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Abstract 
The work presented in this thesis aims at investigating the attachment of lightning flashes to wind 
turbines. Modern wind turbines are highly exposed to lightning strikes, due to the increase of their 
height and the rotation of the blades. Upward lightning is the dominant mechanism of lightning strikes 
to them. Therefore, this study evaluates the initiation of the initial upward leader discharge and the 
process of lightning attachment of dart leaders taking place prior to the first return stroke in upward 
flashes.  

This work extends the self-consistent leader inception and propagation model (SLIM) to evaluate the 
lightning attachment of dart and dart-stepped leaders to grounded objects. SLIM was originally 
proposed to evaluate the lightning attachment of stepped leaders. Unlike the well-studied lightning 
attachment of stepped leaders, upward connecting leaders initiated in response to dart and dart-stepped 
leaders develop under a significantly faster change of the ambient electric field. Additionally, these 
connecting leaders could develop in warm air pre-conditioned by the previous strokes in the same flash. 
An analytical expression to evaluate the charge required to thermalize the connecting leader per unit 
length is also developed in the extended model. This model is validated through the analysis of three 
attachment events recorded in rocket-triggered lightning experiments. Good agreement between the 
predicted properties of the upward leaders and the measurements has been found. The model is utilized 
to evaluate the different conditions where connecting leaders can develop prior to the return strokes in 
upward lightning.  

The extended model of SLIM is also applied to study the interception of lightning dart leaders by 
upward connecting leaders initiated from wind turbines. The evaluation considers the influence of the 
return stroke peak current, the blade rotation and wind on the attachment of lightning dart leaders to 
wind turbines. The probability of lightning strikes to the receptors along the blade and on the nacelle is 
calculated for upward lightning flashes. It is shown that the lightning attachment of dart leaders is a 
mechanism that can explain the lightning damages to the inboard region of the blades (more than 10 
meters from the tip) and the nacelle of wind turbines.  

Furthermore, the critical stabilization electric field required to initiate upward lightning from wind 
turbines is evaluated for both ‘self-initiated’ and ‘other-triggered’ upward flashes. The calculation 
shows that the stabilization electric field of an operating wind turbine periodically changes due to the 
rotation of its blades.  The initiation of upward lightning is greatly facilitated by the electric field change 
produced by nearby lightning events. However, the rate of rise of the electric field only has a weak 
impact on the stabilization electric field. The evaluation of the stabilization electric field provides 
essential information needed for the estimation of the incidence of upward lightning to wind turbines. 

Key words 
Wind turbines, upward lightning, lightning attachment of dart and dart-stepped leaders 
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Sammanfattning 
Denna avhandling behandlar anslutningen av blixtar (eng. attachment of lightning flashes) till 
vindkraftverk. Moderna vindkraftverk utsätts i allt större grad för blixtnedslag på grund av deras ökande 
konstruktionshöjd samt rotationen av rotorbladen. Uppåtriktade blixtar (eng. upward lightning) är den 
dominerande mekanismen vid blixtnedslag i vindkraftverk. Således fokuserar denna studie på att 
utvärdera initieringen av uppåtriktade ledarurladdningar (eng. upward leader discharge) och processen 
för blixtanslutning av pilurladdningar (eng. dart leaders), före den första huvudurladdningen (eng. 
return stroke), i uppåtriktade blixtar. 

Det presenterade arbetet expanderar den självkonsistenta modellen för initiering och utbredning av 
urladdningar (eng. leaders), SLIM, till att utvärdera blixtanslutningar av pil- och pilstegsurladdningar 
(eng. dart leaders & dart-stepped leaders) till jordade föremål. Ursprungligen föreslogs SLIM till att 
utvärdera blixtanslutningen av stegurladdningar. Till skillnad från den välstuderade blixtanslutningen av 
stegurladdningar, utvecklas uppåtriktade fångurladdningar (eng. connecting leaders), som initierats i 
respons till pil- och pilstegsurladdningar, under en betydligt snabbare förändring av det omgivande 
elektriska fältet. Dessutom kan dessa fångurladdningar utvecklas i varm luft med fysikaliska egenskaper 
influerade av tidigare urladdningar (eng. strokes) i samma blixt. Ett analytiskt uttryck för den laddning 
per längdenhet som krävs för att värma upp fångurladdningen har också utvecklats i den utökade 
modellen. Den utökade modellen har validerats genom att analysera tre dokumenterade fall av 
blixtanslutning från raketutlösta blixtexperiment. God överenstämmelse mellan de modellerade 
egenskaperna och de uppmätta resultaten för uppåtriktade urladdningar har påvisats. Modellen används 
för att utvärdera de olika förutsättningarna där fångurladdningar kan utvecklas före huvudurladdningar i 
uppåtriktade blixtar. 

Den utvidgade versionen av SLIM används också för att studera hur uppåtriktade fångurladdningar, 
initierade från vindkraftverk, stävjar pilurladdningar. Utvärderingen av anslutningen av pilurladdningar 
till vindkraftverk beaktar maxströmen hos huvudurladdningen, rotorbladens rotation och vinden. 
Sannolikheten för blixtnedslag i receptorerna längs rotorbladet och på höljet (eng. nacelle) beräknas för 
uppåtriktade blixtar. Det har visats att blixtanslutningen av pilurladdningar är en mekanism som orsakar 
skador på den inre regionen av rotorbladen (mer än 10 meter från spetsen) och på höljet hos 
vindkraftverk. 

Vidare har också det kritiska, stabiliserande elektriska fältet som krävs för att initiera uppåtriktade 
blixtar från vindkraftverk, för både självinitierade (eng. self-initiated) blixtar och blixtar utlösta av 
närliggande blixtar (eng. other-triggered), utvärderats. Beräkningar visar att det stabiliserande elektriska 
fältet för ett vindkraftverk i drift förändras periodiskt med rotorbladens rotation. Initieringen av 
uppåtriktade blixtar är i hög grad underlättad av det hastigt förändrande elektriska fältet från närliggande 
blixtar. Dock har ökningstakten av det elektriska fältet endast en svag inverkan på det stabiliserande 
elektriska fältet. Utvärderingen av det stabiliserande elektriska fältet tillhandahåller den väsentliga 
informationen som behövs för att uppskatta förekomsten av uppåtriktade blixtar från vindraftverk. 
 

Nyckelord 
Vindkraftverk, uppåtriktade blixtar, blixtanslutning av pil- och pilstegsurladdningar 
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Chapter 1 Introduction  
1.1 Cloud-to-ground lightning  
Cloud-to-ground lightning (CG) takes place when a conductive discharge channel is 
created between a thundercloud and the ground. According to the direction of the 
initial leader discharge in the attachment process and the polarity of the charge 
transferred from the thundercloud to the ground, CG lightning is mainly classified 
into four types: (a) downward negative lightning, (b) upward negative lightning, (c) 
downward positive lightning, as well as (d) upward positive lightning.  

 
Figure 1.1   Schematic of four types of CG lightning (adapted from [1]). 

Considering lightning strikes to flat terrain with moderate high objects (less than 
100 m), downward negative lightning (type (a) shown in Figure 1.1) accounts for 
90 percent or more of the global cloud-to-ground lightning [1, 2]. The remaining 10 
percent or less is generally attributed to positive downward lightning (type (c)). It is 
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generally thought that upward lightning (type (b) and type (d)) only occurs when 
objects higher than around 100 m are present [1]. The number of these upward 
lightning flashes increases with the height of the grounded object [3]. Regarding the 
polarity of upward lightning, early observations from Mount San Salvatore, 
Switzerland [4] showed that negative upward flashes are more common than positive 
ones. This higher proportion of lightning with negative polarity has also been 
observed on Gaisberg Tower in Austria (93.2%) [5] and tall towers in central US 
(80%) [6]. Although upward positive flashes frequently occur during winter in Japan, 
the negative flashes still account for 63.9% [7]. Thus, flashes with negative polarity 
are only considered in this thesis, since they are dominant in both upward and 
downward lightning.  

1.1.1 Attachment of downward lightning flashes to grounded objects 

In downward lightning, the electrical discharge begins with preliminary breakdown 
inside a thundercloud. Then, a downward leader initiates from the thundercloud base 
or occasionally from the side of the cloud and descends in a stepped manner, which 
is called lightning stepped leader [8, 9]. This leader descends towards the ground, 
with charges depositing in its channel. These charges rapidly enhance the ambient 
electric field at the ground level, as the downward leader approaches to the ground. 
Due to the enhancement of the ambient electric field, one or several upward 
connecting leaders are incepted at the tip of elevated objects, as it is shown in Figure 
1.2. Then, the upward connecting leader can propagate a length of several ten meters 
to several hundred meters or even longer, depending on the height of the grounded 
object. If one connecting leader successfully makes contact with the downward 
leader, the return stroke occurs. The return stroke effectively transfers negative 
charges to the ground, which is the brightest and the most noticeable discharge 
process in a flash. Thus, the lightning attachment process can be viewed as the 
transition from leader to return stroke [10]. 
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Figure 1.2   Still photograph of a lightning attachment event under downward 

lightning (adapted from [11])1. 
Generally, the downward flash consists of several return strokes. The process of 
lightning attachment has been observed prior to both the first [12-14] and the 
subsequent strokes [15, 16]. The downward discharge preceding a subsequent return 
stroke travels through the remnant channel pre-heated by the previous stroke in the 
same flash. This discharge, called the dart leader or dart-stepped leader [8], descends 
with a speed one or two orders of magnitude larger than that of the stepped leader [17, 
18]. It leads to a shorter duration of the process of attachment of a dart leader to 
objects on the ground. Besides, the rate of rise of the ambient electric field during the 
dart leader descent towards ground is much larger than that for downward stepped 
leaders. A dart or a dart-stepped leader can attach to either the same or a different 
lightning termination from a previous discharge in the same flash [19]. If an upward 
connecting leader in response to a dart leader is initiated from the same termination 
as in the previous stroke, it develops in warm air pre-heated by the previous 
discharges. This is different from the virgin air condition under which upward 
leaders propagate in response to stepped leaders.  

                                                      

1 Courtesy to Johnny Autery 
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1.1.2 Lightning attachment in upward flashes 

Upward lightning leaders are frequently observed to initiate first from the tip of 
grounded objects with height exceeding 100 m or with moderate height but on a 
mountain top [3]. Upward lightning flashes have been observed to initiate from tall 
towers in Europe e.g. [5, 20, 21], in United States [6, 22] as well as in west sea coast 
of Japan under the winter thundercloud [23, 24]. It is reported that wind turbines also 
trigger upward lightning flashes [23, 25, 26]. 

Upward lightning flashes are initiated due to the enhancement of the electric field 
produced by either thundercloud charge or nearby lightning discharges [5, 23]. In 
such a way, they are classified into two different types, namely ‘self-initiated’ and 
‘other-triggered’ upward flashes [23]. Self-initiated upward lightning takes place 
under the slow increasing electric field produced by the thundercloud charge without 
any lightning discharge events up to few minutes prior to it. On the contrary, the 
‘other-triggered’ upward lightning occurs under the fast electric field change caused 
by nearby lightning discharges, which takes place  several tens milliseconds before 
and within a distance of up to several tens of kilometres [27].  

An upward leader usually branches heavily as it ascends, as shown in Figure 1.3. It is 
followed by the initial continuous current (ICC) lasting for several tens to several 
hundreds of milliseconds [28] with an average amplitude of several hundred amperes. 
The upward leader and the initial continuous current (ICC) constitute the initial stage 
of upward lightning [1]. The initial stage can be followed by one or several dart 
leader-return stroke sequences [21] after a no-current interval with time span of 
several tens of milliseconds [1]. Lightning attachment of dart and dart-stepped 
leaders is also observed prior to return strokes in upward lightning flashes [29-32].  
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Figure 1.3   Photograph of upward lightning initiated from tall grounded objects with 

multiple terminations at the base of the thundercloud [22]2. 

1.2  Lightning strikes to wind turbines 
Wind power is an important resource of renewable energy. The global installed 
capacity of wind power is dramatically increasing from 17.4 GW in the year of 2000 
to 433 GW by the end of the 2015 [33]. The capacity and the dimensions of 
individual wind turbines utilized in wind farms also increased remarkably. For 
example, the largest wind turbine in the world by now has a rated capacity of 8 MW 
with a total height of 220 m and a rotor diameter of 164 m [34]. In order to maximize 
earnings, wind farms are usually built at locations with high wind, such as costal and 
offshore regions or in elevated sites like mountains ridges, where the incidence of 
lightning is high [2]. Thus, wind turbines are exposed to direct lightning strikes due 
to their height and location. They experience a significant amount of lightning strikes 
during their life-time, according to field studies [35, 36]. The rotor blades are the 
components most vulnerable to the damages caused by direct lightning strikes [36, 
37]. They have the highest frequency of damage, the highest repair cost due to the 
structural failure and the longest downtime [38, 39].  

                                                      

2  Reprinted from Atmospheric Research, Vol 117, Tom A. Warner, Observations of simultaneous upward 
lightning leaders from multiple tall structures, Pages 46-54, Copyright (2016), with permission from Elsevier 
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1.2.1 Upward lightning flashes initiated by wind turbines 

Upward lightning is considered to be the main mechanism of lightning damages to 
modern wind turbines (with tip heights above 100 m above sea or ground level) [25]. 
This is because the blade height of wind turbines is much larger than the 
surroundings. The incidence of upward lightning initiated from wind turbines 
significantly augments with the increase of the dimensions of both the height of the 
hub and the length of the blades [40]. Additionally, the rotation of blades has also 
been recently suggested to facilitate the initiation of upward lightning from wind 
turbines [23, 26]. Space charge produced by corona discharges is known to be 
generated by tall structures under thunderstorms [2]. The generated space charge 
layer shields the local electric field at the tip of the receptors and inhibits the 
initiation of streamers and leaders. Since lightning receptors in wind turbines move 
away from the corona space charge they generate due to the blade rotation, the 
distortion (screening effect) of the electric field due to space charge accumulation 
decreases. Thus, it is believed that upward lightning is easier to be triggered from 
operating wind turbines than from static objects [23, 26]. Furthermore, multiple 
upward leaders are observed to be simultaneously triggered from different wind 
turbines under the influence of thunderstorms [26, 41]. 

The ratio between the incidence of ‘self-initiated’ and ‘other-triggered’ upward 
lightning from tall grounded objects has been reported to vary from case to case. In 
some cases, the incidence of ‘other-triggered’ upward flashes is larger than for the 
‘self-initiated’ type as reported for a wind turbine and its lightning protection tower 
in winter in Japan [7, 23]. This observation suggests that the rapid rise of the ambient 
electric field produced by nearby lightning discharges can be more efficient in 
initiating upward lightning from tall objects. However, the critical electric field 
required for the initiation the upward flashes has not been quantitatively 
analysed [23]. The larger incidence of ‘other-triggered’ upward flashes was also 
observed from ten towers in central United States (83%) [6]. However, ‘self-initiated’ 
upward lightning (87%) has been observed to be dominant at the Gaisberg Tower 
(located on a tall mountain 800 m above of the surrounding terrain) [5]. Thus, the 
ratio between the incidence of ‘self-initiated’ and ‘other-triggered’ upward lightning 
probably depends on multiple factors, such as the height and geometry of the 
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grounded objects, the local lightning flash density as well as the electrical structure 
of the thundercloud [21, 42]. 

1.2.2 Lightning protection of wind turbine blades 

Generally, a lightning air termination system is installed on the blades of modern 
wind turbines. They are divided into different types: receptors or metal meshes on the 
side of blades as well as a metal conductor at the surface of the blades around both 
leading and trailing edges. For the blades with receptors as lightning air termination, 
receptor pairs are always installed at the tip of blades and additional receptors are 
also installed on the side with interspace ranging between 5 and 8 m for larger 
blades [2]. All receptors are connected to internal down-conductors [43]. Both field 
observations [44] and laboratory experiments [45] have shown that the receptors are 
not the only places where lightning attaches to the blade. The region of the blade 
away from the tips and towards the blade root is also likely to be struck. For instance, 
laboratory experiments show lightning attachment points at the middle of the blade, 
with arcs burning on the blade surface or penetrating into the blade boards [45]. 

1.2.3 Lightning incidence of wind farms 

The incidence of lightning strikes to wind turbines dramatically increases with height. 
It is observed in [46] that the lightning incidence in the close vicinity (a few 
kilometres) of the wind turbine is much higher than in the surrounding region, 
forming a lightning hot-spot. Since the mechanism of lightning attachment of very 
tall objects is mostly due to upward lightning rather than downward lightning, it is 
necessary to estimate the incidence of upward lightning to wind turbines.  

The annual number 𝑁𝑁𝑑𝑑  of lightning strikes to a single wind turbine is estimated 
in [47] with the following equation: 

610d d g gN C N A −= × , (1.1) 

where, 𝑁𝑁𝑔𝑔 is the local annual ground flash density (1/km2), 𝐴𝐴𝑔𝑔  is the lightning 
collection area (m2) with the radius being three times the sum of the height of the 
wind turbine and the altitude of the site. 𝐶𝐶𝑑𝑑 is a location factor equal to 1 (for flat 
ground) or 2 (for mountain areas). It is worth to note that the concept of collection 
area is originally proposed for downward flashes. It is suggested that equation (1.1) 
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significantly underestimates the incidence to a tall object with using 𝑁𝑁𝑔𝑔 before the 
installation of the object [40, 48], since it does not account for the upward flashes 
triggered by the tall structure itself. 

Recently, many studies have attempted to analyse the lightning incidence (especially 
for upward flashes) of wind turbines by means of lightning location systems 
(LLS) [46, 49-51]. The measurements in [49] show that the lightning incidence is 
significantly intensified in the close vicinity of some but not all wind turbines. This 
indicates that some wind turbines trigger more upward lightning than others.  
However, this effect on the frequency of upward flashes has not been quantitatively 
analysed in the literature. The incidence of upward lightning has been proposed to be 
a function of the height of the wind turbine, the altitude and latitude of the location of 
the site in [46]. Another approach is presented in [50, 51] where the area surrounding 
wind turbines or tall towers is divided into different regions: the close inner zone 
surrounding the object and the outer region around it. The density of downward 
lightning is obtained from the flash density in the outer region, which is assumed not 
to be influenced by the installation of the tall structure. Since the intensification of 
lightning flashes in the inner region is attributed to upward lightning, the incidence of 
upward flashes is calculated as the area of this region multiplied by the difference of 
the detected flash density in it and the downward flash density. However, it is worth 
to note that the LLS is not able to detect upward lightning consisting of only ICC 
without pulses [49] (corresponding to 48% of the total upward lightning [21]) and 
has low detection efficiency (58%) for flashes consisting of ICC with pulses [49] 
(corresponding to 22% of the total upward leader [21]). Thus, the incident of upward 
flashes estimated by this method is underestimated.  

1.3 Previous studies on lightning attachment  
Lightning attachment has been investigated through the observation of both natural 
and artificial rocket-triggered lightning flashes. In addition, lightning attachment has 
also been studied through leader inception and propagation models. Since the 
conditions under which lightning attachment of stepped leaders or dart leaders occur 
are different, they are described separately in the following brief overview. 



 
 

9 
 

1.3.1 Observations of lightning attachment in natural lightning flashes 
and rocket-triggered lightning experiments 

Stepped leader attachment 

The length of individual steps of a stepped downward leader ranges from 10 to 
200 m with the inter-step intervals ranging from 40 to 100 µs [52]. The average 
velocity is in the order of 105 m/s [52] and it propagates for a mean duration of 35 ms 
before attaching to the ground or an object [9]. The total charge stored in leader 
channels ranges from approximately 5 to 20 C [53], estimated from the electric field 
recordings.  

The existence of upward connecting leaders in the attachment of stepped leaders in 
natural lightning is supported by streak photographs published in [54, 55]. It shows 
that the tip of a stepped leader descended around 50 m above flat terrain (instead of 
connecting to the ground) before the return stroke [54]. Another stepped leader was 
observed to end in a distance around 40 m away to the tip of the struck structure 
before the return stroke [55]. It indicates that upward connecting leaders must exist to 
bridge the gaps between the strike point and the downward leader tip. Time-resolved 
optical images have also shown connecting leaders from an 80 m telecommunication 
tower with lengths ranging from 25 to 150 m and velocities varying from 
0.8×105 m/s to 2.7×105 m/s [12]. Furthermore, a split or loop in the lightning channel 
[15] or the occurrence of branching in both downward and upward leaders [14] in 
still photographs indicate the connection between connecting leaders and lightning 
stepped leaders. The split or loop in the lightning channel is explained as being 
formed by the downward-branched descending leader and upward-branched 
connecting leader [1]. 

Altitude rocket-triggered lightning experiments can provide more accurate and 
complementary measurements of lightning attachment [56]. The sequence of events 
occurring in altitude-rocket triggered lightning experiments is as follows: a rocket is 
launched from the launcher followed by the first segment of a 50 m copper wire, 
when the ambient electric field reaches a critical value. The conductive wire is then 
connected to an insulating Kevlar wire with a length of 400 m and eventually 
followed by another segment of grounded copper wire. As the rocket ascends to a 
certain altitude, an upward positive leader initiates from its tip. Then, a negative 
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stepped leader initiates from the bottom of the first section of the conductive wire 
and propagates downward. A connecting leader in response to this stepped leader 
initiates at the tip of the lower conductive wire and propagates upwards, eventually 
followed by the return stroke. Measurements of the electric field change due to the 
stepped leader, the current of the connecting leader, the velocities of both downward 
and connecting leaders as well as the location of conjunction points have been 
reported in [56]. 

Dart and dart-stepped leader attachment 

Dart and dart-stepped leaders descend with speeds in the order of 107 m/s and 
106 m/s respectively [17, 18], since they travel through the remnant channel heated 
by the previous return stroke. The duration of the propagation of dart or dart-stepped 
leaders lasts tens to hundreds of microseconds [9], which is much shorter than for the 
attachment of stepped leaders. The charge carried by the dart and dart-stepped leader 
channel is estimated to have a median value of 0.95 C [53], which is much lower 
than for their counterpart the stepped leaders. Thus, the electric field change due to 
dart leader propagation is lower than for stepped leaders. Due to the shorter duration 
and lower ambient electric field, the attachment of the dart leader is less pronounced 
than in the case of stepped leader attachment.  

The earliest evidence of an upward connecting leader in response to a dart-stepped 
leader in natural lightning was obtained from streak photography [13]. It showed that 
a dart-stepped leader does not propagate fully to the struck object before the 
initiation of the return stroke. Therefore an upward connecting leader with a length 
around 20 m was suggested to bridge the gap. Recently, direct evidence of the 
occurrence of an upward connecting leader under the influence of a dart leader is 
reported in [16]. As shown in Figure 1.4, the sequence of high speed video images 
with an interval of 100 µs shows an upward connecting leader initiating from a 
lightning rod on a tall building before the fifth subsequent return stroke. The faint 
upward leader propagated a total length of 46 m and its velocity is reported to be 
larger than 1.2×106 m/s. 
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Figure 1.4   Sequence of video images of an upward connecting leader before a 

subsequent return stroke (adapted from [16])3. 
Lightning attachment of dart and dart-stepped leaders is also observed in classical 
rocket-triggered lightning experiments [56]. In contrast to the altitude-triggered 
lightning technique, the rocket is followed by a complete conductive wire. As the 
rocket ascends, an upward positive leader is first initiated from the tip of the rocket 
and propagates towards the cloud. It initiates a continuous current which vaporises 
the conductive wire. After the cessation of the initial continuous current, a dart or 
dart-stepped leader initiates from the base of the thundercloud and propagates 
downward through the trace of the vaporized wire. Under the influence of the 
descending dart leaders, upward connecting leaders are initiated from grounded 
metal rods or intercepting wires around the rocket launcher.  

The interception of dart leaders with the classical rocket-triggered technique has also 
been observed in [32]. The connecting leaders were initiated from a 4 m grounded 
metal rod in response to two dart leaders with descending velocities of 4×107 m/s and 
3×107 m/s. The upward leaders propagated a length of 4-7 m and 7-11 m respectively 
(these ranges due to the limitations in the measurement spatial resolution) with 
extremely short duration of about 400 ns. The velocity of the connecting leaders was 
estimated at around 2×107 m/s. 

                                                      

3 Courtesy to M. M. F. Saba etc. 
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The observation of connecting leaders in response to both dart leaders and dart-
stepped leaders in a classical rocket-triggered lightning event with eight return 
strokes has also been reported in [29], as shown in Figure 1.5. The images capture 
both the downward and the connecting leaders, which were taken 20 µs before the 
return stroke. The attachment processes prior to the return stroke 1, 2, 3, 4 and 7 were 
under the influence of the dart leader, whereas the remaining were under the 
influence of dart-stepped leaders. Faint streamer zones in front of both downward 
and connecting leader were also observed. The dart-stepped leader and the 
connecting leader travelled 25 m and 12 m respectively in the time span of two 
frames (20-40 µs) before the eighth return stroke. Their velocity was estimated as 
1.25×106-2.5×106 m/s and 3×105-6×105 m/s respectively. The current of the 
connecting leader was reported to increase from 0 to 120 A within 50 µs. 

 
Figure 1.5   Attachment of dart and dart-stepped leaders in the same flash of a 

classical-rocket triggered lightning experiment (adapted from [29])4. 
The most recent observation of lightning attachment of dart and dart-stepped leaders 
is reported in [30, 31]. The connecting leaders initiated from a metal wire ring 5 m 
above the ground and propagated a total length of several meters. The velocity and 
the three-dimensional path of the descending dart and dart-stepped leader were 

                                                      

4 Reprinted from Geophysical Research Letters, Vol 36, C. J. Biagi, D. M. Jordan, M. A. Uman, J. D. Hill, W. H. 
Beasley, J. Howard, High-speed video observations of rocket-and-wire initiated lightning, Pages L15801 (1-5), 
Copyright (2009), with permission from John Wiley and Sons. 
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detected with dE/dt time to arrival (TOA) measurements [30]. The connection point 
of the dart and the upward leaders was measured with dE/dt TOA measurements and 
a high speed optical imaging system. 

Both the observations of natural lightning and measurements of rocket-triggered 
lightning provide evidence of connecting leaders forming during the attachment of 
dart or dart-stepped leaders. Moreover, the measured properties, such as the velocity 
of the descending leader, the electric field change as well as the duration and length 
of the connecting leader, provide input parameters for modelling of the lightning 
attachment process, which are also required for model validation.  

1.3.2 Modelling of the lightning attachment process  

Leader inception and propagation models are an effective method to study the 
lightning attachment process. They assess the conditions under which upward 
connecting leaders are incepted from grounded objects and evaluate their later 
propagation. This evaluation can be used to predict the lightning attraction area of 
grounded objects with various dimensions and geometries.  

In negative lightning flashes, connecting positive leaders are initiated in response to 
either a thundercloud (dominated by a negative charge center) or a negative 
downward leader.  The mechanism of formation of an upward connecting positive 
leader shares physical similarities with positive leaders in long air gap experiments.  
Thus, laboratory studies can provide fundamental knowledge on lightning attachment.  
However, it is worth to note that the conditions under which a lightning connecting 
leader is initiated and propagates is different from the conditions in laboratory 
experiments. Therefore, some physical properties of connecting leaders of natural 
lightning are different from those of positive leaders in the laboratory [57, 58].  

Fundamental aspects of positive leaders under laboratory conditions 

Positive discharges in long air gaps with sphere-plane and rod-plane configuration 
were first systematically studied by the Les Renardieres group [58, 59]. This 
electrical discharge begins from an electrode subjected to a positive switching 
voltage impulse. The first streamer corona commences at the anode when the electric 
field strength reaches a sufficiently high value as the applied voltage rises. It takes 
the form of filamentary channels (streamers). Ionization takes place actively at the 
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streamer corona front, injecting space charge into the gap and providing electrons 
which flow through the filaments of the streamer and converge at its root. The 
injected space charge significantly reduces the electric field intensity in the proximity 
of the anode. Thus, the first streamer corona is followed by a ‘dark period’ with no 
detectable ionization until the recovery of the electric field. The duration of the dark 
period between the first and secondary streamers depends on the curvature radius of 
the anode and the rise time of the applied voltage [59]. Meanwhile, the root of the 
streamer is thermalized by the energy released from the collisions between electrons 
and air molecules. The region of the streamer root (also known as the transition zone) 
is converted to a leader segment if its temperature reaches 1500 K. At this condition 
the streamer-to-leader transition occurs. The inception of a positive leader can be 
preceded by one or several streamers, depending on the curvature radius of the 
electrode and the rate of rise of the applied voltage. The newly formed leader is 
generally called an unstable leader, since it cannot continuously propagate unless the 
energy at its streamer front is sufficient. If the ionization continuously takes place at 
the tip of the streamers, the leader elongates towards to the grounded plane. The 
velocity of the leader tip in the laboratory remains at a roughly constant value 
varying from 104 to 3×104 m/s [58]. The charge per unit length required for 
thermalizing the leader also remains constant during its propagation. It varies from 
20 to 500 µC/m, depending on the rising rate of the applied voltage and the air 
humidity [58]. When the streamer tip reaches the plane electrode, it turns to the phase 
of the final jump and the breakdown of the air gap eventually takes place.  

The minimum amount of charge for the streamer-leader transition is theoretically 
estimated to be 1 µC [59].  This critical value is further studied in [60] for long air 
gap experiments with length varying between 2 m and 8 m. It is shown that the 
critical amount of charge for the streamer-leader transition is 0.23 µC if there is only 
one single streamer burst prior to the leader inception. This value is lower than the 
criterion of 1 µC proposed in [59]. In case that several streamers occur before the 
inception of the leader (varying from 2 to 4 bursts), the summation of the charge of 
precursor streamers is around 0.2-0.3 µC. It is worth to note that the time interval 
between the start of the first corona and the leader inception is around 20 µs in [60]. 
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The effect of gas temperature and density on the properties of long positive streamers 
and leaders in air has been studied theoretically in [61]. This study shows that the 
average electric field required for positive streamers to propagate decreases with the 
increase of the gas temperature when the pressure remains constant (at atmospheric 
conditions). In addition, the average electric field is reduced as the gas density 
decreases at room temperature. The temperature was found to have a more 
pronounced effect than the density. 

The impact of the rising rate of the applied voltage on the properties of the positive 
streamer has been further investigated in [62]. Experiments carried out for a 1 m gap 
in a rod-plane configuration shows that the amount of charge of one streamer 
increases with the rising rate of the applied voltage.  

The earlier models of lightning attachment  

Utilizing the knowledge obtained from experimental and theoretical studies in long 
air gaps, leader inception and propagation models have been proposed to study 
lightning attachment. Earlier models have been proposed by Eriksson [3, 63], Dellera 
and Garbagnati [64, 65] and Rizk [66]. These models have been applied to study 
lightning attachment to rods, power lines and buildings. However, in order to 
formulate these models, several assumptions and simplifications have been 
introduced. They limit the ability of these models to describe the process of lightning 
attachment. A critical overview of the assumptions of the above models has been 
presented in [2]. 

The limitations of the earlier models in the evaluation of lightning attachment mainly 
come from their criteria for evaluation of the inception and the later propagation of 
the upward leader. The lightning leader inception criteria of the early models are 
based on the breakdown characteristics of long gaps under laboratory conditions. The 
first two models mentioned above utilize the critical radius concept [67] as the 
criterion of inception of stable connecting leaders. In such a case, the tips of lightning 
rods or corners and edges of buildings are rounded off with a critical radius and the 
criterion is fulfilled when the surface electric field reaches the corona inception field. 
However, the critical radius depends on the geometry of the gap configuration and 
the waveform of the applied voltage. It is doubtful that the critical radius concept 
obtained for a given configuration in a laboratory air gap and under a particular 
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waveform of the applied voltage can be used in the case of lightning strikes to 
grounded objects. In addition, these models assume that the ambient electric field 
produced by the downward stepped leader remains constant during the leader 
inception. This assumption is obviously contrary to the fast electric field change 
provided by stepped and dart leaders. The leader inception criterion utilized in Rizk’s 
model is based on the correlation between the applied voltage at the instant of leader 
inception and the gap breakdown and it is calibrated through the experimental data of 
discharges in laboratory air gaps subjected to switching voltage impulses. However, 
the temporal change of switching voltage impulses is different from that caused by 
descending downward leaders. Thus, the knowledge obtained from laboratory 
experiments cannot be directly extrapolated to model the inception of a connecting 
leader under the influence of a lightning downward leader. Furthermore, the analysed 
grounded objects in the early models are assumed to be free-standing structures with 
an approximately cylindrical configuration. Thus, they are not capable to model the 
lightning attachment to complicated structures, such as wind turbines, since the 
distribution of the electric field in the proximity of the striking point is influenced by 
the structure itself.  In the stage of leader propagation, the velocity of upward 
connecting leader is arbitrarily set (as a given fraction of the velocity of the 
downward leader) in the early models. However, the velocity of lightning upward 
leaders is observed to vary during their propagation and it is not identical in all 
lightning flashes [68]. Thus, a self-consistent and physics-oriented model is required 
to investigate the process of lightning attachment.  

Self-consistent leader inception and propagation model SLIM 

In order to avoid the limitations of the existing models, several improvements have 
been made in the self-consistent leader inception and propagation model SLIM 
proposed in [69-71]. First, SLIM is capable to evaluate the leader inception under 
both static and dynamic conditions. The dynamic leader evaluation of SLIM takes 
into account the change of the ambient electric field, which can be applied in 
simulating the inception of connecting leaders under the influence of the lightning 
stepped leaders. The static leader inception evaluation is suitable for those cases with 
constant or slowly changing ambient electric field, for example, in self-initiated 
upward lightning.  
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In the case of the modelling of downward lightning discharges, SLIM simulates the 
chronological sequence of discharges taking place under the influence of the 
descending stepped leader. It includes the evaluation of the first and subsequent 
(precursor) streamers, the unstable leader inception, the stable leader inception and 
propagation, as well as the final jump when both leaders connect and the lightning 
attachment completes. The criterion for the inception of an unstable connecting 
leader is taken as the charge of any subsequent streamer equal to or larger than a 
critical value. The condition of a stable leader inception is satisfied if the connecting 
leader starts accelerating continuously under the ambient electric field. 

The estimation of the streamer charge is essential to evaluate the inception and 
propagation of connecting leaders. SLIM calculates the streamer charge following 
the simplified method first proposed in [72]. The physical properties of the 
connecting leader are self-consistently estimated after the unstable leader initiation 
according the thermo-hydrodynamic model proposed in [59]. The advancement of 
the upward connecting leader tip is calculated as the ratio between the streamer 
charge and the charge required for thermalizing a unit length of the connecting leader. 
This charge per unit length is calculated with the thermodynamic analysis in the 
streamer-leader transition region also proposed in [59]. 

SLIM has been successfully used to evaluate the attachment of stepped leaders in 
altitude rocket-triggered lightning and natural lightning [69, 73]. The predictions 
from SLIM, such as the total length, velocity and current of the connecting leader as 
well as the duration of its propagation agree well with measurements.  
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1.4 The aim and outline of this thesis 
The aim of the research presented in this thesis is to study the attachment of lightning 
flashes to wind turbines. The extended self-consistent leader inception and 
propagation model (SLIM) is utilized to simulate the attachment process in both 
downward and upward lightning. Since upward lightning is the dominant mechanism 
of lightning strikes to wind turbines, the modelling of upward positive leader formed 
during the initial stage of upward lightning and the following lightning attachment of 
dart leaders are the main focus in this thesis. The final aim of this research is to study 
the incidence of lightning to wind farms. 

This thesis is based on four additional chapters briefly outlined as follows: 

In chapter 2: A model to simulate the lightning attachment of dart and dart-stepped 
leader to grounded objects is developed based on the self-consistent leader inception 
and propagation model (SLIM). The details of the derivation, validation and 
discussion of this model are described in Paper I. 

In chapter 3: The above proposed model is applied to study the attachment of 
lightning dart leaders striking wind turbines in upward lightning flashes. The 
probability of lightning strikes along the blade is analysed, considering the rotation 
of the blades and the effect of wind. The details can be found in Paper II. 

In chapter 4: The critical conditions for the initiation of a stable upward leader in the 
initial stage of upward lightning are calculated, considering both ‘self-initiated’ and 
‘other-triggered’ upward flashes. The detail of the analysis can be found in Paper III. 

In chapter 5: It summarizes the work presented in this thesis and gives some 
suggestions for further work. 
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Chapter 2 Modelling of the attachment of lightning 
dart and dart-stepped leaders to grounded objects 
2.1 Introduction  
As it was mentioned in the previous section, lightning attachment of dart and dart-
stepped leaders takes place prior to subsequent return strokes in downward lightning 
flashes, as well as return stokes following the ICC in upward lightning. If a 
connecting leader under the influence of a dart or dart-stepped leader is initiated from 
the point struck by the previous discharges in the same flash, it develops in an 
already warm and pre-conditioned atmosphere. This scenario is more likely to take 
place when lightning attaches to static objects. However, the connecting leader can 
also develop in virgin air in the following two situations: it initiates from a new 
striking point or it initiates from the original striking point but its ambient air has 
sufficient time to recover to near-atmospheric conditions. The second situation is 
more likely to occur when lightning strikes non-static objects, for example, operating 
wind turbines. The blades of wind turbines rotate away from the zone of the remnant 
lightning channel, thus the connecting leader develops in virgin air. Lightning 
attachment to static objects under both conditions of warm and virgin air is studied in 
this chapter, whereas lightning attachment to wind turbines will be analysed in the 
next chapter.  

2.2 Simulation method 
The self-consistent leader inception and propagation model SLIM is utilized in this 
study. Even though SLIM successfully evaluates the process of lightning attachment 
of downward stepped leaders, this model is here extended to investigate lightning 
attachment of dart or dart-stepped leaders. Upward connecting leaders initiated from 
static objects and intercepting lightning dart or dart-stepped leaders develop in a pre-
conditioned channel and under the influence of an ambient electric field increasing 
one to two orders of magnitude faster than in the case of stepped leaders. Due to 
these different conditions, additional considerations need to be taken into account, as 
described in follows sections. 
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2.2.1 The estimation of streamer charge 

The estimation of the charge of a streamer is essential for the evaluation of the 
inception and propagation of a connecting leader. The method of streamer charge 
calculation used in SLIM was first proposed in [72] and later adapted for lightning 
studies in [71] as: 

( ) ( )( )1 2 ,
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Q K U l U l dl∆ = ⋅ − ⋅∫  (2.1) 

where 𝐾𝐾𝑄𝑄 is the streamer geometrical factor and the integral term is the difference 
between the potential distribution before and after the formation of the streamer (𝑈𝑈1 
and 𝑈𝑈2  respectively) from the electrode or the leader tip. The potential 𝑈𝑈1  is 
calculated at each time step with the finite element method in a three dimensional 
geometry including the analyzed object, the upward leader segments (if present) and 
the dart leader channel. 𝑈𝑈2  is defined by the product of the streamer potential 
gradient 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠  and the distance 𝑙𝑙  from the upward leader tip along the streamer 
channel. 𝑙𝑙𝐿𝐿  and 𝑙𝑙𝑆𝑆 is the location of the upward leader tip and the streamer front 
respectively. 

A connecting leader in response to a dart or dart-stepped leader can develop in the 
lower section of the channel pre-conditioned by the previous discharge in the same 
flash. This lower section in the close proximity of the striking point is assumed to 
reach a temperature of about 600 K and a radius of 2 cm at the inception of the 
connecting leader. The streamer potential gradient 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠, significantly influenced by 
the temperature, is taken equal to 200 kV/m based on experimental and numerical 
estimates reported in [61]. The charge of the streamer is significantly influenced by 
the pre-conditioned air in the remnant channel, since the streamer under this 
condition has fewer branches and its filaments have higher conductivity. Under these 
conditions, the streamer geometrical factor 𝐾𝐾𝑄𝑄  is estimated as 1.7×10-11 C/(V∙m), 
following the method described in [74]. It is only half of the value used in the 
evaluation of lightning attachment of stepped leaders [71].  
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2.2.2 The criterion of inception of an unstable connecting leader  

The criterion of the inception of an unstable connecting leader is satisfied if the 
summation of the charge of all precursor streamers is equal or larger than a critical 
value 𝑄𝑄𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠  [75]. This critical value is taken as 1 µC here for both dart and dart-
stepped leader interception, even though a recent laboratory study suggests  𝑄𝑄𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠 in 
the range of 0.2 to 0.3 µC [60]. This is justified by the fact that the duration required 
to thermalize the first leader segment (between the commencement of the first 
streamer and the inception of the leader) in the laboratory study is around 20 µs, 
whereas this duration before the inception of a connecting leader is shorter than a few 
microseconds. Thus, a larger value of 𝑄𝑄𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠 is used here for unstable leader inception 
in response to an approaching dart or dart-stepped leader. 

2.2.3 The simulation time step 

The lower limit of the simulation step for the evaluation of the propagation of the 
connecting leader is assumed to be 100 ns. This duration is required for a streamer to 
fully propagate and inject most of its charge into the gap [62]. On the other hand, the 
potential distribution 𝑈𝑈1 has a considerable large increment during this 100 ns period, 
due to the fast rise of the ambient electric field provided by the rapidly descending 
dart or dart-stepped leader. Thus, the streamer charge calculation should be based on 
the potential distribution at the moment when the streamer fully propagates (100 ns 
after the inception time). 

2.2.4 The charge per unit length required for the thermalization of a 
connecting leader segment 

The advancement of a connecting leader ∆𝐿𝐿 at each simulation time step is calculated 
with the following expression:  

/ q ,LL Q∆ = ∆  (2.2) 

where 𝑞𝑞𝐿𝐿 is the charge required for heating up a unit length of the connecting leader 
and ∆𝑄𝑄 is the charge produced by the streamer front at each simulation time step. 
The analytical expression of 𝑞𝑞𝐿𝐿  was first proposed by Gallimberti to evaluate the 
propagation of the streamer-leader system in air gaps under rod-plane configurations 
[59]. It is based on a model of the transition region in the streamer-leader system [59] 
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that assumes that the thermalization takes place when the input energy increases the 
temperature to 1500 K. An analytical expression of  𝑞𝑞𝐿𝐿  is developed here to study the 
process of lightning attachment, including the geometry of the downward 
propagating leader, the connecting leader, the grounded structure as well as the 
ground plane in its derivation. The expression of 𝑞𝑞𝐿𝐿 (equation 11 in Paper I) and its 
derivation is described in Paper I. 

2.3 Case studies in classical rocket triggered lightning  
The modified version of SLIM is used to evaluate the lightning attachment of dart 
and dart-stepped leaders. Three events of lightning attachment prior to subsequent 
return strokes recorded in classical rocket triggered lightning experiments are 
considered. In these cases, an intercepting rod or wire is located only a couple of 
meters away from the rocket launcher. The air in the close region of the intercepting 
rod or wire is generally pre-heated by the ICC or the previous return strokes. 
Therefore, connecting leaders are assumed to develop in warm air in these events. 

2.3.1 Dart leader attachment  

Two events in the dart leader-return stroke sequences reported in [32] are here 
considered.  The dart leaders rapidly descended with a velocity of 3×107 m/s and 
4×107 m/s respectively in the two events, which was detected with the high-speed 
optical imaging system ALPS. Connecting leaders were observed to be initiated from 
a vertical grounded metallic rod attached to the rocket launcher with tip height of 4 m 
above ground. The connecting leaders propagated a total length of several meters 
during an extremely short period of around several hundred nanoseconds, with an 
average velocity as large as 2×107 m/s. The measurements of the electric field change 
at ground level 30 m away from the rod is available, as well as the channel-base 
current (in the scale of kA). The peak currents of the return strokes in these two 
events are reported to be 12 kA and 21 kA respectively.  This scenario is simulated 
and the calculated results are compared with the measured data in order to validate 
the extended model. The setup of the simulation can be found in details in Paper I. 

The calculated streak image in Figure 2.1 shows the simulated process of the dart 
leader attachment. Several streamers occur prior to the inception of the connecting 
leader. The thermalization of the streamer stem takes place around 4 µs in both cases. 
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The connecting leaders initiate 400-500 ns prior to the return stroke and propagate a 
total length of 3.6 and 7 m in the case of 12 kA and 21 kA respectively.  The 
predicted properties of the connecting leader such as length, duration of propagation 
as well as velocity are in good agreement with the measured data, as summarized in 
the table I.  

 
Figure 2.1   Simulated streak images of the upward propagation under the influence 

of the analysed dart leaders (from Paper I). 
 

 

TABLE 2.1  (from Paper I) 
Summary of the upward leader propagation properties 

Upward connecting 
 leader 

Ip=12kA Ip=21kA 
measurement calculation measurement calculation 

Length (m) 4-7 3.6 7-11 7 
Average Velocity (m/s) - 0.9 ×107 ~2×107 1.4×107 

Duration (ns) - 400 <400 500 
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The analysis reveals some interesting features of connecting leaders under the 
influence of dart leaders. The inception of stable connecting leaders takes place 
immediately after the formation of the first leader segment. Thus, connecting leaders 
propagate continuously after their inception, in contrast to the case of lightning 
attachment of stepped leaders. Connecting leaders accelerate rapidly with a velocity 
reaching more than 106 m/s in the first 100 ns and continuously increasing to speeds 
comparable with that of dart leaders (around 107 m/s). It is also worth to note that the 
charge required for heating up a unit length of the connecting leader 𝑞𝑞𝐿𝐿 is estimated 
as 2-3 µC/m in the interception of lightning dart leaders. This value is significantly 
lower than the charge per unit length reported in [59] for positive leader in laboratory 
(varying between 20 and 50 µC/m) and the calculated 𝑞𝑞𝐿𝐿 estimated in [71] for the 
attachment of lightning stepped leaders (increasing from 65 µC/m to 400 µC/m 
during the attachment process). 

2.3.2 Dart-stepped leader attachment   

The dart-stepped leader attachment process prior to the fourth return stroke in the 
rocket-triggered lightning experiment reported in [30] is here simulated. The dart-
stepped leader descended through the path of the vaporised wire with a velocity of 
4.8×106 m/s. A connecting leader was observed from the intercepting wire (5.4 m 
above the ground) surrounding the rocket launcher. The attachment point of the 
connecting leader and the descending leader was estimated at a location 6.2 m above 
the intercepting wire. Two unconnected leaders were also initiated under the 
influence of the dart-stepped leader and propagated less than 1 m. The peak current 
of the return stroke was 27.4 kA. The corresponding simulation is carried out and the 
obtained results are briefly described as follows: 

Different from the previous case of dart leader attachment, the first streamer is 
predicted to take place much earlier (38 µs prior to the return stroke) as shown in 
Figure 2.2. An aborted unstable leader is predicted, which is initiated following the 
second streamer after a dark period of around 20 µs. A stable connecting leader is 
estimated to initiate 11 µs before the return stroke and to propagate a total length of 
4.6 m with an average velocity of 4.2×105 m/s. The calculated length, duration and 
current of the connecting leader are in good agreement with the measurements, as 
described in Paper I. In this case, 𝑞𝑞𝐿𝐿 is predicted to increase slowly from 3 µC/m to 
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20 µC/m in first 8 µs of the connecting leader propagation and has a fast increase to 
84 µC/m in the last 3 µs prior to the return stroke.) 

 
Figure 2.2   Simulated streak image of the connecting leader propagation under the 
influence of a dart-stepped leader. The time of arrival (TOA) measurement located 

the sources of  dE/dt, indicating the location of the tip of the dart-stepped leader 
(from Paper I). 

2.4 Connecting leaders developing under atmospheric 
conditions 
The simulation of upward connecting leaders propagating in atmospheric conditions 
under the influence of dart leaders is carried out and compared with leaders 
developing under preheated warm air. Lightning attachment of dart-stepped leader in 
virgin air is evaluated with the same configuration studied in section 2.3.2, such that 
the condition of the ambient air where connecting leaders develop is the only 
changing factor. The simulation parameters influenced by temperature such as the 
streamer potential gradient 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 and the streamer geometrical factor 𝐾𝐾𝑄𝑄 are taken the 
same as used for the evaluation of lightning attachment of stepped leaders in 
previous studies . 

The analysis shows that the inception of unstable leaders in virgin air takes place 
3 µs later than in the warm air case. For this reason, this connecting leader 
propagates a shorter total length of 1.5 m. This shorter upward connecting leader has 
similar length as the unsuccessful connecting leaders recorded in the rocket triggered 
experiment [30]. The average velocity of the connecting leader is estimated as 
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1.4×105 m/s, which is three times smaller than the successful connecting leader 
propagating in warm air. The charge required per unit length of unsuccessful 
connecting leader in this case increases from 6 µC/m to 500 µC/m during the 
propagation, which is larger than that in the pre-conditioned air case. This analysis 
indicates that lower energy is required for the inception and propagation of 
connecting leader in pre-condition air compared with the case in virgin air. 

2.5 Aspects that need further investigation 
The above-discussed case studies show that the extended SLIM model can predict 
the properties of upward leaders during the lightning attachment of dart or dart 
leaders. However, the increase of the ambient electric field provided by the dart or 
dart-stepped leader approach to ground is one or two orders of magnitude faster than 
in the well-studied stepped leader interception case. This fast rising electric field 
together with the pre-conditioned air (if the connecting leader is initiated from a 
termination previously struck in the same flash) considerably impacts the 
characteristics of the streamer and the connecting leader system. These 
characteristics include the electric field and branching effect in the streamer zones, 
the velocity of the streamer front, the energy repartition in the transition region, the 
condition of streamer-leader transition, etc. The better understanding of the 
characteristics of the streamer-leader system under the influence of fast rising electric 
fields is a key in the evaluation of the lightning attachment of dart or dart-stepped 
leaders. This knowledge is necessary to simulate several aspects of the leader 
inception and propagation, which are carefully discussed in Paper I. 

2.6 Summary  
In contrast to the lightning attachment of stepped leaders, upward connecting leaders 
forming during the attachment of dart and dart-stepped leaders are subjected to 
ambient electric fields with significantly higher rate of rise. Thus, the lightning 
attachment of dart and dart-stepped leaders is numerically evaluated with an 
extended version of the self-consistent leader inception and propagation model SLIM. 
An analytical expression to assess the charge 𝑞𝑞𝐿𝐿  required to thermalize the 
connecting leader per unit length is also developed.  The inception and propagation 
of upward connecting leaders under both atmospheric conditions and pre-conditioned 
air are simulated. The charge 𝑞𝑞𝐿𝐿  for connecting leaders developing in pre-
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conditioned air is found to be only 2-3 µC/m during the interception of lightning dart 
leaders. In the attachment of a dart-stepped leader, the predicted  𝑞𝑞𝐿𝐿 of the upward 
connecting leader varies from 3 µC/m to 84 µC/m under the pre-conditioned air 
condition, whereas it increases from 6 µC/m to 500 µC/m under virgin air. The value 
of 𝑞𝑞𝐿𝐿  in the pre-conditioned air case is lower than that for connecting leaders 
propagating in virgin air. It indicates that lower energy is required for the inception 
and propagation of upward connecting leader in pre-heated air.  
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Chapter 3 The attachment of lightning dart leaders 
to wind turbines in upward flashes  
3.1 Introduction 
Modern wind turbines are very exposed to direct lightning strikes. The blades of 
wind turbines are the most vulnerable component to direct lightning strikes.  The tip 
of the blade is the most common place where lightning strikes, with around 80% of 
lightning damages located in the close proximity of the blade tip, according to the 
field survey on wind turbines with 45 m long blades [44]. The inboard region of the 
blades intercepts a lower but still significant proportion of lightning strikes, with 
damages observed even several meters away the root of the blades. This is in line 
with laboratory experiments [45] showing that electrical discharges can attach to the 
middle of the tested blade.  However, the lightning damages several meters or even 
further from the blade tip cannot be explained by either the attachment of stepped 
leaders in downward lightning [44, 76] or the lightning ‘swept stroke’ [77, 78]. 

As mentioned in chapter 1, upward lightning is expected to be the main mechanism 
of lightning attachment to wind turbines [25, 41]. In such a case, the initial upward 
leader is most likely initiated from the tip blade receptor [48]. Thus, the inception of 
the initial upward leader is not the mechanism of lightning damage inboard the 
blades. The scenario that lightning dart leaders taking place after the initial stage in 
upward flashes with return stroke sequences can attach to tip of another blade is 
proposed in [25]. Furthermore, the attachment of lightning dart leaders has also been 
proposed as a possible reason for lightning strikes inboard the blades of wind 
turbines in one of our previous studies [79]. In order to investigate the distribution of 
lightning strike points on the blades, the attachment of dart leaders to wind turbines 
is numerically studied in Paper II.  

3.2 The mechanism of attachment of lightning dart leaders 
in upward lightning to wind turbines  
The initial upward leader in upward flashes is generally triggered from the tip of the 
blade as it rotates to the highest point, as shown in Figure 3.1 (a). The development 
of the upward leader leads to the flow of an initial continuous current (ICC) with a 
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long duration 𝛥𝛥𝛥𝛥𝐼𝐼𝐼𝐼𝐼𝐼 lasting for around several hundred milliseconds. The ICC can be 
followed by one or several dart leader-return stroke sequences after a no-current 
interval 𝛥𝛥𝛥𝛥𝑁𝑁𝑁𝑁𝐼𝐼 . The blades rotate an angle 𝜃𝜃 from the vertical position during the 
time interval 𝛥𝛥𝛥𝛥𝑠𝑠𝑁𝑁𝑠𝑠𝑡𝑡𝑡𝑡 consisting of the periods 𝛥𝛥𝛥𝛥𝐼𝐼𝐼𝐼𝐼𝐼  and 𝛥𝛥𝛥𝛥𝑁𝑁𝑁𝑁𝐼𝐼 . At this moment, a 
dart leader discharge starts propagating from the cloud, as shown in Figure 3.1 (b). 
This dart leader descends along the remnant lightning channel pre-heated by the 
initial continuous current. Upward connecting leaders under the influence of the 
lightning dart leader can be initiated from the receptors at the tip, along the blades or 
on the nacelle. Since there is a growing gap between the blade tip and the dart leader 
channel as the blade rotates, connecting leaders initiated from the inboard receptors 
or the nacelle receptors can successfully intercept the descending dart leader. 

 
Figure 3.1   Proposed mechanism of attachment of dart leaders to wind turbine 

blades. a) initiation of the initial upward lightning leader, b) interception of the first 
dart leader, c) displacement of the remnant channel due to wind (from Paper II). 

Wind could also influence the interception of lightning dart leaders in this scenario. 
The remnant lightning channel moves horizontally along the wind direction, which is 
perpendicular to the rotation plane of the turbine. The displacement ∆𝑑𝑑  of the 
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channel depends on the wind speed and the time period 𝛥𝛥𝛥𝛥𝑠𝑠𝑁𝑁𝑠𝑠𝑡𝑡𝑡𝑡. Thus, the dart leader 
propagates displaced a distance ∆𝑑𝑑 away from the wind turbine, as shown in Figure 
3.1 (c). On the other hand, the wind causes turbulent flow in the proximity of the 
blade, especially at its tip. It plays a role together with the rotation of the blades in 
accelerating the recovery of the temperature and the density of the pre-conditioned 
air near the struck blade. Thus, connecting leaders initiated from wind turbines in 
response to lightning dart leaders are considered to develop under near-atmospheric 
conditions. 

3.3 Lightning attachment of dart leaders to wind turbines: a 
case study 
In order to investigate the lightning attachment of dart leaders to wind turbines, the 
simulation is conducted for the commercial wind turbine Vestas V90 as a case study. 
This wind turbine (with hub height of 80 m and blade length of 45 m) is chosen since 
the length of its blade is the same as in the field study reported in [44]. The assumed 
location of the six blade receptors on the blade is shown in Figure 3.2. The case study 
is analysed with the extended version of SLIM presented in Paper I.  

  
Figure 3.2   Position of the receptors on the analysed blade design (from Paper II). 

The simulation starts at the initiation of the dart leader. This descending leader is 
assumed to descend straight above the nacelle with a velocity of 107 m/s. The charge 
density along the dart leader is calculated as a function of height and the prospective 
peak current of the subsequent return stroke. The prospective peak current is taken as 
12 kA, corresponding to the 60% cumulative probability of return stroke peak 
currents in upward lightning [21]. At the instant of initiation of the dart leader, the 
blade is assumed to rotate an angle of 30 degrees from its vertical position. The 
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rotation speed of the blade of the studied wind turbine is taken as 19 rpm [80] such 
that the speed of blade tip is 90 m/s. The corresponding rotation time 𝛥𝛥𝛥𝛥𝑠𝑠𝑁𝑁𝑠𝑠𝑡𝑡𝑡𝑡 in such 
a case is 260 ms, with 𝛥𝛥𝛥𝛥𝐼𝐼𝐼𝐼𝐼𝐼 of 210 ms (corresponding to 20% cumulative probability 
of the ICC stage duration [27]) and a typical 𝛥𝛥𝛥𝛥𝑁𝑁𝑁𝑁𝐼𝐼 of 50 ms. 

 
Figure 3.3   3D plot of the dart leader and the upward connecting leaders during 

lightning attachment. The colour legend indicates time starting at the initiation of 
dart leader from the thundercloud base (from Paper II). 

Figure 3.3 shows the development of connecting leaders initiated from the tip and the 
4th blade receptors as a function of time. A connecting leader is first incepted from 
the tip receptor and subsequently other upward leaders are initiated from inboard 
blade receptors. The development of upward leaders from the second and third 
inblade receptors is inhibited since the electric field in their close proximity is 
significantly shielded by the tip receptor and its down-conductor. Even though the 
connecting leader initiated from the tip receptor propagates the longest length, it fails 
in this case to bridge the gap to the dart leader tip. The dart leader is eventually 
intercepted by the connecting leader from the 4th receptor, which is initiated 10 m 
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away from the blade tip. Observe that the shielding effect of the connecting leader 
initiated at the tip receptor is neglected in this evaluation. Thus, the upward leader 
from the 4th receptor is assumed to develop independently. This assumption is 
justified by the significant distance (10 m) between the 4th receptor and the blade tip. 
The predicted streak image and the calculated current and velocity of the successful 
connecting leader are presented in details in Paper II.  

3.4 Factors influencing dart leader attachment to wind 
turbines 
An analysis is conducted in Paper II to investigate the impact of the return stroke 
peak current, the blade angle and wind on the attachment of lightning dart leaders to 
wind turbines. The results are described as follows: 

3.4.1 The prospective peak current of the first return stroke 

The prospective return stroke peak current directly determines the location of the 
strike points on the blades. As an example, the configuration of the blade at an angle 
of 30 degrees under a dart leader straight above the nacelle is considered. When the 

peak current of the return stroke is equal to or larger than a threshold value 𝐼𝐼0
(1) 

(13 kA in this case), the lightning flash strikes the tip receptor, as shown in Figure 
3.4. For peak currents lower than this threshold, lightning strikes the inboard 
receptors or the nacelle. It is found that the blade receptors cannot intercept any 
lightning stroke with return stroke peak current equal to or lower than a threshold 
value (9 kA in this case). Dart leaders with prospective return stroke peak currents 

lower than 𝐼𝐼1
(𝑛𝑛) are assumed to be intercepted by the receptor(s) on the nacelle. It is 

interesting that some near-tip inboard receptors are predicted not to be exposed to 
lightning at any peak current (the 2nd and 3rd receptors in this case), since they are 
shielded by the tip receptor.  



 
 

33 
 

 
Figure 3.4   The impact of the return stroke peak current 𝐼𝐼𝑝𝑝 on the location of the 

termination of lightning dart leaders on the wind turbine (from Paper II). 

3.4.2 The rotation of the blades 

The analysis in the previous section is extended to larger rotation angles of 45 and 60 
degrees. The range of return stroke peak currents 𝐼𝐼𝑝𝑝 at which lightning strikes each 
receptor on the blade and on the nacelle are calculated, as shown in Table I in 
Paper II. The thresholds of the return stroke peak currents at which lightning strikes 

the tip receptor 𝐼𝐼0
(1)  and the receptors on the nacelle 𝐼𝐼1

(𝑛𝑛)  increase with the blade 
angle. The connecting leader initiated from the blade requires more energy to bridge 
the longer gap between the blade receptors and the dart leader tip, as the blade rotates 
away from the dart leader channel. This energy comes from the ambient electric field 
provided mainly by the dart leader, which positively correlates to the return stroke 
peak current 𝐼𝐼𝑝𝑝. The probability of dart leader attachment to inner blade receptors 
and the nacelle are then calculated according to the cumulative probability of 𝐼𝐼𝑝𝑝 
reported in [21]. It is found that the likelihood of lightning dart leader attachment to 
in-blade and nacelle receptors increases with the rotation of the blade. This analysis 
also indicates that dart leaders in upward flashes are most likely intercepted by the tip 
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and the nacelle receptors, whereas inboard receptors are also struck by the 
subsequent lightning discharges but with a lower probability. 

3.4.3 The impact of wind 

The impact of wind is studied considering that the dart leader channel has been 
displaced a distance ∆𝑑𝑑 of 4, 6 and 8 m during the interval 𝛥𝛥𝛥𝛥𝑠𝑠𝑁𝑁𝑠𝑠𝑡𝑡𝑡𝑡, when the blade 
rotates to an angle of 30, 45 and 60 degrees. The ranges of peak current 𝐼𝐼𝑝𝑝 of return 
stroke are recalculated considering the displacement of dart leader channel. The 

predicted threshold of 𝐼𝐼0
(1) and 𝐼𝐼1

(𝑛𝑛)  considering the effect of wind is only slightly 
increased, indicating that the wind velocity has a weak impact on the location of the 
points struck by dart leader-return strokes sequences in upward lightning.  

3.5 Lightning attachment probability of receptors in wind 
turbines 
The probability of lightning attachment to receptors on the blades and the nacelle of 
wind turbines in upward flashes is studied in Paper II. The method of calculation is 
briefly introduced here, which can be found in details in section VI in Paper II. 

Two main assumptions have been made in this study: 

1. The initial upward leader is most likely initiated from the tip receptor of the blade, 
when it rotates to the highest location. 

2. Only the first dart leader-return stroke after the initial stage will create a new 
termination point on the blade, even though the average number of dart leader-return 
stroke sequence is 4.4 reported in [21]. 

The study first calculates the range of return stroke peak currents at which dart 
leaders can attach to each studied receptor when the blade is at a given angle 𝜃𝜃. The 
overall probability of lightning striking the studied receptor is calculated by 
performing the integral over the peak current interval and over the interval of the 
rotational angle of the studied blade (e.g. blade A) from -60 to 60 degrees. Observe 
that angles in the range between -60 and 0 degrees correspond to dart leaders 
propagating along the channel produced by upward lightning triggered by the 
preceding blade (e.g. blade C in Figure 3.4). The rotation angles between 0 and 60 
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degrees correspond to the case when the upward lightning has been triggered by the 
tip receptor of the analysed blade. 

 
Figure 3.5   The probability of dart leader-return stroke sequences attaching to 

individual blade receptors and the receptor of the nacelle for different angle intervals 
(from Paper II). 

The probability of lightning strikes to individual blade receptors and the receptor of 
the nacelle due to dart leader interception for different angle intervals (10 degrees 
each) is shown in Figure 3.5. It is found that the tip receptor of the blade is more 
effective in intercepting lightning dart leaders within the rotational angle interval 
from 10 to 40 degrees. As the blade rotates larger angles, dart leaders mostly attach 
to the nacelle receptor. The probability of dart leaders striking in-blade receptors is 
much lower than for the receptors at the blade tip and the nacelle. Overall, the 
probability of dart leaders intercepted by upward connecting leaders initiated from 
the receptors at the tip, inboard the blade and on the nacelle is 18%, 9% and 73% 
respectively for the analyzed case. 

When the initial upward leader is taken into consideration, the total probability of 
upward lightning striking the receptor at the blade tip increases to around 80%, as 
shown in Figure 3.6. The total probability of upward lightning striking to the nacelle 
is estimated to be around 17%. This result is supported by field observations of 
lightning strikes to wind turbines reported in [41]. The analysis also shows that the 
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lightning attachment of dart leaders is a mechanism that can explain lightning strikes 
to the inboard region more than ten meters away from the blade tip but it cannot 
explain lightning attachment to parts of the blade several meters away from the tip 
(the 2nd and 3rd receptors in this case). 

 
Figure 3.6   Total predicted distribution of lightning strikes by upward lightning as a 

function of the distance to the blade tip. (from Paper II). 
An additional evaluation of the lightning attachment of dart leaders to wind turbines 
is carried out considering blades that are not in vertical position at the inception of 
the initial upward leader. This evaluation shows that lightning attachment of dart 
leaders in such cases have also the same tendency to strike inboard receptors far from 
the tip (the 4th to 6th receptors in the analysed turbine). This analysis points out that 
the conclusions discussed in Paper II are still valid even when the blade is not in 
vertical position at the inception of the initial upward leader.  

3.6 Summary 
The evaluation of the lightning attachment of dart leaders to wind turbines in upward 
lightning is discussed in this chapter based on an individual case study. The analysis 
shows that the return stroke peak current and the rotation of blades play an important 
role in the lightning attachment of dart leaders, whereas wind weakly influences this 
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process. The probability of lightning striking receptors on the blade and the nacelle 
due to dart leader interception is calculated. The results show that the tip receptor and 
the nacelle receptor intercept most of the strikes caused by lightning dart leaders. 
Blade receptors are less effective in intercepting dart leaders, as the blade rotates 
away from the vertical position. However, it is worth to note that the return stroke 
peak current at which lightning strikes the nacelle is lower than that for lightning 
strikes to the receptors along the blade. Lightning attachment of dart leaders is shown 
as a mechanism of lightning strikes to the nacelle and the inboard region further 
away from the blade tip.  
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Chapter 4 On the initiation of upward lightning from 
wind turbines  
4.1 Introduction  
In contrast to grounded objects of moderate height which are mostly struck by 
downward lightning flashes, wind turbines are more frequently exposed to upward 
lightning. Upward lightning is generally thought to be only initiated from grounded 
objects with heights in excess of 100 m [3]. The total height of modern wind turbines 
easily fulfils this requirement. Besides, the rotation of blades also facilitates the 
initiation of upward lightning from wind turbines [7, 23, 26]. Space charge produced 
by corona discharges is generated by tall structures themselves under thunderstorms 
[81]. For static grounded objects, the generated space charge layer accumulates at 
their tips, shielding the local electric field and inhibiting the initiation of streamers 
and leaders. However, the rotation of the blades of wind turbines makes the receptors 
(especially those located close to the tip) to ‘run away’ from the surrounding 
accumulated space charge. Thus, the blade rotation reduces the electric field 
screening effect of the space charge and consequently facilitates the initiation of 
upward leaders from blade receptors. It is worth to note that space charge is also 
generated by corona discharges produced by protrusions at ground level. It thus 
forms a space charge layer near the ground and its thickness increases due to the drift 
of ions, as the thundercloud electric field rises [2]. However, this shielding effect of 
the space charge is neglected in this study. This assumption is justified for the study 
of offshore wind farms, since there are no protrusions on the sea surface. 

As it was mentioned in the introduction section 1.2.1, initial upward leaders from 
wind turbines can be either initiated under the influence of the electric field slowly 
built up by the thundercloud or triggered by the fast electric field change caused by a 
nearby lightning event. Accordingly, upward flashes are classified into two types, 
namely ‘self-initiated’ and ‘other-triggered’ upward flashes. The critical ambient 
electric field required for a stable initial upward leader initiated from the blade of 
wind turbines is quantitatively evaluated for both self-initiated’ and ‘other-triggered’ 
upward lightning in this chapter. The evaluation of the critical ambient electric field 
is based on Paper III, as a necessary step for assessing the incidence of upward 
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lightning from wind power plants. The incidence of lightning flashes to wind power 
plants is also analysed in Paper III, considering both upward and downward 
lightning flashes. 

4.2 The critical condition for the initiation of upward flashes 
from wind turbines 
The critical ambient electric field for the initiation of stable upward leaders from 
wind turbines triggering upward flashes, also known as the stabilization electric 
field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠, is here studied. The ambient electric field produced during thunderstorms 
consists of mainly two main components. The ‘slow’ increasing component 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 is 
attributed to the charging process of thunderclouds. The ‘fast’ electric field change 
component 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 is produced by a nearby intra-cloud IC and/or cloud to ground 
CG lightning discharge. These discharges increase the ambient electric field up to 
several tens of kV/m within a relatively short time interval of tens of milliseconds, as 
reported in [23]. 

The stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠  is here evaluated considering the commercial 
wind turbine Vestas V-90 with hub height of 80 m and blades 45 m long. This wind 
turbine is slightly higher than those analysed in Paper III. The numerical evaluation 
of the stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 is carried out with the original SLIM model 
using the dynamic approach. The criterion for the inception of an unstable upward 
leader is satisfied if the summation of the charge of all precursor streamers is equal 
or larger than a critical value 𝑄𝑄𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠 [75]. This critical value is taken as 0.23 µC here 
for both ‘self-initiated’ and ‘other-triggered’ types of upward leader. It is adapted 
from a recent laboratory study [60], since the time interval of the inception of an 
unstable leader in upward lightning is in the same order as in the laboratory. 

4.2.1 ‘Self-initiated’ upward lightning  

Upward leaders in ‘self-initiated’ upward lightning are only influenced by the 
‘slowly’ increasing electric field component 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 , rising at a rate lower than 1 
kV/m/s (in absence of the space charge layer) [2]. Thus, 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 is considered to be 
constant during the inception of stable upward leaders, since this process has 
duration of around few hundred microseconds. 
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The stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 is evaluated for individual receptors along the 
blade at different rotating angle. 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 has the lowest value at the tip receptor and 
gradually increases for receptors located towards the blade root, as it is shown in 
Figure 4.1. This result indicates that the upward leaders self-initiated by wind 
turbines under the static thundercloud field first initiate from the blade tip receptor.  

 
Figure 4.1  Critical electric field  𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of self-initiated upward negative lightning 

from different receptors at different blade angles 
In contrast to static objects, the stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of an operating wind 
turbine periodically changes due to the rotation of the blades. The stabilization 
electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 for the inception of the upward leader from the tip receptors is 
evaluated as a function of the angle of blade A in Figure 4.2. The blades are assumed 
to rotate clockwise and the angle is defined between blade A and the axis of the wind 
turbine tower.  The field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of the tip receptor has the lowest value at around 
25 kV/m when the blade rotates to the highest point, whereas 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠  gradually 
increases to around 31 kV/m when the blade rotates to an angle of 60 degrees. The 
‘slowly’ increasing electric field of the thundercloud will always first overcome the 
lowest stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 when one blade rotates to its highest point. 
Thus, the inception of ‘self-initiated’ type upward lightning is most likely to occur 
when a blade reaches the vertical position. 
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Figure 4.2   Critical electric field  𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 for the tip receptors on the blades in ‘self-

initiated’ upward lightning.  

4.2.2 ‘Other-triggered’ upward lightning 

Upward leaders in ‘other-triggered’ upward flashes are influenced by both the ‘slow’ 
field 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 and the fast change component 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑. The impact of the ‘fast’ electric 
field change produced by nearby lightning discharge events on the initiation of a 
stable initial upward leader is analysed in Paper III considering different rates of 
rise of the ambient electric field. The fast change component 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑  measured 
during several ‘other-triggered’ upward lightning events reported in [23] is shown in 
Figure 4.3. They are recorded at a measurement station located a few hundred meters 
away from the tall structures where upward lightning was initiated. The rising part of 
the electric field (in solid lines) presents the ‘fast’ change component 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 , 
whereas the subsequent field decrease (in dotted lines) is attributed to the 
propagation of positive upward lightning leaders. 
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Figure 4.3   The measured ‘fast’ change electric field 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑   recorded during 
several ‘other-triggered’ upward lightning events (solid and dotted lines) [23]. 

Curves fitting the rising part of 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 as a function of time for different variable 
parameters are shown in dash lines. 

The ‘fast’ change component 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 of the ambient electric field is expressed as an 
exponential function of time: 

cloud
btE a e∆ = ⋅  , (4.1) 

where 𝑎𝑎 and 𝑏𝑏 are parameters obtained by fitting the time evolution of the electric 
field change measured in ‘other-triggered’ upward negative flashes in [23]. Thus, 𝑎𝑎 
is taken as a constant equal to 150 V/m and 𝑏𝑏 is assumed to vary between 100 and 
250 s-1, as shown in Figure 4.3. 

The critical electric field change 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠  required for the inception of a stable initial 
leader at the blade tip receptor is evaluated, considering that wind turbines are 
immersed in a background field 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 provided by the thundercloud. The evaluation 
also considers the influence of the rotation of blades and the rate of rise of 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑. 
The evaluation shows that ‘other-triggered’ upward leaders can be incepted under 
extremely low background electric fields 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑, as shown in Figure 4.4. It indicates 
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that the nearby lightning discharge events facilitate the initiation of upward lightning 
from wind turbines.  

 

Figure 4.4   Calculated critical electric field change 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠  as a function of the 
background electric field 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑.  

The electric field change increases the probability of the initiation of upward 
lightning from the blade even when it is not at its highest point. For the considered 
wind turbine, 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠  for the tip receptor of the blade in horizontal position (90 
degree) is around 21 kV/m when the background electric field  𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑  reaches 10 
kV/m. The field measurements in [23] show that the electric field change 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 
under actual thunderstorm conditions can reach this critical value (e.g. in the events 
no. 3, 5, 6 and 7 in Figure 4.3). In this case, upward lightning is predicted to be 
simultaneously initiated from the blade in horizontal position and the other blade at 
an angle of -30 degrees. The phenomenon that upward lightning simultaneously 
strikes two blades of one wind turbine is reported in [82]. It is found in Paper III 
that the rate of rise of 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑  provided by nearby lightning events weakly 
impacts 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠 . As it is shown in Figure 4.4, 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠  is slightly decreased by 
increasing the rate of rise of 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 . Thus, the magnitude of the electric field 
change 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑  is the key factor for evaluating the initiation of ‘other-triggered’ 
upward flashes.  
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The stabilization electric field  𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of the studied wind turbine in ‘other-triggered’ 
upward flashes is evaluated under different thundercloud electric fields 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑  and 
compared with the ‘self-initiated’ case in Figure 4.5. 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 is calculated as the sum of 
𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 and the critical 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑𝑐𝑐𝑠𝑠𝑐𝑐𝑠𝑠 . As it can be seen, 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of other-triggered’ upward 
flashes is lower than for ‘self-initiated’ upward lightning. The stabilization field 
under a nearby lightning event producing an electric field change increases as the 
thundercloud electric field 𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 augments.  

 
Figure 4.5   Critical electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 for the tip receptors on the blades in ‘other-

triggered’ upward lightning (in solid lines).  

4.3 The incidence of lightning to wind turbines 
Downward lightning cannot explain the high incidence of lightning to wind farms, 
according to the numerical evaluation in Paper III. Thus, the estimation of the 
incidence of upward lightning to wind turbines is important. Most of recent studies 
on lightning incidence to wind turbines are based on lightning location system (LLS), 
as mentioned in section 1.2.3. The evaluation of the stabilization electric field  𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 
required for initiation of upward lightning provides essential information needed to 
properly estimate the annual frequency of upward lightning to wind power parks. 
The occurrence of self-initiated upward lightning depends on the number of times per 
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year that the thundercloud electric field exceeds the critical electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of the 
studied wind turbine. It can be estimated based on the frequency of thundercloud 
formation in the local area and the thundercloud electric field probability distribution 
function. For ‘other-triggered’ upward lightning, it also depends on the incidence of 
nearby CG and IC lightning discharges. The detailed analysis of the incidence of 
lightning flashes to wind power plants can be found in Paper III, but it is not 
included as part of this thesis. 

4.4 Summary 
The critical condition for the initiation of stable upward leaders triggered by wind 
turbines in upward flashes is evaluated. This condition known as the stabilization 
electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 is calculated for both ‘self-initiated’ and ‘other-triggered’ upward 
flashes with the original SLIM model. The field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 of an operating wind turbine 
periodically changes due to the rotation of its blades. ‘Self-initiated’ upward 
lightning is most probable initiated when the blade rotates to its highest point. The 
evaluation shows that the initiation of upward lightning is greatly facilitated by the 
electric field change 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 produced by nearby lightning events. However, the rate 
of rise of 𝛥𝛥𝐸𝐸𝑐𝑐𝑡𝑡𝑁𝑁𝑐𝑐𝑑𝑑 only has a weakly impact on the stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠. 
The analysis shows that ‘other-triggered’ upward flashes can be incepted from the 
blades rotating away from their highest point and simultaneously from two blades of 
the wind turbine. The evaluation of stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠  provides 
essential information needed for the estimation of the incidence of upward lightning 
to wind power plants. 
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Chapter 5 Conclusions and future work 
5.1 Conclusions 
In summary, this thesis is dedicated to study the attachment of lightning flashes to 
wind turbines. It mainly focuses on negative upward lightning, since negative 
lightning is dominant in overall flashes and upward lightning is reported to be the 
main mechanism of lightning strikes to wind turbines. This work theoretically 
investigates the critical condition under which upward lightning is incepted from 
wind turbine blades. It also successfully evaluates the attachment of dart leader prior 
to the subsequent return strokes in upward lightning.  

The study successfully extends the self-consistent leader inception and propagation 
model SLIM to evaluate the attachment of dart and dart-stepped lightning leaders to 
grounded objects. An analytical expression is also developed to calculate the charge 
𝑞𝑞𝐿𝐿  required to thermalize a unit length of the connecting leader. This study analyses 
the influence of the rapid rise of the ambient electric field (produced by approaching 
dart and dart-stepped leaders) and the pre-conditioning of the atmosphere where 
connecting leaders initiate and propagate. It is found that the charge per unit length to 
thermalize a leader segment in response to a dart or dart-stepped leader is 
significantly lower than in the general case of stepped leader attachment. It is 
concluded that less energy is required for the development of the connecting leader 
under the condition of faster rise of the electric field and under pre-conditioned warm 
air.  

Lightning attachment of dart leader to wind turbines is subsequently evaluated with 
the extended model. The analysis shows that the return stroke peak current and the 
rotation of the blades of wind turbines play an important role on determining the 
lightning strike points caused by dart leader attachment. The location of new 
lightning terminations on wind turbines by dart leaders is found to be weakly 
influenced by wind. The probability of attachment of lightning dart leaders to 
different receptors in wind turbines is calculated. It is shown that lightning 
attachment of dart leaders is one mechanism of lightning damages on the inboard 
blade region and the nacelle of wind turbines.  
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The critical condition required to initiate upward lightning, called the stabilization 
electric field, is calculated for both ‘self-initiated’ and ‘other-triggered’ upward 
flashes. The magnitude of the stabilization electric field in ‘self-initiated’ upward 
lightning is shown to vary periodically due to the rotation of the blades in operating 
wind turbines. Upward leaders self-initiated by the turbine are most probably 
incepted by the receptor at the blade tip. The stabilization electric field in ‘other-
triggered’ upward lightning is significantly lower than that for ‘self-initiated’ upward 
flashes. However, the rate of rise of the electric field change produced by nearby 
lightning discharges only weakly influences the stabilization electric field 𝐸𝐸𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠. It is 
concluded that the nearby lightning discharge events facilitate the initiation of 
upward lightning from wind turbines.  

5.2 Future work 
The work presented in this thesis constitutes a first detailed evaluation of the 
lightning attachment of dart and dart-stepped leaders to grounded objects. This 
evaluation is particularly applied to study the attachment process of lightning dart 
leaders prior to the first subsequent return stroke in upward lightning incepted from 
wind turbines. Although this model is validated with some events of lightning 
attachment of dart and dart-stepped leaders measured in rocket triggered lightning 
experiments, it should be further studied, considering the following points: 

1. Upward connecting leaders incepted under the influence of dart or dart stepped 
leaders can develop in warm air, pre-conditioned by the previous lightning 
discharges in the same flash. The fast rising ambient electric field and the pre-
conditioned air significantly influence the characteristics of the initiated positive 
connecting leader, the streamer front as well as the process of leader thermalization. 
Thus, they influence several aspects of the model used in the current work, such as 
the streamer charge calculation and the criterion of unstable leader initiation among 
others. Consequently, the physical characteristics of positive connecting streamer-
leader system under the fast rising ambient electric field and the warm air should be 
further studied experimentally and theoretically. 

2. In order to better model the interception of dart and dart-stepped leaders, the 
recovery of temperature and density of air in the proximity of a previously struck 
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point and along the remnant channel should be further studied. In the case of wind 
turbines blades, the rotation and the impact of wind should be also considered.   

3. Multiple streamers can be incepted during thunderstorms from different receptors, 
down-conductors inside the blades and even from dielectric surfaces of wind turbine 
blades. These streamers can inhibit each other and inhibit their transition into leaders 
due to electrostatic shielding [83]. The study on the mutual effect between the 
streamers incepted from wind turbine blades can provide relevant physical insight for 
a better evaluation of the attachment of lightning to wind turbines. In order to carry 
out this study, SLIM should be further extended to simulate the simultaneous 
development of multiple positive streamers and leaders, considering the mutual 
electrostatic screening effect.  

4. Further field observations and measurements on lightning strikes to wind turbines 
are needed. These should include lightning current and simultaneous electric field 
recordings, high speed video as well as data from lightning location system with high 
detection efficiency of upward flashes. The data can provide further understanding of 
the lightning attachment to wind turbines and improve the assessment of the 
incidence of lightning to wind power plants. 
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