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Résumé 
 

La physique de la foudre est hautement multidisciplinaire, impliquant des domaines tels que la phy-
sique des plasmas, le génie électrique, la météorologie, la thermodynamique et la physique des 
particules. Un coup de foudre ascendant est une décharge développée à partir de structures hautes. 
Ce type de décharge a récemment suscité beaucoup d'intérêt en raison de la hauteur croissante des 
structures telles que les éoliennes. Comprendre les coups de foudre ascendants est d'abord impor-
tant pour mieux comprendre la physique de l'initiation et du développement de la foudre, à la fois 
dans les éclairs ascendants et descendants car ils partagent des propriétés similaires, mais aussi 
pour les études de protection contre la foudre. L'objectif de cette thèse est d'apporter des réponses 
à certaines des questions ouvertes concernant à la fois les mécanismes impliqués dans le processus 
physique et la protection contre la foudre. 

Dans le cadre de cette thèse, nous avons développé et modernisé le site d'observation de la foudre 
à la tour Säntis. Cette tour est instrumentée pour les mesures de la foudre depuis 2010. Nous avons 
installé des capteurs spécifiques dans différentes bandes de fréquences à différents endroits autour 
du site pour obtenir des mesures à large bande qui peuvent nous donner plus d'informations sur les 
mécanismes impliqués dans le déclenchement des éclairs ascendants depuis la tour. Les nouvelles 
installations comprennent des capteurs de champ électrique, des capteurs de rayons X, des caméras 
haute vitesse et des caméras haute résolution. Au cours des saisons estivales 2019 et 2021, un sys-
tème interférométrique appartenant à New Mexico Tech (New Mexico Institute of Mining and Tech-
nology) a été installé à proximité de la tour. Ce système est capable de reconstituer le trajet de la 
déchargedre avec une résolution spatiale de l'ordre du mètre et une résolution temporelle infé-
rieure à la microseconde. 

Des données d'observation simultanées ont été utilisées pour caractériser les décharges ascen-
dantes. Sur la base des observations d’un système LMA (Lightning Mapping Array), nous avons étu-
dié différents mécanismes de déclenchement des décharges ascendantes. Des scénarios typiques 
conduisant à l'initiation d’une décharge ascendante suite à des décharges à proximité sont présen-
tés et analysés. De plus, nous avons utilisé des observations de caméras à haute vitesse pour étudier 
le rôle des "recoil leaders" (traceurs qui utilisent le chemin créé par les leaders positifs mais évoluant 
dans le sens inverse) dans les impulsions rapides se produisant dans des décharges négatives ascen-
dantes. Nous avons observé que tous les différents processus rapides se produisant dans les éclairs 
négatifs ascendants proviennent des traceurs à reculons. 

Pour la première fois, nous avons expliqué théoriquement le mécanisme derrière l'initiation de la 
foudre ascendante déclenchée par une activité orageuse à proximité, comme observé à la tour du 
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Säntis et d'autres sites d'observation dans le monde. Le modèle théorique développé est basé sur 
une géométrie simplifiée, et des expressions analytiques ont été développées pour évaluer les cri-
tères de déclenchement d’un traceur ascendant en fonction des propriétés géométriques et élec-
triques des décharges ayant lieu à proximité. Le modèle analytique proposé a ensuite été utilisé 
pour estimer l'incidence de la foudre ascendante. Nous avons montré que le nombre d'éclairs as-
cendants déclenchés par des activités orageuses à proximité peut être considérablement sous-es-
timé par l'utilisation de formules empiriques proposées dans les normes. 

À l'aide d'une approche rigoureuse (full wave) et de simulations numériques, nous avons étudié 
l'influence des systèmes de mise à la terre des éoliennes interconnectés dans les parcs éoliens. La 
réponse aux excitations typiques de la foudre dans les zones entourant une éolienne a été analysée 
à la fois dans les domaines temporel et fréquentiel. Nous avons montré que l'impédance de mise à 
la terre en basse fréquence pouvait être réduite d'un facteur de deux ou plus en raison de l'inter-
connexion de deux systèmes de mise à la terre séparés par une distance de 100 m. De plus, pour la 
première fois dans la littérature, nous avons analysé l'influence d'un terrain non plat sur la résis-
tance de mise à la terre des électrodes hémisphériques. Nous avons montré que la résistance de 
mise à la terre des électrodes dans les terrains surélevés pouvait être considérablement augmentée 
par rapport à la résistance de mise à la terre de la même électrode dans un sol plat. 

Liste de mots-clés: Décharge ascendante, tour Säntis, éclairs ascendants déclenchés, éclairs ascen-
dants auto-déclenchés, traceur à reculons, critères de déclenchement, incidence des décharges as-
cendantes, éolienne, système de mise à la terre, élévation du potentiel au sol, simulation numé-
rique, solution analytique



  iii  

Abstract 
 

Lightning physics is highly multidisciplinary, involving areas such as plasma physics, electrical engi-
neering, meteorology, thermodynamics and particle physics. Upward lightning is a special type of 
lightning initiated from tall structures that has attracted a great deal of interest recently due to 
growing heights of structures such as wind turbines. Understanding upward lightning is important 
first to better understand the physics of lightning initiation and development, both in upward and 
downward flashes as they share similar properties, but also for lightning protection studies. The aim 
of this thesis is to provide answers to some of the open questions both concerning the mechanisms 
involved in the lightning process and lightning protection. 

In the scope of this thesis, we have expanded and upgraded the lightning observation facility at the 
Säntis Tower that has been instrumented for lightning measurements since 2010. We have installed 
specific sensors in different frequency bands at different locations to obtain broadband measure-
ments that can give us more insights into the mechanisms involved in the initiation of upward light-
ning flashes from the tower. The new installations include electric field sensors, x-rays sensors, high-
speed cameras, and high-resolution cameras. During the summer season of 2019 and 2021, an in-
terferometer system belonging to New Mexico Tech (New Mexico Institute of Mining and Technol-
ogy) was installed in proximity of the tower capable of reconstructing the lightning path with spatial 
resolution in the order of one meter and temporal resolution of less than a microsecond. 

Simultaneous observational data were used to characterize upward lightning. Based on the lightning 
mapping array observations, we have studied different mechanisms of triggering upward lightning. 
Typical scenarios leading to the initiation of upward lightning by preceding nearby lightning events 
are presented and analyzed. Furthermore, we used high-speed camera observations to study the 
role of recoil leaders in fast subsequent events occurring in upward negative flashes. We observed 
that all different fast subsequent processes occurring in upward negative lightning are originated 
from recoil leaders. 

For the first time, we have explained theoretically the mechanism behind the initiation of upward 
lightning triggered by nearby lightning activity as observed at the Säntis Tower and other upward 
lighting observational sites around the world. The developed theoretical model is based on a sim-
plified geometry, and analytical expressions were derived to evaluate the upward leader initiation 
criteria as a function of geometrical and electrical properties of nearby lightning events. The pro-
posed analytical model was further used to estimate the incidence of upward lightning. We showed 
that the number of upward flashes triggered by nearby lightning can be significantly underestimated 
by use of empirical formulas proposed in standards. 
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Using a full-wave approach and numerical simulations, we studied the influence of interconnecting 
wind turbine grounding systems in wind turbine parks. The response to typical lightning excitations 
in areas surrounding a wind turbine were analyzed both in the time and in the frequency domain. 
We showed that the low frequency grounding impedance could be reduced by a factor of two or 
more as a result of interconnecting two grounding systems separated by a 100-m distance. Further, 
for the first time in the literature, we analyzed the influence of a non-flat terrain on the grounding 
resistance of hemispheric electrodes. We showed that the grounding resistance of electrodes in 
elevated terrains could be significantly increased with respect to the grounding resistance of the 
same electrode in a flat ground. 

Keywords: Upward Lightning, Säntis Tower, Other-triggered flashes, self-triggered flashes, Recoil 
Leader, Initiation Criteria, Upward Lightning Incidence, Wind Turbine, Grounding System, Ground 
Potential Rise, Numerical Simulation, Analytical Solution
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 Introduction 
This thesis is written in the form of a collection of papers. The aim of this chapter is to 

contextualize the work presented in this thesis. We first present a short introduction about the 
origin of lightning. The main subject of the thesis, the upward lightning, is presented in more detail. 
Finally, we present the background, motivation and objectives of each of the papers presented in 
this thesis.  

1.1 Lightning Phenomenology  
Fossil evidence shows that lightning was already present more than 250 million years ago [1]. There 
are also theories that suggest that lightning may have been responsible for the start of life on Earth 
[2]. Many civilizations have been awed by lightning throughout the history of mankind [3] . The study 
of lightning is multidisciplinary, involving disciplines such as plasma physics, electrical engineering, 
meteorology, thermodynamics and particle physics. Due to the overall complexity of lightning, many 
of its processes are still not well understood [4]. 

To understand the phenomenon, one can first look at the big picture, as shown in Fig 1. The 
Earth is constantly being bombarded by energetic solar and cosmic rays that can even originate from 
distant galaxies. Some of them may have travelled for over 14 billion years from the Big Bang itself. 
These cosmic rays give rise to conductivity in the upper layers of the atmosphere by creating ions 
through collisions. However, up to about 3 km height, the dominant effect in ion creation is the 
Earth’s natural radioactivity. The electric conductivity of air at sea level is about 10-14 S/m and it 
increases up to 10-11 S/m at 35 km and 10-3 S/m at 100 km [3]. The line integral of the fair-weather 
electric field gives a voltage difference of about 300 kV from mean sea level to the lower layer of 
the ionosphere, considered as an equipotential surface (at about 65 km). Fair weather field meas-
urements (e.g., [5] and [6]) suggest that, due to the finite conductivity of the air, there is a leakage 
current with an average of about 2.7 μA/km2, effectively transferring positive charge to earth. Inte-
grating over the closed surface, the overall current is about 1500 A. This current would neutralize 
the charge on the Earth that is responsible for the above-mentioned potential difference in about 
10 minutes. There must therefore exist a mechanism that maintains the potential difference. It was 
suggested by Wilson [6] that the negative charge on the Earth is maintained by the action of thun-
derstorms. This concept is commonly referred to as the global electric circuit [7]. At any time, there 
is an average of 1500 active storms across the world with an average current of 1 A per storm. 
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Figure 1.1 Earth atmospheric electricity under fair weather conditions. 

Thunderclouds develop from small fair-weather clouds, named “cumulus” [8], which are themselves 
formed when parcels of warm, moist air rise and cool by adiabatic expansion. If the temperature 
decrease is larger than the moist-adiabatic lapse rate (0.6°C per 100 m), particles of warm, moist air 
will continue to rise. At a temperature of 0°C, some of the particles will start to freeze, and the liquid 
and solid phases will coexist. At about -40 °C, all the particles will be frozen. The vertical extent of 
the cloud is typically about 10 km and its horizontal dimension ranges from 3 km to over 50 km, 
where clouds can be composed of multiple cells. The mixture of liquid and solid phases between 0 
°C and -40 °C is responsible for the cloud electrification. There are several mechanisms proposed in 
the literature (e.g.,  [9], [10] and [11]) that lead to the typical tripole structure shown in Fig 2. The 
currents caused by storms (shown in Fig 2) compensate the fair-weather current. The values in Fig. 
2 are averaged over time and over the earth surface. 

 

Figure 1.2 The total current averaged over time and over the earth surface caused by storms, re-
charging the ionosphere. 
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A lightning discharge is a transient event in the atmosphere that transfers large amounts of charge 
and propagates by thermalizing air. A lightning discharge will be initiated at some point if the level 
of electric field is higher than the breakdown electric field (3x106 V/m at sea level for dry air). This 
will cause an electron avalanche and the number of electrons will increase exponentially in the op-
posite direction of the field. When the number of electrons reaches a critical value [12], the path 
from the origin to that point will become conducting, a process called avalanche-to-streamer tran-
sition. A high current will flow through the streamer and thermalize it (see Fig. 3). This is referred to 
as the streamer-to-leader transition. The leader can be either positive or negative and the physics 
of propagation of each is different [13].  

Lightning discharges can be classified into the following categories [14]:   

I. Intracloud flashes, which occur entirely inside a cloud (IC). 

II. Cloud-to-cloud (or inter-cloud) flashes, which occur between two adjacent clouds (CC). 

III. Cloud-to-ground flashes, which occur between a cloud and the ground (CG). 

IV. Air discharge flashes, which occur between a cloud and the surrounding air. 

V. Discharges in the upper and middle atmosphere. 

Cloud-to-ground flashes are of highest interest since they directly affect life on earth. They can be 
classified into four types according to the direction of their initial leader propagation (either upward 
or downward) and the polarity of the effective charge transfer to the ground (either positive or 
negative) [15]. 

 

Figure 1.3 High speed camera record of leader propagation. Bottom left panel: ionization of path 
(streamer) through the process of electron avalanche, followed by (bottom right panel), thermali-
zation (streamer to leader). The top panels show the same events but without contrast enhance-

ment. Only the thermalized channel can be observed in air. Adapted from [16]. 
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1.2 Upward Lightning 
Upward flashes occur only from tall objects (>100 m or so) or from objects of moderate height lo-
cated on mountain tops. Research shows that the presence of elevated objects can increase the 
lightning discharge incidence considerably [17], thereby increasing the risk of damages, especially 
for the case of poorly-conducting objects made of composite materials, such as wind turbines (WT) 
and airplanes. Damages to wind turbines caused by lightning account for approximately 80% of wind 
turbine insurance claims [18]. Wind turbines are indeed very vulnerable to lightning because of their 
height, sharp edges and the remote locations where they are often erected (e.g., [19] and [20]). The 
probability of lightning incidence is also increased by the rotation of the blades [21]. Somewhere 
between 4% and 8% of wind turbines in Europe suffer damages due to lightning strikes each year 
[20]. 

Several tall structures have been instrumented for lightning observations over the world (e.g., the 
Gaisberg, Peissenberg, Säntis, Skytree, Eagle Nest and CN towers). Most of the lightning strikes to 
these towers are of the upward type. Data from these instrumented towers have led to reports on 
lightning current measurements (e.g., [22], [23], [24], [25] and [26]), electric field measurements 
(e.g., [24], [27] and  [28]), and high-speed camera (HSC) observations (e.g., [29] and [30]). These 
observations are of high importance for understanding both upward and downward lightning since 
downward lightning share similar properties with upward lightning [14]. Despite considerable at-
tention focused recently on the physics of upward flashes in the literature, their initiation is still 
under debate and not well understood. 

1.3 Scope of the Study 

1.3.1 Broadband Measuring System at Säntis Tower 
Lightning radiates electromagnetic fields over a very wide frequency spectrum. Each frequency 
range is important to understand different small-scale or large-scale phenomena. Simultaneous 
measurements in different frequency ranges and at different locations are of high importance to 
understand the underlying mechanisms of lightning initiation and development. From the electrical 
engineering point of view, the parameters of interest are the currents and fields, while for the com-
plete physical description of the phenomenon, other parameters, such as, for example, the temper-
ature and pressure inside the channel play an important role. 

One of the main objectives of this study is the extension and upgrade of the Säntis Tower lightning 
observations site in Switzerland. For this reason, as shown in Paper I we have installed a series of 
sensors, namely a field mill, electric field antennas at multiple locations, x-rays sensors, a high-speed 
camera, and high resolution cameras.  
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1.3.2 Lightning Flashes Initiated by Nearby Lightning Activity 
In [31], Wang et al. observed two different scenarios of upward lightning: self-triggered (ST) and 
other-triggered (OT), based on the absence or the presence of other lightning activity in the geo-
graphical and temporal vicinity of the tower-initiated flash. In case of absence of nearby lightning 
activity, it is believed that cloud charging is responsible for the increase of the field and the initiation 
of the flash. Further, it was hypothesized -even though never fully explained in theory- that the 
nearby lightning activity could also create electric field intensification at the tip of the tower.  Later, 
Saba et al. [32] and Schumann et al. [33] reported one of the most extensive datasets of high-speed 
camera observations of other-triggered upward lightning flashes. The relative number of ST and OT 
flashes has been shown to vary depending on the geographical area (see e.g., [34]). The exact mech-
anism leading to the other-triggered scenario is not yet fully understood. Understanding of other-
triggered scenarios and predicting lightning incidence due to this mechanism is of high interest for 
lightning risk estimation. 

To shed some more light on the phenomenon of other-triggered flashes, in Paper II we used the 
data obtained at the Säntis Tower observation site together with simultaneously-measured data 
from a lightning mapping array that was installed in 2017 in the area of the tower. Further, in Paper 
IV, we developed a fully analytical model explaining theoretically, for the first time, observed sce-
narios (at the Säntis Tower and in other areas reported in the literature) of triggering upward nega-
tive lightning by nearby lightning discharges. In Paper V, we used this analytical model to estimate 
the upward lightning incidence to tall structures due to the nearby lightning mechanism by means 
of Monte Carlo simulations. 

1.3.3 Role of Recoil Leaders in Upward Negative Lightning 
Recoil leaders are self-propagating discharges, moving along a previously ionized channel [35] ob-
served to occur in decayed positive leaders. It was suggested and observed ( [35], [36] and [29]) that 
these recoil leaders occur in a bidirectional manner as predicted by Kasemir [37], with the negative 
end propagating downward and the positive end propagating upward in upward negative flashes. 
Mazur [35] argued that unidirectional propagation observed by lightning mapping systems is due to 
the fact that the negative leader radiates much more than the positive, and these systems are not 
able to measure both positive and negative leaders at the same time. In ( [35], [36] and [29]), the 
origin of all fast processes that occur in negative cloud-to-ground lightning (such as dart leaders, M-
components and attempted leaders) was ascribed to bidirectional recoil leaders . 

To extend the understanding of the role of the recoil leader in upward negative lightning, we ana-
lyzed in detail high-speed camera data with other simultaneous measurements at the Säntis Tower 
in Paper III for the case of three tower events.  
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1.3.4 Special Concerns Designing Tall Structure Grounding Systems 
Tall structures such as wind turbines and mobile phone base stations are often installed in remote 
and hilly locations. Those locations are very likely to be struck by lightning due to their geographical 
elevation (e.g., [38] and [39]) and to initiate upward flashes (e.g., [40] and [41]) from them. Remote 
locations make them less accessible, therefore complicating the tasks of maintenance and repair. 
Wind turbines are very vulnerable to lightning because of their height, sharp edges and remote and 
hilly locations where many of them are erected, often with low soil conductivity. Designing proper 
grounding systems that satisfy all required standards is of high importance. 

For this reason, in Paper VI, we investigated the high frequency response of typical wind turbine 
grounding systems by way of full-wave numerical simulations. We investigated the influence of in-
terconnecting grounding systems in wind turbine parks. Since many of the tall structures are located 
on non-flat terrain, in Paper VII and Paper VIII, we investigated for the first time the influence of 
non-flat terrain on the grounding resistance of simplified grounding systems by means of analytical 
solutions and steady-state numerical simulations. 
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 Measuring System  
In this chapter, we briefly present the work done in Paper I related to the upgrade of the 

measuring system at the Säntis Tower. Some of the data collected by the upgraded system will be 
presented in this thesis while a large set of data of high interest remains for future analysis.   

2.1 History of Measurements at the Säntis Tower 
The Säntis Tower was instrumented in May 2010 to measure currents of lightning discharges striking 
the tower. The Säntis Tower is 124 m tall and it sits at the top of the 2502 m tall Säntis Mountain. 
The Säntis Mountain is located in the northeast of Switzerland, in the Appenzell region (47°14’57” 
N, 9°20’32” E). The tower is made of a conical metallic structure with an outer Plexiglas cover which 
protects the telecommunications infrastructure installed in the interior part. The lightning current 
waveform and its time derivative are measured at two different heights, 24 m and 82 m above 
ground level, using Rogowski coils and B-dot sensors (see [42] and [43] for more detailed infor-
mation). 

An EFM-100 field mill has been installed since July 15, 2016, to measure the electrostatic field in the 
immediate vicinity of the Säntis tower. Two fast antennas for the measurement of electric fields are 
also installed at two different locations. The first one is located 14.7 km away from the Säntis Tower, 
on the roof of a 25-m tall building in Herisau. The second station is located at Neudorf, Austria, 
about 380 km from the Säntis tower and it is operated by our partners from ALDIS (Austrian Light-
ning Detection and Information System). The Säntis area is also covered by the European lightning 
location system (EUCLID) and the Zurich weather radar. 

 

2.2 Upgrade of the System (Paper I) 
In order to upgrade the measuring system at the Säntis Tower, multiple other sensors were installed. 
These include another electric field sensor, an x-ray sensor, a high-speed camera and three high-
resolution cameras. All these sensors are working with a pre-trigger window and receive a trigger 
over the Internet as shown in Figure 2.1.  Each of these sites has a fixed IP address and they can be 
controlled remotely. Furthermore, to add another layer of stability, both modems and industrial 
computers can be restarted via SMS command. In addition to these sensors, another high-speed 
camera operated by the University of Geneva was installed in the summer of 2021, along with an-
other x-ray sensor operated by the University of California Santa Cruz (UCSC). The data from the 
weather radar covering the Säntis Tower area are also made available by MeteoSwiss. 
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Figure 2.1 Simplified graph of the measuring system. The TCP trigger is sent from the tower to all 
other trigger-based sites. Figure taken from Paper I. 

The locations of the different measuring sensors are shown in Figure 2.2. In total, there are seven 
different sites [Paper I]:   

1. The Säntis Tower (2502 m ASL). Lightning current and its time derivative are measured at two 
different heights (24 m and 82 m above ground level), using at each location a Rogowski coil and a 
B-dot sensor. The measurement systems on the tower are thoroughly described in [42], [43] and 
[44]. 

2. Radome (2500 m ASL). The radome is located about 20 m away from the tower (see Fig. 4). At 
this location, we have installed a fast electric field antenna, an electrostatic field mill, and two x-ray 
sensors, one belonging to our partners from Uppsala University and operated by us and the second 
one operated by the University of California at Santa Cruz.  

3. Säntis - Das Hotel (1400 m ASL). Located about 2 km away from the tower on the slope of Mount 
Säntis, this station is equipped with a high-speed camera operated by the University of Geneva. 
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4. Mount Kronberg (1663 m ASL) is about 5 km away from the tower. At this location, a high-speed 
video camera and two full HD (FHD) cameras are installed. One of the FHD cameras operates in the 
visible spectrum, while the other one works in the infra-red (IR) spectrum.  

5. Herisau (800 m ASL). This site is located at a distance of 14.7 km from the tower. A fast E-field 
antenna is installed on the top of a building belonging to the Huber+Suhner company.  

6. Neudorf (600 m ASL). This station, operated by ALDIS, is located in Neudorf, northern Austria, 380 
km away from the tower. The station is equipped with a fast E-field antenna. 

7. Albis radar located near the city of Zurich, 60 km east from the Säntis area (more details in [45] 
and [46]). 

In addition to the permanent facility, during the 2017 summer season, a lightning mapping array 
(LMA) belonging to the Polytechnic University of Catalunya (UPC) was installed in the Säntis area 
(more details can be found in Paper II). Furthermore, during the summer seasons of 2019 and 2021, 
an interferometer belonging to New Mexico Tech (which is an upgraded version of the interferom-
eter presented in [47] ) was installed in the vicinity of “Säntis das Hotel” whose extensive dataset is 
yet to be processed. 
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Figure 2.2 Locations of different measuring equipment. Not to scale.  
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 Characterization of Upward 
Flashes  

In this chapter, we report observational results obtained at the Säntis Tower. Here, we re-
port a summary of the methodology and the obtained results from Paper II and Paper III. The aim 
of Paper II is to analyze upward negative lightning triggered by nearby lightning using simultaneous 
observations of current, electric field, lightning mapping array (LMA) and radar measurements. The 
aim of Paper III is to investigate the role of recoil leaders in fast processes of negative upward light-
ning by means of high-speed camera, close electric field and current observations. 

3.1 Lightning Mapping Array Observations of Upward Lightning ini-
tiated by nearby lightning activity (Paper II) 

3.1.1 Methodology 
A lightning mapping array (LMA) network was installed in the Säntis Tower region in June 2017. The 
system consists of six stations measuring VHF radiation in the 60-66 MHz band. The locations of the 
LMA stations were chosen considering several factors, namely: 

1)  The magnitude of the local noise within the frequency band,  

2) the availability of reliable AC power and communication means, 

3) the distance to the source (Säntis Tower), and, 

4)  a good combination of accessibility and security.  

The selected locations correspond to mobile base stations belonging to Swisscom and Swisscom 
Broadcast and they are shown in Figure 3.1. The measurement stations were deployed in the vicinity 
of the Säntis Tower, at distances ranging from 100 m to 11 km. The area of interest around the 
Säntis Tower, which as mentioned before is located in the northeastern part of Switzerland, covers 
parts of the cantons of Appenzell Inner-Rhodes, Appenzell Outer-Rhodes, and St. Gallen. The LMA 
takes the maximum power of VHF radiation within a time window of 80 microseconds and measures 
the time of arrival with a 50 ns accuracy using a PC-based digitizer card coupled to a GPS receiver.  

The LMA data were synchronized with the lightning current data using GPS time stamps. Results 
from the LMA network were transformed from global coordinates to the local coordinate system of 
the tower taking into account the curvature of the Earth. The coverage of the LMA system is about 
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30 km to the west of the tower, about 15 km to the east and 25 km to the south and north (for more 
details, see Fig. 1 in [48]).  

 

 

Figure 3.1 Lightning mapping array stations around the Säntis Tower. The measurement stations 
were deployed in the vicinity of the Säntis Tower, at distances ranging from 100 m to 11 km. (Fig-

ure taken from Paper II) 

In addition to LMA data, current measurements at the tower, close electric field measurements and 
radar observations were used in this study (see Chapter 2 for more details about the measuring 
system).  

Since the negative leaders propagate through positive charge regions and radiate more strongly 
(compared to positive leaders) in the VHF spectrum [49], the LMA observations over longer periods 
can be used to infer the charge structure of the cloud. The average horizontal speed can be used to 
estimate the polarity of the leader. Van der Velde and Montanyà [50] showed that negative leaders 
propagate with an average speed of 105 m/s (during positive cloud to ground flashes, the speed can 
sometimes go up to 106 m/s), while the average speed for positive leaders is around 2x104 m/s. 
Knowing the polarity of the leaders can also be used to infer the charge structure, since negative 
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leaders propagate through positive charge regions and positive leaders propagate through negative 
charge regions [49].  

3.1.2 Results 
In this paper, we analyzed three tower events that were preceded by nearby lightning activity, two 
of them being negative upward flashes and one a positive upward flash. The overall measuring sys-
tems and applied methods enabled us to infer the charge structure of clouds as well as the polarity 
of the leaders involved in each process. The illustrative summary of results for the three events is 
shown in Figures 3.2-3.4. We observed two negative upward flashes (Figure 3.2 and Figure 3.3) trig-
gered by approaching negative leaders. In Figure 3.4, an approaching positive leader triggered an 
upward negative leader (positive flash) from the tower. More details can be found in Paper II.   

 

 

Figure 3.2 Sketch of the initial phase of the flash initiated from the Säntis Tower on 18.07.2017 at 
16:28:01 UTC. View from the South. Not to scale. (Figure obtained from Paper II) 

 

 

Figure 3.3 Sketch of the initial phase of the flash initiated from the Säntis Tower recorded on 
18.07.2017 at 16:30:57 UTC. View from the East. Not to scale. (Figure obtained from Paper II) 
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Figure 3.4 Sketch of the positive flash initiated from the Säntis Tower recorded on 29.06.2017 at 
13:28:27 UTC. View from the East. Not to scale. (Figure is obtained from Paper II) 

 

3.2 High-speed Camera Observations of Upward Negative Lightning 
(Paper III) 

 

3.2.1 Methodology 
In this paper, we report simultaneous measurements of current, close electric field and high-speed 
camera images for three upward negative flashes initiated from the Säntis tower in Switzerland. The 
close-range electric field was only measured in one of the flashes, which was analyzed in detail.  

The Phantom VEO 710L high-speed video camera installed on the Kronberg mountain about 5 km 
away from the tower (see Section 2.2) can record up to 1,000,000 FPS at its lowest resolution of 8 x 
8 pixels. To have a wider view of 512 x 512 pixels, the number of frames per second was reduced to 
10,000. These pixels are distributed over a view of about 1700 m by 1700 m in the plane of the 
tower, perpendicular to the view with a resolution of about 3.4 m per pixel. The camera records 
during a 3-second time window with a pre-trigger delay of 1.5 s. 

Using high-speed camera recordings, we observed parts of the upward positive leader (UPL) propa-
gation during the initial continuous current (ICC) phase that reveal different processes that started 
as recoil leaders. As mentioned earlier, recoil leaders are self-propagating discharges, moving along 
a previously ionized channel [35] observed to occur in decayed positive leaders. They are thought 
[29] to be the cause of K-changes.  



Characterization of Upward Flashes 

   

29 

3.2.2 Results 
Different terms have been used to identify different processes in the lightning discharge, which are 
briefly summarized in what follows. In upward negative and downward negative lightning, one can 
observe subsequent return strokes (RSs) preceded by dart leaders that propagate from the upper 
parts of the channel to the ground termination. If the dart leader stops before reaching the ground, 
the process is called an attempted dart leader (ADL). Although no current is observed at the bottom 
of the channel in attempted dart leaders, they do produce electric field changes that are known as 
K-changes or K-events [51]. Note that a K-event can occur both in cloud-to-ground and in cloud 
lightning. M-components occur when a floating leader connects to the upper part of the conducting 
channel created by the previous RS. Additionally, mixed mode (MM) pulses and M-component-type 
pulses occurring during the initial continuous current (the latter referred to as M-component-type 
ICC pulses) are only observed in upward lightning (e.g., [27] and [52]). These two types of pulses 
exhibit similarities, respectively, with the main pulse in the return stroke process and with the pulses 
that characterize the M-component process, the main difference being that MM and M-component-
type ICC pulses occur during the ICC phase in upward negative lightning.  

Our observations showed that different processes occurring in upward negative flashes, including 
the return stroke, mixed-mode pulses, M-components, M-component-type ICC events and at-
tempted leaders all started as recoil leaders as shown in Figure 3.5. A dart leader is created when 
the recoil leader reaches either (i) the ground (or the tip of the tower), resulting in a subsequent 
stroke or a MM pulse, or (ii) a conducting channel, resulting in an M-component or an M-compo-
nent-type ICC pulse. What follows will depend on the type of junction (to the structure or to a con-
ducting channel) and the presence of another conducting branch. This confirms once again ( [53] 
and [35]) that a recoil leader is the main cause for the sequence of different events observed in 
upward and downward negative lightning. Recoil leaders have also been observed, to a lesser de-
gree, in decayed negative leaders [54].  Bidirectional propagation of recoil leaders was also observed 
in three recoil leaders of which two developed into return strokes and one ended up as an at-
tempted leader. It is possible that all recoil leaders were bidirectional but this was not seen due to 
the frame rate limitation of the high-speed camera. Our observations suggest also that in later 
stages of the recoil leader development, the positive end ceases to propagate (consistent with other 
studies (e.g., [53], [35] and [29]). What makes our study different is that we report all the different 
fast processes involved in upward lightning at the same location, while many of the previous obser-
vations report single processes. One of the four fast processes involved in upward lightning, mixed-
mode pulses, has not been observed in other studies with a high-speed camera.  
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Figure 3.5 Sketch of mechanisms involved in the initiation of different charge transfer modes in 
upward negative flashes, all of them starting from recoil leaders, as observed at Säntis. Not to 

scale. (Figure obtained from Paper III) 
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 Modeling of Upward Negative 
Lightning Initiation Criteria 

In this chapter, we first present the results of an analytical modelling of upward negative 
lightning initiation criteria from Paper IV. For the first time in the literature, we theoretically explain 
how nearby lightning events can trigger upward positive leaders from tall structures. In Paper V, we 
further use the developed model to estimate the incidence of upward negative lightning to struc-
tures of arbitrary height as a function of the lightning flash density in the area.  

4.1 Analytical Modeling of Upward Negative Lightning Initiation Cri-
teria (Paper IV) 

4.1.1 Methodology 
The aim of this paper is to estimate the salient parameters (such as peak value and risetime) of the 
electric field waveforms associated with the different nearby lightning triggering scenarios observed 
in [33] shown in Figure 4.1. Furthermore, we investigate to which extent the estimated electric fields 
can initiate a sustained upward leader. The analysis is performed for an upward negative lightning 
and a positive corona discharge. Within the framework of an electrostatic analysis, simplified closed-
form formulas for the electric field at ground level as a function of time are derived that are appli-
cable both, to the case of a horizontal and of a vertical leader. The ground is assumed to be a perfect 
electric conductor. These solutions can be used to obtain the electric field at any position on the 
ground for any of the scenarios shown in Figure 4.1. To evaluate the criterion for the upward leader 
initiation, the electric field at ground level is then used as an input to the simplified, analytical corona 
discharge model for tall structures that was proposed by Aleksandrov et al. in [55].  
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Figure 4.1 Typical scenarios leading to the triggering of a negative upward flash from a tower. (i) 
In-cloud leader above the tower, (ii) in-cloud leader prior to a positive RS, (iii) positive RS, (iv) 
Continuing Current (CC) extending the negative leader above the tower. Not to scale. The per-
centage of occurrence of these scenarios as observed in [33] is given in each panel. (Figure ob-

tained from Paper IV) 
 

4.1.2 Results 
We estimated risetimes and peak electric field values for the classes of events observed in the liter-
ature to be potentially triggering upward negative flashes. Using the criteria from [55] for the initi-
ation of a sustained leader and making certain assumptions on the waveform of the electric field 
(see Paper IV for more details), we can estimate whether a certain event will trigger or not an up-
ward negative lightning. Two typical classes of events are observed as preceding events: leader pro-
cesses and faster return stroke processes. Figure 4.2 presents critical values of electric field and 
risetime necessary for the upward lightning initiation for these two classes of events for three dif-
ferent object heights. We provided an open-source code and graphical user interface 
(https://itoni93.github.io/other_triggered_lightning_analytical/) with which users can simulate the 
triggering of upward negative flashes by nearby lightning events for arbitrary input parameters. 

i ii13% 9.5%

iii iv25.5% 52%

https://itoni93.github.io/other_triggered_lightning_analytical/
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(a) (b) 

Figure 4.2 Critical electric field change for the development of a sustained leader as a function of 
the risetime for different tall structure heights. (a) As a function of risetimes characteristic of 

leader processes. (b) As a function of risetimes characteristic of return stroke processes. 

 

The obtained results suggest that the mechanism of triggering of an upward lightning from a tall 
structure by a preceding nearby lightning is plausible. Our analysis shows that it is possible for an 
upward negative lightning to be triggered by nearby lightning activity, either during the relatively 
slow leader propagation phase, or after the faster return stroke phase. In most of the analyzed 
cases, the field change due to nearby lightning activity was high enough to trigger an upward flash 
from a structure of moderate height, even without the background electric field. Nearby return 
strokes with relatively fast risetimes (some tens of microseconds) can trigger upward negative 
flashes even for field values about ten times lower than in the case of slower leader propagation 
processes (risetime of some tens of milliseconds).  

We also provided an open-source code with a graphical interface as supplementary material [56] 
that Interested readers can use to run any specific case. Since the method is fully analytical, it can 
obtain the 2D distribution of the electric field for an arbitrary case, essentially instantaneously in 
terms of computational time. 

 

4.2 Incidence of Upward Lightning Triggered by Nearby Lightning – 
Monte Carlo Approach (Paper V) 

 

4.2.1 Methodology 
In this paper, we present a method to estimate the number of upward flashes from a tower trig-
gered by nearby lightning. Based on the analytical model presented in Paper IV, we employ Monte 
Carlo simulations considering a possible range of values for the electrical and geometrical 
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parameters of positive cloud-to-ground (CG) lightning. We take into account both, the relatively 
slow processes due to the leader propagation and the faster return stroke processes. The adopted 
geometrical parameters are based on the scenarios observed in [33]. Similar to [57], one of the 
scenarios in which cloud discharges are the triggering mechanism was not considered because of 
the low efficiency of lightning location systems to detect these events and the lack of available sta-
tistical data. This omission would, however, not significantly impact the overall prediction since this 
scenario represents only 13% of the observed cases ( [32] and [33]).  

Table 4.1 Input parameters and considered ranges of variation.  
(Table is obtained from Paper V) 

 MIN MAX 

Ф [°] 0 360 

altitude [km] 1.5 5 

vPositive [104 m/s] 1 4 

vNegative [105  m/s] 0.5 2 

vreturn stroke [108  m/s] 0.7 1.2 

Horizontal duration [ms] 30 200 

CC duration [ms] 200 700 

λnegative [C/km] 0.5 2 

The input parameters of our model are the leader angle, the initiation altitude above the ground, 
the speed of the positive leader end, the speed of the negative leader end, the return stroke veloc-
ity, the duration of the horizontal propagation before the leader veers down to ground, the duration 
of the continuing current phase, and the line charge density of the negative leader end. Note that 
the line charge density of the positive end is obtained by assuming a zero-net charge along the 
leader (see Paper IV for more details). For the sake of simplicity and due to lack of experimental 
data, we use a uniform distribution for each random experiment. More advanced models can be 
built by using more representative distributions for each parameter. The exact values are chosen 
based on some typical values observed experimentally (see Paper V for more details) and they are 
shown in Table 4.1.   The aim of each random experiment is to evaluate the upward leader criterion 
defined in Paper IV for each successive scenario related to the process of a positive lightning flash, 
as shown in Figure 4.3. 

 



Modeling of Upward Negative Lightning Initiation Criteria 

 

35 

 

Figure 4.3 Flowchart for each random experiment. (Figure obtained from Paper V) 

 

4.2.2 Results 
Table 4.2 presents in the first row the total number of expected flashes to structures of different 
heights using Eriksson’s empirical formula [58]. Furthermore, the percentage of expected upward 
flashes is shown in the second row based on the equation derived in [59].  The total estimated num-
ber of other-triggered (OT) flashes obtained by using the Monte Carlo model averaged over a period 
of one year is shown in the last row of the table. The percentage of the total estimated number of 
OT flashes for each scenario is shown in the three rows above the last one. We can observe that the 
number of estimated OT flashes is 3 to 10 times (depending on the structure height) higher than the 
total number of flashes predicted by Eriksson’s formula. The observed number of upward flashes is 
about 4 to 80 times higher than the one predicted by Eriksson’s empirical formula. In line with [57], 
we observe a significant underestimation of Eriksson’s empirical formulas, just by considering up-
ward flashes caused by nearby lightning without the contribution of downward lightning and self-
initiated upward lightning. 
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Table 4.2 Statistics for a 60 x 60 km2 observation area, and comparison with equations 
(8) and (9) from Paper V. Ng= 2 flashes/km2 per year. (Table obtained from Paper V) 

Height of structure [m] 100 125 150 175 200 250 

N T  0.6 0.95 1.39 1.9 2.5 3.95 

PU [%]  13.2 25 34.6 42.7 49.8 61.5 

Positive leader approaching the ground [%] 33 33 33 34 34 35 

Positive RS [%] 43 42 40 39 36 35 

CC phase of positive RS [%] 24 25 27 27 30 30 

Total number OT flashes per year 6.2 6.66 7.75 8.33 9.46 11.42 
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 Grounding Systems of Tall Struc-
tures 

In this chapter, we present an analysis of the grounding systems of tall structures subjected 
to lightning strikes. First, in Paper VI, by means of full-wave numerical simulations, we analyze a 
typical wind turbine grounding system and obtain both frequency-domain and time-domain re-
sponses to typical lightning excitations. We analyze the influence of interconnecting grounding sys-
tems of wind turbines in a wind turbine park. In Paper VII and Paper VIII, we estimate the influence 
of non-flat ground on the resistance of grounding systems based on an analytical approximation 
derived in our work. 

5.1 Wind Turbines Grounding Systems (Paper VI) 

5.1.1 Methodology 
Typical grounding systems (see [60], [61] and [62]) consist of several rings connected with horizontal 
and vertical rods. The depth of the rings is usually a few meters and they are located within a 
foundation made of concrete [60]. Vertical or horizontal rods are often added to reduce the overall 
impedance. In this paper, we have used the geometry shown in Figure 5.1  with maximum depth of 
3 m and a maximum radius of 9 m. We will consider the interconnection of two wind turbine 
grounding systems separated by 100 m (center to center) and connected with a 100-m long bare 
cable buried at a 1-m depth. Further, we consider different conductivities of soil taking into account 
the frequency dependence  of the soil conductivity and permittivity. More details about the 
geometrical and soil properties can be found in Paper VI. 

Full-wave calculations in the frequency domain (FD) are carried out using the NEC-4 code, which is 
based on the numerical solution of the Pocklington integro-differential equation (for the case of 
wire structures) by means of the Method of Moments (MoM) [63]. Based on the typical lightning 
excitation, we obtain the response in FD and by use of the inverse fast Fourier transform (IFFT), we 
obtain the time domain response. 
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Figure 5.1 Geometry of the grounding system configuration used in the study. (Figure obtained 

from Paper VI) 
 

5.1.2 Results 
In Figure 5.2, we present the ground potential rise (GPR) and step voltage for one of the analyzed 
cases. The strongest voltage peak can be observed at the origin of the grounding system both in the 
case of the GPR and of the step voltage. The intensification of the GPR and step voltages can also 
be observed along the interconnecting cable. An animation of the GPR and step voltages as a func-
tion of time for each analyzed scenario in Paper VI can be found in the online version of the paper 
(Appendix A. Supplementary data of Paper VI, click DOI1 for more). 

  
Figure 5.2 Ground potential rise and step voltage for the case of a lightning current typical of a first 
return stroke flowing into the wind turbine connected to an adjacent wind turbine 100 m away. The 
interconnecting bare cable is along the x axis. The conductivity of the soil is σ=0.001 S/m. (Figure 
obtained from Paper VI) 

                                                                        

1 https://doi.org/10.1016/j.epsr.2019.04.010 
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We analyzed the spatial distribution of the ground potential rise and the step voltage in response 
to typical first and subsequent lightning return stroke current waveforms. We showed that both, 
the ground potential rise and the step voltage could be significant along the wire, in particular for a 
low-conductivity soil. Furthermore, placing sensitive equipment near the interconnecting wire 
should be either avoided, or insulated wires should be used for the interconnection of the grounding 
systems.   

It was shown that the low frequency grounding impedance could be reduced by a factor of two or 
more by interconnecting two grounding systems separated by a 100-m distance. However, the re-
duction is significantly lower at higher frequencies due to the influence of the interconnection wire’s 
inductance.    

 

5.2 Influence of Elevated Terrain on the Grounding Resistance – An-
alytical Model (Paper VII and Paper VIII) 

 

5.2.1 Methodology 
In this chapter we evaluate the influence of elevated terrain on the grounding resistance of struc-
tures. Tall structures such as telecommunication towers and wind turbines are often placed on top 
of hills in order to obtain better signal coverage for the case of telecommunication towers and bet-
ter exposure to wind for the case of wind turbines. To our knowledge, no other study had considered 
the influence of non-flat terrain on the structure’s grounding resistance. 

We consider a simple geometry of a hemispheric grounding electrode. Note that even though this 
geometry is simple, it can represent a first approximation of a complex grounding system such as 
those of wind turbines. The geometry of the problem is shown in Figure 5.3. The solution for the 
grounding resistance of the structure shown in Figure 5.3-a is obtained in Paper VII.  The solution 
was later extended in [64] for Figure 5.3-b and finally the analytical solution for a more general case 
shown in Figure 5.3-c with a finite height of the cone is derived in Paper VII. The validity of the 
derived analytical equations is tested by comparing their results with numerical solutions obtained 
via the commercial software COMSOL [65]. More details can be found in Paper VII, [64] and Paper 
VIII. 
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(a) 

 
 

(b) 

 

(c) 
Figure 5.3 Hemispheric grounding electrode for three different geometries of the soil. (a) Elec-

trode buried on the top of a truncated cone-shaped ground. The top radius of the cone is assumed 
to be equal to the radius of the electrode. (b) Same as in (a) but the top radius of the cone is big-

ger than the radius of the hemispheric electrode. (c) Same as in (b) but considering a cone-shaped 
mountain with a finite height. (Figure obtained from Paper VIII) 
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5.2.2 Results 
The derived solution for the most general geometry shown in Figure 5.3-c is: 
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Equation 5.1 Resistance of hemispheric grounding system shown in Figure 5.3-c. 

where 𝜎𝜎 is the ground conductivity, R0 is the radius of the hemispheric grounding, 𝜑𝜑 is the apex 
angle, and the geometrical parameters Rt1 and Rt2 are shown in Figure 5.3-b and Figure 5.3-c. The 
analytical equation was checked for different scenarios against numerical simulations and it was 
found that in most of the cases, the difference is less than 10%. 

Figure 5.4 presents the resulting plot from the analytical solution in Equation 5.1 of the increase of 
the grounding resistance as a function of the cone height and apex angle compared to the case of a 
flat ground. As the value of the apex angle increases, the results converge to those corresponding 
to the case of a flat ground. In a similar way, decreasing the height, the results converge to those of 
a flat ground or increasing it to infinity it converges to the solution for Figure 5.3-b. For example, for 
the case of an apex angle of 30° and a height of about 100 m, the increase of the grounding re-
sistance is almost a factor of two. 

 

 

Figure 5.4 Increase of the grounding resistance predicted by the derived analytical formula as a 
function of the height of the truncated cone and its apex angle, for a 5-m radius hemispheric elec-

trode. The top radius of the truncated cone is 10 m.  (Figure obtained from Paper VIII)  
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 Conclusion 
Paper I: We have upgraded the lightning observation site at the Säntis Tower with multiple sensors 
including electric field sensors at different locations, a high-speed camera, x-ray sensors, and high-
resolution cameras. All the stations are GPS-time synchronized and triggered by the lightning cur-
rent signal measured at the Säntis tower. Newly installed sensors during this thesis together with 
existing sensors and other meteorological sensors in the area covering the tower have helped and 
will continue to help in the future to better understand the processes involved in upward lightning. 

Paper II: Based on the simultaneous measurements using different sensors, including lightning map-
ping array observations, we were able to infer the charge structure in the clouds as well as the 
polarity of leaders. In all the analyzed events, it was found that the leader channel approaching the 
tower triggered an upward leader of opposite polarity from the tower tip. 

Paper III: Based on high-speed camera observations, the different fast processes occurring in up-
ward negative lightning were found to originate from recoil leaders. Bidirectional propagation was 
observed in three recoil leaders leading to an attempted leader, and to two return strokes. It is 
possible that all recoil leaders were bidirectional, but this was not seen due to the frame rate limi-
tation of the high-speed camera. 

Paper IV: For the first time in the literature, we showed theoretically how both, relatively slow 
leader processes and faster return stroke nearby processes can trigger an upward lightning flash 
from the tip of a tall structure. The obtained results suggest that electric fields in the order of only 
1 kV/m from nearby positive return strokes can potentially initiate an upward flash from a 100-m 
tall structure. Such field intensities are typical of return strokes at distances as large as a few kilo-
meters. 

Paper V: The number of upward flashes triggered by nearby lightning could be, depending on the 
height of the structure, as much as three to ten times as high as the total number of both upward 
and downward lightning flashes estimated using conventional empirical formulas. 

Paper VI: For wind turbines, we obtained the transfer function of the grounding system and the 
time-domain response of the ground potential rise and step voltage as a function of a typical light-
ning excitation. It was shown that the low frequency grounding impedance could be reduced by a 
factor of two or more by interconnecting two individual wind turbine grounding systems separated 
by a 100-m distance. However, the reduction is significantly lower at higher frequencies due to the 
influence of the interconnection wire’s inductance. 
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Paper VII and Paper VIII: The resistance of the grounding system of a structure located on a hilly 
terrain can be significantly increased with respect to the same structure located on flat ground. 
Analytical solutions for hemispherical grounding electrodes on the top of a conical hill were derived 
that can be used as a first approximation to estimate the influence of non-flat terrain.  
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Future development 
Lightning observations at the Säntis Tower started in 2010. Some of the data in this thesis 

were obtained even before the start of the thesis itself (e.g., LMA data). Similarly, there is a large 
quantity of data collected with the upgraded system that need to be studied in the future. This 
mainly relates to two summer seasons during which simultaneous data of the interferometric sys-
tem, new high-speed camera records and x-rays detections associated both with positive and neg-
ative flashes were obtained. Further upgrade of the system is possible, both increasing the reliability 
of the system and adding new sensors at different locations and at different frequencies. 

Modeling of upward lightning still remains an interesting and open topic. The developed 
analytical model can be further enhanced and used to provide real-time (less than a millisecond) 
predictions that can be used in special applications to predict upward flashes from tall structures 
just before they occur. More advanced numerical models could be employed in order to relax some 
of the approximations adopted in the analytical model. Similar models could be developed for the 
case of upward positive lightning triggered by nearby events. 

The design and analysis of the grounding system of tall structures is an important topic for 
industrial applications. Typical full-wave simulations are complex and time consuming. Simple ap-
proximations of wind turbine grounding systems with hemispherical grounding electrodes can be 
useful, bearing in mind the order of uncertainty imposed by the water content in the soil. For this 
reason, developing adequate high frequency models for hemispherical grounding systems is of high 
interest.  
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Abstract— The Säntis Tower was instrumented in May 2010 to 
measure currents of lightning discharges striking the tower. Since 
then the system has been recurrently updated and expanded. 
Currently, data associated with lightning strikes to the tower are 
collected at five different sites. The facility is equipped with a 
current measurement system, three electric field antennas, an 
electrostatic field mill, two x-rays sensors, a high-speed camera 
and four full HD cameras. This paper presents the latest 
measurement configuration at the facility. 
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I.  INTRODUCTION  
The Säntis Tower is a 124-m-tall tower sitting at the top of 

the 2502-m tall Säntis Mountain (see Fig. 1). The Säntis 
Mountain is located in the northeast of Switzerland in the 
Appenzell region (47°14’57” N, 9°20’32” E). The tower is 
struck by lightning about 100 times per year.   
 
The tower has been instrumented for lightning current 
measurements since May 2010 [1-3]. In 2014, an electric field 
station was installed at about 15 km away from the tower [4]. 
Also, since 2014, the trigger has been sent using TCP/IP over 
the Internet to the 380 km distant electric field sensor location in 
Neudorf, northern Austria, operated by ALDIS. More details on 
the Neudorf station can be found in [5,6]. Here, we present for 
the first time new measurement stations installed since then.   

This paper presents a summary of the measurement systems 
deployed at the tower and its vicinity. The paper is organized as 

follows. Section II presents an overview of all the measurement 
sites and sensors. Sections III to VI present in detail recent 
upgrades and newly installed equipment. 

  
a.) b.) 

 
Fig. 1. Säntis Tower at the top of the 2502-m tall Säntis Mountain. (a) Summer, 
(b) Winter. 

I. OVERVIEW OF THE SÄNTIS RESEARCH FACILITY 

A. Measurement Sites 
Fig. 2 presents a simplified sketch of the seven measurement 
sites belonging to the Säntis research facility. The measurement 
systems deployed in each site are briefly described in what 
follows. 
 



 

 
Fig. 2.  Simplified sketch of different observational sites and measuring sensors including their distance to the tower and their 
geographical altitude. Not to scale. 

 
Fig. 3.  Simplified graph of the measuring system. The TCP trigger is sent from the tower to all other trigger-based sites. 



 
1. The Säntis Tower (2502 m ASL). Lightning current and its 
time derivative are measured at two different heights (24 m and 
82 m above ground level), using at each location a Rogowski 
coil and a B-dot sensor. The measurement systems on the tower 
are thoroughly described in [1-3].  
2. Radome (2500 m ASL). The radome is located about 20 m 
away from the tower (see Fig. 4). At this location, we have 
installed a fast electric field antenna, an electrostatic field mill, 
and two x-rays sensors, belonging to our partners from Uppsala 
University and the University of California at Santa Cruz.  
3. Säntis - Das Hotel (1400 m ASL). Located about 2 km away 
from the tower on the slope of Mount Säntis, this station is 
equipped with a full HD camera.  
4. Mount Kronberg (1663 m ASL) is about 5 km away from the 
tower. At this location, a high-speed video camera and two 
FHD cameras are installed. One of the FHD cameras operates 
in the visible spectrum, while the other one works in the infra-
red (IR) spectrum.  
5. Herisau (800 m ASL). This site is located at a distance of 
14.7 km of the tower. A fast E-field antenna is installed on the 
top of a building belonging to the Huber+Suhner company.  
6. Neudorf (600 m ASL). This station, operated by ALDIS, is 
located in Neudorf, northern Austria, 380 km away from the 
tower. The station is equipped with a fast E-field antenna. 
7. Albis radar located near the city of Zurich, 60 km east from 
the Säntis area [7,8].  
   
It is worth noting that the Säntis Tower area is also covered by 
the EUCLID lightning location network [9]. The Säntis area 
was also covered by a lightning mapping array (LMA) 
belonging to the Polytechnic University of Catalunya during an 
experimental campaign organized in the Summer of 2017 [8]. 
In addition, during the Summer of 2019 an interferometer 
belonging to the New Mexico Tech was installed near the Säntis 
Hotel and, as of the writing of this paper, it will be installed in 
the Summer of 2020. 
 

 
 
Fig. 4. Location of radome next to the tower. 

 
At each measuring site, every relevant equipment is connected 
to the modem and has a fixed private local IP non-visible to the 
rest of the Internet. The modem is configured in such a way that 
one free port is allocated for each device with their static IP 
address. For example, in the case of the Kronberg site, three 
triggers will be sent from the current measuring site using 
TCP/IP to the URL belonging to the modem installed at this site 
but using different ports (e.g., 9000, 9001, 9002), one for each 
camera. This URL is pointing to the IP address of the modem 
and, in case of a change of IP address of the modem, this URL 
will be updated to point to the new IP address. This is achieved 
with the DDNS method and a client installed on one of the PCs 
connected to the modem. The modem is configured in such a 
way that the ports are forwarded to the static local IP address of 
each connected device.  
 
Once each of the devices receives the data, they immediately 
trigger the corresponding measuring equipment. They all 
operate with appropriate pre-trigger times with data stored in 
the buffer. After receiving the trigger, they will continue to 
work for a time defined by the post-trigger window during 
which the data are recorded. Since most of the stations 
communicate over the 4G network, the latency is not always 
constant. However, most of the time the delay is no longer than 
100 ms. 
 
Since the location of the Säntis Tower is more than 200 km away 
from our laboratory and physical access to the tower and the 
radome is possible only three days per month, the remote control 
is of high importance. The remote control commands are 
transmitted over the Internet, with the inherent risk that a power 
failure and an interruption in the Internet access can cause 
disconnection. When the system at the tower is shut down (due 
to power outages or to voluntary power cycling operations at the 
tower), or when it loses its Internet connection, it is not able to 
send trigger signals to the other measuring sites. This can cause 
the loss of valuable data.  In order to mitigate the problem of loss 
of Internet connection, we have added redundancy to the remote-
control system using a GSM receiver. This system, shown in 
Fig. 5, can be controlled by sending codes in SMS messages to 
remotely power-cycle either one of the local PCs or the Internet 
modem since we have determined through experience that this 
solves most of the connection loss problems. The system is 
installed at four different locations as shown in Fig. 3.  

In the following section, we will report on recent updates at the 
measuring stations. Details about the current measurement 
system as well as the remote electric field station in Neudorf can 
be found in previous literature [1-6]. The instrumentation in the 
three new stations (radome, Hotel and Kronberg) have not been 
reported elsewhere. We will give a summary of the 
instrumentation for each of these sites. Even though some 
information about the Herisau station has been already provided 
in [4], we will present here the latest upgrades made to that 
system. 

 
 



 
Fig. 5. Restart system. Arduino Uno with GSM module and 4 
channel relays. 

II. RADOME 
This station is located 20 m away from the tower (see Fig. 4). It 
is equipped with an industrial PC with a two-channel PCI 
digitizer. One channel of the digitizer is connected to a fast E-
field antenna while the second is connected to one of the X-ray 
sensors. The sampling rate is set to 50 MS/s with a pre-trigger 
delay of 1.2 s. Each record is 2.4 s long. The field mill is 
connected via USB to the same PC and the data are recorded in 
continuous mode.  A Garmin GPS 18x LVC is connected to the 
serial port of the industrial computer and provides a time 
accuracy of several microseconds. 
 
A commercial microphone is also installed and connected to the 
PC via USB cable. It is operated via LabView and provides 
recording for a duration of 100 s. The data will be saved only 
when a trigger is received.  
 

A. Fast antenna 
A commercial Thales (former Thomson CSF)  Mélopée electric 
field sensor with a frequency range of 1 kHz to 150 MHz was 
installed during the Summer of 2018 (see Fig. 6). The output of 
this antenna is connected to the first channel of the digitizer. 
More information about the system can be found in [4]. Note 
that this antenna was initially located in Herisau and it was 
moved to the radome site in 2018. The antenna in Herisau was 
replaced with a flat plate antenna (see Section VI). 

B. X-ray sensors 
 
In July 2019, an X-ray sensor (see Fig. 7) from Uppsala 
University [11,12] was installed in the radome. In order to 
mitigate the coupling and interference of strong lightning 
electromagnetic fields to the measuring system, a battery power 
supply was installed in the metallic box containing the X-ray 
measuring device. This system consists of two batteries and a 
microcontroller that manages the charging of the batteries in 
such a way that the charging alternates between the two. While 

one battery is being charged, the other is used as the power 
supply, so that the system is never connected galvanically to the 
230 V grid, preventing any conducted interference from 
reaching the equipment. Furthermore, the 230 V power supply 
is provided from an insulation transformer to further reduce 
noise in cables and possible field coupling. To further reduce 
the noise, the analog output of the X-ray sensor is relayed to the 
second channel of the digitizer via a fiberoptic link. 
 

 
Fig. 6. Fast E-field antenna and field mill. 
 
Another X-ray sensor belonging to the University of California, 
Santa Cruz (see Fig. 8) was also installed in July 2019. The 
detector is a 5-inch (diameter) x 5-inch (length) cylinder of BC-
408 plastic mounted to a 5-inch PMT (photomultiplier tube). 
The PMT is negatively biased by ~850 Volts.  The detector 
output is connected to a Bridgeport Instrument eMorpho MCA 
(Multi-Channel Analyzer) that uses a time-tagged event mode 
to record the integrated pulse area (with 16-bit resolution) and 
the arrival time (with 32-bit/12.5-ns resolution) of the detector 
output.  This amounts to a 80-MHz sampling speed. The 
combination of the nanosecond decay time of the BC-408 and 
the sampling speed of the MCA is needed to record the high 
flux and sub-millisecond arrival times of TGF photons. In 
addition to the detector chain, there is also a GPS unit where a 
pulse-per-second signal is fed into the MCA’s FPGA and 
incorporated into the data stream as a flagged event.  This 
allows for a precise relative timing and low data usage since the 
periods without events are not saved, so the device can operate 
in continuous mode. This device is connected to a second 
computer on which the data are saved. 
 

C. Field Mill 
To measure the electrostatic field, an EFM-100 field mill has 
been installed in the same location since 15 July, 2016, as 
shown in Fig. 6. The field mill is connected via USB to the 
industrial PC and the data are recorded in continuous mode. 
 



 
Fig. 7. X-ray sensor from Uppsala University 
 

 
Fig. 8. X-ray sensor from the University of California, Santa 
Cruz working in the continuous mode. 
 

III. HOTEL DAS SANTIS 
In Spring 2020, a FHD camera was installed in the hotel located 
about 2 km of air distance away from the tower and 1150 m 
below the ASL of top of the mountain. A Raspberry PI 4 with a 
Camera Module v2 was used for this purpose. The camera has 
an optical size of 1/4" and a focal ratio equal to 2.0. It can 
operate in Full HD resolution with 30 FPS and can record 
images of 4K resolution. Currently the camera is set to an ISO 
equal to 100 and to record Full HD videos with 30 FPS.  
Each Raspberry PI is equipped with a 32 GB SD card and it is 
connected to the Internet. The main code is written in Python 
and it consists of two threads. The first is waiting for the trigger 
over TCP/IP on the chosen port. The second is constantly 
recording the videos for a duration of 60 seconds. If the trigger 
is received, the video is saved. Otherwise, the video is deleted. 
Remote access of the raspberry PI is possible over the Internet.  
 

 
Fig. 9. Four Raspberry PI 4 4G with the camera ready to be 
installed at three different sites. 

IV. KRONBERG 
A Phantom VEO 710L high-speed video camera is installed at 
this location. A view of the Säntis Tower from the camera is 
shown in Fig. 10. The camera can record up to 1,000,000 FPS 
at its lowest resolution of 8 x 8 pixels. To have a wider view of 
512 x 512 pixels, the number of frames per second needs to be 
reduced to 10,000. These pixels are distributed over a view of 
about 2 km by 2 km. The camera records during a 3-second time 
window with a pre-trigger delay of 1.5 s. A GPS time stamp is 
provided with an Acutime 360 Multi-GNSS Smart Antenna and 
the synchronization error is within 15 nanoseconds. 
 
Additionally, two FHD cameras as described in Section IV are 
installed at this location. The first camera works in the visible 
spectrum and the second on operates in infra-red. 

 

 
Fig. 10. High speed Phantom VEO 710L camera installed at the 
top of the Kronberg mountain. 

V. HERISAU 
A flat plate antenna is installed in this location since 2017 and 
it has been updated several times since then. It has a two-battery 
system to ensure a noise-free power source since the charging 
and use of the batteries alternates to avoid having a galvanic 
connection to the mains as in the case of the X-ray sensor 
(Section III). An industrial computer with a two-channel 
digitizer is installed at the station. Integrator is located next to 
the antenna. Terahertz Technologies LTX-5515 analog to 



digital optical link was used to transfer the analog signal to the 
input of digitizer. The integrator output transferred by optical 
link and back converted to the analog signal is connected to the 
first channel of digitizer that can measure voltages from -5 V to 
5 V with a 14-bit resolution. The time constant of the antenna 
is 8 ms and it can measure electric fields in the range from -200 
V/m to 200 V/m.  
 
The digitizer is set to a sampling rate of 10 MS/s with a time 
window of 6 s and a pre-trigger delay of 3 s. The second channel 
of the digitizer is connected to the pulse per second output of a 
Garmin GPS 18x LVC unit. This provides a time accuracy of 
about a microsecond. This site is also equipped with one FHD 
camera with the same specifications described in Section IV. 
 

 
Fig. 11. Flat plate antenna installed at the Herisau site. The 
antenna is covered with a dielectric for precipitation protection. 
 

VI. CONCLUSION 
In this paper, we presented the measurement system deployed 
at the Säntis research facility, as well as its recent upgrades. 
Three new sites in the vicinity of the tower have been equipped 
with different sensors such a high-speed camera, four FHD 
cameras, two fast electric field antennas, an electric field mill 
and two X-rays sensors. The trigger signal is being sent to all 
stations from the current measurement system over the Internet. 
Each site can be accessed and controlled remotely. Broadband 
measurements can help us in future to better understand 
processes involved in upward lightning.    
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A B S T R A C T

We present in this paper lightning current measurements, LMA (Lightning Mapping Array) data and fast antenna
electric fields associated with upward flashes observed at the Säntis Tower during summer of 2017. The LMA
network consists of six stations that were installed in the vicinity of the tower at distances ranging from 100m to
11 km from it. Out of 20 LMA recorded flashes here we analyze in detail three so-called ‘other-triggered flashes’,
triggered by preceding activity. Based on the lightning activity derived from the European Lightning Detection
Network (EUCLID) in an area within 30 km from the tower and within a 1-s time window before the start of the
upward tower flashes, only one out of 20 flashes was classified as ‘other-triggered’(OT). However, the in-
vestigations based on the LMA data reveal that 3 more flashes of the 20 analyzed were preceded by nearby
activity and should therefore be classified as OT flashes. We analyze conditions conducive to the OT flashes, such
as the charge structure of the clouds, polarity of preceding leaders and level of activity of the storm.

The LMA source active time period was on average seven times higher for the OT flashes than that for self-
initiated flashes.

1. Introduction

The characteristics of upward lightning discharges based on tall
structure measurements (e.g., Gaisberg, Peissenberg, Säntis) have
been widely reported in the literature [1]. However, their initiation
mechanisms are not well understood and are still under investigation.
Wang et al. [2] proposed the classification of upward flashes into two
categories: self-triggered (ST) and other-triggered (OT), based on the
absence or the presence of other lightning activity in the geographical
and temporal vicinity of the tower-initiated flash. The number of ST
and OT flashes has been shown to vary depending on the geographical
area (e.g., [3]). It has also been shown that the rate of ST versus that
of OT flashes is correlated, to some extent, to atmospheric conditions
[4,5]. Different observation methods have been used to classify fla-
shes into the ST and OT categories, namely based on data from

lightning location systems (LLS) [3], electric fields [6], and video
observations [7].

OT flashes can be preceded (or triggered) by both in-cloud (IC) and
cloud-to-ground (CG) flashes. IC flashes can occur on both large scales
(a few tens of km) and small scales (a few hundreds of meters), while
CG channels extend to a few kilometers [8]. Schumann et al. [9], using
video observations, proposed different mechanisms conducive to the
initiation of upward flashes, all of them associated with horizontally
propagating leaders in the clouds over the towers.

A Lightning Mapping Array (LMA) is a 3D discharge location system
pioneered by D. E. Proctor [10–12]. The detection is accomplished by
measuring the VHF radiation from the discharges, while the location is
determined using the measured arrival times of the common signal at
each station to calculate the spatial position and emission time of the
radiation source. Proctor used 5 stations to study small-scale
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breakdowns of lightning. Clustering algorithms [13–15] can be used to
automatically identify lightning flashes from LMA data.

In June 2017, a 3D LMA network [16,17], consisting of 6 stations
belonging to the Lightning Research Group of the Polytechnic Uni-
versity of Catalonia (UPC) was installed around the Säntis Tower in
Northeastern Switzerland. The covered range is typically about 60 km
in diameter. The Säntis Tower is equipped with a direct current mea-
suring system since May 2010. The LMA was operational during two
months, July and August, 2017.

Out of a total of 20 recorded flashes, we analyze in detail in this
paper three flashes for which simultaneous measurements of current
and LMA sources associated with OT upward flashes from the Säntis
Tower were obtained during the 2017 campaign. This paper is an ex-
tended version of paper [18].

2. Measurement setup

2.1. Lightning current and electric field measurements

The 124-m tall Säntis Tower, located at 47°14’57’’N and 9°20’32’’E,
is by far the most frequently struck structure in Switzerland [19,20].
The tower has been instrumented since May 2010 using advanced
equipment including remote monitoring and control capabilities for
accurate measurement of lightning current parameters enabling a high-
resolution sampling of lightning currents over long observation win-
dows [19,21]. Lightning currents are measured using two sets of Ro-
gowski coils and multigap B-dot sensors located at two different heights
along the tower. The analog outputs of the sensors installed are relayed
to a digitizing system by means of optical fiber links. The system is
equipped with GPS and allows over-the-Internet remote maintenance,
monitoring, and control. More details on the instrumentation can be
found in Ref. [19,21–24]. The lightning current is recorded over a 2.4 s
interval with a pre-trigger delay of 960ms.

The Säntis measurement station includes also an electric field
measurement station comprising a flat-plate antenna and an analog
integrator with an overall frequency bandwidth of 30 Hz–2MHz, lo-
cated in Herisau at a distance of 14.7 km from the tower [25].

2.2. Lightning Mapping Array (LMA)

An LMA network was installed in the Säntis Tower region in June
2017 [26]. The system consists of six stations measuring VHF radiation
in the 60–66MHz band. The locations of the LMA stations were chosen
considering several factors, namely:

1) The magnitude of the local noise within the frequency band,
2) The availability of reliable AC power and communication means,
3) The distance to the source (Säntis Tower), and,
4) A good combination of accessibility and security.

The selected locations correspond to mobile base stations belonging
to Swisscom and Swisscom Broadcast and they are shown in Fig. 1. The
measurement stations were deployed in the vicinity of the Säntis Tower,
at distances ranging from 100m to 11 km. The area of interest is located
in eastern Switzerland and it covers parts of the cantons of Appenzell
Inner-Rhodes, Appenzell Outer-Rhodes, and St. Gallen. The LMA takes
the maximum power of VHF radiation within a time window of 80ms
and measures the time of arrival with 50 ns accuracy using a PC-based
digitizer card coupled to a GPS receiver.

The LMA data were synchronized with the lightning current data
using GPS time stamps. Results from the LMA network were trans-
formed from global coordinates to the local coordinate system of the
tower taking into account the curvature of the Earth. The coverage of
the LMA system is about 30 km to the west of the tower, about 15 km to
the east and 25 km to the south and north (for more details see [27]).

3. Observations of Other-triggerd flashes

3.1. Overall data

During the campaign, lightning currents, electric fields and LMA data
were simultaneously recorded. In this paper, we present results for 20
analyzed flashes in the period from 29.06.2017 to 18.07.2017. The
electric field system was operational only during three of the flashes
(#18, #19 and #20 in Table 1). Using the data from the EUCLID network
[28], the flashes were classified either as OT or ST, considering whether
or not lightning activity was reported in an area within 30 km from the
tower and within a 1-s time window before the start of the tower flash.
The time interval criterion of 1-s was chosen because most of the flashes
last less than a second [29] so we can take into account all the activity
that could still occur after the recorded pulse by EUCLID. It is worth
noting that the value of the inter-flash intervals recorded by EUCLID
during the storms in the 30-km range around the Säntis Tower is observed
to have a median of about 5 s [30]. Using these criteria, all 20 flashes (18
negative, 1 positive and 1 bipolar) were initially classified as ST in Ref.
[18]. A high level of noise in the low frequency spectrum of the Rogowski
coil lightning measuring system made it hard to determine the exact
current onset time at the tower. A more detailed analysis with application
of a lowpass filter in this paper showed that one flash in Ref. [18] was
misclassified using EUCLID as an ST flash. That upward negative flash
was preceded by a downward, single-stroke positive flash recorded about
100ms before the start of the ICC (initial continuous current), about
22 km East and 11 km South of the tower, in an area without LMA cov-
erage. Since the preceding event was not in the area of LMA coverage, the
flash from the tower was not classified as OT using the LMA.

On the other hand, using the LMA, we could observe that 3 more
flashes were of the OT type. Schumann et al. [31] observed three dif-
ferent types of preceding flashes from which the upward lightning can
be triggered: (i) a return stroke (RS) that leads to an intensification of a
horizontal leader over the tower that, in turn, triggers the upward
lightning from the tower, (ii) an extension over the tower of the hor-
izontal part of a leader during the continuing current (CC) phase of a
nearby CG flash, and (iii) an in-cloud leader that develops over the
tower, and whose other end may or may not terminate in the ground.
All three LMA-recorded OT flashes belong to category (iii) and, con-
sequently, are of the type not often recognized by lightning location
systems, as they detect lightning in the LF frequency range and are
mostly effective in detecting CG discharges and cloud discharges whose
channel has a vertical orientation. It is unclear to which type the OT
flash recognized by EUCLID belongs since the LMA did not detect any
activity over the tower at the time of initiation of the upward flash.
Note that the preceding RS is located outside of the coverage area of the
LMA.

In what follows, we will present one positive OT flash and two
negative OT flashes that occurred during a period of just 3min. Data for
the third negative OT flash classified by EUCLID will not be shown here
since, as mentioned, the preceding flash was not covered by the LMA.
However, the available data can be found in the attached materials. The
time evolution of LMA sources for each flash can also be observed in the
accompanying animations. We will analyze the charge structure of the
cloud as well as the polarity of the leaders.

Since the negative leaders propagate through positive charge re-
gions and radiate more strongly (compared to positive leaders) in the
VHF spectrum [32], the LMA observations over longer periods can be
used to infer the charge structure of the cloud. The average horizontal
speed can be used to estimate the polarity of the leader. Van der Velde
and Montanyà [33] showed that negative leaders propagate with an
average speed of 105m/s (during positive cloud to ground flashes, the
speed can sometimes go up to 106m/s), while the average speed for
positive leaders is around 2×104m/s. This can also be used to infer
the charge structure since, in addition to the mentioned observation in
[32] that negative leaders propagate through positive regions, positive
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leaders propagate through negative regions. In the following analysis,
one has to bear in mind the limitation of the LMA. Mazur et al. [34]
argued that the TOA lightning mapping technique does not allow the
simultaneous processing of both the strong radiation signals from ne-
gative breakdowns and the much weaker radiation signals from positive
breakdowns. Based on that assumption, it is not clear if any of the
floating leaders occurred in a bidirectional [35] or a unidirectional
manner. The LMA has also a low efficiency in detecting leaders such as
dart leaders or K changes propagating along already ionized paths.

3.2. Negative flashes

3.2.1. Charge structure
Two negative OT flashes (#18 and #19 in Table 1) occurred in a

time interval of just below 3min and a third one (#20 in Table 1)
followed about 22min after the first one. The VHF activity in the 20-
min period centered at the time of the first other-triggered flash is
presented in Fig. 2, in which the inferred positive and negative charge
regions are shown.

Fig. 1. Lightning Mapping Array stations around the Säntis Tower. The measurement stations were deployed in the vicinity of the Säntis Tower, at distances ranging
from 100m to 11 km. The electric field station is located 14.7 km north of the tower at the top of a building in Herisau belonging to the Huber+ Suhner company.

Table 1
Percentage of LMA active period (period with no more than 100ms without LMA sources) 20min observations centered at time of flash.

Flash number 1 2 3 4 5 6 7 8 9 10

Date 29.06.17 29.06.17 29.06.17 29.06.17 29.06.17 29.06.17 29.06.17 29.06.17 29.06.17 29.06.17
UTC Time 13:38:27 14:06:13 14:08:39 14:11:09 15:05:42 15:10:52 15:36:50 15:39:46 15:45:52 15:47:31
Polarity P N N N N N N N N N
Type OT ST ST ST ST ST ST ST ST ST
LMA Active (%) 3.95 1.67 1.15 0.83 0.04 0.05 0.13 0.18 0.33 00.33

Flash number 11 12 13 14 15 16 17 18 19 20

Date 29.06.17 29.06.17 29.06.17 10.07.17 10.07.17 10.07.17 14.07.17 18.07.17 18.07.17 18.07.17
UTC Time 15:54:55 16:00:13 16:05:36 20:48:58 20:51:45 21:19:37 13:25:39 16:28:01 16:30:58 16:50:01
Polarity N N N N N N B N N N
Type ST ST ST ST ST ST ST OT OT OT
LMA Active (%) 0.24 0.13 0.07 0.19 0.10 0.01 0.13 2.42 2.38 0.68
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Radar data (see attached material) suggest that the cloud extended to
a height of about 11 km and the melting layer can be observed at about
4 km. It is worth noting that, based on balloon observations, a change of
the charge layer sign occurs at the level of the melting layer [36,37]. The
wind speed at the location of the Säntis was 24.1 km/h with an angle of
253°, approximately from West (as shown with the black arrow in
Fig. 2b). The temperature at the summit of the Säntis was measured to be
10.7 °C with a relative humidity of 75%. During the considered 20-min
period, EUCLID recorded in total of 158 pulses which included 29 CG
pulses and 129 IC pulses. Five out of 29 CG pulses were positive while
there were 98 positive pulses out of 129 in the case of the IC pulses. Note
that, even though most of the EUCLID detections are strokes, we have
called EUCLID detections “pulses”. This is to account for the fact that
EUCLID records may include, in addition to strokes, fast pulses super-
imposed on the ICC (the so-called ICC pulses).

In Fig. 2 we infer the charge polarity based on the density level of
the LMA sources, the polarity of leaders propagating at different heights
and the power of the LMA sources. A high number of LMA sources can
be observed at altitudes ranging from 6 to 9.5 km, suggesting that these
altitudes correspond to the main positive charge region. Negative lea-
ders are observed in this region.

A negative charge region just below the main positive is character-
ized by a lower number and power of LMA sources. Further, we assume a
shallow positive region below the main negative region due to the corona
discharge from the ground. The exact charge structure might be much
more complex than the one presented in Fig. 2, possibly with different
charge polarities at the same altitude. The inferred charge structure in
Fig. 2 is based on indirect measurements that could be affected by dis-
tance to the VHF radiation sources, polarization and other uncontrolled
factors and it should therefore be taken with caution.

3.2.2. LMA observations
Fig. 3 presents the obtained data for the first upward negative OT

flash. The start of the initial continuous current (ICC) occurs at about
100ms as marked with a black arrow in Fig. 3c. The flash was preceded
by in-cloud discharge activity as can be seen from the LMA data (red
arrows marked with number 1). This activity was initiated at different
altitudes (from about 2 to 10 km) west of the tower, propagating in
different directions, south, north and east towards the tower, and pre-
sumably causing an electric field intensification at the tower tip, re-
sulting in the initiation of an upward flash.

Fig. 4 presents the horizontal distance from the tower to the ground-
plane projection of the detected LMA sources as a function of time. Blue

and black straight lines were drawn in the plot of Fig. 4 with slopes
corresponding to the typical positive leader speed (2×104m/s) and
negative leader speed (1×105m/s). Using the speed criteria, we can
infer the leader polarity. The estimation is made somewhat difficult by
the relatively low number of detected LMA sources and leader
branching. The trend in the data shown in Fig. 4 is not clear in the first
80ms. Beyond this time, there is an indication of the characteristic
horizontal speed of negative leaders. With reference to Fig. 3, the
presence of the initial continuous current in the tower-base current
indicates that the flash was of upward type. From the negative sign of
the ICC, we can conclude that the leader was positive. No LMA sources
associated with the upward leader are recorded, since they are probably
obscured by stronger radiation from the negative leader (shown with
the orange arrow #2 in Fig. 3) as discussed by Mazur et al. [34].

Observations for the complete duration of the flash are shown in
Fig. 5. Note that the current in Fig. 5c is now shown in logarithmic scale.
As can be seen from Fig. 5b, the length of the in-cloud leader was more
than 40 km, covering a surface of about 800 km2. The leader propagated
in various directions and it probably obscured the activity of the flash at
the tower, both during the ICC and during the RS’s phase. Most of the RSs
were detected by EUCLID at the location of the tower. The extension of
the in-cloud leader continued even after the last RS of the tower flash as
can be seen from Fig. 5c. Interestingly, a positive CG flash, which pre-
sumably induced the fast current impulse at the tower, was observed by
EUCLID. It is marked with the black arrow in Fig. 5c.

Observations on the first 350ms of the second negative OT flash are
shown in Fig. 6. The ICC current started at about 100ms. Again, we can
conclude from the ICC and current polarity that an upward positive leader
was initiated from the tower. The LMA sources of the in-cloud leader
started before the onset of the ICC (red arrows #1), at about 25ms and the
slope in Fig. 7 is typical of negative polarity leaders. As in the previous
flash, most of the LMA sources from the preceding negative leader were
detected at an altitude of 4–7 km, suggesting that the positive charge re-
gion was at that altitude range, consistent with Fig. 2. The upward positive
leader was presumably obscured again by strong radiation from a negative
in-cloud leader (orange arrow #2). The ICC ended before the onset of the
first RS and only one LMA source was recorded during the six RSs. All six
RSs were recorded by EUCLID at the location of the tower, not shown in
Fig. 6c due to the limited range in the x and y axes.

3.2.3. Electric field vs. current
In Figs. 8 and 9 we present the time synchronized waveforms of the

electric field measured at 14.7 km from the tower and the current

Fig. 2. VHF activity recorded by the LMA stations in the Säntis region over a 20-min time window starting 10min prior to the initiation of two negative flashes to the
tower. Left panel: 2D side view with histogram of LMA sources vs. altitude. Right panel: 2D top view. EUCLID recorded CG pulses are shown with crosses (blue for
negative and red for positive). The negative and positive charge regions, inferred from the LMA source density, are shown, respectively, in blue and red in the left
panel. The position of the tower is shown with a purple marker.
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measured at the Säntis Tower. In both cases, we can observe the rise of
the electric field, caused by the in-cloud leader, prior to the initiation of
the current. The delay time of the current is consistent with the delay
time from the first LMA sources measured in Figs. 3 and 6. The in-cloud
leader propagated during the whole duration of the first negative flash.
In the case of the second flash, the in-cloud leader ceased to exist prior
to the RSs phase, which can be seen in Fig. 9.

3.2.4. Skech of the process
Figs. 10 and 11 show a simplified sketch of the initial stage of the

two observed negative OT flashes. In the case of the first flash (Fig. 10),
a leader started west of the tower at an altitude of about 5 km and it
propagated in three different directions. Even though the polarity of the
leader is not completely clear from the horizontal speed criteria, we
have assumed it to be negative with possibly a positive branch to keep
zero net charge [38].

The second flash started similarly west of the tower and it propagated
in two directions, one horizontal above the tower and one both vertically

up and horizontally. Again, we cannot rule out the existence of a positive
leader in the opposite direction that was possibly obscured by the strong
radiation of negative leaders. As the horizontal portion reached the re-
gion above the tower, a positive upward leader was initiated.

3.3. Positive flash

3.3.1. Charge structure
The high VHF activity in the 20-minute period centered at the time

of the positive OT flash that occurred on 29.06.2017 at 13:28:27 UTC is
presented in Fig. 12. Radar data (see attached material) suggest that the
cloud extended to a height of about 8 km and the melting layer was at
about 3 km. The wind speed at the location of the Säntis was 6.1 km/h
with an angle of 186°, approximately from the South (as shown with a
black arrow in Fig. 12b). The temperature at the altitude of the Säntis
tower was 4.2 °C, with a relative humidity of 100%. During the con-
sidered 20-minute period, EUCLID recorded 70 CG pulses and 133 IC
pulses. All 70 CG pulses where negative (some of them superimposed)

Fig. 3. Initial stage of an upward negative flash initiated from the Säntis Tower recorded on 18.07.2017 at 16:28:01 UTC. In the upper left panel, the location of the
tower is shown with a purple marker and the LMA VHF sources are shown with time-color-coded circle markers. (a) 2D view of Z vs. X, (b) 2D view of X vs. Y, (c)
current with VHF sources superimposed (1 kHz low-pass filter applied), (d) power vs. time for the VHF sources. Note that the colors of the arrows in (a) and (b) were
selected for better contrast and do not bear a relation to the color-code used for timing. The start of the time axis corresponds to the time given in the title of subplot
(a). The colored arrows show the development of in-cloud leaders.

Fig. 4. Horizontal distance vs. time for LMA sources during
the initial stage of the flash. The slopes of the blue and black
straight lines correspond to the typical speeds of positive and
negative leaders, respectively. Successive VHF sources (co-
lored dots) are inferred to belong either to positive or to ne-
gative leaders depending on the straight line slope they
roughly follow.
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Fig. 5. Upward negative flash initiated from the Säntis tower that occured on 18.07.2017 16:28:01 UTC recorded over the flash’s whole duration. In the upper left
panel, the location of the tower is shown with a purple marker and the LMA VHF sources are shown with time-color-coded circle markers. (a) 2D view Z vs. Y, (b) 2D
view of X vs. Y, (c) current magnitude in logarithmic scale with superimposed VHF sources, (d) power vs. time for the VHF sources.

Fig. 6. First 350ms of an upward negative flash initiated from the Säntis Tower recorded on 18.07.2017 at 16:30:57 UTC. In the upper left panel, the location of the
tower is shown with a purple marker. The LMA VHF sources are shown with time-color-coded circle markers. (a) 2D view Z vs. X, (b) 2D view of X vs. Y, (c) current
with superimposed VHF sources (1 kHz lowpass filter applied), (d) power vs. time for VHF sources. Note that the colors of the arrows were selected for better contrast
and they are independent of the colors used in the time-code. The colored arrows show the development of in-cloud leaders.
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and 93 out of the 133 IC pulses were positive. In Fig. 12, the polarity of
the charges was inferred based on the LMA sources density level, the
polarity of the leaders propagating at different heights and the power of
the LMA sources.

A high number of LMA sources can be observed at altitudes ranging
from 3 to 5 km, suggesting that the positive charge region was located
in that height range as illustrated in Fig. 12. The negative charge layer,
inferred to be above that positive charge region is suggested by the
lower LMA source density and slightly lower average power of LMA
sources. It is possible that there exists a positive charge region above
the negative region, making the structure be similar to the normal tri-
pole structure observed by Qie et al. [39] with a larger-than-usual lower
positive charge region that, also as in this study, did not produce
downward positive CG. However, this larger than usual lower positive
charge region might be conducive to upward positive lightning. Since
the evidence used to infer the charges is indirect and essentially limited
to LMA source characteristics, the charge structure in Fig. 12 should be
taken with caution. The exact charge structure might be much more
complex than the one presented in Fig. 12, possibly with different
charge polarities at the same altitude.

3.3.2. LMA observations
Fig. 13 presents simultaneous measurements of current and LMA

sources for the positive flash. The flash was preceded by an in-cloud
leader marked with red arrows number (#1). This leader propagated
vertically to ground and branched horizontally. It was classified as
negative using the criteria for the horizontal velocity (same procedure
as in Figs. 4 and 7). This leader was followed immediately by the

upward negative leader from the tower (arrow #2). The polarity of this
leader can be inferred from the current waveform. The positive current
waveform at the tower lasted for about 6ms. It should be noted that it is
also possible that the flash was actually an aborted leader which never
reached the positive cloud charge. This was followed by some LMA
activity at the location of the preceding in-cloud flash. EUCLID did not
record any CG or IC pulse either during or before the occurrence of the
flash at the tower.

3.3.3. Skech of the process
Fig. 14 presents a simplified 2D sketch of the positive flash de-

scribed in the previous section. The in-cloud negative leader started
north from the tower and propagated vertically towards the ground.
Again, the possibility of a positive leader propagating in the opposite
direction and having been obscured by a stronger radiating negative
leader cannot be ruled out. This positive end of leader might have been
propagating in the direction of the tower and finally triggered the up-
ward flash. When the in-cloud negative leader reached an altitude of
about 3 km, another negative leader was initiated from the tower. Soon
after, that LMA activity vanished.

4. Comparison with self-triggered flashes

During the 20min centered around the first negative OT flash
(#18), 24421 LMA sources were recorded. We define any period of
100ms or longer without LMA sources in the covered range as a non-
active period. During these 20min, the no-activity period amounts to
97.6% of the total time, showing that the random overlapping of events

Fig. 7. Horizontal distance vs. time for LMA sources during the initial stage of the flash. The slopes of the blue and black straight lines correspond to the typical
speeds of positive and negative leaders, respectively.

Fig. 8. Electric field at 14.7 km and current at the tower for
the flash recorded on 18.07.2017 at 16:28:01 UTC. The cur-
rent waveform shown in the figure was filtered with a 1-kHz
lowpass filter to better emphasize the initial continuous cur-
rent. Note that the sign of the current is inverted to emphasize
syncronization with the electric field. The flat peak of the
electric field plot is due to saturation.
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has a probability of 2.4%. For the case of the third negative flash
classified as OT based on EUCLID, some of the storm activity occurred
outside of the LMA coverage range and we observed a lower LMA ac-
tivity of 0.68 %. The positive OT flash was characterized by an LMA
activity of 3.95%. The average LMA activity corresponding to the four
OT flashes in the observed period is 2.35 %.

ST flashes occurred during less active thunderstorms. LMA activity
ranged from 0.01 to 1.67% with an average value of 0.35%, almost seven

times lower than in the case of OT flashes. Interestingly, two flashes (#5
and #7) occurred without any LMA activity 10min prior to the flash.

The charge structure for the two negative OT flashes is character-
istic of the typical tripole structure with a large upper positive region.
The positive OT was observed during a thunderstorm characterized by a
tripole charge structure and larger than usual lower positive region. A
detailed analysis of the ST flashes during this campaign can be found in
Ref. [40]. It was observed in Ref. [40] that the overall electrical

Fig. 9. Electric field at 14.7 km and current at the tower for
the flash recorded on 18.07.2017 at 16:30:57 UTC. The cur-
rent waveform shown in the figure was filtered with a 1-kHz
lowpass filter to better emphasize the initial continuous cur-
rent. Note that the sign of the current is inverted to emphasize
syncronization with the electric field.

Fig. 10. Sketch of the initial phase of the flash initiated from the Säntis Tower on 18.07.2017 at 16:28:01 UTC. View from the South. Not to scale.

Fig. 11. Sketch of the initial phase of the flash initiated from the Säntis Tower recorded on 18.07.2017 at 16:30:57 UTC. View from the East. Not to scale.
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structure consisted of a positive charge in the isothermal layer near the
0 °C, a main negative charge (∼4 km/−5 °C) and a low density positive
above (between −10 °C and −20 °C). This corresponds to the typical
tripole charge structure [8]. The summary activity of the 20 analyzed
flashes is shown in Table 1. The polarity row shows the polarity of
charge transferred to ground.

5. Conclusions

We presented in this paper lightning current measurements and
LMA data associated with upward flashes observed at the Säntis Tower
during Summer 2017. The LMA network consisted of six stations

located in the vicinity of the tower at distances ranging from 100m to
11 km from it. We analyzed a total of 20 flashes that were simulta-
neously recorded by the current measurement system, fast electric field
antenna, and LMA in the period from 29.06.2017 to 18.07.2017.

Based on the EUCLID lightning activity in an area within 30 km
from the tower and in a 1-s time window before the start of the flash,
only one of the 20 flashes was classified as OT. However, investigations
based on the LMA data revealed that 3 more of the flashes were pre-
ceded by nearby activity. The results suggest that the number of OT
flashes inferred from LLS data can be underestimated. The electric field
measurements were available for three OT flashes and, in all of them, a
preceding event can be observed. In the four observed OT flashes, the

Fig. 12. VHF activity recorded by the LMA stations in the Säntis region over a 20-min time window starting 10min prior to the initiation of an OT positive flash to the
tower (29.06.2017 at 13:28:27 UTC). Left panel: 2D side view with histogram of LMA sources vs. altitude. Right panel: 2D top view. EUCLID recorded flashes are
shown with crosses (blue for negative and red for positive). In the left panels, the negative and positive charge regions, inferred from the LMA source density, are
shown, respectively, in blue and red. The position of the tower is shown with a purple marker.

Fig. 13. Upward positive flash initiated from the Säntis Tower that occured on 29.06.2017 13:38:27 UTC recorded over the flash’s whole duration. In the upper left
panel, the location of the tower is shown with a purple marker and, in all of the panels, the LMA VHF sources are shown with time-color-coded circle markers. (a) 2D
view Z vs. Y, (b) 2D view of X vs. Y, (c) current magnitude in logarithmic scale with superimposed VHF sources, (d) power vs. time for the VHF sources. Note that the
colors were selected for better contrast and they bear no relation to the color-code used for timing. The colored arrows show the development of leaders.
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events that preceded the tower flash either overlapped completely with
the tower flash itself, or the delay between them was at most 100ms.

We presented a detailed analysis of three OT flashes. The charge
structure was inferred from the LMA measurements and the polarity of
the leader from the horizontal speed of the leader and the current
measurements at the tower. Simplified sketches for three OT flashes
were presented. The OT flashes occurred during two different storms.
The LMA activity, measured by the number of located sources, was, on
average, almost seven times higher compared to that during the ST
flashes.
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1.  Introduction
Upward lightning typically initiates from tall-grounded structures (greater than about 100 m) or from mod-
erately tall structures (tens of meters) located in an elevated terrain. Understanding the mechanism of 
initiation of upward lightning is an important research topic because this type of lightning is predominant 
for tall structures such as telecommunications towers and wind turbines.

Several tall structures have been instrumented for lightning observations over the world (e.g., the Gaisberg, 
Peissenberg, Säntis, Skytree and CN towers). Measurements on these towers have led to reports on lightning 
current measurements (e.g., Diendorfer et al., 2009; Heidler et al., 2013; Hussein et al., 1995; and Rome-
ro et al., 2013; and Shinodo et al., 2014), electric field measurements (e.g., Azadifar et al., 2016; Heidler 
et al., 2013; and Zhou et al., 2015), and high-speed camera (HSC) observations (e.g., Mazur et al., 2013; Qie 
et al., 2017).

Different terms have been used to identify different processes in the lightning discharge, which are briefly 
summarized in what follows. In upward negative and downward negative lightning, one can observe subse-
quent return strokes (RSs) preceded by dart leaders (DLs) that propagate from the upper parts of the chan-
nel to the ground termination. If the DL stops before reaching the ground, the process is called an attempted 
leader (AL). Although no current is observed at the bottom of the channel in ALs, they do produce electric 
field changes that are known as K changes or K-events (Kitagawa & Brook, 1960). Note that a K-event can 
occur both in cloud-to-ground and in cloud lightning. M components occur when a floating leader connects 
to the upper part of the conducting channel created by the previous RS. Additionally, mixed mode (MM) 
pulses and M-component-type initial continuous current (ICC) pulses occur only in upward lightning (He 
et al., 2018; Zhou et al., 2015). These two types of pulses exhibit similarities, respectively, with the main 
pulse in the RS process and with the pulses that characterize the M component process, the main difference 
being that MM and M-component-type ICC (M-ICC) pulses occur during the ICC phase in upward negative 
lightning. Zhou et al. (2015) defined “mixed mode of charge transfer to ground” as an occurrence of RS 
like process in one of the branches of the UPL, while the channel is still conducting the ICC current. The 
corresponding pulse superimposed on the ICC current is called an MM pulse.

Abstract  We report the observation of three negative upward flashes recorded by a high-speed 
camera at the Säntis Tower during the Summer of 2019. The camera was operating at 10,000 fps and 
an exposure time of 99 μs. Simultaneous measurements of the lightning current were obtained for all 
three flashes. The close electric field was measured for one of the observed flashes, which was analyzed 
in detail. In this flash, we observed 50 recoil leaders developing in the decayed channel with speeds 
characteristic of dart leader processes. Out of the 50 recoil leaders, 45 ended up as attempted leaders, three 
developed into M-component-type ICC (initial continuous current) processes, and two into return strokes. 
This study reveals that depending on the spatial and temporal properties of electric field in the area of 
the event and the main channel condition, recoil leaders can develop into different processes in upward 
negative lightning flashes such as attempted leaders, M-components, M-component-type ICC events, 
mixed mode pulses, or return strokes. We observed M-component-type ICC events with junction heights 
as low as 137 m, while all of the observed mixed mode pulses seemed to attach directly to the structure. 
Bidirectional propagation of the recoil leader was also observed.

SUNJERGA ET AL.

© 2021 The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial License, 
which permits use, distribution and 
reproduction in any medium, provided 
the original work is properly cited and 
is not used for commercial purposes.

Bidirectional Recoil Leaders in Upward Lightning 
Flashes Observed at the Säntis Tower
Antonio Sunjerga1 , Marcos Rubinstein2 , Mohammad Azadifar1 , 
Amirhossein Mostajabi1 , and Farhad Rachidi1 

1Electromagnetic Compatibility Laboratory, Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland, 
2University of Applied Sciences of Western Switzerland (HES-SO), Yverdon-les-Bains, Switzerland

Key Points:
•	 �Recoil leaders main source of fast 

processes in negative lightning
•	 �Recoil leaders initiate in 

bidirectional manner
•	 �Mixed mode pulses connect directly 

to structure

Correspondence to:
A. Sunjerga,
antonio.sunjerga@epfl.ch

Citation:
Sunjerga, A., Rubinstein, M., Azadifar, 
M., Mostajabi, A., & Rachidi, F. (2021). 
Bidirectional recoil leaders in upward 
lightning flashes observed at the Säntis 
Tower. Journal of Geophysical Research: 
Atmospheres, 126, e2021JD035238. 
https://doi.org/10.1029/2021JD035238

Received 13 MAY 2021
Accepted 23 AUG 2021

Author Contributions:
Conceptualization: Antonio Sunjerga, 
Farhad Rachidi
Data curation: Antonio Sunjerga, 
Mohammad Azadifar, Amirhossein 
Mostajabi, Farhad Rachidi
Formal analysis: Antonio Sunjerga, 
Farhad Rachidi
Funding acquisition: Marcos 
Rubinstein, Farhad Rachidi
Investigation: Antonio Sunjerga, 
Marcos Rubinstein
Methodology: Antonio Sunjerga, 
Marcos Rubinstein, Mohammad 
Azadifar
Project Administration: Marcos 
Rubinstein, Farhad Rachidi
Software: Antonio Sunjerga
Supervision: Marcos Rubinstein, 
Farhad Rachidi
Validation: Antonio Sunjerga
Visualization: Antonio Sunjerga
Writing – original draft: Antonio 
Sunjerga, Marcos Rubinstein, Farhad 
Rachidi

10.1029/2021JD035238
RESEARCH ARTICLE

1 of 17

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-8167-6296
https://orcid.org/0000-0003-4806-038X
https://orcid.org/0000-0002-0489-1838
https://orcid.org/0000-0001-7644-2348
https://orcid.org/0000-0002-2169-9549
https://doi.org/10.1029/2021JD035238
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021JD035238&domain=pdf&date_stamp=2021-09-10


Journal of Geophysical Research: Atmospheres

SUNJERGA ET AL.

10.1029/2021JD035238

2 of 17

Using an interferometer system, Shao et al. (1995) showed that RSs, M components, and ALs can be con-
sidered to belong to a single class of processes that start some distance beyond the flash origin (therefore 
extending the channel) and travel toward the main channel. The only difference between the M compo-
nents and the RSs is that, in the case of RSs, the floating leader connects to a decayed main channel and 
reaches the ground (DL), while in M components, the floating leader connects to a conducting channel 
carrying a continuing or continuous current. The third and last member of the class, ALs, occur in the same 
manner as DLs but they stop before reaching the ground (Cooray, 2014, page 121). The observations of Shao 
et al. (1995) were confirmed by Mazur (2002), Mazur and Ruhnke (2011), and Mazur et al. (2013), who also 
attributed the same origin for these different phenomena further observing that floating leader was recoil 
leader (RL).

RLs are self-propagating discharges, moving along a previously ionized channel (Mazur, 2002) that occur 
in decayed positive leaders (as observed by means of lightning mapping arrays). They are thought to be the 
cause of K-changes (Mazur et al., 2013). Saba et al. (2008) made the first observation of recoil leaders with 
a high-speed camera.

It was suggested and observed (Mazur, 2002; Mazur & Ruhnke, 2011; Mazur et al., 2013) that these RLs 
occur in a bidirectional manner similar to observations in in-cloud lightning discharges and downward 
stepped leaders (Kasemir, 1950; Mazur & Ruhnke, 1993). The negative end of the RL travels toward the 
origin, which can be either a grounded structure or a branching point while the positive end propagates in 
the opposite direction outward and possibly extending the channel through virgin air propagation (Warner 
et al., 2016). Mazur  (2002) argued that unidirectional propagation observed by lightning mapping array 
(LMA) systems is due to the fact that the negative leader radiates much more in the relevant frequency 
range of LMA systems (VHF) than the positive, and these systems are not able to measure both positive and 
negative leaders at the same time.

In later studies, a series of HSC observations of bidirectional RLs have been reported. Bidirectional RLs have 
been observed by Kotovsky et al. (2019) in rocket-triggered lightning during an M component event. They 
have also been observed to occur in ALs in both tower-initiated lightning (Jiang et al., 2014) and rocket-trig-
gered lightning (Qie et al., 2017). Wu et al. (2019) and Zhu et al. (2019) observed bidirectional propagation 
in the DL phase of a tower-initiated upward flash preceding the RS phase. Warner et al. (2012) reported one 
of the biggest HSC data sets of upward lightning recording 81 upward flashes during a period of 6 years 
from 10 different towers. Bidirectional propagation was unambiguously observed both in RLs connecting 
to the conducting main channel and directly to the towers. Unfortunately, due to the lack of current meas-
urements, it is not possible to distinguish MM and M-ICC pulses. Furthermore, the authors did not report 
that any of the RLs reaching either the conducting main channel or the tower tip occurred while some other 
upward branch was active suggesting that all RLs connecting to the conducting main channel are either 
M-ICC or M-component-type pulses. Zhou et al., 2015 using HSC observations and current measurements 
observed a difference in the junction height between M-ICC or M-component-type pulses. However, their 
relatively high exposure time of 2 ms did not allow to observe the RL mechanism.

Using an interferometer, Yoshida et  al.  (2012) observed that AL can be started both by RLs in the de-
cayed branches and by virgin air breakdown (propagating toward the pre-existing channel). Later, Warner 
et al. (2016) observed that AL initiated in virgin air starts in a similar way as AL caused by RL with bidirec-
tional propagation.

In this paper, we report simultaneous measurements of current, close electric field and HSC images for 
three upward negative flashes initiated from the Säntis Tower in Switzerland. The close-range electric field 
was only measured in one of the flashes, which we analyze in detail. We observed parts of the upward pos-
itive leader (UPL) propagation during the ICC phase that reveal different processes that started as RLs. The 
aim of the present study is to identify and analyze the role of RLs in upward negative flashes using HSC 
observations, simultaneously with lightning current and electric field measurements.

The rest of this paper is organized as follows. In Section 2, we briefly describe the Säntis Tower facility and 
the measurement sensors. The obtained data for the considered flashes are presented in Section 3. Section 4 
is devoted to the analysis of the observed RLs and their role in the various processes in upward negative 
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flashes. The observed bidirectional propagation in three RLs is discussed in Section 5. The paper ends with 
a general discussion (Section 6) and concluding remarks (Section 7).

2.  Measurement Setup
The 124-m tall Säntis Tower, located in the Northeastern part of Switzerland, is by far the most frequently 
struck structure in Switzerland (Romero et al., 2012). The tower has been instrumented for current meas-
urements since May 2010. Throughout the years, the station has been upgraded and enhanced with elec-
tromagnetic field and optical measurement systems. More details about the station and its instrumentation 
can be found in (Azadifar et al., 2014; Romero et al., 2010, 2012). Locations of the equipment used in this 
study can be seen in Figure 1.

A wideband Mélopée electric field sensor, purchased from the now-defunct company Thomson-CSF, was 
installed and connected to a digitizer with 5 MS/s sampling rate during the Summer of 2018 (some informa-
tion on the sensor can be found in Li et al., 2016). The sensor was installed about 23 m away from the tower 
in the radome (structural, weatherproof enclosure transparent for electromagnetic waves) building next to 
the tower used commercially for broadcasting signals in different bandwidths. The estimated time constant 
of the sensor is about 20 µs, which as explained later in Section 3, was compensated to 400 µs. The electric 
field antenna does not have GPS time synchronization and its output was manually aligned with the cur-
rent measurements. Note that the electric field measurements are to some extent affected by the shadowing 
effect of the tower (Smorgonskiy et al., 2015). An evaluation of this effect is beyond the scope of this paper.

A Phantom VEO 710L HSC is installed on the Kronberg mountain about 5 km away from the tower. The 
camera can record up to 1,000,000 FPS at its lowest resolution of 8 × 8 pixels. To have a wider view of 
512 × 512 pixels, the number of frames per second has been reduced to 10,000. These pixels are distributed 
over a view of about 1,700 m by 1,700 m in the plane of the tower, perpendicular to the view with a reso-
lution of about 3.4 m per pixel. The camera records during a 3-s time window with a pretrigger delay of 
1.5 s. A GPS time stamp is provided by an Acutime 360 Multi-GNSS Smart Antenna. However, it was not 
operational at the time of the observed flashes, so that the time synchronization was obtained manually.

During 2019, only three negative flashes could be observed with the HSC, all of the other flashes to the tow-
er having been obscured by the clouds. The first flash, referred to as Flash #1 in this work, occurred on July 
18, 2019 at 17:58 UTC. The second, Flash #2, occurred the day after, on July 19, 2019 at 21:01 UTC, followed 
about 4 min later by the third, Flash #3, at 21:05 UTC. For all three flashes, the system recorded the current. 
The electric field was obtained only for Flash #3, which will be analyzed in detail in this study.

Figure 1.  Sketch of location of the tower, close electric field station and high-speed camera (HSC). Not to scale.
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3.  Summary of Obtained Data for Flash #3
Figure 2 presents the simultaneously measured waveforms for Flash #3. The time is relative to the start of 
the record. The upper plot presents the current waveform measured with the Rogowski coil at 24 m above 
the tower base, the middle plot presents the sum of luminosity of all pixels in relative units versus time 
measured by the camera and, finally, in the bottom plot we can observe the electric field measured by the 
fast antenna 23 m away from the tower. As mentioned in Section 2, the amplitude of the electric field meas-
urements is affected by the shadowing effect of the nearby tower (Smorgonskiy et al., 2015).

During the flash, we recorded 50 RLs. Forty five out of the 50 ended up as ALs as they did not reach the 
ground, three developed into M-ICC processes, and two into RSs. The times of initiation of ALs are indi-
cated with blue lines in the top subplot of Figure 2. The luminosity of the channel is shown in the middle 
subplot where events that are not directly related to the tower flash (either cloud or nearby lightning) are 
framed in a gray box and marked with the letter X.

Figure 3 presents selected frames from the Flash #3 and simultaneous measurements of the current and 
the electric field. In the electric field plots, the black line represents original waveforms obtained from the 
fast antenna with a 20 μs decay time constant. Since the decay time is in the same order of magnitude of 
the recorded events, we also present, in red, the waveform compensated to a decay time constant of 400 µs, 
centered at the timestamp of each frame, based on the method proposed by Rubinstein et al. (2012). Note 
that the vertical scale in the compensated electric field waveforms is bigger than the scale in the uncompen-
sated ones; as a result, the fast changes are less discernible. The red shaded time intervals in the field plots 
are 160 μs wide and they represent a 99 μs exposure of each frame and an extra 61 μs estimated uncertainty 
due to the manual time synchronization. The red vertical segment in the bottom of the frames represents 

Figure 2.  Measured waveforms for the duration of the whole Flash#3. Top: Current waveform. Blue vertical lines 
indicate attempted leaders (ALs) observed on the high-speed camera (HSC). Middle: Relative luminosity of each frame 
with distant events shown in gray boxes and marked with the letter X. Bottom: Electric field measured at a distance of 
23 m with the fast antenna (atmospheric sign convention). Note that the start of the initial continuous current (ICC), 
marked with the red line in the top subplot, was determined by filtering the current waveform (lowpass 1 kHz and 
band-stop 50 Hz filter).
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the 124-m tall Säntis Tower. The above description is valid for all the following figures presenting multiple 
HSC frames.

The ICC current started somewhere after the time 1,536 ms. A slight intensification of the luminosity, prob-
ably due to nearby lightning, was observed at about 1,551 ms. The first RL was recorded at time 1,554 ms 
(see Figure 3b), before which (Figure 3a) we were not able to observe the propagation of the upward posi-
tive leader due to low luminosity. Only after the first RL, was the UPL channel heated, making it visible in 
subsequent frames. At later times, the UPL channel was extending and, since it was heated by RLs, the ICC 
current and M-component type processes, some part of it remained continuously visible as shown in Fig-
ures 3c–3h. Most of the RLs lasted less than the duration of one frame (99 μs). In Figure 3g, we can observe 
the start of an M-ICC event (M1) illuminating the channel on the right side of the frame.

The ICC channel decayed at about 1,736 ms (as shown in Figure 3h) when the RS1 (see Figure 2) was in-
itiated. At that time, the first subsequent RS occurred and its channel decayed about 15 ms later. The RS1 
channel was barely visible when the following subsequent RS2 (see Figure 2) was initiated. About 10 ms 
later, the channel was no longer visible and some distant activity followed. In Figure  4, we present the 
time-integrated image for the duration of the whole flash. The first branching of the channel occurs at a 

Figure 3.  Selected high-speed camera (HSC) frames for the upward negative Flash #3 (top panels). The associated electric field changes at 23 m are shown in 
the respective bottom panels. The red shaded time intervals in the field plots are 160 μs wide and they represent a 99 μs exposure of each frame and an extra 
61 μs estimated uncertainty due to the manual time synchronization. The red vertical segment in the bottom of the frames represent the 124-m tall Säntis 
Tower. The black line represents waveforms obtained from the fast antenna with a 20 μs decay time and the red line is the waveform compensated to a decay 
time of 400 μs centered at the timestamp of each frame based on the method proposed by Rubinstein et al. (2012).
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height of about 137 m above the tower tip (labeled A in Figure 4). Note 
that, as previously observed in the literature (Krehbiel et al., 1979), for 
each subsequent stroke, the lightning leaders will propagate further away 
than the preceding leader. In this specific case, since the flash had only 
two RSs, most of the processes were located in the view of the camera 
(about 1,700 × 1,700 m). A similar behavior was observed at the Säntis 
Tower by LMA observations (Sunjerga et al., 2020).

4.  Recoil Leaders
In this section, we discuss the RLs observed in Flash #3. These RLs can 
be classified as different transient events: (a) ALs, (b) M-ICC pulses, or 
(c) DLs, based on whether they reached the ground or if they attached to 
the conducting channel. We have also observed classical M components 
and MM pulses in two other flashes data provided in the supplementary 
material in Sunjerga, Rachidi, and Rubinstein (2021) that are not analyz-
ed here in detail. It is worth noting that, in the literature, these different 
transient events could be either due to a RL propagating along a previ-
ously ionized channel (e.g., Mazur et al., 2013) or due to a newly ionized 
channel (Warner et  al.,  2016; Yoshida et  al.,  2012); however, all of the 
events observed in our three flashes were due to RLs. We classify them as 
RLs based on the fact that they all develop with speeds characteristic of 
propagation along a previously ionized channel while, additionally, for 
most of them, we can observe from camera frames that they propagate 
indeed along a previously ionized channel. It is worth noting that our 
measurements could be somehow biased by the fact that, in some cases, 
leaders extend out of the camera view or they are obscured by the clouds.

4.1.  Attempted Leaders

Figure 5 presents four representative samples of ALs that occurred during the flash by order of occurrence. 
The associated electric field changes at 23 m are also shown. We can observe that the electric field is strong-
est in the first event shown in Figure 5a since the leader is close to the tower. The leaders in Figures 5a 
and 5c are much brighter compared to those in Figures 5b and 5d.

Figure 4.  Time integrated image for the duration of whole Flash#3 
(Altitudes of branching points: A 137 m, B 422 m, and C 325 m). 
Channels that were involved in each one of the RSs (RS1 and RS2) and M 
components (M1, M2, and M3) are pointed to with arrows.

Figure 5.  Video frames of representative samples of attempted leaders (ALs) and the electric field at 23 m. See more detailed description of subplots in the 
caption of Figure 3.
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Most of the ALs were visible only in one frame and the 2D-inferred length was typically in the range of 
100–500 m as shown in Figure 6a. The propagation speed of the leaders could not be accurately estimated 
because of the limited number of frames. The observations allow only to conclude that the speed is at least 
higher than 106 m/s, probably in the range of about 107 m/s, which is typically the speed of leaders reacti-
vating decayed channels (e.g., Qie et al., 2017). The median 2D length of the ALs was about 255 m. In the 
later stages of the flash, five of the ALs were characterized by longer lengths than reported here since the 
leaders extended beyond the camera view. The reported lengths may be further underestimated because of 
the possible clouds obscuring the view.

Figure 6b presents the histogram of average light brightness per unit length of each event. The average 
brightness per unit length is calculated by taking, for each horizontal line containing the leader, the bright-
est pixel. We then averaged the pixel intensities along the 2D leader length and divided it by the 2D leader 
length. The calculated average brightness per unit length shows a wide spread: the brightest observed lead-
ers are about 14 times brighter than the darkest ones.

The Pearson correlation coefficient (R = 0.5025) with statistical significance (P = 0.0004) indicates some 
positive correlation between the length of the leader and the average brightness per unit length. The longer 
the leader, the brighter it is. The length of the RL as well as its brightness could depend on multiple param-
eters such as the conditions in the decayed channel, and the spatial and temporal distribution of the total 
electric field.

4.2.  M-Component-Type ICC Pulses

In this section, we discuss three M-ICC events. All three were characterized by a relatively low-peak current 
(about 500 A). The first event is shown in Figure 7. It started with two RLs as seen in Figure 7c, one of them 
reached in Figure 7d the branching point C (see Figure 4). The total electric field in this case is the sum of 
the contributions from the downward propagating negative charge due to the first RL and, once it connects 
to the channel, from the M-ICC pulse. The stationary point of the compensated electric field (shown with 
a red arrow in Figure 7e) occurs when the contribution in the electric field change at location of measure-
ments of the positive charge supplied by the tower to the channel becomes higher than the contribution 
due to the negative charge flowing downward from the charge sources in the cloud. After the RL attached 
the channel and initiated an M-ICC event, the luminosity intensified across the whole channel (Figure 7e), 
presumably due to the M-ICC pulse propagation. Another RL connected to the visible channel in the upper 
part of Figure 7e that caused another subpeak and another M-ICC pulse in the current waveform.

Figure 6.  Attempted leaders (ALs) histograms. (a) Length of the leader (b) Average brightness of the channel per unit length.
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The second M-ICC event, shown in Figure 8, occurred about 20 ms later. The initiation of the RL is dis-
cernible on the right-hand side of the video frame in Figure 8b. The RL extended further in Figure 8c. In 
the next frame (Figure 8d), the RL was not propagating further, even though the luminosity of the decayed 
channel just below the RL slightly increased (it is possible that the propagation occurred during the last few 
microseconds of the exposure time of this frame). In the following frame, Figure 8e, the RL attached to the 
channel and a current was measured at the tower.

The third and last M-ICC event occurred about 25 ms after the second one. The start of the RL can be ob-
served as a bright spot in Figure 9b. It further extended in the next frame (Figure 9c) and connected to the 
branching point B as shown in Figure 9d. The 2D speed of the leader between the frames in Figures 9b and 
Figure 9(c) is estimated to be 1.8 × 106 m/s.

In these three events, we can observe the following mechanism. First, due to the electric field, the RL is 
initiated in the decayed channel creating negative charge density in the lower part of the leader. When this 
RL connects to the conducting channel, the M-ICC event is initiated, and it propagates down the conducting 
channel. Once the M-ICC event reaches the tower tip, the whole channel becomes highly conductive and a 
pulse superimposed on the ICC current can be observed at the tower. The low current peaks in these three 
cases can be due to the small length of these RLs (Cooray et al., 2020). There is no clear relation between the 
current risetime (about 60 µs for all the three events) and the junction height (137, 325, and 422 m).

Figure 7.  The first M-initial continuous current (ICC) pulse in Flash #3. In parts (a) through (h), frames from the HSC are shown at the top, the current 
waveform plot in the middle and the electric field plot at the bottom. See more detailed description of subplots in the caption of Figure 3.
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Zhou et al. (2015) observed that: “When the connection point is a kilometer or more above the tower top 
(inside the cloud), the M-component mode takes place, and if it is very close to the tower top (say, 10 m), the 
mixed mode (involving two channels below the cloud base) is likely.” Note that in the case of the Säntis and 
Gaisberg towers (Zhou et al., 2015), due to the high altitude above sea level of the mountains on which the 
towers are constructed, thunderclouds are frequently very close to the structure.

All three M-ICC events observed in Flash#3 connected to the channel at a relatively low altitude of a few 
hundred meters, in one case less than 150  m above the tower tip (137  m), providing evidence that the 
junction point of M-ICC events can be significantly lower than the 1-km threshold suggested by Zhou 
et al. (2015).

On the other hand, in agreement with Zhou et al. (2015), we observed in Flash #2 (data in supplementary 
material, Sunjerga, Rachidi, & Rubinstein, 2021) that RLs associated with MM pulses connected either di-
rectly to the structure top, or to the conducting channel only a few meters above the tower tip (the resolution 
of the observation system does not allow a clear distinction).

Also, it is worth noting that, in the three observed cases, we clearly see that the channel branch above 
the junction point is much brighter and thicker (similar to RSs, but less bright) than the lower part of the 
channel (below the junction point), which is consistent with the M-component model proposed by Azadifar 

Figure 8.  The second M-initial continuous current (ICC) pulse. See description of subplots in the captions of Figures 3 and 7.
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et al. (2019). Note that three observed events have relatively low current peaks, which could explain the 
lower brightness.

4.3.  Dart Leaders

In this section, we discuss two RSs belonging to Flash #3, which occurred after the extinction of the ICC. 
The observed images, current and electric field waveforms for the first are shown in Figure 10. Figure 10a 
shows the start of a RL. Since it was relatively slow, we were able to estimate the average 2D speed for Fig-
ure 10b frame to be 6.55 × 106 m/s. The peak value of the current is only about 2.5 kA with a risetime of 
about 3.7 µs. The characteristic asymmetrical V-shape (Rubinstein et al., 1995) can be seen in the uncom-
pensated waveform, the bottom of which corresponds to the start of the RS.

The second RS was initiated about 15 ms after the previous one and it is shown in Figure 11. In Figure 11a, 
we can observe some in-cloud activity, which was not sensed by the E-field sensor. In the following frames, 
the RL reached the tower, initiating the RS. Distant activity can still be observed in Figure 11e–11f. The peak 
value of the current is about 3.7 kA with a risetime of about 4 µs.

In both cases, the initiation point is stationary and there is no observed upward extension even after the RS 
phase. However, one can again observe in both cases (see Figures 10d and 11e) that in the area around the 
initiation point, the light is highly dispersed, presumably indicating the presence of clouds.

Figure 9.  The third M-initial continuous current (ICC) pulse. See description of subplots in the captions of Figures 3 and 7.
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4.4.  Comparison of the Recoil Leader Luminosity Brightness in Different Phenomena

In Figure 12, we present the average luminosity brightness per unit length of all RLs for the observed ALs, 
M-ICC events and RSs. We can observe that M-ICC events and RSs are initiated by bright RLs. One of the 
M-ICC RLs had a relatively low luminosity. However, in this case, we had two RLs at the same time as can 
be seen in Figure 7c. We could expect brighter RLs to be initiated in the case of a stronger electric field. It 
is reasonable to assume that a stronger field would also result in a longer RL and, therefore, a higher prob-
ability of reaching the ground. A strong field could also initiate more than one RL at the same time, as in 
the case of Figure 7c.

5.  Bidirectional Recoil Leader Propagation
We have not observed any bidirectional propagation in the analyzed RLs of Flash #3. This can be explained 
by the fact that our FPS rate (10 k) was smaller than that of Mazur et al. (2013) (54 k). In most cases, we had 
only one frame for the whole RL. Even in the cases for which we did have more than one frame, it is also 
possible that the positive end was no longer propagating after the first frame. It was indeed observed in Ma-
zur et al. (2013) (see Figure 4) and (Wu et al., 2019) that, in the beginning, the positive end was propagating 
slower than the negative, and after some time, the positive leader seems to cease to propagate.

Figure 10.  First return stroke (RS) event. See description of subplots in the captions of Figures 3 and 7.
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However, we have observed bidirectional propagation in three RLs belonging to Flash #2: one AL and two 
RSs (see Figure 13). Figure 14 presents the bidirectional propagation in an AL that occurred along the de-
cayed ICC channel. We can observe bidirectional propagation from Figure 14b to Figure 14c.

Figure 15 and Figure 16 present the observations associated with the two RSs belonging to Flash #2, for 
which we can observe bidirectional propagation of the RL in Figure 15b to 15c and Figures 16b to 16c. It can 
be seen that in later stages (Figures 15c to 15d and Figures 16c to 16d), the positive end is no longer observed 
to propagate, presumably because either it was obscured by the clouds, or the critical electric field condition 
was no longer satisfied. This fact could explain why in some cases with a limited number of frames, we were 
not able to confirm a bidirectional propagation as the positive end could have ceased to propagate already 
by the end of the exposure time of the first observed frame.

6.  Discussion
HSC observations of different processes, namely RSs, M-ICC events, and ALs, characterized by different 
current and electric field waveforms were discussed. The observations show that all these processes start 
as RLs, based on the fact that they propagate with speeds characteristic of DLs and they propagate along a 
decayed channel as observed from HSC video. It is worth noting that in our observations, RLs always start 
at the extremity of decayed channels. Although we did not observe any M components or MM pulses in 
the flash that was analyzed in detail, we did observe them in the two other flashes, which are presented in 

Figure 11.  Second return stroke (RS) event. See description of subplots in the captions of Figures 3 and 7.
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the supplementary material (Sunjerga, Rachidi, & Rubinstein, 2021). Both M components and MM pulses 
propagated with speeds characteristic of DLs and not those of dart stepped leaders (that develop along 
previously created but decayed channels), suggesting that they are also originating from RLs propagating 
along ionized paths.

An illustrated summary of the observations presented in this work is shown in Figure 17. Note that we 
assume that the negative part of the RL is longer (see [Sunjerga, Rubinstein, et al., 2021] for more details) 
than the positive part, and that the positive end stops to extend at a certain point (see [Mazur et al., 2013]). 
The figure can be described as follows.

In our observations, all the processes start with a RL. Note that this might be partially due to the fact that 
the camera view was concentrated in proximity of the tower tip and there might be part of a recoil leader out 

Figure 12.  Histogram of the average luminosity brightness per unit length for recoil leaders (RLs) resulting in different 
phenomena.
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Figure 13.  Current and relative luminosity for Flash #2. Bidirectional recoil leaders (RLs) were observed with an 
attempted leader (AL) and two return strokes (RSs) marked in the figure.
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of the view propagating as virgin air breakdown and extending the channel. A DL is created when the RL 
or virgin air breakdown retraces the old channel and reaches either (a) the ground (or the tip of the tower), 
resulting in a subsequent stroke or a MM pulse, or (b) a conducting channel, resulting in an M-component 
or an M-ICC pulse. What follows after will depend on the type of junction (to the structure or to a conduct-
ing channel) and the presence of another conducting branch. This confirms once again (Shao et al., 1995; 
and Mazur, 2002) that a RL is the main cause for the sequence of different events observed in upward and 
downward negative lightning.

7.  Conclusion
We analyzed three upward negative flashes at the Säntis Tower using a high-speed video camera. The chan-
nel-base lightning current was also observed using direct measurements on the tower. In one of the flashes, 
simultaneous records of electric fields at 23 m distance were also obtained. A detailed analysis of this flash 
was presented in the paper. During the flash, 50 recoil leaders were observed, 45 of which ended up as at-
tempted leaders, three developed into M-component-type ICC processes, and two into return strokes.

Figure 14.  Attempted leader (AL) in Flash #2 with bidirectional propagation of the recoil leader (RL). Frames from the high-speed camera (HSC) are shown 
on the top and the corresponding current waveform on the bottom. The red shaded time intervals in the field plots are 160 μs wide and they represent a 99 μs 
exposure of each frame and an extra 61 μs estimated uncertainty due to the manual time synchronization.

Figure 15.  Return stroke (RS) a from Flash #2 with bidirectional propagation of the recoil leader (RL). The description is the same as in Figure 14.
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We observed that different processes occurring in upward negative flashes, including the return stroke, 
mixed-mode pulses, M-components, M-component-type ICC events, and attempted leaders all started as 
recoil leaders. Depending on the spatial and temporal properties of the electric field in the area of the event 
and the main channel condition, the recoil leader can develop into one of these phenomena.

Our observations suggest that mixed-mode pulses occur only when the dart leader connects directly to the 
structure, while junction to the conducting channel at any height will cause M-component-type ICC pulses. 

Figure 16.  Return stroke (RS) b from Flash #2 with bidirectional propagation of the recoil leader (RL). The description is the same as in Figure 14.

Figure 17.  Sketch of mechanisms involved in the initiation of different charge transfer modes in upward negative flashes, all of them starting from recoil 
leaders (RLs), as observed at Säntis. Not to scale.



Journal of Geophysical Research: Atmospheres

SUNJERGA ET AL.

10.1029/2021JD035238

16 of 17

Furthermore, our observations suggest that not only return strokes and mixed-mode pulses consist of the 
dart leader/return stroke phase. A similar phase can be also observed in M-components and M-compo-
nent-type ICC events in parts of channel above the junction point.

All the observed M-component-type ICC events connected to the channel at a relatively low altitude of a 
few hundred meters, providing evidence that the junction points of M-component-type ICC events can be 
significantly lower than the 1-km threshold suggested earlier in literature (Zhou et al., 2015).

Bidirectional propagation of recoil leaders was also observed in three recoil leaders leading to an attempted 
leader and in two return strokes. Observations suggest that in later stages of the recoil leader development, 
the positive end ceases to propagate.

Data Availability Statement
Supplementary data are available at Sunjerga, Rachidi, & Rubinstein, 2021.
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1.  Introduction
The characteristics of upward lightning discharges observed on tall towers (e.g., Gaisberg, Peissenberg, 
Säntis) have been widely reported in the literature (e.g., Smorgonskiy et al., 2011). However, their initiation 
mechanisms are not well understood and are still under analysis.

Knowing the background thunderstorm electric field, the electric field at the tip of the tower can be estimat-
ed by electrostatic modeling. However, once the electric field reaches the critical breakdown value, corona 
discharges will be initiated reducing the electric field in the vicinity of the tower tip. In case of a positive 
corona discharge, the electric field will ionize the air and electrons will move toward the tower tip, while 
positive ions will drift in the electric field creating positive ion space charge near the tip of the tower, re-
ducing the value of electric field. It is well known that a moving rocket in rocket-triggered lightning is more 
likely to initiate upward lightning at a given altitude than a tall structure of the same height as the altitude 
of the rocket (Uman, 1987), presumably because the corona charges are left behind the tip of the rocket.

Similarly, it has been hypothesized (Rachidi et  al.,  2008) and later confirmed by observations (Mon-
tanyà, 2014) that a rotating wind turbine blade is more likely to initiate upward lightning compared to a still 
one. This is due to the fact that there is less time for the corona charge to build up as the object is moving 
and any corona charges that are generated are left behind by the moving blade tip.

The electric field distribution is governed by coupled electrostatic and charge balance equations. In order 
to have an upward leader initiated from the tip of a tower, the electric field has to exceed a critical value not 
only at the tip of the tower, but also along some critical distance (Cooray, 2013). The electric potential of 
the tall structure has to be high enough for the initiated leader to be sustained and for it to escape from the 
corona charge cloud; otherwise, it will end up as what is known as an aborted leader (Wang et al., 2008).

Based on a simplified model, Aleksandrov et al. (2001) derived analytical equations to determine the con-
ditions for the development of an upward leader. The main input to their model is the induced voltage at 
the tip of the tower with respect to the ground, which is directly related to the background electric field 
and the height of the structure. The main conclusion of their work was that beyond a certain value of the 

Abstract  Upward lightning occurs generally from tall structures. The mechanism of the initiation 
of upward lightning is not yet fully understood. Upward lightning can be classified into two categories 
based on either the absence or the presence of other lightning activity prior to the upward flash. This work 
proposes an explanation of how upward lightning flashes can be triggered by nearby lightning activity. 
It is generally thought that the lightning activity prior to the flash will intensify the electric field at the 
tip of the tall structures. However, to the best of our knowledge, no attempt has been made to evaluate 
theoretically this hypothesis. In this paper, we derive analytically the electric field enhancement on the 
ground (or at the top of tall structures) based on different triggering scenarios. These fields are later used 
in a simplified corona model to evaluate if they are able to trigger upward lightning. It is shown that both 
slow processes such as leader propagation and faster return strokes can trigger an upward negative flash 
from relatively short structures of a few tens of meters, even without any slowly varying background 
electric field. This study confirms theoretically experimental observations and it provides new insights 
into the mechanisms of initiation of upward flashes from tall structures.
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background electric field for a given geometry, a sustained upward leader will be initiated. However, as 
shown in Aleksandrov et al. (2001), this value depends not only on the peak electric field, but also on its 
waveform. Electric field waveforms with fast risetimes are capable of initiating a sustained upward leader 
at lower values of the maximum electric field. Assuming a background electric field of 10  kV/m and a 
rise-time of about 10 s, the structure would need to be taller than 400 m to initiate a sustained upward 
leader. Based on their analysis, Aleksandrov et al. concluded that it is more likely that an upward leader 
be triggered by preceding nearby in-cloud or cloud-to-ground lightning activity than by the slow varying 
background electric field. Since in-cloud and cloud-to-ground flashes contain processes characterized by 
risetimes lower than few milliseconds, they would be able to initiate a sustained upward leader even from 
moderately tall structures with the same value of the electric field. This was first suggested by Berger and 
Vogelsanger (1969). It is worth noting that electric field changes caused by lightning are hypothesized to 
trigger discharges in the middle and upper atmosphere such as red sprites and elves (see Chapter 14 of 
Rakov & Uman, 2003).

Wang et al. (2008) proposed the classification of upward flashes into two categories: self-triggered (ST) and 
other-triggered (OT), based on either the absence or the presence of prior lightning activity in the geograph-
ical and temporal vicinity of the tower-initiated flash. The relative number of ST and OT flashes has been 
shown to vary depending on the geographical area (see e.g., Smorgonskiy et al., 2015). For example, at the 
Gaisberg Tower (Smorgonskiy, Tajalli, et al., 2015), only 13% of the flashes occur after prior lightning activ-
ity in the vicinity of the tower. On the other hand, in Rapid City (Warner et al., 2012), observations from 10 
tall towers have shown that out of 81 upward flashes, only one was not preceded by other lightning activity, 
as determined by optical observations. The reported statistics on the percentage of triggered flashes could 
be underestimated since some of the preceding flashes could be missed depending on the type of data used 
for the classification (Sunjerga et al., 2018; Sunjerga, Rubinstein, Pineda, et al., 2020). It is worth noting that 
ST flashes have been observed at structures with much shorter height than those suggested by Aleksandrov 
et al. This might be due to the fact that the electric field can significantly exceed the value of 10 kV/m for 
some short period of time. Also, some of the structures are located on mountaintops, causing further en-
hancement of the field. The concept of effective height was introduced to account for the increased number 
of upward flashes from a tower located on a mountaintop (Rakov & Uman, 2013; Smorgonskiy et al., 2012).

OT flashes can be preceded (or triggered) by both in-cloud and cloud-to-ground (CG) flashes. Schumann 
et al. (2019), using video observations, proposed different mechanisms conducive to the initiation of up-
ward flashes, all of them associated with horizontally propagating leaders in the clouds over the towers. It 
was assumed that the horizontal leaders produce an enhancement of the electric field at the tip of the tower, 
initiating an upward flash. To the best of our knowledge, no quantitative analysis has been performed to 
evaluate the field enhancement. The aim of this paper is to estimate the salient parameters (such as peak 
value and risetime) of the electric field waveforms associated with the different nearby lightning triggering 
scenarios observed by Schumann et al. Furthermore, we investigate to which extent the estimated electric 
fields are able to initiate a sustained upward leader. The analysis is performed for an upward negative light-
ning and a positive corona discharge. A simplified, closed-form formula for the electric field at ground level 
as a function of time is derived that is applicable both, to the case of a horizontal and of a vertical leader. 
The ground is assumed to be a perfect electric conductor. To evaluate the criterion for the leader initiation, 
the electric field at ground level is then used as an input to the simplified, analytical corona discharge model 
for tall structures that was proposed by Aleksandrov et al. (2001).

The rest of the paper is organized as follows. Section 2 presents a brief description of the triggering scenar-
ios proposed by Schumann et al. (2019). Section 3 presents simulations of the vertical electric field for each 
of these scenarios. In Section 4, we evaluate if these typical electric field changes can trigger an upward 
flash from a tower-like structure. Discussion is given in Section 5 and conclusions in Section 6.

2.  Description of Scenarios
Saba et al. (2016) and Schumann et al. (2019) observed different scenarios leading to the triggering of an 
upward flash from a tower. All of them are characterized by a horizontal leader propagation over the tower. 
Some scenarios additionally include the presence of a vertical channel approaching the ground.
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Figure 1 presents simplified sketches of the four scenarios observed to 
trigger upward negative lightning from the tip of the tower with the oc-
currence statistics. Schumann et al. (2019) reported occurrence statistics 
from both hemispheres at two observations sites in Rapid City and in Sao 
Paulo. Relatively similar occurrence statistics have been observed at these 
two sites (see Table 2 of Schumann et al., 2019). The reported values in 
Figure  1 are average values taking in account sample sizes from these 
two sites.

In the first scenario (Figure 1a), a bidirectional in-cloud leader is initiated 
near the tower and develops horizontally with its negative end approach-
ing the tower while its positive end stretches away from the tower. Note 
that the positive leader part is shorter in length compared to the negative 
part since the positive leader speed has been observed to be smaller than 
the negative leader speed (van der Velde & Montanyà, 2013).

Upward lightning was also observed to occur prior to the attachment to 
ground of these leaders (Scenario 2), as shown in Figure 1b.

If the mechanisms described in scenarios 1 and 2 did not trigger an up-
ward flash, this could happen after the connection of the downward lead-
er to the ground and the initiation of the positive return stroke (RS), as 
illustrated in Figure 1c.

Finally, if none of the previous stages of the CG flash started as a horizontal in-cloud bidirectional leader 
trigger an upward flash, this could happen during the continuous current (CC) phase after the RS while the 
negative leader is extending in the direction of the tower as shown in Figure 1d.

Note that we assume that the positive RS neutralizes only the positive end of the leader while the negative 
one remains negatively charged. Once the downward leader reaches the ground Figure 1c the return stroke 
will neutralize the positive charges while the negative ones will be kept in place by cloud positive charges. 
Furthermore, if the charge from the negative cloud leader was also removed, since a bidirectional in-cloud 
leader is believed to have a zero-net charge, one would measure zero charge transfer in the channel-base 
current measurements which was not observed in measured downward positive flashes. If the negative 
charge were also to be neutralized by the positive RS, this would cause an electric field change at the tower 
opposite to the one leading to a negative upward flash, making the initiation of an upward leader according 

to the scenario 3 in Figure 1c even less likely. The removal of the positive 
charge of the leader could actually enable the negative part of the leader 
to spread even more freely and rapidly, as observed, at least for an oppo-
site polarity flash in Stock et al. (2017).

The four scenarios illustrated in Figure 1 are arranged in a chronolog-
ical order of occurrence. However, the scenarios in Figure  1a, 1b, and 
1d share similar physical properties as they are all caused by relatively 
slow leader propagation. On the other hand, the scenario in Figure 1c is 
governed by the RS process that can be three orders of magnitude faster 
than leader processes.

3.  Electric Field Characteristics of the Considered 
Scenarios for the Triggering Events
The aim of this section is to evaluate the electric fields caused by the 
considered triggering scenarios. We will consider possible ranges of the 
10%–90% risetime and peak (Figure 2) of the electric field by varying the 
geometrical properties, the velocity of propagation and the charge densi-
ty of the leader.

SUNJERGA ET AL.

10.1029/2020JD034043

3 of 24

Figure 1.  Typical scenarios leading to the triggering of a negative upward 
flash from a tower. (a) In-cloud leader above the tower, (b) in-cloud leader 
prior to a positive RS, (c) positive RS, (d) CC extending the negative leader 
above the tower. Not to scale. The percentage of occurrence of these 
scenarios as observed by Schumann et al. (2019) is given in each panel. 
CC, continuous current; RS, return stroke.

(a) (b)

(c) (d)

Figure 2.  Definition of the electric field waveform parameters: 10%–90% 
risetime (RT) and field peak.
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Note that we are only considering scenarios for the initiation of an upward negative lightning (upward 
positive leader). Similar mechanisms have been observed in the case of an upward positive lightning (up-
ward negative leader), in which an approaching positive leader leads to the initiation of an upward negative 
leader (for example, see Figure 14 in Sunjerga, Rubinstein, Pineda, et al., 2020). In this section, we present 
the electric field expressions derived for each considered scenario. The full derivation can be found in the 
Appendix. Physics sign convention for the electric field was used in this paper (upward directed field is pos-
itive). It is worth noting that here we present a limited number of cases that are representative of common 
processes, having in mind uncertainties in input variables, including the input geometry, line charge densi-
ty (e.g., Gao et al., 2020; Shen et al., 2019) and velocity of leaders (e.g., Campos et al., 2014; Proctor, 1997). 
An open-source code with a graphical interface is provided as supporting information. Interested readers 
can use it to run any specific case.

3.1.  Scenario 1: In-Cloud Leader

Figure 3a presents the geometry of the problem. The vertical electric field associated with this scenario at a 
given point P(x,y) is given by:
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v

� (1)

where ε0 is the vacuum permittivity, N  is the negative charge density, Nv  and pv  are the propagation speeds 
of the negative and positive leader branches, and the function 2Hf  is defined in Equations (A.9–A.13) in the 
Appendix.

Note that the adopted line charge density of the positive leader is such that the overall zero charge condition 
(Kasemir, 1960) along the whole bidirectional leader is satisfied.

The resulting electric field waveform will depend on many input parameters, of either geometrical or phys-
ical nature. For example, we can directly see from (1) that the electric field has a linear dependence on the 
charge density. On the other hand, the amplitude will also depend on the height of the leader above the 
ground as well as the starting point of the bidirectional leader (  0x x  in Figure 3). The risetime will be 
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Figure 3.  In-cloud leader. (a) Geometry of problem. (b) Vertical electric field on the ground surface at the origin of the coordinate system. The computation 
parameters correspond to Case 2 of Table 1. The contributions of the negative and positive leaders are also presented. The origin of time (t = 0) corresponds to 
the initiation of the bidirectional leader.
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governed by the velocities of the positive and negative leaders. Note that, 
in our model, we do not consider any branching of the channel.

We will analyze three different cases as described in Table 1. Case 2 cor-
responds to typical values expected from in-cloud bidirectional leaders at 
an altitude of 2 km above the ground (van der Velde & Montanyà, 2013). 
Case 1 corresponds to a low charge density leader characterized by the 
smallest expected propagation velocities and initiated at a height of 4 km 
above the ground. Case 3 corresponds to the highest expected line charge 
density and propagation velocities for a leader located only 1 km above 
the ground. The charge density obtained for this maximum charge den-
sity case (1.5 C/km) is similar to the values observed by Proctor (1997) 

from measurements of stepped leaders. The charge density values for the other cases are similar to those 
obtained by Shen et al. (2018).

Figure 3b presents the contributions of the positive and the negative leaders to the total electric field at the 
origin of the coordinate system for Case 2. At early times, the contributions of the positive and negative 
leaders are similar in magnitude because of their similar relative distance to the observation point (origin 
of coordinate system). However, as the negative leader progresses to the right and approaches the origin, it 
becomes dominant. A comparison of the electric field waveforms associated with the three different cases is 
shown in Figure 4a. Differences in both peak amplitude and waveshape can be observed. Figure 4b presents 
the two-dimensional (2-D) distribution of the vertical electric field for Case 2, 60 ms after the initiation.

3.2.  Scenario 2: Positive Leader Approaching the Ground

Figure 5a presents the geometry of the scenario. The vertical electric field at a given point P(x,y) is given by:

E x y t
E t t T

E t t T
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,
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where T1 is the moment in time when the positive leader starts to propagate toward the ground, and Eysc1(t) 
is the field associated with Scenario 1 given by (1). Ey2 is given by
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λN 
(C/
km)

H 
(km)

vP 
(m/s)

vN 
(m/s)

x0 
(km)

RT 
(ms)

Emax 

(kV/m)

Case 1 −0.1 4 1 × 104 5 × 104 −1.5 39 0.06

Case 2 −0.5 2 2 × 104 1 × 105 −3 31 5.8

Case 3 −1.5 1 4 × 104 2 × 105 −6 12 52

Table 1 
Input Parameters and the Resulting Rise Time (τ) and Peak Electric Field 
(Emax) for Scenario 1: In-Cloud Leader

Figure 4.  Scenario 1: (a) Vertical electric field waveforms at the origin of the coordinate system for the three considered cases. (b) 2D distribution of the vertical 
electric field for Case 2 at 60 ms.
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The functions f2H and f2V are defined in the equations (A.9–A.13) and (A.24–A.28) in the Appendix. Note 
that the line charge density of the positive leader is such that the overall zero charge condition along the 
whole leader is satisfied.

Three different cases are considered whose parameters are presented in Table 2. These cases are similar to 
Case 2 in Scenario 1 (in terms of leader charge density, propagation speeds, height) with the difference that, 
here, we vary the location along the x-axis of the initiation of the bidirectional leader and the time T1 after 
which the positive leader veers toward the ground. It is also worth mentioning that the velocity of a down-
ward stepped leader increases as it approaches the ground (Campos et al., 2010). However, for the sake of 
simplicity, we consider it to be constant in this study.

As can be seen from the results presented in Figure 5b, the vertical positive leader will result in a smaller 
overall peak electric field compared to Scenario 1. As expected, it can be seen on Figure 6a that the closer 
the positive leader to the observation point, the higher the decrease in the field. If the leader gets suffi-

ciently close to the observation point, the electric field could even change 
sign and become negative. Figure 6b presents the 2D distribution of the 
vertical electric field for Case 2a, 60 ms from the initiation of the leader.

3.3.  Scenario 3: Positive Return Stroke

Positive flashes are less common than negative flashes. Their current 
waveform is typically characterized by slower risetimes and it can have 
an order of magnitude higher peak value compared to negative flashes 
(Rakov, 2013). Cooray (1995, 2000) was the first to develop a model for 
positive return strokes. For the sake of simplicity and considering the rel-
atively small distance to the observation point, we will consider here only 
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Figure 5.  Scenario 2: In-cloud leader propagation to ground. (a) Geometry of problem. (b) Components of the vertical electric field at the origin of the 
coordinate system for Case 2a. The origin of time (t = 0) corresponds to the initiation of the bidirectional leader.

x0 (km) RT (ms) Emax(kV/m)

Case 2a −3 31 5.75

Case 2b −2 22 3.5

Case 2c −1 18 1

Note. For λN = −0.5 C/km, H = 2 km, vP = 2 × 104 m/s, vN = 1 × 105 m/s 
and T1 = 10 ms.

Table 2 
Input Parameters and the Resulting Rise Time (RT) and Peak Electric Field 
(Emax) for Scenario 2: In-Cloud Leader Propagation to the ground
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the electrostatic field of the return stroke. At distances not exceeding a few kilometers, the late-time electric 
field is mostly due to the electrostatic field component in case of negative return strokes as discussed by Lin 
et al. (1979). We assume here that the electrostatic assumption would hold for a positive return strokes due 
to its slower risetime.

Figure 7a presents the geometry of the problem. The vertical electric field at a given point P(x,y) is given by:
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where T2 is the moment in time when the return stroke reaches the maximum altitude y0 and starts to prop-
agate in the horizontal direction. Ey1 and Ey2 are given by
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Figure 6.  (a) Electric field waveforms at the origin of the coordinate system for the three considered cases (Table 2) in Scenario 2. (b) 2D distribution of the 
vertical electric field for Case 2a at 60 ms.

Figure 7.  Scenario 3: Positive RS (a) Geometry of the problem. (b) Vertical electric field at the origin of the coordinate system for the considered cases in 
Table 4. The origin of time (t = 0) corresponds to the initiation of the return stroke. RS, return stroke.
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in which the geometrical functions f2H and f2V are defined in equations 
(A.9–A.13) and (A.24–A.28) in the Appendix.

We will consider three different distances from the vertical leader, as 
specified in Table 3. The assumed charge density is 2.5 C/km (Thomson 
et al., 1985). The assumed return stroke speed is 0.9 × 108 m/s, which 
corresponds to typical observed speeds (Cooray, 2000). We consider two 

different heights for the return stroke (or altitudes for the horizontal leader). The lower one could be as-
sociated with positive flashes caused by the lower positive charge pocket, and the higher to flashes caused 
by the upper main positive charge region (Rakov, 2013). Note that, in Table 3, Emax1 is the field observed at 
the origin at the moment when the return stroke reaches the point (xRS,y0), while Emax2 is the field at the 
moment when the return stroke reaches the initiation point of the bidirectional leader (x0,y0).

The magnitude of the electric field will mostly depend on the distance to the observation point. The ob-
served risetimes are much smaller compared to risetimes associated with leader fields, since the return 
stroke speed is much faster than the leader propagation speed.

Figure 8 presents the spatial distribution of the vertical electric field at the time instant when the whole pos-
itive leader is neutralized for cases 4 and 5 in Table 3. As expected, the maximum value of the electric field 
occurs at the base of the vertical leader since the contribution of the channel elements and their images 
add-up constructively to yield a maximum value.

3.4.  Scenario 4: Developing Horizontal Leader During the Continuous Current Phase

Figure 9a presents a sketch of Scenario 4, according to which a horizontal leader develops above the tower 
during the CC phase following a positive return stroke. Note that the positive part of the leader is already 
neutralized by the return stroke preceding the CC phase. We evaluate here the electric field change caused 
by the extension of the negative leader from its location right after the RS.

With reference to Figure 9a, the vertical electric field a given point P(x,y) is given by:
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H 
(km)

xRS 
(km)

x0 
(km)

RT 
(μs)

Emax1 

(kV/m)
Emax2 

(kV/m)

Case 4 8 −3 −2 68.2 9.7 10.3

Case 5 2 −1 0 25.2 24.8 34.9

Case 6 2 −3 −2 22.6 2.5 5.32

Case 7 2 −5 −4 21.7 0.64 1.4

Note. For λP = 2.5 C/km and vRS = 0.9 × 108 m/s.
RS, return stroke.

Table 3 
Input Parameters and the Resulting Rise Times (RT) and Electric Fields 
(Emax1 and Emax2) for Scenario 3: Positive RS

Figure 8.  2D distribution of the vertical electric field at the time instant when the whole positive leader is neutralized. (a) Case 4. (b) Case 5.
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where the geometrical function f2H is given in equations A.9–A.13 in the Appendix.

The resulting electric fields are calculated for three different cases with the same leader parameters (see 
Table 4) as in Scenario 1 (In-cloud leader). The resulting waveforms are somewhat similar to the ones ob-
tained in Scenario 1 (In-cloud leader) with higher peaks in Scenario 4 because the absence of the positive 
end of the leader increases the value of the field. This latter reason is particularly evident in Case 1 (Case 8 
in Scenario 4), where the leader is at a high altitude above the ground and the contribution of the positive 
leader is close to the one of the negative leader, as their distances to the observation point are similar. The 
risetimes observed in Scenario 4 are similar to those in Scenario 1 (In-cloud leader) since they are mostly 
governed by the velocity of the negative leader.

4.  Upward Lightning Initiation Criteria
4.1.  Aleksandrov et al. Model for the Corona Discharge

This section is based on the simplified analytical model developed by Al-
eksandrov et al. (2001) where the corona discharge from the tip of a tall 
structure (Figure 10a) is represented by a spherical electrode in free space 
as shown in Figure 10b (r1, which tends to infinity, denotes the distance 
to the reference for the potential difference calculation), imposing the 
condition that the total potential on the surface of the sphere is at the 
same potential as the ground. This model neglects the contribution of 
the charges along the structure. Assuming a constant electric field along 
the z-axis, the background potential at the location of the sphere at the 
altitude h is -Eh, so that, in order to satisfy zero total potential condition, 
the potential due to the charge on the sphere is given by:

 .yU E h� (8)
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Figure 9.  Scenario 4: Horizontal leader during the continuous current phase following a positive return stroke. (a) Geometry of problem. (b) Vertical electric 
field at the origin of the coordinate system for the three considered cases (cases 7, 8, and 9). The origin of time (t = 0) corresponds to the start of the horizontal 
leader extension during the continuous current phase.

λN 

(C/km) H (km) vN (m/s) x0 (km)
RT 

(ms) Emax(kV/m)

Case 8 −0.1 4 5 × 104 −1.5 46.8 0.32

Case 9 −0.5 2 1 × 105 −3 35.6 7.47

Case 10 −1.5 1 2 × 105 −6 12.8 53.2

Table 4 
Input Parameters and the Resulting Rise Time (RT) and Peak Electric Field 
(Emax) for Scenario 4: Horizontal Leader During the CC Phase
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Now, assuming that the background electric field is not significant near the sphere compared to the electric 
field due to the charge on the sphere, this simple corona model can be used, as a first approximation, to 
evaluate the electric field on the top of a tall structure in the presence of corona charges. A more rigorous 
approach would require discretizing the structure and its image into elementary parts and imposing the ze-
ro-potential condition on each element. This procedure is used in the charge simulation method developed 
by Singer et al. (1974). That approach, although more accurate, is not used here because it does not allow a 
fully analytical solution. Aleksandrov et al. (2002) estimated the accuracy of the simplified sphere model by 
comparing it to a more realistic model of a grounded rod of height h and a hemispherical top of the same 
radius as the sphere, and they observed that the simple sphere model overestimates the electric field by a 
factor of less than two.

This simplified model is good enough for the analysis of the field near the electrode and it can yield more 
insights into the upward triggering mechanism using a qualitative analysis. If one were interested in ob-
taining the electric field at ground level next to the structure, the elaboration of a more realistic model of 
the structure would be needed. Such analysis was done analytically by Smorgonskiy, Egüz, et al. (2015) and 
numerically by Arcanjo et al. (2018), both based on the charge simulation method. Observations show that, 
depending on the height of the object, the measured electric field could be more than 10 times lower than 
the background electric field.

Note that, in our analysis, the background electric field will be caused either by the leader or by the return 
stroke, depending on the particular scenario being considered (see Figure 1). Here, we will briefly summa-
rize the approach presented by Aleksandrov et al. (2001). The interested reader is referred to the original 
paper for more details.

If the electric field on the surface of the sphere is lower than the critical breakdown electric field, then the 
electric potential at a distance r from the center of the sphere in space outside of the sphere is obtained by 
solving Poisson's equation and the solution is:

   0
no corona ,EhrU r

r
� (9)

As soon as the field on the surface of the sphere exceeds the breakdown electric field (around 3 MV/m un-
der standard conditions for an electrode with a radius bigger than a few centimeters), streamer-free corona 
discharge (electron avalanche), and therefore a current will be initiated. In order to evaluate the electric 
field, one has to solve the electrostatic Poisson's equation coupled with the balance equation for the space 
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Figure 10.  Corona discharge from the tip of a tall structure. (a) Positive corona discharge at the tip of a tall structure 
in the electric field of the cloud (adapted from Aleksandrov et al., 2001). (b) Simplified model representing the corona 
discharge using a spherical electrode in free space.
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charge. Aleksandrov et al. (2001) obtained the following solution for the electric field as a function of the 
radial distance r outside of the sphere:
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where µ is permeability of the vacuum, EC is the threshold corona field and i(t) is the current that can be 
obtained for the case of a voltage applied to the sphere as a result of the background electric field, of the 
form U = Umtk at t ≤ τA and U = Um at t > τA as:
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the radius of the expanding ion cloud is given by:
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in which μ = 1.5 cm2V−1s−1 is the ion mobility (Chauzy & Rennela, 1985), r0 is the radius of the sphere, and 
U is the voltage between the sphere and infinity (see Figure 10b) with peak value of Um.

Figure 11a presents the electric field as a function of the radial distance considering two different risetimes 
for U. The voltage U is assumed to be linearly rising (k = 1) up to the maximum voltage Um = 2 MV, beyond 
which it stays constant. The radius of the sphere is r0 = 5 cm. This voltage could be for example induced on 
a 200-m tall structure under a background electric field of 10 kV/m (see Equation 8). We can observe from 
Figure 11a that the electric field is reduced significantly by the influence of the corona charges, both in the 
case of slow (10-s risetime) and fast (30-ms risetime) changes. In both cases, the predicted field without 
taking into account the effect of the corona charge is equal to 40 MV/m at r = r0 (not seen in Figure 11a 
since it is out of the scale). When the corona charge is taken into account, the electric field on the surface of 
the sphere is equal to 3 MV/m in both cases. The analysis also shows that the reduction of the electric field 
is about four times more significant at a distance of r = 0.5 m for the case of a slow process (10-s risetime) 
compared with a faster process (30-ms risetime). At farther distances, the predicted electric field disregard-
ing the corona charges will become smaller than those taking into account corona, since most of the voltage 
drop occurs close to the sphere.
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Figure 11.  Electric field at the time of maximum voltage as a function of the radial distance. (a) 10-s risetime and 30-ms risetime Um = 2 MV, r0 = 5 cm. (b) 
30-ms and 30-µs risetime for different peak voltages.



Journal of Geophysical Research: Atmospheres

4.2.  Criteria for the Initiation of a Sustained Leader

In order for the streamers to be initiated from streamer-free corona discharge, the electric field has to be 
higher than the breakdown level over some critical length in front of the electrode. Note that corona dis-
charge consists of both electron avalanches and streamers while Aleksandrov et al. (2001) refers to electron 
avalanche without streamers as streamer-free corona (see Figure 12). Aleksandrov et al. (2001) assumed 
that the condition

 





 0

,
| 0,r r

E r t
r

� (13)

is sufficient for the streamers to be initiated.

Figure 11b presents four examples with different voltage risetimes and peaks. The two considered risetimes 
are characteristic of the cases analyzed in the previous section, namely the leader propagation and the 
return stroke. Example 1 and Example 2 satisfy condition (13). Note that, for low risetimes, which are char-
acteristic of return strokes, much lower voltages are required to satisfy condition (13) than in a case of the 
longer risetimes associated with leader propagation (see Figure 13 for more details).

In this section, we will discuss different criteria that have to be satisfied in order to have a sustained leader 
development. Once the electric field on the surface of the electrode reaches the critical breakdown electric 
field, streamer-free corona discharge will be initiated. This could lead to streamer initiation which is a nec-
essary condition for the leader generation.

Further, if specific conditions are met, a leader will be initiated and, depending on the conditions, it can 
end up either as an aborted leader or continue to develop as a sustained leader. A graphical representation 
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Figure 12.  Conditions for sustained upward leader initiation.

Figure 13.  Minimum voltage criteria for upward leader development from a tall structure as a function of the field risetime. (a) Risetime characteristic of 
leader processes. (b) Risetime characteristic of return stroke processes.
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illustrating the necessary conditions leading to the leader initiation and development is shown in Figure 12, 
which refers to equations that are given below.

In what follows, we will provide criteria for a sustained upward positive leader development as obtained by 
Aleksandrov et al. (2001). First, the electric field has to be higher than the critical breakdown electric field 
for the start of the streamer-free corona discharge.

Further, inserting (10) into (13), one can obtain a criterion for corona discharge (streamer-free) to streamer 
initiation for the case of a linearly rising voltage as:

  
   

 

1/3

0
0

62 ,C
m C

EU E r
r

� (14)

where τ is the risetime of the voltage and EC is the critical electric field for the streamer-free corona dis-
charge initiation.

Based on the fact that the minimum necessary length of the streamer zone for that streamer to evolve 
into leader called critical length (dcr) is about 1 m (Bazelyan & Raizer Yu, 1998; Gallimberti, 1979; Meek 
& Craggs, 1978), and that the voltage drop (ΔUmin) along that distance has to be at least 400 kV (Aleksan-
drov et al., 2001; Bazelyan & Raizer Yu, 1998, 2000) derived the following condition for the upward leader 
initiation:

 
 

      
 

1/34
1/3min

2
3 Δ 1.86 .
2 2m

cr

UU MV
d

� (15)

This condition can be satisfied by a voltage with either sufficiently high magnitude or a sufficiently low 
risetime. Furthermore, Aleksandrov et al. (2001) derived a criterion that has to be satisfied by an upward 
leader to escape the space charge cloud and not end up as aborted leader. This criterion is derived based 
on the condition that the background electric field is higher than the channel electric field opposing the 
former, so that the potential of the tip remains always higher than the background electric field potential. 
The criterion reads

    
5/163.54 .mU MV� (16)

If (16) is not satisfied, the leader will stop propagating once the potential of the leader tip becomes equal to 
Um. Note that (14–16) are derived for the case of a linearly rising voltage. In the following analysis, we use 
Ec = 3 MV/m.

4.3.  Criteria Evaluation

In this section, we will use the initiation criteria (inequalities (14), (15), and (16)) to assess the ability of 
the scenarios discussed in Section 3 to initiate upward lightning from a tall structure. We will only discuss 
the field changes caused by these processes and we will not take into account the background electric field, 
which usually has much slower risetimes in the order of several seconds. This assumption is supported by 
the fact that corona charges at the tall structure will have had enough time to neutralize the slow back-
ground field in the proximity of the tower.

In our model, Scenario 2 (Positive leader approaching the ground) is taking into account the field change 
due to the prior Scenario 1 process. In Scenario 3 (Positive RS), the influence of the prior two scenarios (1 
and 2) is omitted since the risetime of the positive RS is three orders of magnitude lower than that of the 
prior processes. Moreover, in the case of Scenario 3, the leader in these prior scenarios does not necessarily 
have to be passing above the tower as shown in Figure 1c, they could be directed away from the structure of 
interest. Finally, in Scenario 4, prior processes are again omitted since we assume that if the RS was close to 
the tall structure, it would have already triggered an upward flash before the CC phase.
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These assumptions are made in order to use the derived analytical solu-
tion to assess each scenario individually. For a more thorough analysis, 
numerical methods can be used to estimate the background electric field 
resulting from the different prior processes. Note finally that the contri-
bution from the background electric field could either support or oppose 
the triggering of the upward flash. It is not unconceivable that for some 
cases in Scenarios 3 and 4 that do not generate the required conditions to 
initiate an upward flash, the field contribution from prior processes could 
add constructively to support the initiation of an upward flash.

Criteria (15) and (16) only depend on the risetime and, for the risetimes 
of interest, the voltage given by criterion (16) is always higher that that 
given by (15). On the other hand, (14) depends also on the radius of the 
sphere.

The criteria for the minimum voltage for each of the processes (streamer, 
leader, sustained leader) are shown in Figure 13 as a function of the rise-
time. For the streamer criterion, the results are shown considering four 
different radiuses for the equivalent spherical electrode. If we consider 
the radius of the sphere to be in the range of about 3–10 mm, all of the 
streamers will develop at least to aborted leaders. If the radius is less than 
about 3  mm, the leader initiation will require a higher field than that 
required for the streamer. It is worth also noting that for sphere radiuses 
of less than 1 cm, a higher error in the analytical model is expected as 
discussed in Aleksandrov et al. (2001).

Considering that the lightning rods are sharp, it is reasonable to assume that the sphere radius is less than 
1 cm. According to the above analysis, for a sphere radius less than 1 cm, condition (16) for the sustained 
upward leader requires higher fields than those required for streamer and leader initiation. Table 5 presents 
for all the considered cases, the minimum height of the structure so that condition (16) for a sustained 
leader is satisfied.

In order to obtain the excitation voltage given as:

U t
U t t

U t

m

m

  

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
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



,

,
,


� (17)

from the simulated results in Section 3, we made the following assumptions. The simulated waveforms are 
linear in the range from t10 to t90 (see Figure 2). We assume that Em is equal to the electric field difference 
from t10 to t90 or 80% of Emax (see Figure 2). The risetime τ is equal to RT (t90 – t10).

Further, we assume that the vertical electric field is constant along the height of the object so that Um is 
simply given as the product of Em with the height h. The resulting minimum heights of the structure to 
initiate a sustained upward leader are presented in Table 5 for the various considered cases.

We can observe that a weakly charged leader as those analyzed in cases 1 and 8 are not likely to trigger a 
sustained upward lightning during the leader propagation phase. In Case 2c, a sustained leader is unlikely 
because of the decrease of the field due to the presence of a positive leader close to the observation point. 
All other cases shown can trigger an upward flash from a tower with a reasonable height. Strongly charged 
leaders such as those in Cases 3 and 10 are also very likely to trigger a sustained upward leader. Also, all the 
Cases 4–7 with a fast risetime corresponding to the return stroke phase are capable of triggering lightning 
from relatively low structures. Note that, for some cases, the assumption of a constant electric field along 
the structure is questionable because of the high value of the minimum height (Cases 1, 2c, and 8). Howev-
er, these high values suggest that no upward flashes can be initiated under such conditions.

Figure 14 presents the critical value of the electric field change as a function of the risetime for structures 
of different heights. These heights are representative of modern wind turbines. We assume that the light-
ning rod is sharp enough so that the criterium in Equation (16) is the most rigid one. Fast changes of about 
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Case Em (kV/m) τ H (m)

1 0.06 39 ms 26,759

2 5.8 31 ms 254

3 52 12 ms 21

2a 5.75 31 ms 260

2b 3.5 22 ms 384

2c 1 18 ms 1260

4 10.3 68 μs 21.4

5 35 25 μs 4.6

6 5.3 23 μs 29.4

7 1.4 22 μs 110

8 0.21 47 ms 5312

9 5 36 ms 209

10 50.1 13 ms 21

Table 5 
Minimum Height of the Structure for the Initiation of a Sustained Upward 
Leader
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1 kV/m typical for the nearby return strokes (distances of few km) can initiate a sustained leader while, in 
the case of slow risetimes typical of the nearby leader propagation, the electric field has to be several times 
higher. Note that these values could be significantly lower if the background cloud charge electric field was 
also considered. Also, it is worth noting that the simplified sphere model overestimates (by a factor of about 
2) the fields in the vicinity of the sphere. As a result, the critical electric field to initiate an upward flash 
might be higher.

5.  Discussion
A discussion is in order on the statistical occurrence of the observed scenarios, as reported by Schumann 
et al. (2019). For example, the lowest occurrence (9.5%) was observed for Scenario 2 (Positive leader ap-
proaching the ground), for which we observed the lowest magnitudes of the electric field. The fact that 
Scenario 4 (CC phase) has a much higher occurrence (52%) than Scenario 1 (In-cloud leader) with 13% 
can be explained by the higher amplitude of electric field and processes occurring prior to Scenario 4 (CC 
phase). Scenario 4 (CC phase) is preceded by scenarios 2 (Positive leader approaching the ground) and 
3 (Positive RS), the contributions of which add up to the field enhancement at the tower. On the other 
hand, the relatively high occurrence of upward flashes after the RS phase might be due to its fast risetime 
and also to Scenario 2 (Positive leader approaching the ground) preceding it. Cloud-to-cloud lightning 
is about 2–10 times (Soriano & de Pablo, 2007) more common than cloud-to-ground lightning and this 
could explain the occurrence ratio of scenarios 1 (In-cloud leader) and 2 (Positive leader approaching 
the ground). For a more detailed analysis, one would have to take into account the general occurrence 
statistics of each scenario as well as the spatial extent. For example, while the RS is occurring at a given 
location, leaders can extend to several tens of km. We will not pursue this analysis since it is beyond the 
scope of this study.

The obtained results presented in Figure 14a suggest that electric fields in the order of only 1 kV/m from 
return strokes of positive flashes can potentially initiate an upward flash from a 100-m tall structure. Such 
field intensities are typical of return strokes at distances as far as a few kilometers. This finding is supported 
by experimental observations. Warner et al. (2012) observed upward lightning flashes to 10 communication 
towers with heights ranging from 91 to 191 m, which were preceded by positive CG flashes that occurred 
at distances ranging from 3.5 to 49 km from the towers. Smorgonskiy, Tajalli, et al. (2015) reported upward 
flashes to the 100-m tall Gaisberg Tower preceded by positive CG lightning at distances ranging from 300 m 
to 48.3 km from the tower. The observed cases involving preceding CG flashes at longer distances (of some 
tens of km) could be due to different reasons such as
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Figure 14.  Critical electric field change for development of sustained leader as a function of the risetime for different tall structure heights. (a) Risetime 
characteristic of leader processes. (b) Risetime characteristic of return stroke processes.
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�-	� the presence of a strong background electric field.
�-	� errors in the estimates of the locations of the preceding CG flashes provided by lightning location systems.
�-	� some of these distant preceding events might have happened by chance without any causality relation to 

the upward flashes (Rubinstein et al., 2016).
�-	� the fact that negative leaders during the CC phase can propagate several tens of kilometers. The prop-

agation of the negative leader along the cloud base during tens (sometimes hundreds) of milliseconds 
were frequently observed by high-speed cameras and/or lightning mapping arrays for most of the cases 
analyzed in Brazil and the US (Saba et al., 2016; Schumann et al., 2019).

The above results are of significance for lightning protection of tall structures. For example, for a 200-m tall 
tower (typical of modern wind turbines), located in an area with a yearly ground flash density of about 3 
flash/km2, one would expect using Eriksson's empirical formula (Eriksson, 1987) 3.75 upward flashes, and 
a total of 37 flashes in the 1.5-km-radius area of around the tower (12.5 km2). Assuming that on average 
7.5% of the flashes are positive (Rakov, 2003) and taking into account that positive flashes tend to exhibit 
a single return stroke, we would have, out of the 37 flashes in this area, about 3 positive return strokes, 
which are able to produce fields that are high enough to initiate upward flashes. This reasoning applies if 
the considered structure is the only one in the area and located on a flat ground. If the tower is located on a 
mountainous area, the resulting number of upward flashes initiated by nearby positive strokes can be even 
higher. It is also worth noting that we do not consider the background electric field in this study, the effect of 
which can be very complex. For example, one could expect in the case when the positive CG flash is close to 
the tall structure that the cloud charge distribution above the tower creates an opposite field to that created 
by the return stroke in the positive flash, therefore impeding the initiation of an upward positive leader from 
the tower. On the other hand, if the return stroke location is far away, it is less likely that the cloud charge 
distribution above the tower would impede the upward leader initiation. Note also that in the case of the 
three leader scenarios (I, II and IV), the amplitude of the electric field change will depend strongly on the 
altitude of the leader above the ground.

It is finally important to note the limitations of both the model used for the field calculation and the simpli-
fied corona model. The field calculation is based on an electrostatic assumption, which can be considered 
as reasonable for the leader processes and the considered distances (see also, Rachidi et al., 1997; Rubin-
stein et al., 1995). The application of the electrostatic model to the faster RS process is more questionable, 
even though positive return strokes (considered in this work) are characterized by slower risetimes com-
pared to negative return strokes. Furthermore, we use a fairly simple geometry of horizontal and vertical 
leaders without taking into account any branching. A more complex leader geometry can be represented 
with a combination of horizontal and vertical leaders or by discretizing the leader and obtaining numerical 
solution.

The corona discharge model is based on a simplified spherical electrode representation. As previously not-
ed, the electric fields predicted by such model could overestimate the fields by a factor as high as 2. The 
criteria for leader and sustained leader development are based on a combination of results obtained by the 
model and by observations. Some other external parameters, such as the wind speed, atmospheric condi-
tions and the air chemistry might also play a role. We also do not consider electric field changes prior to 
any specific event. Despite the above-mentioned limitations, the proposed model can provide a qualitative 
insight into the mechanisms of upward leader initiation from tall structures. Note finally that the derived 
electrostatic model is valid for estimating the electric field enhancement in case of both positive and nega-
tive upward lightning, while the corona model is based on a positive corona discharge and it is only valid for 
modeling a negative upward lightning.

6.  Summary and Conclusion
We have derived analytical formulas to describe the electrostatic field changes associated with horizontal 
and vertical leaders. These formulas were then used to evaluate the field in four different scenarios leading 
to the triggering of an upward flash from a tower, as observed by Schumann et al.  (2019). The obtained 
results indicate that the three scenarios in which the initiation of the upward lightning occurs during the 
leader propagation phase exhibit similar peak values and risetimes. Scenarios 1 (In-cloud leader) and 4 (CC 
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phase) result in almost the same waveform (see Figure 4 and 9), mainly due to the fact that most of the field 
at the observation point is due to the closest part of the leader. Scenario 2 (Positive leader approaching the 
ground) results in a slightly lower field peak compared to scenarios 1 (In-cloud leader) and 4 (CC phase), 
depending on how far the downward propagating leader is from the observation point. The order of magni-
tude of the electric field change associated with a 3-km away return stroke is similar to that of a horizontal 
leader passing above the tower, however with different risetimes.

We then used the criteria for an upward negative leader initiation obtained from a simplified corona model 
to estimate the minimum height of a tall structure for an upward flash to be initiated. Due to its relatively 
fast risetimes, the return stroke phase can trigger upward flashes with fields that are about 10 times lower 
than in the case of slower leader propagation processes for a structure of a given height.

It is worth noting that the simplified criteria used to evaluate the initiation of the upward leader can 
only be used in the case of one linear excitation with respect to time. We have considered only the field 
change associated with each scenario and disregarded the background electric field, which might have 
an appreciable effect on the initiation of an upward flash. We can assume that even the cases with less 
favorable geometrical and electrical properties could trigger an upward flash depending on how close 
the value of the background electric field was to the value necessary for the so-called self-initiated up-
ward lightning.

The main contributions of this paper can be summarized as follows: 

�(i)	� We derived analytical solutions for leader/RS geometries associated with the observed scenarios lead-
ing to the initiation of upward flashes from a tall structure. The resulting field enhancement was used 
in a simplified corona model at the tip of a tall structure.

�(ii)	� The obtained results suggest that it is possible for an upward negative lightning to be triggered by near-
by lightning activity, either during a relatively slow leader propagation phase, or after the faster return 
stroke phase. In most of the analyzed cases, the field change due to nearby lightning activity was high 
enough to trigger an upward flash from a structure of moderate height, even without the background 
electric field.

�(iii)	� Slow processes of leader propagation have the fastest risetime and highest amplitude as the leader is 
passing just above the observation point since the tangential component of the speed with respect to 
the ground surface is at its maximum and the distance to the leader is at its minimum.

�(iv)	� Nearby return strokes with relatively fast risetimes (some tens of microseconds) are able to trigger 
upward negative flashes even for field enhancements about 10 times lower than in the case of slower 
leader propagation processes (risetime of some tens of milliseconds).

�(v)	� The obtained results suggest that electric fields in the order of only 1 kV/m from nearby positive return 
strokes can potentially initiate an upward flash from a 100-m tall structure. Such field intensities are 
typical of return strokes at distances as large as a few kilometers.

Appendix:  Derivation of the Fields Associated with the 4 Scenarios Leading to 
the Initiation of an Upward Lightning from a Tall Structure
Let us start with the derivation of the electric field of a horizontal line charge above a perfectly conducting 
ground as shown in Figure 14a. The electric potential of an arbitrary charge distribution at a given point 
(x,y) in free space can be calculated as:
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In the case of a horizontal linear charge density λ, (1) can be expressed as
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Note that y' is constant for a specific geometry of the leader. For the time being, we are ignoring the presence 
of the perfectly conducting ground. This will be taken into account later using image theory. If we assume 
a constant linear charge density, the integral in (A.2) can be solved analytically. Note that (A.2) can also be 
solved analytically for some other simplified charge distributions such as a linear distribution. The solution 
for a constant linear charge density is:
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Note that the minus sign comes from solving the integral and using the substitution t = x−x'. The compo-
nents of the electric field can be obtained as follows:

    
 



 ,
, ,xH x

V x y
E x y e

x
� (A.4)

    
 



 ,
, .yH y

V x y
E x y e

y
� (A.5)

Plugging (A.3) into (A.4) and (A.5), we obtain:
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where f1H and f2H are:
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and the coefficients R1H, R2H, AH, and BH are:
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Figure A1.  Geometry of problem. Leader above a perfectly conducting ground. (a) Horizontal leader. (b) Vertical 
leader. The leader channel radius is assumed to be infinitesimally small.
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Note that (A.12) or (A.13) can be zero in the particular case when
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which leads to a field solution tending to infinity. This singularity comes from the fact that the analytical 
solution of the integral in (A.2) is not defined at points y = y'. Note that this does not impose any limitation 
to the model since the line charge density is assumed to be infinitely thin, so the singularity can be avoided.

We will now take into account the presence of a perfectly conducting ground. Using image theory, the 
total electric field at any point with positive y coordinate will simply be the sum of the original source and 
the image source (denoted with the superscript *) with the same charge density of the source but with an 
opposite polarity.
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The electric field components of the image source can be readily calculated making the following substitu-
tions in Equations (A.6–A.13)
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to take into account the change of charge polarity and the location of the image.

A similar procedure can be followed in the case of a vertical leader shown in Figure A.1b. Note that this is 
the same problem in free space since only the source has been rotated. The electric field (ignoring the pres-
ence of the ground) can be obtained as:

        
 

   
   



 



1 1 2

0 1 2 0

1 1, , , , , ,
4 4xV V

V V V V

x x x x
E x y f x y x y y

A R B R
� (A.21)

    
 

  
   


 


2 1 2

0 2 1 0

1 1, , , , , ,
4 4yV V

V V
E x y f x y x y y

R R
� (A.22)

where f1V and f2V are:

    
   
 

1 1 2
1 2

1 1, , , , ,V
V V V V

f x y x y y
A R B R

� (A.23)
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    
   
 

2 1 2
2 1

1 1, , , , ,V
V V

f x y x y y
R R

� (A.24)

and the coefficients R1V, R2V, AV, and BV are given by:

      
22

1 1 ,VR x x y y� (A.25)

      
22

2 2 ,VR x x y y� (A.26)

  1 1 ,V VA y y R� (A.27)

  2 2 .V VB y y R� (A.28)

Again, the presence of a perfectly conducting ground is accounted for with the use of image theory. The 
total electric field at any point with positive y coordinate will be the sum of the field from the original source 
and the field from the image source with the same charge density of the original source but with an opposite 
polarity:

      PCG , , , ,xV xV xVE x y E x y E x y� (A.29)

      PCG , , , .yV yV yVE x y E x y E x y� (A.30)

The electric field components of the image source can be readily calculated from (A.6) to (A.7) making the 
following substitutions:

   ,� (A.31)

  1 2,y y� (A.32)

  2 1,y y� (A.33)

Let us derive the electric field as a function of time for the geometry shown in Figure 3a. In order to obtain 
the time-domain waveform of the electric field, we will consider the leader propagation as a series of elec-
trostatic steps. Defining the points x1 and x2 as:

 1 0 ,Px x v t� (A.34)

 2 0 .Nx x v t� (A.35)

We can now obtain  , ,yE x y t  from Equation (A.7) for both the positive and the negative leader by setting, 
for the positive leader:

 1 1,x x� (A.36)

 2 0,x x� (A.37)

and, for the negative leader:

 1 0,x x� (A.38)

 2 2,x x� (A.39)
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with:

  0,y y� (A.40)

for both positive and negative leaders.

We choose the value of the linear charge density for the positive charge to be:

   ,P
P N

N

v
v� (A.41)

so that the overall net charge along the leader is equal to zero. The vertical field at any point (x, y) is then 
given by:

       



  

    
 

0
1 2 0 0 2 0 2 0 1 0 0

0
, , , , , , , , , ,

4
N N

ysc H H
P

y y vE x y t f x y x x v t y f x y x v t x y
v

� (A.42)

Figure 5a presents the sketch of the second scenario where the positive end of the initially horizontal leader 
bends toward the ground. We will assume that this happens at a time T1. The electric field for times smaller 
than T1 can be obtained using the expression derived in the previous subsection. The total vertical electric 
field due to the positive leader can be expressed as

   
 





1 1

2
2 1

,
, , { .

,
y sc

y sc
y

E t t T
E x y t

E t t T
� (A.43)

At time T1, the positive leader will reach the coordinate:

 TD 0 1.Px x v T� (A.44)

The negative part of the leader will be treated as in previous section. The field due to the positive part of the 
leader in the vertical channel will be given by Equation (A.22) with:

  1 ,Tx x� (A.45)

    1 0 1 ,Py y v t T� (A.46)

 2 0 .y y� (A.47)

Finally, the electric field Ey2 can be obtained as:

       

  







  
    

 

  

0
2 2 0 0 2 0 2 0 1 1 0 0

0

2 0 11
0

, , , , , , , , , , ,
4

, , ,
4

N N
y H H

P

N N
V T P

P

y y vE x y t f x y x x v t y f x y x v T x y
v

v f x y x y v t T
v

� (A.48)

The return stroke is represented by a negative line charge propagating upward from the ground to the initi-
ation point as shown in Figure 7a with the same line charge density as in the preceding downward positive 
leader but with an opposite sign. The vertical electric field due to the return stroke is given by:

E x y t
E t t T

E t E T E t t T
y sc

y

y y y

3

1 2

2 1 2 2 2

, ,
,

,
,     

        






� (A.49)

where T2 is the time when the return stroke front reaches the maximum height y0 given by:
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 0
2

RS
.yT

v� (A.50)

Ey1(t) can be calculated using Equation (A.22) with the following substitutions:

  RS,x x� (A.51)

 1 0,y� (A.52)

and:

 2 RS ,y v t� (A.53)

We obtain:

   


 1 2 RS RS
0

, , , , ,0, ,
4

P
y VE x y t f x y x v t� (A.54)

where the negative sign is due to the fact that the positive return stroke is neutralizing positive charges 
along the channel.

After the return stroke front reaches the maximum altitude, the contribution of the horizontal part can be 
taken into account by plugging the following expressions

 1 RS,x x� (A.55)

    2 RS RS 2 ,x x v t T� (A.56)

  0,y y� (A.57)

into Equation (A.7), which yields

         


     2 2 RS RS 2 0 2 RS RS RS 2 0
0

, , , , ,0, , , , , ,
4

P
y V HE x y t f x y x v T y y f x y x x v t T y� (A.58)

To evaluate the electric field associated with Scenario 4 illustrated in Figure 9a, we can use again Equation 
(A.7) with the following parameters:

 1 0,x x� (A.59)

 2 ,Nx v t� (A.60)

with:

  0.y y� (A.61)

The final expression can be straightforwardly obtained as:

     





 0
4 2 0 0 0

0
, , , , , , .

4
N

y sc H N
y y

E x y t f x y x x v t y� (A.62)

Data Availability Statement
The source code for the analytical solutions can be found online at https://github.com/IToni93/other_trig-
gered_lightning_analytical.git (Sunjerga, Rubinstein, Rachidi, & Cooray, 2020). An interactive interface can 
also be found at https://IToni93.github.io/other_triggered_lightning_analytical/.
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Abstract— Upward lightning is the dominant type of 
lightning discharge to tall structures. It has been observed 
that a significant number of these upward flashes are initiated 
by nearby lightning activity. The aim of this study is to 
estimate the incidence of upward lightning flashes from tall 
structures caused by nearby lightning based on Monte Carlo 
simulations and using a simplified electrostatic and corona 
model. We present the spatial distribution of different nearby 
lightning events that can potentially trigger upward lightning 
from a given structure. Our results suggest that Eriksson’s 
empirical formulas might significantly underestimate the 
total number of flashes to a tall structure.  

Keywords—lightning, upward, triggered, other-triggered, 
Monte Carlo, incidence 

I. INTRODUCTION 
Upward lightning initiation has been observed either 

due to the slowly rising background electric field caused by 
cloud charges (the so-called ‘self-triggered’ or ‘self-
initiated’), or due to the faster electric field changes caused 
by nearby lightning (‘other-triggered’) [1], superimposed 
on the slow background electric field. The estimation of the 
number of upward flashes from a given structure is of high 
importance for determining the risk level for vulnerable 
structures such as tall wind turbines built from 
nonconducting materials.  

Simple empirical equations exist to estimate the number 
of downward and upward lightning flashes to a structure of 
a given height, such as the formula derived by Eriksson [2] 
or the one defined in the IEC standard 61400-24:2010 for 
lightning protection of wind turbines [3]. However, field 
observations suggest that these formulas underestimate the 
number of flashes [4-6]. Becerra et al. [7] estimated that 
both downward and self-initiated upward lightning can be 
responsible for only a limited number of flashes, 8 to 20% 
of observed events.  

Saba et al. [8] and Schumann et al. [9] observed four 
different scenarios leading to the triggering of an upward 
flash from a tower (see Figure 6-8 in [9]). One of them is 

due to intracloud discharges, and three are due to different 
phases in a positive cloud to ground (CG) flash. All of them 
are characterized by a horizontal leader propagation over 
the tower. 

In their study, Becerra et al. [7] estimated the proportion 
of positive CG flashes that are capable to trigger upward 
lightning, by interpolating the number of triggering events 
as a function of distance from [8].  Further, they assumed 
different probabilities for those events to produce a critical 
electric field resulting in a triggered upward lightning. It is 
worth noting that Becerra et al. [7] only considered 
relatively slow electric field changes associated with leader 
propagation, as observed in [1]. However, faster field 
changes of return strokes can also trigger upward lightning 
with much smaller field magnitudes [10].  

In this paper, we present a method to estimate the 
number of upward flashes from a tower triggered by nearby 
lightning. Based on the analytical model presented in 
[10,11], we employ Monte Carlo simulations considering a 
possible range of values for the electrical and geometrical 
parameters of positive cloud to ground (CG) lightning. We 
take into account both, relatively slow processes due to the 
leader propagation and faster return stroke processes. The 
adopted geometrical parameters are based on the scenarios 
observed by Schuman et al. [9]. Similar to [7], one of the 
scenarios in which  cloud discharges are the triggering 
mechanism was not considered because of the low 
efficiency of lightning location systems to detect these 
events and lack of available statistical data. This omission 
would, however, not significantly impact the overall 
prediction since this scenario represents only 13% of the 
observed cases [8,9].  

II. METHOD 

A. Electrostatic Model 
The full derivation of the electrostatic field due to 

horizontal and vertical line charge densities involved in 
triggering processes as observed in [8,9] can be found in the 



appendix of [10]. Here, for the sake of conciseness, we only 
present the general ideas. The electric potential of any 
charge distribution at an arbitrary observation point (x,y,z) 
in free space can be calculated as:  

𝑉𝑉 =
1

4𝜋𝜋𝜀𝜀0
�
𝑑𝑑𝑑𝑑
𝑟𝑟

 (1) 

Integrating along the leader, one can obtain the electric 
potential at each point in space. The components of electric 
field are given by: 

𝐸𝐸𝑥𝑥����⃗ (𝑥𝑥,𝑦𝑦, 𝑧𝑧) = −
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The influence of the flat ground can be taken into account 
with image theory. The expressions for the electric fields 
were derived for the scenarios observed by Schuman et al. 
[9] shown in Fig. 1 associated with a nearby CG positive 
flash. For more details see the Appendix of [10]. 

B. Sustained Leader Criteria 
The electrostatic model is capable of predicting the electric 
field (E) due to a nearby lightning event in the case of a flat 
ground. These fields can later be used in simplified corona 
models to evaluate whether the conditions for a sustained 
leader initiation are satisfied [10]. In case of lightning 
protected objects with sharp lightning rods, the following 
condition has to be satisfied to initiate a sustained leader 
[11]: 

𝑈𝑈𝑚𝑚 ≥ 𝐾𝐾 ∗ 3.54 𝜏𝜏
5
16 [𝑀𝑀𝑀𝑀]  (5) 

where K is a coefficient that takes into account the 
complexity of the structure geometry, τ is the 10-90% 
risetime of the electric field E and Um is 80% of the peak 
voltage induced on a structure of height h. Assuming that 
the electric field is constant along its height,  Um can be 
evaluated as: 

𝑈𝑈𝑚𝑚 = 0.8𝐸𝐸𝑚𝑚ℎ  (6) 

Note that Eq. (5) is obtained using a simple geometry of a 
sphere located at an altitude h and connected to ground with 
a wire, neglecting the charge distribution along the wire. It 
was estimated that a more realistic structure consisting of a 
rod with hemispheric top would differ by a factor of about 
two [11]. Therefore, we choose K = 2. Further for the 
chosen coefficient critical electric field for sustained leader 
initiation is similar to one obtained using numerical 
modeling in n Fig. 6 of [7] for the case of zero background 
field. Note that the simplified approach used here aims to 
provide a rough estimate of the total number of other-
triggered flashes, rather than an accurate representation of 
the complex mechanisms involved. For more details, see 
Section 4 of [10]. 
 

C. Monte Carlo Model 
In order to estimate the incidence of upward lightning 
triggered by nearby events, we will use Monte Carlo 
simulations.  
The general geometry applied to the three different 
scenarios is shown in Fig. 2. The structure is located at the 
origin of the coordinate system S and it is along the y axis. 
The location of the nearby lightning flash ground 
termination point is at coordinates (xl,zl) in S and at the 
origin of the coordinate system S’. The red line denotes a 
horizontal leader with an arbitrary angle Ф with respect to 
the x axis of the coordinate system S. 
 

 
 

 

 
Fig. 1. Upward lightning triggered by different subsequent 
phases of a nearby CG positive flash. Positive discharges 
are represented in red and negative in blue. a) Positive 
leader approaching the ground, b) positive RS, c) during the 
CC phase. 
 



Note that the formulas for the electric fields derived in [10] 
are defined for a coordinate system in which the x axis is 
parallel to the leader direction. In order to apply the same 
formulas in [10] to horizontal leaders with an arbitrary 
orientation, we will first transform location of structure to 
one from the coordinate system S to S’ with its x axis 
parallel to the negative leader and with the ground 
termination point of the positive CG at its origin: 

�
𝑥𝑥𝑆𝑆′

𝑦𝑦𝑆𝑆′
� = � 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� �
𝑥𝑥𝑆𝑆 − 𝑥𝑥𝐿𝐿
𝑦𝑦𝑆𝑆 − 𝑦𝑦𝐿𝐿

�  (7) 

Now we can calculate the vertical electric field by directly 
using the equations from [10]. 
  
 

 
Fig. 2.  Geometry of problem. Location of the structure 
(xS,yS) and ground termination point of the positive 
lightning flash (xL,yL). 
 
The range of values considered for our Monte Carlo 
simulations is presented in Table 1. These values are 
chosen based on some typical values observed 
experimentally [e.g., 12-16]. The input parameters of our 
model are the leader angle, the initiation altitude above the 
ground, the speed of the positive leader end, the speed of 
the negative leader end, the return stroke velocity, the 
duration of the horizontal propagation before the leader 
veers down to ground, the duration of the continuous 
current phase, and the line charge density of the negative 
leader end. Note that the line charge density of the positive 
end is obtained by assuming a zero net charge along the 
leader (see [10] for more details). For the sake of simplicity 
and due to lack of experimental data, we use a uniform 
distribution for each random experiment. More advanced 
models can be built by using more representative 
distributions for each parameter.  
 

Table 1 – Input parameters and considered ranges of variation. 

 MIN MAX 

Ф [°] 0 360 
altitude [km] 1.5 5 
vPositive [104 m/s] 1 4 
vNegative [105  m/s] 0.5 2 
vreturn stroke [108  m/s] 0.7 1.2 
Horizontal duration [ms] 30 200 
CC duration [ms] 200 700 
λnegative [C/km] 0.5 2 

The aim of each random experiment is to evaluate the 
criterion given by Eq. (5) for each successive scenario 
related to the process of a positive lightning flash, as shown 
in Fig. 3. For the scenario of a positive leader approaching 
the ground (Fig 1.a), Eq. (5) is evaluated just prior to the 
attachment to the ground. The criterion for the positive 
return stroke (Fig.  1b) is evaluated when the whole positive 
charge is neutralized. Finally, the criterion for the 
continuous current (CC), which has a given duration, is 
evaluated at five equally distant points in time since, in 
some cases, the criterion might be satisfied at earlier times 
rather than late times.  
 

 
 
Fig. 3.  Flowchart for each random experiment. 

III. RESULTS 
In this section, we present the results of Monte Carlo 

simulations for structures of different height. We analyzed 
an area of 60 x 60 km2 around the structure. The x and y 
coordinates of each flash are randomly generated. We 
assumed a flash density Ng  = 2 flashes/km2 year. 
Furthermore, we assume that only 7.5 % of flashes are 
positive. This results in 540 positive flashes per year in the 
considered 60 x 60 km2 area. 

Fig. 4 and Fig. 5 present the spatial distribution of ground 
termination points for positive flashes with respectively a 
100-m and a 200-m tall structure at the origin for a period 
of 100 years. The adopted analytical approach enables us 
to simulate 54000 events in less than two minutes on a 
typical modern personal computer without any specific 
optimization or parallelization. Note that in figures we 
presented 60 x 60 km2 area centered around the structure 
since the majority of events that result in sustained leader 
initiation are within it, but the statistical results are obtained 
for a 120 x 120 km2 area to take into account less likely 
distant events. Grey colored markers denote positive 
flashes that did not cause the initiation of upward lightning 
from the tall structure.  

Generate Uniformly Distributed Random
Input Parameters

Positive Leader Approaching the Ground

Positive RS

CC Phase of Positive RS

eq. (5)

NO

YES

eq. (5)

NO

YES

eq. (5)

NO

YES

No  Upward Leader Sustained Upward Leader



The red colored dots represent ground termination points of 
positive flashes that initiated upward lightning during the 
initial phase of the positive leader approaching the ground 
(Fig. 1a). About 90% of these events are within a radius of 
about 25 km around the 100-m structure and about 28 km 
in the case of the 200-m tall structure.  
 
Blue color denotes ground termination points of positive 
return strokes initiating an upward flash (Fig. 1b). About 
90% of them are located within a radius of 9 km around the 
100-m tall structure and a radius of 10 km around the 200-
m tall structure.  
 
CC phase events shown in green can have the most distant 
ground termination points since, if their horizontal 
propagation is in the direction of the structure, they can 
reach its proximity. About 90% of these events are located 
within a radius of 53 km around the 100-m tall structure 
and 55 km around the 200-m tall structure. Note that there 
is no CC events in very close proximity to the tower since 
these would have already triggered upward lightning by 
their preceding processes. 
 
Note finally that in our modelling we did not take into 
account the fact that a small fraction of the positive flashes 
in the immediate proximity of the structure might connect 
directly to it. 

 
Fig.  4. Distribution of positive lightning flashes in a 60 x 
60 km2 flat ground area with a 100-m tall structure at the 
origin. Grey markers denote events that did not cause a 
sustained upward leader. The red, blue and green dots 
correspond to the scenarios in Fig. 1a, 1b and 1c, 
respectively. 
 
Fig. 6 presents the reverse cumulative distribution of CC 
phase events that triggered an upward lightning versus the 
distance from the structure. We can observe that there are 
no events with a distance less than 10 km. Furthermore, a 
similar distribution is observed for both heights. 
 
 
 
 

 
Fig. 5. Distribution of positive lightning flashes in a 60 x 
60 km2 flat ground area with a 200-m tall structure at the 
origin. Grey markers denote event that did not cause a 
sustained upward leader. The red, blue and green dots 
correspond to the scenarios in Fig. 1a, 1b and 1c, 
respectively. 
 

 
Fig. 6. Reverse cumulative distribution of CC phase events 
that triggered an upward lightning versus the distance from 
the structure. 
 
The total number of both downward and upward flashes to 
a structure of height h can be estimated using the well-
known Eriksson’s empirical formula [2]: 
 

𝑁𝑁𝑇𝑇 = 24 ∗ 𝑁𝑁𝑔𝑔 ∗ ℎ2.05 ∗ 10−6  (8) 

 
The percentage of upward lightning can be obtained using 
[17]: 

𝑃𝑃𝑈𝑈 = 24 ∗ 𝑁𝑁𝑔𝑔 ∗ ℎ2.05 ∗ 10−6  (9) 

Note that in both equations, the structure is assumed to be 
located on flat ground; in case of an elevated terrain, the 
physical height has to be replaced by the effective height of 
the object (e.g. [18]).  
 
Table 2 presents the total number of expected flashes to 
structures of different heights using eqs. (8) and (9). We 



also present the total estimated number of other-triggered 
(OT) flashes obtained by using the Monte Carlo model 
averaged over a period of one year.  We can observe that 
the number of estimated OT flashes is 3 to 10 times 
(depending on the structure height) higher than the number 
of flashes predicted using Equation (8), and the percentage 
of upward flashes is about 4 to 80 times higher than the 
number predicted by Equation (9). In line with [7], we 
observe a significant underestimation of Eriksson’s 
empirical formulas, just by considering upward flashes 
caused by nearby lightning without contribution of 
downward lightning and self-initiated upward lightning.  
 
Table 2 – Statistics for a  60 x 60 km2 observation area, and comparison 

with equations (8) and (9). Ng= 2 flashes / km2 

Height [m] 100 125 150 175 200 250 

N T from (8) 0.6 0.95 1.39 1.9 2.5 3.95 
PU [%] from (9) 13.2 25 34.6 42.7 49.8 61.5 
Scenario a [%] 33 33 33 34 34 35 
Scenario b [%] 43 42 40 39 36 35 
Scenario c [%] 24 25 27 27 30 30 

Total number OT 
flashes per year 

6.2 6.66 7.75 8.33 9.46 11.42 

 
Note that the estimated number of OT flashes does not take 
into account the contribution of intracloud processes to 
which 13% of OT flashes are attributed [8,9]. Furthermore, 
in order to obtain more accurate predictions, more exact 
statistics of the parameters in Table 1 should be used.  
Note also that the percentage of occurrence of each of the 
three scenarios is somehow different to those observed in 
[8,9]. This might be explained by the fact that our model 
does not include the electric field change due to the 
preceding events (see [10] for more details), which could 
increase the occurrence of scenarios (b) and (c) (Fig. 1), so 
that they might become more similar to the observations 
reported in [8,9]. 

IV. CONCLUSION 
Using a simplified electrostatic model coupled with a 
simplified corona model, Monte Carlo simulations were 
carried out to estimate the incidence of upward lightning 
flashes from a tall tower caused by nearby positive cloud to 
ground flashes.  
The study allowed for the first time to obtain spatial 
distributions of triggering events based on their nature. Our 
results suggest that Eriksson’s empirical formulas could 
significantly underestimate the total number of flashes to 
tall structures. Based on our analysis, the number of upward 
flashes triggered by nearby lightning could be, depending 
on the height of the structure, as much as three to ten times 
as high as the total number of both upward and downward 
lightning flashes estimated using conventional empirical 
formulas.  
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A B S T R A C T

Wind turbines are very vulnerable to lightning strikes due to their height, sharp edges and remote locations often
with high soil resistivity. In this paper we present numerical simulations of the impedance of a typical wind
turbine grounding geometry. We analyze the influence of interconnecting grounding systems of different wind
turbines. IEC TR61400-24 suggests interconnection of grounding electrodes of wind turbines through horizontal
electrodes (in the form of insulated or bare conductors) to achieve low steady-state grounding resistance. The
analysis takes into account the frequency dependence of the soil electrical parameters. We show that the low
frequency grounding impedance can be reduced by a factor of two or more as a result of interconnecting
grounding systems. However, the reduction is significantly lower at higher frequencies because of the inter-
connection wire’s inductance. We analyze the spatial distribution of the ground potential rise and step voltage in
response to typical first and subsequent lightning return stroke current waveforms. It is shown that both, ground
potential rise and step voltage can be significant along the wire, especially for high resistivity soil, and placing
sensitive equipment near the interconnecting wire should be either avoided, or insulated wire should be used.

1. Introduction

Damages to wind turbines caused by lightning strikes account for
approximately 80% of wind turbine (WT) insurance claims [1]. Wind
turbines are very vulnerable to lightning because of their height, sharp
edges and remote and hilly locations often with low soil conductivity
[2–4]. Tall structures not only attract downward discharges but, per-
haps more importantly, they also initiate upward discharges [5]. There
is some evidence that the probability of lightning incidence can be in-
creased by the rotation of the blades [6]. Somewhere between 4% and
8% of wind turbines in Europe suffer damages due to lightning strikes
each year [3].

The heights of wind turbines have been constantly increasing over
the past years. As a result, they are more exposed to lightning and the
design of a proper lightning protection system (LPS), which includes the
grounding system, is of high importance. The lightning discharge cur-
rent has a frequency spectrum ranging from DC up to a few MHz [7].
Proper grounding for the protection of the WT should be designed so
that the impedance remains within acceptable limits. According to IEC,
the grounding DC resistance should be preferably below 10Ω [8].

IEC TR61400-24 [8] recommends interconnecting the grounding
systems of adjacent wind turbines through horizontal electrodes (in the
form of either insulated or bare conductors) to achieve low steady-state
grounding resistance and to reduce interference injected into the elec-
trical links. In the case of a single wind turbine, the length of horizontal
wires used for impedance reduction is recommended to be limited to
80m [8]. Of course, in the case of the interconnection of adjacent wind
turbine grounding systems, the length of the cable will depend on the
distance between the wind turbines and it can exceed the limit for in-
dividual turbines. The influence of an interconnecting wire has been
analyzed in several studies [9–11]. In Refs. [9,11], beneficial effects of
an interconnection in terms of the reduction of the early time response
and the peak value of the grounding impedance have been observed. On
the other hand, in Ref. [10], no significant difference was observed
when adding an interconnecting wire, either connected or not to an
adjacent wind turbine grounding system. This is probably due to the
fact that the grounding system that was considered in Refs. [10,12] was
significantly more extensive than those used in Refs. [9,11], so that the
presence of an additional wire did not make any noteworthy effect.

In this paper, which is an extended version of the preliminary study
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presented in Ref. [13], we present numerical simulations for the im-
pedance of a typical wind turbine grounding geometry. We also analyze
the effects of interconnecting grounding systems of adjacent wind tur-
bines. The presented analysis is based on a full-wave approach in which
the frequency dependence of the soil parameters is taken into account.
The influence of including the frequency dependence of the soil para-
meters has been considered in grounding analyses (e.g. [14,15]), but it
has never been applied to the analysis of interconnected wind turbine
grounding systems. Nonlinear effects associated with soil ionization
[16] are expected to be significant only for peak currents higher than
100 kA and for very poorly conducting soils [17] and they are therefore
disregarded in this study.

2. Geometry of problem

Typical grounding systems [18–20] consist of several rings con-
nected with horizontal and vertical rods. The depth of the rings is
usually a few meters and they are located within a foundation made of
concrete [18]. Vertical or horizontal rods are often added to reduce the
overall impedance. The effects of adding different rod geometries and
the effect of additional rings are discussed in Refs. [19,20], respec-
tively. The simplified geometry used in this paper is shown in Fig. 1
while the related geometrical parameters are listed in Table 1. The
geometry consists of 5 rings and four interconnecting wires. The current
is injected into the center of the grounding system (origin of the co-
ordinate system). Table 2 presents the electrical parameters of the soil
for two different cases studied in this paper. It is worth noting that soil
parameters are highly dependent on humidity [21,22] and this de-
pendence can be expressed with empirical formulas (e.g., [23]).

We will consider the interconnection of two wind turbine grounding
systems separated by 100m (center to center) and connected with a
100-m long bare cable buried at a 1m depth. All the wires are con-
sidered to be perfect electric conductors with 1-cm radius. The presence
of concrete in the foundation has been disregarded by assuming that its
parameters are the same as those of the surrounding medium (soil).

3. Analysis method

3.1. Full wave simulations

The full-wave calculations were carried out using the NEC-4 code,
which is based on the numerical solution of the Pocklington integro-
differential equation (for the case of wire structures) by means of the
Method of Moments (MoM) [24]. A rigorous Sommerfeld integral

approach was used in the evaluation of the current distribution. Once
the current distribution is evaluated solving the Pocklington equation
[25], the total electric field at an arbitrary point in space is calculated
by summing the contributions of each wire segment.

The ground potential rise (GPR) at a given point on the ground
surface can be evaluated as the line integral of the electric field:

=
=

=

V x y f E r f ds( , , ) ( , )GPR
x y z

x y z remote earh

, 0

, ( )

(1)

The path to the remote earth is chosen vertically along the z di-
rection to obtain faster convergence of the results. It is worth noting
that the voltage is dependent on the chosen path at higher frequencies
[26]. In this paper, the abbreviation GPR is used as the ground potential
rise, also known as earth potential rise. This should not be confused
with the grounding potential rise commonly referred to with the same
GPR abbreviation (e.g. [27]), which relate only to the potential rise at
the point of current injection and not at any arbitrary point on the
ground surface.

The impedance of the grounding system can be calculated as

= = =Z V x y f
I f

( 0, 0, )
( )

GPR

(2)

where = =V x y f( 0, 0, )GPR is the ground potential rise at the feeding
point, and I(f) is the injected current.

3.2. Frequency dependent soil parameters

There are several experimentally obtained formulas for modeling
frequency dependence of the soil parameters. In this paper, we take into
account the frequency dependent soil parameters in terms of the Smith
and Longmire empirical formula [28], which is valid for the simulated
frequency range (1 kHz– 10MHz). The model of Smith-Longmire was
selected essentially because of two reasons: (i) it provides results which
are in good agreement with experimental results obtained by Bigelow
and Eberle [29] and He et al. [30], and (ii) the equations satisfy
causality [31]. Other models, such as the model of Messier [32] or that
of Alipo and Visacro [33] could also have been used. According to
Smith and Longmire, the soil parameters at a given frequency can be
calculated using the following empirical formulas:

= +
+= ( )

f a( )
1

R
i

i
f
F1

13

2

i (3)
Fig. 1. Geometry of the simplified five rings grounding system configuration
used in the study.

Table 1
Geometry of model.

ri (m) Zi (m)

Ring #1 2.6 −0.05
Ring #2 2.6 −1
Ring #3 5.8 −1.5
Ring #4 9 −2
Ring #5 9 −3

LR(m) Z1 (m) Z2 (m)

Vertical rod 4 −3 −7

Table 2
Soil parameters. ρDC and ε∞ are the parameters of the frequency-dependent
soil model given by Eqs. (10) and (11).

ρDC (Ωm) ε∞

Case #1 1000 10
Case #2 100 10
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where:

=F F ( ) 10i DC
i 1 (5)

=F ( ) (125 )DC DC
0.8312 (6)

and DC =1/ρDC and are values of these parameters at zero fre-
quency and asymptotic value at infinite frequency, respectively. The
original expressions in Ref. [28] is adapted here in such a way that the
input parameter is the DC conductivity instead of the moisture content.

The expressions for the coefficients ai can be found in Ref. [31].
Figs. 2 and 3 show the frequency dependence of the soil relative per-
mittivity and resistivity for the two cases considered in Table 2. The
implementation of this model is straightforward in the frequency do-
main. The NEC4 engine was embedded in MATLAB script, in which the
soil parameters for each frequency step are calculated using (3)–(6) and
used as input in NEC4.

3.3. Time-domain analysis

In order to evaluate the influence of the injected current waveform
on the ground potential rise, two waveforms corresponding to typical
first and subsequent return strokes were considered. The waveforms
were represented using Heidler’s functions, defined as [34]:

=
+

I t I e( )
( )

1 ( )H

t n

t n
t0 1

1

2

(7)

where η can be calculated as:

= ( )e n( )
n1

2
2
1 (8)

The parameters of the Heidler’s functions used to represent, re-
spectively, a typical first return stroke and a typical subsequent return
stroke are the same as those used in Ref. [35] and they are given in
Table 3. The subsequent stroke is represented using the sum of two
Heidler’s functions. The early-time behavior of the two waveforms is
shown in Fig. 4. The front time of the first and subsequent stroke are
4.125 μs and 0.5 μs respectively.

The ground potential rise at a point x y( , ) on the surface of the
ground due to the first or the subsequent return stroke waveforms re-
presented by the Heidler’s functions is given by:

=V x y t Z x y f I f( , , ) [ ( , , ) ( )]GPR tr H
1F (9)

I f( )H is the injected current in frequency domain, V x y t( , , )GPR is the
time-domain GPR at x y( , ), and Z x y f( , , )tr is the transfer function de-
termined as:

=Z x y V x y f
I f

( , ) ( , , )
( )tr

GPR0

0 (10)

in which V x y f( , , )GPR0 is the response to a Dirac excitation current
I f( )0 (1 A at every frequency through the 1-MV voltage source in series
with 1-MΩ impedance). The Inverse Fourier transforms are evaluated
by way of the Inverse Fast Fourier Transform (IFFT) algorithm [36].
The transfer function is calculated at discrete frequencies from 1 kHz to
10MHz with a non-uniform and adaptive sampling (more points in
frequencies at which the transfer function changes more rapidly). The
number of points varied from case to case with an average of about 80
points. Simulated impedances are interpolated using the Spline algo-
rithm [37] to obtain a uniform frequency-domain sampling required for
the IFFT algorithm.

4. Frequency-domain response

The effect of the frequency dependence of the soil parameters on
grounding systems has been analyzed previously in frequency-domain
simulations (e.g., [14,15] for the particular case of the grounding of
wind turbines). On the other hand, the effect of interconnecting wind
turbine grounding systems was analyzed using the finite-difference
time-domain (FDTD) approach (e.g., [9,10]) and in the frequency do-
main using the method of moments [11]. Here, we consider and discuss
both of these effects for the same model solved in the frequency do-
main. It is worth noting that the three dimensional ground potential rise
and step voltage have been reported only for the case of single wind
turbines with constant soil parameters [19,20].

First, we will examine the transient response of a single wind tur-
bine grounding system. In a second case, we will analyze the effect of
connecting the grounding system to that of an adjacent wind turbine
using a 100-m long horizontal bare wire buried at 1m depth. Finally, a
third case will be examined, considering the grounding system and the
100-m long buried wire but without connection to the adjacent
grounding system.

Figs. 5 and 6 show the magnitude of the harmonic grounding im-
pedance, respectively for the case of a high resistivity soil (Case #1) and

Fig. 2. Frequency-dependence of the soil relative permittivity. Case 1 (red solid
line) and Case 2 (dashed blue).

Fig. 3. Frequency-dependence of the soil resistivity. Case 1 (red solid line) and
Case 2 (dashed blue).
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a low resistivity soil (Case #2).
It can be seen that at low frequencies, the connection to an adjacent

grounding system through a 100-m long wire results in a significant
reduction of the harmonic grounding impedance. For higher fre-
quencies (about 100 kHz for Case #1 and 10 kHz for Case #2), the ef-
fect of the adjacent grounding impedance becomes insignificant and the
results for the grounding impedance of the whole system (WT con-
nected to an adjacent one) coincide with those of a single WT with only
the horizontal wire.

The influence of the connection wire can be understood intuitively
from circuit theory. The current attenuation along the connecting wire
is essentially due to:

(i) The leakage to the earth (conductance to remote earth), which
results in the attenuation of the current along the wire. The lower the
soil resistivity, the higher the attenuation.

(ii) The inductance of the wire, which is not significantly affected by
the soil resistivity, and has an effect on the current as the frequency
increases.

Considering the above, in the case of a low resistivity soil where the
leakage is the main factor attenuating the current, the adjacent wind
turbine grounding system becomes irrelevant, even at low frequencies.
For the case of a high resistivity soil, the connection to an adjacent wind
turbine grounding system will be beneficial in reducing the grounding
impedance at low frequencies, since both grounding systems can be
considered to be in parallel. As the frequency increases, the impedance
of the wire will also increase. This will result in reducing the effective
length of the wire. As a result, a negligible current will reach adjacent
wind turbine grounding.

In Fig. 7, we compare the results assuming constant soil parameters
versus frequency-dependent soil parameters, for a single WT (Fig. 7a),
and for two interconnected WTs using a 100-m long bare wire (Fig. 7b).
The results are presented for the case of a high ground resistivity
(ρDC= 1000Ωm), for which the effect of the soil frequency-dependent
parameters is more significant on the grounding impedance. We can see
that the frequency dependence of the soil electrical parameters affects
the grounding impedance over the whole frequency range in both cases.
At very low frequencies, there is no displacement current and the im-
pedance is only governed by the soil resistivity and not the permittivity.
As the frequency goes to zero, the soil resistivity becomes the same for
both models (Eq. (4)). For example, at 100 Hz in the case of Fig. 7a and
b, the models converge to 12.49 Ω and 4.18 Ω, respectively.

Table 3
Heidler’s function parameters for the representation of typical first and subsequent return strokes (from Ref. [35]).

I01 (kA) T11 (μs) T21 (μs) n1 I02 (kA) T12 (μs) T22 (μs) n2

First stroke 28 1.8 95 2 – – – –
Subsequent stroke 10.7 0.25 2.5 2 6.5 2 230 2

Fig. 4. Injected lightning current waveforms represented using Heidler’s func-
tions. First return stroke (solid blue); subsequent return stroke (dashed red).

Fig. 5. Magnitude of the harmonic grounding impedance. Frequency-depen-
dent soil parameters: ρDC= 1000Ωm, ε∞=10. Single WT (solid red), WT with
100-m long buried horizontal wire (dotted blue) and WT with 100-m long
buried horizontal wire connected to an adjacent grounding system (dashed
green).

Fig. 6. Magnitude of the harmonic grounding impedance. Frequency-depen-
dent soil parameters: ρDC= 100Ωm, ε∞=10. Single WT (solid red), WT with
100-m long buried horizontal wire (dotted blue) and WT with 100-m long
buried horizontal wire connected to an adjacent grounding system (dashed
green).

A. Sunjerga, et al. Electric Power Systems Research 173 (2019) 230–239

233



5. Time domain

In this Section, we will examine the GPR time evolution and spatial
distribution as well as the step voltage spatial distribution for the two
considered cases of soil resistivity, and for the first and subsequent
stroke waveforms. As in the previous section, we will consider the cases
of a single WT, a WT with a 100-m long bare wire, and two WTs con-
nected with a 100-m long bare wire. We show the spatial distribution of
GPR and step voltage at the time instant of its maximum. The full
spatial time evolution can be seen in the attached animations.

5.1. Time evolution of the ground potential rise

In this section, we present the time evolution of the GPR at specific
locations along the axis perpendicular to the interconnecting wire and
horizontal.

Figs. 8 and 9 present the ground potential rise for the case of high
and low resistivity soils, respectively. The time evolution is plotted at
four different points, including the current injection point at the origin
of the coordinate system (x=0, y= 0) and at distances of 4, 8 and
10m away in the direction perpendicular to the connecting wire. As
expected, moving away from the injection point, we observe a decrease

Fig. 7. Magnitude of the harmonic grounding impedance for the case of high
resistivity soil ρDC=1000Ωm, ε∞=10. Constant soil parameters (solid red),
frequency dependent parameters (dashed blue). (a) Single WT, (b) Two WT
connected with a 100-m bare wire.

Fig. 8. Time evolution of the ground potential rise for the case of high re-
sistivity soil and for the three considered geometries: single WT (solid red), WT
with a 100-m long buried horizontal wire (dotted blue), and WT with a 100-m
long buried horizontal wire connected to an adjacent grounding system (dashed
green). (a) First stroke, (b) subsequent stroke.
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of the potential. The observed waveforms are qualitatively in agree-
ment with the results of Yamamoto et al. [12,38], having in mind the
differences in the considered geometries and adopted models. In Refs.
[12,38], the multi-layer soil model results in the appearance of reflec-
tions in the voltage waveform. In Ref. [38], the measured peak GPR
values are lower than the simulated ones by a few tens of percent. This
might be due to the fact that the simulations presented in Ref. [38] are
based on the assumption of constant soil parameters. In both considered
soil resistivity cases, a decrease of the peak GPR is observed for the case
when an interconnected wire is used, whether alone or connected to an
adjacent WT grounding system. It can be seen that the decrease of the
peak value is only due to the interconnecting wire. The adjacent WT
grounding system will only decrease the late-time response in the case
of a high resistivity soil, in agreement with what was observed in the
previous section in the frequency domain.

5.2. Spatial distribution of the ground potential rise

Figs. 10 and 11 show the ground potential rise for the case of a high
resistivity soil with a single WT grounding, and a system of two WT
groundings separated by 100m and connected with bare wire, respec-
tively. We can see that the connection to an additional WT leads to a
maximum GPR that is significantly reduced and that it occurs much
earlier in time. On the other hand, the level of GPR along the con-
necting wire in Fig. 9 is significant and comparable to the maximum
level at the feeding point.

Figs. 12 and 13 show the GPR for the case of a low resistivity soil.
Again, it can be seen that the interconnection of the grounding systems
results in an overall reduction of the GPR. Furthermore, it can be seen
that the maximum GPR at the feeding point occurs at an earlier time
compared to the case of a highly resistive soil.

The GPR reduction as a result of interconnecting grounding systems
is more significant for first return strokes (characterized by slower
waveforms) compared to subsequent return strokes. In the case of a low
resistivity soil, the GPR is, as expected, more localized around the
grounding center.

5.3. Step voltage

The step voltage is calculated as a potential difference between two
points on the earth surface at a distance of 1m. Figs. 14 and 15 show
the step voltage for the case of high resistivity soil with a single WT
grounding, and two WT grounding systems connected with a 100-m
long bare wire, respectively. Similar to the GPR, we can see that for
interconnected WT grounding systems, the maximum step voltage is
significantly reduced and it occurs much earlier. However, the step
voltage along the connecting wire and at location of vertical rods can be
significant and comparable to the maximum level at the feeding point.

Fig. 9. Time evolution of the ground potential rise for the case of low resistivity
soil and for the three considered geometries: single WT (solid red), WT with a
100-m long buried horizontal wire (dotted blue), and WT with a 100-m long
buried horizontal wire connected to an adjacent grounding system (dashed
green). (a) First stroke, (b) subsequent stroke.

Fig. 10. Ground potential rise for single wind turbine grounding at the time when it attains its maximum at the feeding point. Case #1, ρDC=1000Ωm. (a) First
stroke, (b) subsequent stroke.
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Fig. 11. Ground potential rise at the time when the maximum value is attained at the feeding point for two 100-m separated wind turbine groundings connected with
100m of bare wire. Case #1, ρDC= 1000Ωm. (a) First stroke, (b) subsequent stroke.

Fig. 12. Ground potential rise for single wind turbine grounding at the time when the maximum value is reached at the feeding point. Case #2, ρDC= 100Ωm. (a)
First stroke, (b) subsequent stroke.

Fig. 13. Ground potential rise at the time when the maximum is reached at the feeding point for two 100m separated wind turbine grounding connected with 100m
bare wire. Case #2, ρDC= 100Ωm. (a) First stroke, (b) subsequent stroke.

Fig. 14. Step voltage for a single wind turbine grounding at the time when the maximum is reached at the feeding point. Case #1, ρDC=1000Ωm. (a) First stroke. (b)
subsequent stroke.
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Figs. 16 and 17 show the step voltage for the case of a low resistivity
soil. Again, it can be seen that the interconnection of grounding systems
results in the reduction of the overall step voltage. However, in this
case, and unlike the case of a highly resistive soil, the step voltage along
the interconnecting wire is much smaller compared it to the maximum
at the feeding point.

The step voltage reduction as a result of interconnecting grounding

systems is more significant for first return strokes (characterized by
slower waveforms) compared to subsequent return strokes. In the case
of a low resistivity soil, as expected, the step voltage is more localized
around the grounding center.

The step voltage along the wire is less significant in case of low
resistivity, but it is comparable to the maximum value at late times (see
attached animation).

Fig. 15. Step voltage at the time when the maximum is reached at the feeding point for two 100-m separated wind turbine groundings connected with a 100-m bare
wire. Case #1, ρDC= 1000Ωm. (a) First stroke. (b) subsequent stroke.

Fig. 16. Step voltage for single wind turbine grounding at the time when the maximum is reached at the feeding point. Case #2, ρDC=100Ωm. (a) First stroke. (b)
subsequent stroke.

Fig. 17. Step voltage at the time when the maximum is reached at the feeding point for two 100-m separated wind turbine grounding connected with a 100-m bare
wire. Case #2, ρDC= 100Ωm. (a) First stroke, (b) subsequent stroke.
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6. Conclusions

We presented numerical simulations for the impedance of a typical
wind turbine grounding geometry, focusing on the effect of inter-
connecting grounding systems for different wind turbines, as re-
commended by IEC (TR61400-24). In the case of a single wind turbine,
the length of horizontal wires used for impedance reduction is re-
commended by IEC to be limited to 80m. Modern wind turbines have
blades with lengths of 60m and longer. Therefore, the distance between
adjacent wind turbines is in practice much higher than 80m. The
analysis accounts for the frequency dependent soil electrical para-
meters.

It was shown that the low frequency grounding impedance could be
reduced by a factor of two or more as a result of interconnecting two
grounding systems separated by a 100-m distance. However, the re-
duction is significantly lower at higher frequencies due to influence of
the interconnecting wire’s inductance.

The results of this study show that the reduction of the GPR peak
values in interconnected WTs is essentially due to the interconnecting
wire. Adjacent wind turbines can only reduce the late-time response for
the case of low resistivity soils since, in the early time, the effective
length of the interconnecting wire is lower than the typical distance
between wind turbines.

We analyzed the spatial distribution of ground potential rise and the
step voltage in response to typical first and subsequent lightning return
stroke current waveforms. We showed that both, the ground potential
rise and the step voltage could be significant along the wire, in parti-
cular for the highly resistive soil. We also observed a high step voltage
at locations of vertical rods that are a potential risk to the personnel.
Furthermore, placing of sensitive equipment near the interconnecting
wire should be either avoided, or insulated wire should be used.

Future work will include the taking into account of the presence of
concrete in the foundation of the wind turbine.
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Abstract— We present an analysis of the response of a grounding 

electrode located on top of a mountain. Specifically, we derive an 

analytical solution for the low-frequency response of a 

hemispheric grounding electrode buried on the top of a cone-

shaped mountain characterized by its apex angle. The derived 

equation is validated using numerical simulations based on the 

Finite Element Method obtained using COMSOL. 

Simulation results show that, for the same ground electrical 

parameters, the grounding resistance of such an electrode for steep 

mountains can be significantly higher than that obtained if the 

electrode is on flat ground. Such situations can occur in particular 

for the case of telecommunication towers or wind turbines located 

on mountaintops.  

The study emphasizes the importance of considering the terrain 

profile in the evaluation of the grounding resistance of structures 

located in elevated locations.  

 
Index Terms—Lightning, grounding resistance, hilly, elevated 

terrain, grounding electrode  

I. INTRODUCTION 

all structures such as wind turbines and mobile phone base 

stations are often installed in remote and hilly locations. 

Those locations are very likely to be struck by lightning due to 

their geographical elevation [1,2] and to the initiation of upward 

flashes [3,4] from them. 

These hilly areas are often very rocky with low soil 

conductivity (0.001 S/m and lower). Therefore, the design of 

proper grounding systems is of high importance. 

The evaluation of the impedance of grounding electrodes 

requires, in general, the application of numerical methods (e.g., 

[5]), or simplified transmission-line-based or circuit-based 

models (e.g., [6]). On the other hand, analytical expressions are 

available for the grounding resistance for various electrode 

geometries, such as a hemisphere, buried ring, and vertical or 

horizontal rods (see, e.g., Appendix D of [7]). All these 

analytical expressions have been derived assuming that the 

earth is a homogeneous half space and its surface is flat.   

 

To the best of our knowledge, no previous studies have 

discussed the influence of a non-flat ground on the impedance 

of grounding electrodes. In this paper, we derive an analytical 

solution for the case of a hemispheric electrode located on top 

of a mountain represented by a conical shape. We compare the 

derived analytical solution to numerical simulations for 

validation purposes.  

II. LOW-FREQUENCY RESPONSE OF A GROUNDING 

ELECTRODE 

A. Basic Equations 

The low-frequency response of a grounding system is 

governed by Ohm’s law and the current continuity equation. 

Ohm’s law in differential form, also called point form, can be 

written as: 

𝐽 = 𝜎𝐸⃗⃗ (1) 

where 𝜎 is the conductivity of the medium at a given point and  

𝐽 is the current density.  

The continuity equation in cases where the time derivative of 

the volume charge density can be neglected, can be written as: 

∇⃗⃗⃗ ∙ 𝐽 = 0 (2) 

Using (1) and expressing the electric field in terms of the 

electric potential for the considered low frequency regime, (2) 

can be rewritten as 

−∇⃗⃗⃗ ∙ (𝜎∇⃗⃗⃗ ∙ 𝜑) = 0 (3) 

Current sources at the boundary with a non-conducting medium 

can be imposed through Neumann boundary condition. In the 

analysis, the numerical simulations will be carried out using the 

AC/DC module of the commercial tool COMSOL [8]. 

B. Hemispheric Grounding Electrode in a Flat Ground 

The geometry of the problem is shown in Figure 1. We 

consider a metallic hemispheric electrode of radius R0 buried in 

a flat ground, characterized by its electric conductivity and 

relative permittivity.  The derivation of the grounding resistance 

is classical and has been carried out elsewhere [9,10]. However, 

for the sake of completeness, we will present it here.  

 

 
Fig. 1. Hemispheric electrode buried in a flat ground. The origin of the spherical 

coordinate system is at the center of the hemisphere.  
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A current I is impressed at the center of the hemisphere. The 

resistance of the grounding electrode is defined as the ratio of 

the ground potential rise (GPR) at the feeding point and the 

injected current 𝐼: 

𝑅 =
𝑉∞

𝐼
 (4) 

 Due to the symmetry of the problem, the magnitude of the 

current density 𝐽 is constant at points in the ground that are at a 

given distance r from the origin and it is collinear with the radial 

vector. Therefore, the current at a distance r is simply given by: 

𝐽 =
𝐼

𝐴
𝑒𝑟̂ =

𝐼

2𝜋𝑟2
𝑒𝑟̂ (5) 

where A is the surface of the hemisphere at a given distance r. 

Now, from Ohm’s law (1), one obtains:  

𝐸⃗⃗ =
𝐼

2𝜋𝜎𝑟2
𝑒𝑟̂ 

(6) 

The GPR is defined as the voltage difference from the feeding 

point to the remote earth: 

𝑉∞ = ∫ 𝐸⃗⃗ 𝑑𝑟⃗⃗⃗⃗⃗
𝑟=∞

𝑟=0

= 

= ∫
𝐼

2𝜋𝜎ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒𝑟2
𝑑𝑟

𝑟=𝑅0

𝑟=0

+ ∫
𝐼

2𝜋𝜎𝑟2
𝑑𝑟

𝑟=∞

𝑟=𝑅0

 

(7) 

The hemisphere being made of metal (𝜎ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒 in the order 

of 106 S/m), the first integral on the right-hand side of the 

equation can be neglected (the voltage is constant along the 

conductor). The final result reads: 

𝑉∞ ≈
𝐼

2𝜋𝜎𝑅0
 (8) 

Thus, the resistance is given by: 

𝑅𝑓𝑙𝑎𝑡 =
𝑉∞

𝐼
=

1

2𝜋𝜎𝑅0
 (9) 

C. Hemispheric Grounding Electrode in a Cone-Shaped 

Ground 

Let us now consider the geometry shown in Figure 2. In this 

case, a hemispheric grounding electrode of radius R0 is buried 

on the top of a truncated cone-shaped earth characterized by an 

angle 𝜑. We assume that the hemispheric electrode reaches the 

edges of the truncated cone, a situation which does not 

necessarily correspond to a realistic case, but will allow us to 

derive an analytical solution for the grounding resistance, 

providing insight into the effect of a non-flat terrain on the low-

frequency response of a grounding system. A more realistic 

situation will be considered in Section II.E and analyzed 

numerically using COMSOL. 

The current is assumed to be applied at the center of the 

hemisphere. In this case, the current density in the spherical 

coordinate system will be a function of both r and the azimuth 

angle. 

 
 

Fig. 2. Hemispheric electrode buried on the top of a truncated cone-shaped 

ground. The center of the spherical coordinate system is at the tip of the 

untruncated cone. 

 

In order to be able to derive an analytical solution for the 

grounding resistance, let us approximate the original 

hemispheric electrode by a spherical sector delimited by the 

dotted line and centered at the tip of the cone (Fig. 2). The 

radius of this sphere is given by  

𝑅1 = 𝑅0 + 𝑑 (10) 

in which d is defined in Fig. 2. R1 can be expressed in terms of 

the apex angle 𝜑 as follows: 

𝑅1 = 𝑅0(1 + 𝑐𝑡𝑔(𝜑)) (11) 

As can be seen from Fig. 2, the approximated electrode covers 

a larger area compared to the original one. Thus, the resulting 

grounding resistance would be an underestimate of the original 

one. A curved surface area of a spherical sector of radius r is 

given by: 

𝐴 = Ω𝑟2 (12) 

where Ω is the solid angle which can be calculated from the 

apex angle as: 

Ω = 2π(1 − cos (𝜑)) (13) 

Because of the symmetry of the approximate geometry, the 

current density depends only on the variable r and it is always 

collinear with the radial vector. The current density at a given 

distance r is given by 

𝐽 =
𝐼

𝐴
𝑒𝑟̂ =

𝐼

2π(1 − cos (𝜑))𝑟2
𝑒𝑟̂ (14) 

The GPR at the feeding point can be calculated as: 

𝑉∞ = ∫ 𝐸⃗⃗ 𝑑𝑟⃗⃗⃗⃗⃗
𝑟=∞

𝑟=0

≈ ∫
𝐼

2𝜋𝜎(1 − cos (𝜑))𝑟2
𝑑𝑟

𝑟=∞

𝑟=𝑅1

 (15) 

where, as in (7), the potential drop across the conductor is 

considered to be negligible. The final expression for the voltage 

is given by 

𝑉∞ =
𝐼

2𝜋𝜎𝑅0(1 − cos (𝜑))(1 + 𝑐𝑡𝑔(𝜑))
 (16) 
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which can be used in (4) to calculate the resistance of the 

grounding electrode as follows: 

𝑅𝑐𝑜𝑛𝑒 =
1

2𝜋𝜎𝑅0(1 − cos (𝜑))(1 + 𝑐𝑡𝑔(𝜑))
 (17) 

To express the increase of the grounding resistance as a 

function of the ground profile, let us define a coefficient k given 

by the ratio of the resistance for a flat ground and the one for a 

conical ground: 

𝑘 =
𝑅𝑐𝑜𝑛𝑒

𝑅𝑓𝑙𝑎𝑡
=

1
(1 − cos (𝜑))(1 + 𝑐𝑡𝑔(𝜑))

 (18) 

As can be seen from (18), this ratio depends only on the apex 

angle  𝜑. For the case of a flat ground, 𝜑 =90o, (17) reduces to 

(9) and k tends to 1. Fig. 3 presents the coefficient k as a 

function of the apex angle.  

 
Fig. 3. Coefficient of increase of the grounding resistance as a function of the 

apex angle. 

 

It can be seen that for very steep profiles, the ratio can take 

significant values, corresponding to an appreciable increase in 

the grounding resistance. As an example, for 𝜑 = 60o, the 

resistance is increased by about 30 %, and for  𝜑 = 40o, the 

increase is almost 100%. For very steep profiles, namely for 

angles smaller than 20o, the resistance can be increased by a 

factor of 5 or more. 

 

D. Comparison with Numerical Simulations 

Fig. 4 shows the distribution of the potential to remote earth 

obtained by solving (3) numerically using COMSOL. A current 

source of 1 A was applied at the center of the 20-m radius 

hemispheric electrode. The Dirichlet boundary condition is set 

at the bottom of the cone as φ = 0 V, and the Neumann boundary 

condition, 𝐽𝑛𝑜𝑟𝑚𝑎𝑙 = 0, is set on the surface of the cone. The 

height of the cone is taken such that it is far enough for the 

results to converge (200 to 2000 m, depending on the apex 

angle). Let us consider a hemisphere with a radius R0 = 20 m, 

which would represent as a first approximation the grounding 

system of a wind turbine. Considering a grounding conductivity 

of σ = 0.001 S/m and an apex angle of 𝜑 = 45𝑜, we obtain a 

grounding resistance of 13,68 Ω, while using the analytical 

approximation (18), we obtain a value of 13,58 Ω.  

 
Fig. 4. Potential to remote earth for the case of R0=20 m, σ=0.001S/m, 𝜑=45° 

and 1 A current source applied at the center of the hemisphere. Simulated in the 

commercial tool COMSOL [8].  

 

Fig 5 shows the values of the grounding resistance as a 

function of the apex angle, obtained using the proposed 

analytical solution and the COMSOL numerical results. It can 

be seen that the proposed analytical approximation yields 

values which are in excellent agreement with numerical results, 

for all considered angles.  

 
Fig. 5.  Grounding resistance for σ = 0.001 S/m and R0 = 20 m. Analytical 

solution and discrete numerical solution as a function of apex angle. 
 

Fig 6 shows similar results for the case of a hemispheric 

grounding electrode of radius R0 =  5 m. Again, it can be seen 

that the results obtained using the proposed analytical 

expression agree well with the numerical results obtained using 

COMSOL. 

 
Fig. 6.  Grounding resistance for σ = 0.001 S/m and R0 = 5 m. Analytical 

solution and discrete numerical solution as a function of the apex angle. 
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E. Variation of Cone Top Radius 

As mentioned earlier, the considered case of a hemispheric 

electrode that reaches the edges of the truncated cone-shaped 

mountain (as opposed to one that is smaller) is not a realistic 

case. Here, we will consider the geometry shown in Fig. 7 in 

which the top radius of the cone is bigger than the radius of 

hemispheric grounding electrode. The distance between the 

center of the hemisphere and edge of cone is rtop and the apex 

angle is 𝜑.  

 

 
Fig. 7. Hemispheric electrode buried on the top of a truncated cone-shaped 

ground. The center of the spherical coordinate system is at the tip of the 

truncated cone prolongation.  

Table 1 shows the COMSOL computed values for the 

grounding resistance of a 5-m radius hemispheric grounding 

electrode, with a ground conductivity of σ = 0.001 S/m, as a 

function of the apex angle and the distance rtop to the cone edge. 

The grounding resistance of the same electrode buried in a flat 

ground would be 31.8 Ω. 

 
Table 1 – Grounding resistance of a 5-m radius hemisphere grounding 

electrode buried in a cone-shaped ground of conductivity σ = 0.001 S/m, as a 

function of the apex angle 𝜑 and the distance rtop to the cone edge. 

Apex 

angle 

(𝜑) 

Resistance (Ω) 

rtop= R0 rtop= 2R0 rtop= 4R0 rtop= 10R0 

60o 44.8 38 34.5 32.4 

45o 60.4 46.2 38.6 34.1 

30 o 93.5 62.9 46.6 36.8 

15 o 206 121 75.7 48.7 

10 o 324.4 188.7 108.7 67.9 

 

It can be seen that, even for the case when the top radius is four 

times the radius of the grounding electrode, the increase in the 

grounding resistance with respect to the case of a flat ground 

would be as high as 50% for an apex angle of 30o. For the case 

of an apex angle of 60 o and rtop=10R0, the resulting grounding 

resistance approaches the value for a flat ground. Similar 

relative increase as in Table 1. was observed for the case of 

vertical rod and it will be further discussed in future studies. 

 

III. CONCLUSION 

In this study, we analyzed the response of a grounding 

electrode located on top of a hill or a mountain top. Specifically, 

we derived an analytical solution for the low-frequency 

response of a hemispheric grounding electrode buried on top of 

a cone-shaped mountain characterized by its apex angle. The 

derived equation was validated using numerical simulations 

based on the Finite Element Method obtained using COMSOL. 

Results show that, for the same ground electrical parameters, 

the grounding resistance of such an electrode can increase 

significantly for steep mountains. Such situations can occur in 

particular for the case of telecommunication towers or wind 

turbines located on mountaintops. These conclusions can be 

extended to any geometry of grounding system. 

The study emphasizes the importance of considering the 

terrain profile in the evaluation of the grounding resistance or 

structures located in elevated locations.  
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Abstract— In this study, we present an analytical solution for the 
resistance of a hemispheric grounding electrode located on the top 
of a mountain. The mountain is modeled as a truncated cone with 
a finite height. Recently, a closed-form solution for the grounding 
resistance was derived first for a hemispheric electrode on top of a 
cone, and later for a more realistic case of a truncated cone with a 
flat region at its top. The height of the cone was considered infinite 
in those studies. Here, we extend these studies for the case of a 
truncated cone with finite height. The analytical solution is 
compared with numerical simulations and the results agree 
reasonably well. 
 

Index Terms— Lightning, grounding resistance, hilly terrain, 
elevated terrain, grounding electrode, finite height 

I. INTRODUCTION 
ountain tops are ideal locations for placing either 
telecommunication towers to obtain line of sight, or wind 

turbines to maximize the generated power. These locations have 
a higher risk of being struck by lightning due to the 
geographical elevation and the height of the tower itself [1-3]. 
Furthermore, tall structures located on mountaintops can also 
initiate upward flashes [4]. Furthermore, these areas being often 
characterized by low soil conductivities, lightning protection of 
these structures is a challenging task [5,6]. 
 The effectiveness of a grounding system depends mostly on 
its geometry and its surrounding soil properties, such as the 
electrical properties of the ground, their frequency dependence 
and the soil stratification (e.g., [7,8 and 9]), as well as soil 
ionization [e.g., 10]. 

It has recently been shown that the grounding resistance can 
be significantly increased in the case of a non-flat terrain that 
effectively reduces the conductive volume for the injected 
current [11]. A similar degree of increase was obtained for both, 
hemispheric grounding electrodes [11] and vertical rods [12], 
suggesting that the increase in the grounding resistance is 
mostly governed by the soil geometry and not by the geometry 
of grounding electrode. Remote grounding can be one effective 
way of reducing the grounding resistance of structures located 
on mountaintops [13]. 

Analytical solutions for the calculation of the grounding 
resistance of electrodes buried in the soil are available in the 
case of a flat terrain (e.g. [14-17]). Recently, analytical 
solutions for the low-frequency response of a hemispheric 
grounding electrode buried on the top of a cone-shaped 
mountain characterized by its apex angle were derived [11, 18]. 

In these studies, the height of the mountain was assumed to be 
infinite.  

In this letter, we present an analytical solution for the 
grounding resistance of a hemispheric grounding electrode 
located on the top of a truncated cone, characterized by a finite 
height.  

II. ANALYTICAL SOLUTIONS 
Fig. 1 presents three different simplified geometries 
representing a hemispheric grounding electrode located on the 
top of a mountain. The models shown in Fig. 1-a and Fig. 1-b 
have been considered in [11]. In these models, the height of the 
cone-shaped mountain was assumed to be infinite. In this study, 
we will relax this assumption and consider the geometry shown 
in Fig. 1-c, in which the finite height of the mountain is taken 
into account. 
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(c) 

Fig. 1. Hemispheric grounding electrode in three different geometries of the 
soil. (a) Electrode buried on the top of a truncated cone-shaped ground. The top 
radius of the cone is assumed to be equal to the radius of the electrode (b) Same 
as in (a) but the top radius of the cone is bigger than the radius of hemispheric 
electrode (c) Same as in (b) but considering a cone-shaped mountain with a 
finite height. 
  
The analytical solution for the grounding resistance for the 
simplified model shown on Fig. 1-a is given in [11]: 

𝑅𝑅𝑎𝑎 =
1

2𝜋𝜋𝜎𝜎𝑅𝑅0(1 − cos (𝜑𝜑))(1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑))
 (1) 

where φ is the apex angle of the cone, 𝜎𝜎 is the soil conductivity, 
and 𝑅𝑅0 is the radius of hemispheric electrode. 
In [18], the solution for the model shown in Fig. 1-b was 
obtained, splitting the soil into two subsections and summing 
the respective potentials. The two subsections are illustrated in 
Fig. 1-b The potential of the first subsection is governed by 
equations related to a flat ground, while the potential for the 
second one is governed by the same set of equations 
corresponding to the geometry of Fig. 1-a [11]. The derived 
expression for the grounding resistance is [18]:  

𝑅𝑅𝑏𝑏 = �
1
𝑅𝑅0

−
1
𝑅𝑅𝑡𝑡1

+
1

𝑅𝑅𝑡𝑡1(1 − cos (𝜑𝜑))(1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑))
�

1
2𝜋𝜋𝜎𝜎

 (2) 

in which 𝑅𝑅𝑡𝑡1 is the distance from the center of the hemisphere 
S’ to the edge of the cone (see Fig. 1-b). 

Using a similar approach as the one used in [18], one can 
divide the geometry in Fig. 1-c into three subsections. Each 
subsection in the figure is an annulus sector formed by the space 
between two arcs of the same circle as follows: Subsection 1, 
labeled SUB1 in Fig. 1-c, is the annulus sector centered at S’ 
and bounded by the arcs with radii 𝑅𝑅0 and 𝑅𝑅𝑡𝑡1 (the latter not 
labeled explicitly in the figure). Subsection 2 is the annulus 
sector centered at S and bounded by the circular arcs with radii 
𝑅𝑅𝑡𝑡1(1 − cos(𝜑𝜑)) and 𝑅𝑅𝑡𝑡2(1 − cos(𝜑𝜑)). Finally, subsection 3 is 
the annulus sector centered at S’’ and bounded by the arcs of 
radii 𝑅𝑅𝑡𝑡2 and ∞. 

As can be seen from Fig. 1-c, the first and third subsections 
are governed by the equations associated with a flat ground. The 
second subsection is governed by the equations associated with 

the geometry presented in Fig. 1-a and given in [11] with the 
origin of the coordinate system at the tip of the cone.  Note that 
the region between subsections one and two shown in white in 
Fig. 1-c is not part of any of the considered subsections and it 
is the result of the adopted approximation. On the other hand, 
the region delimited by the start of subsection 3 and the end of 
subsection 2 belongs to both, subsections 2 and 3. In the 
following analysis, the potential will be calculated along the 
curve 𝐶𝐶1 (shown in Fig. 1-c.) in order to avoid these undefined 
regions. 

 
The electrode potential with respect to the remote earth can be 
obtained as: 

𝑉𝑉∞ ≈ � 𝐸𝐸�⃗  ∙ 𝑑𝑑𝑑𝑑′�����⃗  
𝑟𝑟′=∞

𝑟𝑟′=𝑅𝑅0
 (3) 

This voltage can be obtained by integrating the electric field 
along the curve  𝐶𝐶1 and splitting the domain into the three 
subsections as shown in Fig. 1-c. 
 
First, the voltage drop along 𝐶𝐶1 in the first subsection can be 
obtained using the flat ground voltage expression with the 
origin of the coordinate system being the center of the 
hemisphere electrode marked with S’ (Fig 1-c): 

𝑉𝑉1 ≈ � 𝐸𝐸�⃗  ∙ 𝑑𝑑𝑑𝑑′�����⃗
𝑟𝑟′=𝑅𝑅𝑡𝑡1

𝑟𝑟′=𝑅𝑅0
= �

1
𝑅𝑅0

−
1
𝑅𝑅𝑡𝑡1

�
𝐼𝐼

2𝜋𝜋𝜎𝜎
 (4) 

where I is the injected current. 
The voltage drop along 𝐶𝐶1 in the second subsection can be 
obtained using the expression derived in [11], considering the 
origin of the coordinate system at the tip of the cone marked 
with S (Fig 1-c):  
 

𝑉𝑉2 ≈ � 𝐸𝐸�⃗ ∙  𝑑𝑑𝑑𝑑����⃗
𝑟𝑟=𝑅𝑅𝑡𝑡2�1+𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�

𝑟𝑟=𝑅𝑅𝑡𝑡1�1+𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
 

= �
1

𝑅𝑅𝑡𝑡1(1 − cos(𝜑𝜑))�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
 

−  
1

𝑅𝑅𝑡𝑡2(1 − cos(𝜑𝜑))�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
�

𝐼𝐼
2𝜋𝜋𝜎𝜎

 

(5) 

 
Finally, the voltage drop along 𝐶𝐶1  in the third subsection can 
be approximated using the flat earth expression considering the 
origin of the coordinate system shown with S” (Fig 1-c): 

𝑉𝑉3 ≈ � 𝐸𝐸�⃗  ∙ 𝑑𝑑𝑑𝑑′′�������⃗
𝑟𝑟′′=∞

𝑟𝑟′′=𝑅𝑅𝑡𝑡2
=

𝐼𝐼
2𝜋𝜋𝜎𝜎𝑅𝑅𝑡𝑡2

 (6)          

The total electrode potential is equal to the sum of these three 
terms: 

𝑉𝑉∞ = 𝑉𝑉1 + 𝑉𝑉2 + 𝑉𝑉3 

       = �
1
𝑅𝑅0

−
1
𝑅𝑅𝑡𝑡1

+
1

𝑅𝑅𝑡𝑡1(1 − cos(𝜑𝜑))�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
 

  −
1

𝑅𝑅𝑡𝑡2(1 − cos(𝜑𝜑))�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
+

1
𝑅𝑅𝑡𝑡2

�
𝐼𝐼

2𝜋𝜋𝜎𝜎
 

(7) 
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in which 𝑅𝑅𝑡𝑡2 is: 

𝑅𝑅𝑡𝑡2 = 𝑡𝑡𝑡𝑡𝑡𝑡(𝜑𝜑)𝐻𝐻 + 𝑅𝑅𝑡𝑡1   (8) 

Dividing (7) by the current, one can obtain the expression for 
the grounding resistance as: 

𝑅𝑅𝑐𝑐 = �
1
𝑅𝑅0

−
1
𝑅𝑅𝑡𝑡1

+
1

𝑅𝑅𝑡𝑡1(1 − cos(𝜑𝜑))�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
 

  −
1

𝑅𝑅𝑡𝑡2(1 − cos(𝜑𝜑))�1 + 𝑐𝑐𝑐𝑐𝑐𝑐(𝜑𝜑)�
+

1
𝑅𝑅𝑡𝑡2

�
1

2𝜋𝜋𝜎𝜎
 

(9) 

It can readily be shown that when the mountain height tends to 
infinity, (8) tends to infinity as well, so that (9) reduces to (2). 
Furthermore, it can easily be shown that imposing Rt1=R0, (2) 
will be reduced to (1). 
 

III. VALIDATION WITH NUMERICAL SIMULATIONS 
In this section, we present a comparison between the derived 

analytical solution (9) and numerical simulations obtained 
using the commercial software COMSOL [19]. More details 
about simulations can be found in [11]. Table 1 presents the 
numerical results considering different values for the height and 
apex angle for the studied geometry (Fig. 1-c). It can be seen 
that the assumption of an infinite mountain height results in an 
overestimation of the grounding resistance. Note that we only 
considered a single conductivity of 0.001 S/m in our 
calculations. The grounding resistance has a linear dependency 
with the soil conductivity, as can be readily seen in the 
analytical equation (9) and confirmed by numerical evaluation. 

As the apex angle increases toward the limit of 90° and the 
height to the limit of zero, the grounding resistance will tend to 
the value corresponding to a flat ground:  

𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
1

2𝜋𝜋𝜎𝜎𝑅𝑅0
 (10) 

which is equal to 31.8 Ω for the observed case. 
The relative errors of equation (9) are presented in Table 2. 

We can observe that the results obtained using the analytical 
solutions agree reasonably well with the reference numerical 
results.  

 
 
TABLE 1. Grounding resistance simulation for σ=0.001 S/m, R0=5 m, 

Rt1=10 m, and Rflat=31.8 Ω  

Apex 
angle 
(𝜑𝜑) 

Resistance (Ω)  

H = 10 m H = 25 m 
H = 100 

m 
H = 250 

m H = ∞ 

45 32 35.7 39.2 41.3 46.2 
30 36.3 44.4 54 57.5 62.9 
15 42.2 60.3 92.2 105.8 121 
10 44.7 69.1 121.2 148.6 188.7 
      
Fig. 2 presents a plot of the increase of the grounding 

resistance as a function of the cone height and apex angle 
compared to the case of a flat ground. The grounding resistance 
was obtained analytically using (5). As the value of the apex 

angle increases, the results converge to those corresponding to 
the case of a flat ground. In a similar way, decreasing the height, 
the results converge to those of a flat ground. For the case of an 
apex angle of 30° and a height of about 100 m, the increase of 
the grounding resistance is almost a factor of two.  
 

TABLE 2. Grounding resistance relative error of eq. (9) for σ=0.001 S/m, 
R0=5 m, Rt1=10 m, and Rflat=31.8 Ω  

Apex 
angle 
(𝜑𝜑) 

Resistance (Ω)  

H = 10 m H = 25 m 
H = 100 

m 
H = 250 

m H = ∞ 

45 7.6% 1% -3.6% -1.8% 6.7% 
30 11.5% 6.12% 1.9% 1.6% 5.6% 
15 6% 5.8% 4.6% 3.8% 5.27% 
10 -8.1% 0.3% 3.6% 3.1% 8.35% 
       

 
Fig. 2. Increase of the grounding resistance predicted by the derived analytical 
formula as a function of the height of the truncated cone and its apex angle, for 
a 5-m radius hemispheric electrode. The top radius of the truncated cone is 10 
m. 

IV. CONCLUSION 
Recently, closed-form solutions for the grounding 

resistance have been derived first for a hemispheric electrode 
on top of a cone, and later for a more realistic case of a truncated 
cone with a flat region at its top. The height of the cone was 
considered infinite in those studies.  

In this paper, we derived an analytical solution for the 
grounding resistance of a hemispheric electrode located on a 
mountaintop represented by a truncated cone, taking into 
account its finite height. The derived analytical solution was 
validated using as reference numerical simulations.  

The effect of the cone height and apex angle on the resulting 
grounding resistance was discussed. The relative error 
incurred in when using the derived approximate analytical 
expression for the grounding resistance is much smaller than 
10% for the cases studied in this paper with the exception of a 
single case for which the error was of the order of 10%. 
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