation used by Berger [58]. Hence it seems reasonable 

to compare the flash peak current given by the peak value of the underlying slowly  
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Table 6.1 Comparison of lightning current parameters (median values) for upward positive 

flashes.  The sample size is given in the parenthesis. Adapted from Paper IV. 

varying current proposed in this study to Berger’s data. The 5.2 kA median value of 

the flash peak current determined at the GBT, is about three times larger than the 1.5 

kA median value for 132 upward positive flashes reported by Berger [58]. However, 

the 5.2 kA median value is comparable to the median value of 6.53 kA observed by 

Miki et al. [64] at Nikaho Kougen Wind Farm in Japan from 2005 to 2008.  

A median value of 82 ms was determined for the flash duration, which is comparable 

to 72 ms for 138 upward positive flashes without large impulsive components 

measured at Berger’s towers [58]. On the other hand, the 82 ms median value is two 

times larger than the 40 ms median value reported by Miki et al. [64].  

A median charge transfer of 58 C was obtained in the present data, which is 2.2 times 

and 1.9 times larger than the median value of 26 C and 30.2 C, for 137 upward 

positive flashes without large impulsive components measured at Berger’s towers [58] 

and for upward positive flashes initiated from wind turbines in Japan [64], 

respectively. Note that the maximum charge transfer for upward positive flashes 

observed at the GBT is 412 C. 
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A median action integral of 0.16×10
3
 A

2
s (equal to  . 6 kJ/Ω) was determined at the 

GBT. For upward positive lightning from Berger’s towers [58] and wind turbines in 

Japan [64] no corresponding action integral values are available for comparison. The 

value presented here is one order of magnitude smaller than the 9.6×10
3
 A

2
s (equal to 

9.6 kJ/Ω) obtained from upward negative flashes at the GBT [72]. 

6.3.2 Duration and Charge Transfer of Upward Bipolar Flashes 

Twenty one bipolar flashes have been analyzed in detail in this study, the geometric 

mean (GM) and arithmetic mean (AM) of the total absolute charge transfer is 99.5 C 

and 125 C, and the GM and AM of the total flash duration is 320 ms and 396 ms, 

respectively. The GM of the total absolute charge transfer for upward bipolar flashes 

observed from 2000 to 2007 is 93.6 C, which is about three times larger than the GM 

of 33 C for 457 upward negative flashes observed at the Gaisberg tower during the 

same period [72]. 

 

Table 6.2 Comparison of lightning current parameters for upward bipolar flashes measured 

at the Berger’s Tower and Gaisberg Tower. Note that Berger [58] derived the 90%, 50% and 

10% values from the log-normal fit lines, whereas for the present study those values are 

derived directly from the data distribution. Adapted from Paper V. 
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In Table 6.2, the maximum negative current, maximum positive current, negative 

charge, and positive charge of upward bipolar flashes at the Gaisberg Tower are 

compared with those measured at Berger’s Tower [58]. The median values of 

maximum negative and positive currents obtained from the Gaisberg Tower is 5.3 kA 

for both polarities, while the corresponding values at Berger’s tower are only  .   kA 

and 1.5 kA, respectively. Besides, the median values of negative and positive charges 

transferred are 38.5 C and 38.4 C at the Gaisberg Tower, which are much larger than 

the corresponding values of 12 C and 25 C obtained at Berger’s tower.  

6.4 Discussion 

In Section 3.5 of Paper V, simultaneous current and high-speed video records 

observations for only one upward bipolar lightning flash GBT #246 that occurred at 

16:53:42 (UTC) on 17 August 2001 were examined in detail. It shows that, within 

the field of view, the right branch lowers the positive charge to ground, then followed 

by a negative charge transfer to ground after the stop of luminosity for 142 ms, 

whereas the left and horizontal branches connected to the same main conducting 

channel always lower negative charge to ground.  

From this scenario, possibly sub-braches connected to the right branch and running 

into charge source regions of opposite polarity in the thundercloud are inferred to 

exist. This would allow the right branch to lower both positive and negative charges 

to ground. Without 3-D lightning mapping system or in situ balloon sounding, the 

detailed electric charge structure of thunderclouds preferential for the initiation of 

bipolar lightning at the GBT is still unknown, and may be not as simple as described 

in previous studies [85]. It seems that regions of opposite polarity charge could 

coexist close to each other at about the same height or at different heights, regardless 

of the polarity of the net charge of that charge layer [86].  

6.5 Summary 

On the basis of examining current waveforms measured at the GBT during a 10-year 

observation period, a total of 26 upward positive lightning flashes and 21 upward 

bipolar lightning flashes were identified. All the positive discharges showed an initial 

continuous current only, no followed by any leader-return-stroke sequences. The 

positive and bipolar lightning discharges only accounted for 4% and 3% of the total 

652 recorded flashes at the GBT during years 2000-2009, respectively. 
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Median values of flash peak current of 5.2 kA, flash duration of 82 ms, flash charge 

transfer of 58 C, and flash action integral of .16×10
3
 A

2
s for upward positive 

lightning were determined. Simultaneous current and close-range electric field 

measurements have revealed that high frequency current pulses appearing during the 

front section of the initial continuous current in all 26 upward positive flashes, are 

inferred to be associated with the stepping process of the upward propagating 

negative leader initiated from the tower top. 

In 21 upward bipolar flashes examined, thirteen (62%) of them occurred during non-

convective season (September-March) and thirteen (62%) of them belong to Type 1 

with polarity reversal during the IS current [1]. A majority (76% or 16/21) of upward 

bipolar flash current waveforms has a polarity change from negative to positive. The 

GM and AM of the total absolute charge transfer is 99.5 C and 125 C, while the GM 

and AM of the total flash duration is 320 ms and 396 ms, respectively. Based on 

simultaneous current and high-speed video measurements of one bipolar flash, within 

the field of view, several branches are involved in the transfer of positive and 

negative charges. The same channel can sometime contribute to positive and negative 

charge transfer with a no current period in between, as inferred from the cessation of 

luminosity. 
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Chapter 7 Summary of Papers 
Paper I investigated the electric field conditions associated with the initiation of 

upward lightning from the tall tower. It is found that the self-initiated upward 

lightning was dominant at the GBT. The possible reasons could be explained by a 

combination of the field enhancement due to the Gaisberg Mountain, which extents 

about 800 m above the surrounding terrain of the city of Salzburg and low altitude of 

charge region during non-convective season (September-March) in Austria. 

First author proposed the idea of this paper, did the data analysis, and wrote the first 

draft of this paper. The contribution was about 85%. 

Paper II examined the initial continuous current (ICC) pulses that occurred during 

the initial stage of upward initiated lightning. With the help of simultaneous current, 

electric field, and high-speed video observations, ICC pulses were found to involve 

the leader/return-stroke mode of charge transfer to ground in a new or decayed 

branch that connects to the conducting old channel carrying continuous current mode 

of charge transfer to ground. This kind of charge transfer was called mixed mode of 

charge transfer to ground. It revealed that the mixed mode of charge transfer to 

ground can well explain ICC pulses showing shorter risetimes, larger peaks, and 

shorter half-peak widths in tower-initiated lightning in previous studies. 

The idea came out from discussions between first author and third author. First 

author did the data analysis and wrote the first draft of this paper. The contribution 

was about 85%. 

Paper III derived charge density expressions along the tower and the lightning 

channel based on continuity equation used in the monopole technique and the series 

point current source representation of current distribution along the tower and the 

lightning channel. The charge density expressions were validated by comparing the 

resultant total vertical fields with those calculated from traditional dipole technique. 

Distribution of charge density versus height was presented and the implications of 

charge density distribution to the polarity inversion for the vertical electric field at 

very close range from the tower base were discussed. 

Second author proposed the idea. First author derived the equations, did the 

numerical calculation, and wrote the first draft of this paper. The contribution was 

about 85%. 
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Paper IV examined the upward positive lightning flashes initiated from the GBT 

during the 10-year observation period and it showed that a small number of 26 

flashes (4%) was found.  Nineteen out of the 26 flashes occurred during non-

convective season (September-March). Current parameters and upward negative 

leader characteristics were analyzed in detail and compared with previous studies. 

First author proposed the idea and did the data analysis and wrote the first draft of 

this paper. One part of the paper is an extension of the work of the second author. 

The contribution was about 75%. 

Paper V investigated the class of rarely occurring upward bipolar lightning flashes. 

A total of 21 flashes were examined in detail and classified into three types. From 

simultaneous current and high-speed video camera observations of one bipolar flash, 

it is inferred that sub-branches were likely connected to the one branch running into 

charge source regions of opposite polarity in the thundercloud, in order to access both 

positive and negative charges, and transferred them to ground along the main channel. 

First author proposed the idea of this paper, did the data analysis, and wrote the first 

draft of the paper. The contribution was about 85%. 
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Chapter 8 Conclusions and Recommendations for Future 

Work 
In this thesis, lightning interaction with tall objects is studied. 

After examining simultaneous lightning current, close electric fields, and lightning 

location system data associated with the initiation of upward lightning from the GBT 

from 2005 to 2009, it was found that a majority of upward lightning at the GBT is 

initiated without any nearby preceding discharge activity, contrary to previous 

observations at other places in the world. The field enhancement due to the mountain 

itself and the low altitude of charge region during non-convective season (September 

to March) in Austria could be possible reasons. Also these two criteria can be 

employed to judge if the tall grounded object will be exposed to downward lightning 

or upward lightning or both when it is located on a mountain top or on flat ground. 

The physical mechanisms of ICC pulses and M-components in upward initiated 

lightning were further investigated in this thesis, and a mixed mode of charge transfer 

to ground was proposed as a way to explain the observation of various risetimes of 

current waveforms for ICC pulses and M-components.  The mixed mode ICC pulses 

and M-components were suspected to be produced by a descending leader retracing 

the decayed branch or creating the newly illuminated branch that connects to the 

main channel carrying continuous (continuing) current, a bi-directional return stroke 

wave was initiated at the junction point or the tower top.  

To the best of our knowledge, for the first time, charge density expressions for the 

tall object and lightning channel were derived based on continuity equation and 

current expressions given by series point current source model representation of the 

tall object and lightning channel. The derived charge density distribution along the 

tall object and along the lightning channel has shed physical insight on the inversion 

of vertical electric field at ground level at very close range from tall object base as 

the object is struck by lightning.  

Characteristics of upward positive and bipolar lightning flashes from the GBT, which 

are less understood and relatively infrequent, observed at the GBT were also 

examined in detail. Occurrence characteristics of these two kinds of flashes and 

statistical analysis of current and charge parameters were presented and compared 

with previous studies in this thesis.  

Some ideas about the future work are listed below: 
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1) In order to understand how upward lightning is initiated, continuous 

observations of meteorological and synoptic conditions are very important. 

2) To understand better the physical mechanisms of ICC pulses and M-

components in upward initiated and rocket-triggered lightning, and also to 

better understand the rarely occurring upward positive and bipolar lightning, 

further investigations by employing simultaneous current, 3-D lightning 

mapping, and more advanced high-speed video camera observations are 

required. 

3) Numerical calculations presented in this thesis should be compared with 

measured electric and magnetic fields measured at various distances from the 

tower base. 

4) Of particular interest would be to estimate the influence of the tower on 

radiated electromagnetic fields at various elevation angles and to those fields 

reaching the ionosphere and influencing the production of transient luminous 

events in the Mesosphere. 
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Appendix A Derivation of Charge Density Expressions  
As shown in equation (5.1), the current expression at any height 'z along the tall 

object is expressed as 
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for 0 'z h   (along the strike object)                                                                   (A.1) 

Equation (A.1) can be expanded as follows 
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for 0 'z h   (along the strike object)                                                                   (A.2) 

Then continuity equation (5.3) by dropping  'R z c is applied to equation (A.2) 
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By using the identity via the chain rule, equation (A.3) can be written as 
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Intergating over the time on both sides of equation (A.4), we obtain 
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Rearranging equation (A.5), we get 
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Equation (A.6) is the charge density expression at any height 'z along the tall object. 
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In a similar manner, for the lightning channel, applying equation (5.3) to equation 

(5.2), we have 

   
'

0 0

0
2

', ',

' ' 2
( , ) ( , )

( (1 )
' '

' 4
( , )

(1 ) ...)
'

t g

t t g

z t i z t

t z

z h z h h
I h t I h t

v v c

z z

z h h
I h t

v c

z

 
 

 

 
    

     
 


  

     


                                                  (A.7) 

Using the identity, equation (A.7) can be written as, 
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Intergating over the time on both sides of equation (A.8), we obtain 
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Rearranging equation (A.9), we get 
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Equation (A.10) is the charge density expression at any height 'z along the lightning 

channel. 
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