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Abstract Interest in exploring the meteorological conditions favoring upward lightning from tall
man‐made structures has grown in recent years, largely due to the worldwide expansion of wind energy.
To this end, instrumented towers existing around the world are the most suitable places to study upward
lightning. In this context, an LMA network was deployed around the Säntis Mountain (northeast
Switzerland) during the summer of 2017, in order to complement the long‐term measurements currently
held at the Säntis telecommunications tower, a lightning hot spot in central Europe. This campaign allowed,
for the first time, to gather a comprehensive set of observations of self‐initiated upward lightning emerging
from the Tower. With the help of C‐band dual‐polarimetric radar data, the present work focuses on the
meteorological conditions conductive to self‐initiated upward lightning from the Säntis. The analysis
revealed that the upward propagating positively charged leaders spread mostly horizontal above the melting
level, after an initial short vertical path from the tower tip. After this initial stage, the majority of upward
leaders were followed by a sequence of negative return strokes. The inception upward lightning under a
stratiform cloud shield would be favored by the low height of the charge structure. From the obtained
results, it turns out that a key feature favoring self‐initiated upward lightning would be the proximity of the
tower tip to the melting level.

Plain Language Summary In this paper, we present a multisensor analysis of upward lightning
emerging from the Säntis tower, in Switzerland. This telecommunications tower is a lightning “hot spot” in
central Europe, with a hundred of lightning striking the tower every year. For this reason, the tower has
been instrumented, to study the current associated to the lightning discharges that hit the tower. To
complement the current measurements, a Lightning Mapping Array network was deployed around the
Säntis Mountain, during the summer of 2017. This campaign allowed, for the first time in Europe, to study
the three‐dimensional structure of the upward leaders that initiate the process of the upward lightning
from the tower. Moreover, with the help of dual‐polarimetric radar data from MeteoSwiss (Switzerland
Federal Office for Meteorology), the present work analyzes the meteorological conditions that favor the
triggering of upward lightning from the Säntis tower.

1. Introduction

Understanding the mechanisms of upward lightning (UL) is an important topic in lightning research. The
interest in lightning emerging from tall structures has grown in recent years, in particular due to the rapid
expansion of wind energy globally (e.g., Foley et al., 2012; Rachidi et al., 2008). Recent studies have dealt
with this topic, relying on comprehensive observations from high‐speed video (e.g., Flache et al., 2008;
Jiang et al., 2014; Lu et al., 2012; Miki et al., 2012; Montanyà et al., 2012; Qie et al., 2011; Saraiva et al.,
2014; Warner, 2012) to current measurements on instrumented towers (e.g., Diendorfer et al., 2009;
Montanyà et al., 2014; Romero et al., 2012, 2013). These studies have revealed that human‐built structures
above a certain height are prone to initiate UL, as the tops of these tall towers emerge above the ground cor-
ona layer and are exposed to high ambient E‐fields (Mazur, 2016).
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However, an appreciable number of such ULmay go unnoticed by conventional Lightning Location Systems
(LLS), as they may contain only an initial continuous current (ICC), with neither superimposed pulses nor
return strokes (Azadifar, Rachidi, Rubinstein, Rakov, et al., 2016; Berger, 1967; Diendorfer et al., 2009;
Smorgonskiy et al., 2013). In this regard, 3‐D mapping systems like the Lightning Mapping Array (LMA)
offer a unique opportunity to investigate upward leaders emerging from tower tips. Contrary to high‐speed
video, which may suffer from cloud screening effects, the LMA depicts lightning channels within the cloud
with sufficient time resolution and spatial precision to locate their origin and propagation path. Relying on
LMA data, Edens et al. (2012) and Hill et al. (2013), have analyzed upward propagating leaders (UPL) on
rocket‐and‐wire triggered lightning; Wang et al. (2018) and Schultz et al. (2018) have examined winter UL
in Japan and the United States, respectively; and Montanyà et al. (2014) and Pineda, Montanyà et al.
(2018) have studied ULs emerging fromwind turbines. These works have revealed that UL are linked to par-
ticular meteorological regimes.

Limited studies exist on the meteorological aspects favoring the inception of UL. Some focus on the windy
conditions that may assist the initiation of upward leaders; since winds above a certain speed would reduce
the amount of space charge accumulated in the vicinity of the tip of an object (Becerra, 2014;Wang & Takagi,
2012; Wu et al., 2017). Zhou et al. (2014) pointed out that lower ambient temperature may also have an effect
on the initiation of upward leaders: keeping in mind the dependence of the electrification processes on tem-
perature (e.g., Saunders et al., 2006; Takahashi, 1978), cloud charges are at lower altitudes in winter, favoring
interaction with ground structures such as towers and wind turbines, as reported in the literature (Wang &
Takagi, 2012; Schultz et al., 2018; Pineda, Bech et al., 2018). Lately, studies such asWarner et al. (2014), Jiang
et al. (2014), Wang et al. (2018), and Pineda et al. (2018) have incorporated weather radar data into the ana-
lysis, providing a comprehensive survey on the thunderstorm characteristics related to UL.

To shed new light on the meteorological aspects favoring the inception of upward lightning, an LMA mea-
surement campaign was carried out during the summer of 2017 in the surroundings of the Säntis Mountain
(2,505 m above sea level (asl); Switzerland), aiming to measure lightning activity at the Säntis tower
(Figure 1). The campaign was a joint venture between the Electromagnetic Compatibility Laboratory
(EMC‐Lab) of the Swiss Federal Institute of Technology (EPFL), the University of Applied Sciences of
Western Switzerland (HEIG‐VD), and the Lightning Research Group (LRG) of the Technical University of

Figure 1. Säntis Tower (47°14′57′′N and 9°20′32′′E) at the Säntis Mountain (2,505 m asl), northeastern Switzerland. The
measurement stations, Schwägalp (W), Kronberg (K), Urnäsch (U), Gonten (G), STBO (B), and Säntis (S), were deployed
in the vicinity of the Säntis Tower, at distances ranging from 100 m to 11 km. Source: Federal Office of Topography
(Swisstopo) and picture by maxpixel.net.
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Catalonia (UPC). The LMA was deployed at the end of June and was operative since mid‐August. During
that period, direct strikes to the Tower were registered on 10 days by in situ by EMC‐Lab sensors. For the
present analysis we have focused on three of them (29 June, 10 and 14 July), days in which all six LMA sta-
tions were fully operative and processed data depicted upward leaders emerging from the tower.

In particular, the present study is concerned with the cloud microphysics, electrification, and charge struc-
ture favoring the inception of self‐initiated upward lightning (SIUL) from the Säntis Tower. In this regard,
the incorporation of high‐resolution MeteoSwiss polarimetric radar data in the analysis provided a wealth
of information concerning the thundercloud microphysical properties.

2. Data and Methods

During the summer of 2017, a Lightning Mapping Array system (LMA) was deployed around the Säntis
Mountain aiming to measure lightning activity at the Säntis Tower (124‐m tall; 47°14′57′′N, 9°20′32′′E; see
Figure 1). The primary goal for data collection was to capture UL emerging from the Säntis Tower to com-
plement the channel‐base current waveforms that are currently measured at the Tower.

2.1. Lightning Data
2.1.1. Lightning Current Measurements at Säntis
The Säntis Tower has been instrumented by the EPFL and HEIG‐VD teams to measure lightning current
and its time derivative waveforms (Azadifar et al., 2014; Romero et al., 2012, 2013). Indeed, Säntis is a light-
ning “hot spot” in the eastern Swiss Alps; it has the highest lightning flash density in Switzerland, with about
100 flashes per year, and a relatively high value of flash multiplicity (Manoochehrnia et al., 2008). According
to Azadifar, Rachidi, Rubinstein, Rakov, et al. (2016) lightning at the Säntis Tower is essentially of the
upward type.
2.1.2. Lightning Mapping Array
The LMA system locates radio emissions in the very high frequency range (VHF; 60–66 MHz) in three
dimensions by a time‐of‐arrival analysis of pulses using at least five stations. Each station samples the max-
imum signal amplitude and its GPS‐derived precise time over 80‐μs intervals. Typically, 2,000 to 3,000
sources per second are located during lightning flashes. The background noise level at the sites varies usually
between −80 and −60 dBm. Power in dBW is available for every located source (see Rison et al. (1999),
Thomas et al. (2001), and Thomas et al. (2004) for more details on LMA systems).

The deployment of an LMA in the Säntis mountainous area was challenging, since the VHF detectors
require a line of sight to the Tower. The site selection was made taking into consideration practical installa-
tion aspects such as accessibility and reliable access to AC power and communication, constraints that
greatly limited the number of desirable sites. Moreover, to accurately locate the three‐dimensional position
of a lightning source, the LMA stations must be sufficiently separated from each other so that the signal from
a source arrives at each station at significantly different times (Thomas et al., 2004). In the end, some of the
sensors were located within stations belonging to Swisscom and Swisscom Broadcast, which in some cases
resulted in an increased noise level coming from the on‐site telecommunication equipment. Despite these
constrains, the background noise level was acceptable (−75.8 to −56.3 dBm). Due to the roughness of the
terrain, the short baseline (2–11 km) and the different levels of background noise, the coverage of the
LMA was uneven. Data processing has shown that roughly an area of 45 by 60 km was reliably covered
by the network, even though the usual range of the LMA detection system is between 100 and 200 km
(Koshak et al., 2004; Fuchs et al., 2016). A minimum of five LMA stations were required to process the
VHF sources, and a maximum chi‐square threshold of 1.0 was set to validate source locations. Afterward,
VHF source points were grouped into flashes using the space and time criteria of Thomas et al. (2004).
2.1.3. EUCLID Lightning Data
During the campaign, the European Cooperation for Lightning Detection Network (EUCLID) provided
complementary lightning data in the vicinity of the Säntis Tower. EUCLID is a consortium of 19
European national lightning detection networks with the aim of identifying and detecting lightning all over
the European area (http://www.euclid.org). Details on the EUCLID system can be found in Schulz et al.
(2016) and Poelman et al. (2016). EUCLID works in a frequency range different from that of the LMA and
does not observe the same processes of a lightning flash. While LMA depicts the channeling process inside
the cloud, EUCLID mainly provides the location of cloud‐to‐ground (CG) return strokes.
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2.2. Leader Speed and Charge Structure Determination

The LMA system mainly locates sources from negative leaders propagating through positively charged
regions (e.g., van der Velde & Montanyà, 2013). Weaker sources from recoil leaders (e.g., Mazur, 2002;
Williams & Heckman, 2012) are detected as well, allowing the mapping of positive leaders (Edens
et al., 2012; Shao et al., 1999). Interestingly, negative and positive leaders propagate at characteristic hor-
izontal speeds (105 and 2 × 104 ms−1, respectively). The propagation speed of the positive channels being
almost an order of magnitude lower (e.g., Mazur et al., 1998; Shao & Krehbiel, 1996). Taking advantage of
those characteristic speeds, van der Velde and Montanyà (2013) developed a method that allows to deter-
mine the leader speed and, therefore, to infer the leader polarity. The time‐distance‐altitude projection
displays LMA sources by horizontal distance relative to a fixed reference point of choice, usually the flash
initiation. This way, by simplifying x‐y into one horizontal dimension, a time axis allows a qualitative
analysis of leader speed and their continuity in time and space. Reference lines (2 × 104, 1 × 105, and
1 × 106 ms−1) for slopes of LMA sources offer guidance for the leader speed determination. Besides, using
the conceptual framework of bidirectional breakdown (Kasemir, 1960; Mazur, 1989), the analysis of indi-
vidual flashes helped to infer the signs and locations of the charge regions in which the leader is propa-
gating, assuming that a lightning leader moves through charge of opposite polarity, thereby serving to
neutralize space charge (Coleman et al., 2003; Montanyà et al., 2014; Rust et al., 2005; Wiens et al.,
2005; Williams & Heckman, 2012).

2.3. Weather Radar Imagery

Polarimetric weather radar data were available from the MeteoSwiss C‐band radar network (Germann et al.,
2015). In particular, we made use of the Albis radar (928 m asl, N 47°17′03.71″, E 8°30′43.31″) located near
the city of Zurich, 60 km east from the Säntis area. Radar imagery, with a time span of 5 min, has been used
for storm morphology analysis and to estimate the horizontal dimensions of the storm system, by using the
classifications by Parker and Johnson (2000) and Duda and Gallus (2010). Besides, a hydrometeor product
(HP) has been analyzed for the SIUL events. MeteoSwiss runs operationally a semisupervised hydrometeor
classification described in detail in Besic et al. (2016). The classification is made based on five radar polari-
metric variables: horizontal reflectivity (Zh), differential reflectivity (Zdr), co‐polar correlation coefficient
(ρhv), and the specific differential phase (Kdp) as well as temperature from the COSMO NWP model. The
classification provides up to nine classes (see Figure 7). The hydrometeor product can help diagnose hail
cores, snow‐to‐rain transitions, and regions of graupel and ice particles (e.g., Dolan & Rutledge, 2009).
Indeed, one of the important uses of the polarimetric weather radar data is the detection of the melting layer
in stratiform precipitation, based on the conventional “bright band” signature (Kumjian, 2013). The bright
band (BB) is a thin, rather horizontal layer of enhanced radar reflectivity resulting primarily from the fast
increase in the dielectric constant of particles during the melting process (e.g., Austin & Bemis, 1950;
White et al., 2002). The layer over which the transformation from ice to water occurs defines the melting
layer. The top of the melting layer is the melting level, also commonly accepted as the altitude of the 0 °C
constant‐temperature surface.

2.4. Ancillary Data

Vertical temperature profiles for the Säntis area were obtained by means of model‐output soundings from
MeteoSwiss. Key environmental temperatures (0 °C, −10 °C, −20 °C, and −40 °C) related to the convective
microphysical and electrification processes (e.g., Brook et al., 1982; Krehbiel, 1986; MacGorman & Rust,
1998) were selected from these profiles.

Besides, visible and infrared imagery from the Meteosat satellite were used to monitor cloud systems that
affected the area of study. Cloud top temperatures from the infrared channel were used for cloud system
characterization (Maddox, 1980; Maddox, 1983). The morphological scheme proposed by Jirak et al.
(2003) was used to characterize Mesoscale Convective Systems (MCS).

Finally, wind direction and speed data, measured by aMeteoSwiss weather station, was gathered for the ana-
lyzed episodes. The Säntis meteorological station is located on top of the Säntis Mountain near the
instrumented tower.
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2.5. Self‐Initiated Versus Lightning Triggered Upward Lightning

ULs can be classified into two basic types (e.g., Wang & Takagi, 2012), either self‐initiated (SIUL) due to
locally strong electric fields, or lightning‐triggered (LTUL) when induced by prior lightning discharges in
the vicinity, which provide the necessary electric fields for the inception and stable propagation of an
upward leader. The proportion of SIUL and LTUL reported in the literature shows substantial differences
from tower to tower (see Smorgonskiy et al., 2015, and references therein). Smorgonskiy et al. (2015) pointed
out that the underlying causes of such differences are diverse whether physical (tower effective height, topo-
graphical conditions, other tall structures in the vicinity) or methodological (e.g., time window and distance
to the tower to determine prior CG lightning in the vicinity). In this regard, intracloud channels propagating
overhead may also induce LTUL, and its consideration (or not) in the method to report prior lightning activ-
ity in the vicinity of the tower may have a great influence on the SIUL/LTUL proportion obtained. In the
present study, UL from the Säntis were classified as LTUL or SIUL depending on whether or not lightning
activity (either from LMA or EUCLID) had been reported within a distance of 30 km around the tower and
within a 5‐s time window before the start of the flash.

3. Results
3.1. Self‐Initiated Upward Lightning From Säntis

A clear depiction of SIUL at the Säntis Tower was obtained through the combination of LMA, current wave-
forms measured at the Tower, and lightning detections by EUCLID. Figure 2 shows an example. The initial
continuous current (ICC) measured at the Tower, associated with the upward propagating positively
charged leader (+UPL) phase, lasted for about 400 ms and effectively transported negative charge to ground.
The UPL, together with the ICC, comprise the initial stage (IS) of the UL. After the IS, a sequence of 12
return‐strokes carried additional negative charge to ground (Figure 2a), similar to those in downward nega-
tive lightning discharges (Rakov & Uman, 2003). Eight of these strokes at the Tower were detected by

Figure 2. Waveform associated with a self‐initiated upward lightning (positive leader) occurred on 29 June at 14:06:12
UT. (a) Original current waveform. Concurrent EUCLID strokes are presented in this same plot with crosses (secondary
axis). Time is relative to the beginning of the measurement of the ICC at the Tower. (b) Expanded view of the initial
continuous current associated with the upward positive leader phase, together with the LMA VHF sources (power in
dBW).
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EUCLID. Note that the measured peak values are lower than Euclid‐estimated values. The overestimation of
EUCLID (by a factor of 1.7 approximately) is due essentially to the presence of the mountain as discussed in
Azadifar et al. (2016) and Li et al. (2016). Focusing on the ICC phase, Figure 2b shows the LMAVHF sources
associated with the development of the +UPL, some of them concurrent with the impulsive current pulses
occurring in this stage of discharge.

Nineteen self‐initiated upward leaders emerging from the Säntis Tower, like the one presented in Figure 2,
were recorded on three different days during the campaign. A summary is given on Table 1. The majority of
these UPL were mapped by the LMA with sufficient resolution of leader channels to clearly identify charac-
teristics such as the channel origin, maximum altitude, and polarity. Detailed analysis of the current mea-
surements at the Tower related to these events will be the subject of a future paper.

Multiple current pulses and corresponding EUCLID‐detected strokes (either IC or CG) were measured in 16
of the 19 events. As many as 51 pulses and 47 strokes were associated with a single LMA flash (event #8).
Statistical distributions from Romero et al. (2013) show that the flash multiplicity at Säntis has a lognormal
distribution with a median of 8 pulses per flash, with a maximum of 69. The UL analyzed in the present
study had a larger mean multiplicity, with 19. Schultz et al. (2018) also reported multiple CG flashes asso-
ciated with LMA observations of UL during electrified snowfall events (data from the U.S. National
Detection Lightning Network (NDLN)).

Almost all EUCLID strokes at Säntis associated with SIUL were of negative polarity; only event #18 pre-
sented a 4.5‐kA positive stroke (bipolar flash). The largest‐magnitude negative CG stroke showed a peak cur-
rent of −55.6 kA (event #15), and the population's average and median peak currents were −16.7 and −15.8
kA, respectively (for those classified as CG by EUCLID). Romero et al. (2013) reported a peak current aver-
age of −6.4 kA.

At this point, it may be noticed that EUCLID data are being presented as is, keeping in mind that some
events can be misclassified. That is to say, ICs may be CGs and vice versa (Cummins & Murphy, 2009). In
fact, Warner et al. (2014) noticed that NLDN detections (same detection technology as EUCLID) following
the development of UPL from towers had a higher rate of misidentification. According to Azadifar, Rachidi,
Rubinstein, Paolone, et al. (2016), who also reported a higher rate of misidentification of EUCLID data for
the Säntis, this can be explained by the fact that ICC pulses with short current rise times are associated with
leader/return stroke mode discharges to an existing channel branch at some height above the tower tip.
Another reason for misclassification is related to the electric fields radiated from return strokes on tall
towers, which might have a shorter peak‐to‐zero time (Pichler et al., 2010).

The time interval between the initiation of UL (first detected LMA source) and the first stroke measured at
the Säntis tower (pulses above 2 kA) was between 25 and 701 ms, with an average of 202 ms. Taking as a
reference the first CG stroke according to EUCLID, delays were between 122 and 853 ms, with an average
of 318 ms. Similarly, Schultz et al. (2018) reported a time span of about 200 ms (up to 600 ms) between
the upward progression of the first VHF source points from the LMA and the first NLDN detection at the
tower location.

3.2. Leader Speed and Polarity

The leader polarity of the UL from Säntis has been inferred by using the time‐distance graph (van der Velde
& Montanyà, 2013), which allows to separate simultaneous positive and negative leaders by altitude and
apparent speed of propagation. As an example, Figure 3a shows the upward leader of event #9 in a time‐
distance representation, with the leader origin (first detection) as t = 0. Dashed lines provide a reference
for slopes of leader traces corresponding to different 2‐D radial speeds relative to the origin. The leader is pro-
gressively moving away from the origin, at a rather constant height (source color) yielding a slope corre-
sponding to an average radial speed around the 2 × 104 ms−1 reference line, typical of positive leaders.
Figure 3b shows another example, this time event #11. The first upward leader follows the slope correspond-
ing to a positive leader. Interestingly, this event presented, 300 ms after the +UPL inception, another leader
that moved upward to spread horizontally at about∼6 km, this time with an average speed close to the nega-
tive reference (105 ms−1). VHF source power recorded by the LMA from this upward‐negative leader aver-
aged 16 dBW, whereas preceding sources from the initial positive leader averaged 6.5 dBW. Columns 4 and 8
in Table 1 show the number of sources per UL and the leader polarity according to the leader speed
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determined with this method. In cases with few LMA sources, where the leader speed cannot be properly
assessed, leader polarity has been labeled as “unknown.”

3.3. Case Study Overview
3.3.1. June 29
On this day, the sequence of Meteosat imagery showed convective cells developing in central and southern
Switzerland around 12:00 UT, which moved northeastward across the Säntis region during the afternoon.
With time, the group of cells ended organized as an MCS (Jirak et al., 2003). Corrected reflectivity from
the Albis radar showed a nonlinear convective system (Duda & Gallus, 2010) approaching from the SW
and crossing the Säntis region from SW to NE. From 13:20 to 13:50 UT, the convective cores of the MCS
crossed the Säntis tower. Lightning flash rates (hereafter LFR) derived from LMA and EUCLID showed
maximum values of 29 IC flash/min (14:00–14:10 UT) and 4–5 strokes/min (14:00–14:10 UT),

Figure 3. Time‐distance graphs of sources mapped by the LightningMapping Array, of (a) event #9 29 June 2017 15:45:52
UT and (b) event #11 29 June 2017 15:50:02 UT. Reference dashed lines indicate slopes corresponding to speeds of 2 × 104,
105, and 106 ms−1, characteristic horizontal speeds for positive, negative, and very fast negative leaders, respectively. The
reference location for the distance is the initiation point of each flash (at t = 0). Black square marks are low‐frequency
sources detected by EUCLID (intracloud or cloud‐to‐ground strokes).
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respectively. At the time of crossing above the Tower, the large majority of the flashes detected by the LMA
in the main convective core concentrated in areas where rimed particles and solid hail were dominant.

According to the LMA measurements, up to 14 UPL were triggered by the Tower during this episode, those
having enough sources were all classified as +UPL. For 11 of them, the current waveforms were measured at
the Tower and the strokes detected by EUCLID (either IC or CG). The first upward leader emerging from the
Säntis tower tip mapped by the LMA was at 14:02:00 UT (event #1 in Table 1). It appears to be an upward
leader with no fast pulses since it was not measured at the Tower, neither by EUCLID. Note that the trigger-
ing system at Säntis Tower is based on the current derivative. The system will not trigger in the case of
absence of any fast pulse. According to the studies in Gaisberg (Schulz et al., 2016), upward leaders not fol-
lowed by fast pulses could represent as much as 40% of upward flashes. Contrarily, the two following +UPL
occurring minutes after (events #2 at 14:06:12 UT and #3 at 14:08:39 UT) ended in a sequence of negative
pulses recorded at the Tower and also reported by EUCLID (−CG). Figure 4 displays a basemap of corrected
reflectivity (4‐km height asl) at 14:05–14:10 UT. The overlayed LMA VHF sources show to clusters of activ-
ity. The first one corresponding to a convective core embedded in the rainfall system, 25 km away from the
tower; the second group of VHF sources are UPL spreading away from the tower (events #2, 14:06 UT and
#3, 14:08 UT).

The upward propagation of these three leaders is depicted by the vertical trail of first VHF sources emanating
from the tower location (Figure 5), changing to mostly horizontal upon reaching the 4‐km altitude, just
below the −10 °C isotherm, according to the vertical temperature profiles. The velocity of these horizontally
propagating channels, as inferred from the time‐distance projection, was similar to the reference for positive
leaders (2 × 104 ms). Assuming these leaders propagated through charge of opposite polarity, these +UPL
connected therefore with a negative charge layer in the cloud, and later resulted in negative pulses to the
tower (except for the aborted leader in #1).

Figure 4. Basemap of corrected reflectivity (Constant Altitude Plan Position Indicator, CAPPI at 4‐km height asl) over a
100 × 100‐kmdomain approximately, with overlayed LMAVHF sources of theMCS crossing the Säntis, 29 June 2017, time
span 14:05–14:10 UT. The purple circle corresponds to the Säntis Tower (47°14′57″N and 9°20′32″E). The Albis radar (47°
17′03.71″N, 8°30′43.31″E), being located on the left edge of the image, can be guessed by the concentric rings that remain
on the reflectivity field.
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After another +UPL at 14:11:09 UT with up to 30 pulses detected by the Tower and 25 strokes according to
EUCLID (event #4), activity at the Tower paused for almost an hour. In the meanwhile, the convective cores
moved away and the radar sequence showed an extensive rainfall field with moderate reflectivity. Two other
UPL were detected by the LMA at 15:05:42 UT (#5) and 15:10:52 UT (#6). The tower recorded 20 negative
pulses (EUCLID 22) associated to event #5 and 3 negative pulses (EUCLID 4) for event #6. Later on, two
other tower‐initiated +UPL were detected by the LMA (event #7 at 15:36:50 UT and #8 at 15:39:46 UT).
As shown in Figure 6a, the only lightning activity in the vicinity of the Tower during the radar time span
(15:35–15:40 UT) was these ULs from the tower, spreading to the rear edge of the storm under an extensive
stratiform rainfall field of moderate reflectivity.

Radar vertical cross sections (XSEC) of the ALBIS radar were used to characterize the vertical structure of
the storm during the upward lightning events. Figure 6b shows the XSEC on the reflectivity volume
(XSEC‐R) at 15:35–15:40 UT, encompassing events #7 (15:36:50 UT) and #8 (15:39:46 UT). The Säntis tower
tip was close to the 0 °C isotherm, near the melting level (top of the melting layer). As frozen particles fall
through the melting level, the meltwater on their surfaces promotes higher radar reflectivity (i.e., bright
band) readily recognized by the horizontal layer of enhanced radar reflectivity (35 to 40 dBZ). A progressive
decrease in reflectivity with increasing height above the BB can be observed in the XSEC‐R, a typical pattern
in MCS stratiform regions (Biggerstaff & Listemaa, 2000; Steiner et al., 1995).

Likewise, the cross section on the hydrometeor classification product (XSEC‐H) at 15:35–15:40 UT
(Figure 7a) shows a vertical sequence of stratified layers, from rain in the bottom to ice crystals at
the top. Notice that the HP itself is already a phase and temperature indicator: rain categories

Figure 5. Multipanel display of intracloud lightning activity detected by the LMA over the Säntis Mountain area, 29 June
2017, from 14:00:00 UT to 14:10:00 UT. These 10 min encompass three UPLs, displayed in different colors, events #1
(blue), #2 (yellow), and #3 (red) in Table 1. Black circles correspond to the initial source in each event. The top panel is
altitude abovemean sea level (km) versus time (time in seconds regarding the 10‐min period). The left panel is a plan view
map. Triangles represent LMA stations. The panels at the right show altitude (km) versus latitude (top) and longitude
(bottom). Black cross marks are low‐frequency sources detected by EUCLID (intracloud or cloud‐to‐ground strokes), the
size being proportional to the detected peak current. EUCLID strokes classified as intracloud are represented arbitrarily at
1‐km height, and CG at 0.5 km.
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indicate positive temperatures, wet snow and melting hail correspond to temperatures near 0 °C, and all
the ice‐phase hydrometeor types indicate negative temperatures. The BB is classified as wet snow (WS)
in the HP (Besic et al., 2016; Grazioli et al., 2015). On top of the WS, a layer of rimed ice particles (RP)
is observed. Above, the −10 °C isotherm marks the transition to aggregates (AG). AG are made up of a
conglomeration of ice crystals with diameters ranging from 1 to 12 mm (Locatelli & Hobbs, 1974). The
aggregation maximum is around −10° to −15 °C, associated with the dendritic ice habit growth regime
(Field, 1999; Hobbs et al., 1974). Finally, the higher layers (around the −20 °C isotherm) appear
composed by a mixture of two categories, ice crystals and vertically aligned ice (VI). Ice crystals (CR),
sometimes being vertically aligned (VI), are observed at the cloud top, and are dominant below −15 °

Figure 6. (a) Same as Figure 4 but for 29 June 2017 at 15:35–15:40 UT (events #7 and #8). (b) Vertical cross section on the
radar reflectivity volume (XSEC‐R). The Säntis Tower (location and height) are represented with a grey column. LMA
VHF sources corresponding to events #7 and #8 are overlaid, as well as key environmental temperatures (0 °C,−10°,−20 °
C, and −40 °C) derived from the COSMOmodel‐output soundings from MeteoSwiss. The figures have been plotted using
PyART open‐source software (Helmus & Collis, 2016).
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C (Field, 1999). The +UPL of events #7 and #8 overlayed to the XSEC‐H reached the transition between
the RP and the AG (~5‐km height; Figure 7a).

Events #9 (15:45:52 UT) and #10 (15:47:31 UT) had a pattern similar to prior ULs, with a short vertical trail
of VHF source points emanating from the tower location and, spreading quasi‐horizontally near 4‐km height
(within the RP category layer). Figure 3a showed that horizontal propagating channel on event #9 had a
speed similar to the positive reference. Interestingly, event #11, which occurred shortly after 15:50:02 UT,

Figure 7. Vertical cross sections (SW‐NE) of (a) hydrometeor classification products (XSEC‐H), 29 June 2017 at 15:35–
15:40 UT (events #7 and #8), and (b) 29 June 2017, at 15:50–15:55 (events #11 and #12). Hydrometeor classification
categories (Besic et al., 2016): IH/HDG= ice hail/high density graupel, MH=melting hail, WS =wet snow, VI = vertically
aligned ice, RN = rain, RP = rimed ice particles, LR = light rain, CR = ice crystals, AG = aggregates, NC = not classified/
no data. The Säntis Tower (location and height) are represented with a grey column. The figures have been plotted using
Py‐ART open‐source software (Helmus and Collis, 2006).
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is seemingly more complex (Figure 7b). It started as the previous events, with a +UPL. However, after 400
ms (and a CG stroke of−6.6 kA), a very well resolved negative leader (Figure 3b) rapidly accelerated upward
to spread horizontally at about ∼6 km, reaching the transition between AG and the layer of ice crystal mix-
ture and revealing the existence of a positive charge region above. Upward bilevel intracloud discharges have
been already reported by LMA systems, during winter storms (e.g., Shi et al., 2018) and on rocket‐triggered
lightning (e.g., Hill et al., 2013). Finally, the activity at the tower ended with three events 15:54:55 UT (#12),
16:00:13 UT (#13), and 16:05:36 UT (#14), all with a similar pattern to events #9 and #10.

All in all, 14 SIUL from the Säntis Tower were recorded during this episode over a time span of 2 hr. All of
them started with a UPL, spreading horizontal between 4 and 5 km (temperatures between −5 °C and −10 °
C). Events from 15:36 UT to 15:54 UT (#7 to #12) showed longer channels, spreading and branching out
toward the west, in opposite direction to the cloud systemmotion. The Säntis Tower systemmeasured a total
of 251 strokes (pulses >2 kA) associated with these 14 SIUL, ranging from 3 to 51 per event, with an average
of 21 strokes per flash. The EUCLID network detected up to 248 of these strokes.
3.3.2. July 10
On this day, the sequence of Meteosat imagery showed convective cells developing in central France around
12 UT. Like the 29 June episode, the multicellular system grew to become a MCS before reaching the Säntis
region around 18:30 UT. The most active core of the system crossed Switzerland to enter south Germany by
20:30 UT, to the north of the Säntis region. By 20:15 UT, the MCS had reached its maximum extension, with
an area of more than 90,000 km2 (cloud shield with continuously cloud tops below−52 °C; Jirak et al., 2003).

With a higher spatial resolution, the radar observations showed the first convective cores appearing west of
the tower, in the area of the LMA, around 18:00 UT. The radar reflectivity imagery displayed small convec-
tive cores crossing the Säntis region from SW to NE, embedded into a stratiform rain field. Those small cores
were irregularly distributed; appearing here and there and showing a short life‐cycle sequence of developing‐
maturity‐decaying (30–45 min) all passing to the north of the tower. According to the Duda and Gallus
(2010) scheme, the system can be defined as a nonlinear convective system. Around 19:45 UT, a more orga-
nized multicell system appeared west of the tower, in the area of the LMA, and traversed above the tower
west to east. At 20:30 UT, an active cell passed above the tower. LMA and EUCLID reported the maximum
lightning activity between 20:10 UT and 20:30 UT, with a maximum LFR of 50 IC flash/min and 5
strokes/min, respectively. At that time, the altitude histogram of the number of LMA sources showed a
bimodal distribution, with a maximum around 4 km (−5 °C) and a secondary maximum around 6.5 km
(−20 °C), indicative of a classical tripole charge structure (Williams, 1989) with a dominant lower positive
charge region (Nag & Rakov, 2009).

Over time, the system progressively organized and, around 21:00 UT, a line of convection was finally appar-
ent in the radar base map to the east of the tower. Then, during approximately an hour, the tower remained
under the stratiform cloud system that followed.

Three UL events were recorded during this episode (events #15, #16, and #17 in Table 1). They all occurred
in a period of 30 min approximately, between 20:48 UT and 21:19 UT. The decreasing LFR indicates that at
that time convection was decaying in the LMA area of coverage, with the lightning activity mostly limited to
the tower. Only a few IC were detected by the LMA, but far from the tower, apparently having no triggering
effects on the three ULs. Event #15 (20:48:57) was poorly mapped by the LMA and only a few sources were
detected above the tower tip.

Ninety‐three milliseconds after the first LMA source, the Tower recorded the first of 14 pulses (13 strokes in
EUCLID). All had negative peak current, with a maximum value of−23 kA (−55 kA in EUCLID). Event #16
was better mapped by the LMA and the time‐distance graph indicated a +UPL (not shown). There were 10
pulses at the tower for this event (all detected by EUCLID), with a similar delay (104 ms). The best LMA‐
resolved +UPL emerging from the Säntis during this episode was event #17 (21:19:37 UT). In this case,
the five pulses at the Tower (also detected by EUCLID) had lower peak currents (maximum −8.7 kA) and
longer delay (353 ms).

Similar to the 29 June episode, the basemap of corrected reflectivity at the time of the ULs showed an exten-
sive field of moderate reflectivity (25–35 dBZ), corresponding to the trailing stratiform part of an MCS. The
XSEC‐R related to event #17, displayed in Figure 8a, along with the vertical temperature profile, showed the
bright band around 3‐km height. Reflectivity values decreased with height, with the lowest values reaching
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6–7 km asl, indicative of a moderate cloud vertical development. The overlay of the +UPL corresponding to
event #17 shows how the horizontal path of the channel was just above the melting level, a pattern observed
in other UL studies (e.g., Hill et al., 2013; MacGorman et al., 2014).

The BB can also be inferred from the horizontal layer of WS in the XSEC‐H (Figure 8b). In contrast to the 29
June case, the vertical stratification on 10 July was less clear (and the bright band is not so clear cut). Below
the melting level, there was a mixture of rain (RN) and light rain (LR). Above, HP showed AG with some
patches of RP. The patchy pattern may be a consequence of previous turbulences. Finally, at higher levels,
above the −20 °C isotherm, the product identified traces of CR and VI.

Figure 8. (a) Same to Figure 6b but for 10 July 2017 at 21:15–21:20 UT (encompassing event #17 21:19:37 UT). (b) Same to
Figure 7 but for 10 July 2017 at 21:15–21:20 UT (event #17, 21:19:37 UT).
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3.3.3. July 14
On this day, convective cores crossed the Säntis area from NW to SE. The convective system that induced
ULs from the Tower can be characterized as a cluster of cells (Duda & Gallus, 2010). The two ULs recorded
at the Tower were isolated events, separated by more than half an hour. LFR over the region of LMA cover-
age was lower than in the preceding events, with two periods of moderate activity, showing maxima around
13:10 UT and 15:20 UT with a LFR of 5 IC/min and 1 stroke/min, according to LMA and EUCLID, respec-
tively. While other IC occurred in convective cores in the vicinity of the tower, the two ULs at the tower
(events #18 and #19) were isolated SIUL.

Event #18 was not very well resolved by the LMA; the 20 VHF sources show a quasi‐vertical leader reach-
ing 5‐km height. According to the measurements at the Tower, event #18 was an upward bipolar flash. A
first positive pulse occurred at about 265 ms after the start of the +UPL. A negative pulse was recorded
shortly after, two negatives followed later on. All these strokes, including the positive, were recorded
by EUCLID.

Contrarily, event #19 was very well resolved by LMA, although there were no current measurements at the
tower, nor EUCLID detections. In spite of what looks like a branched UPL, in this case the lack of current
measurements at the tower cannot confirm it has emerged from the tower. The basemap of corrected reflec-
tivity (Figure 9a) shows a leader heading west of the tower, branching once before the end. Besides, there
were two other small branches at the beginning that could have also been leaders starting at the tower.

In contrast with the 29 June and 10 July events, the SIUL took place under small cloud structures with a
cloud shield around 500 km2. Besides, although SIUL occurred with moderate reflectivity, this time convec-
tive cores were present shortly after or nearby the tower (Figure 9a). The XSEC‐R related to events #18 and
#19 showed moderate vertical development (6–7 km asl). Vertical temperature profiles situate the 0 °C iso-
therm at 2,700m asl, whereas the XSEC‐H allows to estimate themelting level, at around 3 km asl (wet snow
layer in Figure 9b). The overlay of event #19 shows the positive leader developing horizontally just above the
melting level. Above, there was mostly AG at the time of the upward leader's inception. Unlike previous epi-
sodes, RP were residual, and VI was found at lower levels, even below the −10 °C level.

4. Discussion
4.1. Upward Positive Leaders

Studies on towers around the globe have reported a majority of ULs initiated by +UPL (e.g., Wang et al.,
2008; Yuan et al., 2017; Zhou et al., 2012). As an example, only 4% of the flashes at the Gaisberg tower in
Austria are initiated from the tower by a negative leader (Zhou et al., 2012). This proportion is around
12% at Säntis (Azadifar, Rachidi, Rubinstein, Rakov, et al., 2016). In the present study, current measure-
ments at the tower provide strong evidence on the positive polarity of all reported upward leaders initiating
UL from the Säntis (example in Figure 2). Positive polarity is also supported by the negative polarity of the
lightning pulses detected by EUCLID (Table 1), as well as by the leader speed determined by the van der
Velde and Montanyà (2013) method, showing speeds around the 2 × 104‐ms− reference, typical of positive
leaders (e.g., Mazur et al., 1998; Proctor et al., 1988; Shao & Krehbiel, 1996).

An important question is whether positive breakdown itself produces locatable VHF emissions in +UPL,
or if the VHF sources associated with positive leaders actually originate from retrograde negative break-
down (recoil leaders), which may occur close to the tips of positive leaders and be short in extent (Mazur,
2002; Williams & Heckman, 2012). Eventually, the relatively weak positive VHF sources can be recorded
when average current is higher than 3 kA and has significant pulse activity (Yoshida et al., 2010). Besides,
Edens et al. (2012) suggested that positive breakdown does produce low power VHF emissions, but are
only detectable with TOA techniques when no concurrent negative breakdown occurs that produces
strong VHF emissions, which is the case for isolated +UPL. Observations of +UPL have been achieved
by a small‐baseline LMA configurations, like in Hill et al. (2012), Edens et al. (2012), or MacGorman
et al. (2014). Similarly, the LMA deployed around the Säntis nicely depicted UPL emerging from the
Säntis tower.

In the present study, branching was observed in 16 of the 19 events recorded. For the other three (events #6,
#14, #15), the paucity of sources did not allow to assess any branching. Although the recorded VHF sources
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were not sufficient to reconstruct the branching on each UPL into detail, they were good enough to estimate
the height at which the first branching occurred. As Hill et al. (2012) pointed out, as branching generates
more channels, many of which are propagating simultaneously, its mapping losses accuracy due to the
time resolution of the LMA (80 μs per source location). Over time, the UPL typically appear as broad
regions of more diffuse source locations. Nonetheless, branching started once the initial vertically
propagating continuous channels turned abruptly horizontal. It seems that the branching of the leader
may be related to the similar potential differences between the leader tip and its environments at different
directions. Before reaching the charge layer, the upward direction evolves the largest potential difference
(in z). While in the charge layer, multiple horizontal directions (in x, y) may evolve comparable potential
difference, giving rise to the branching of channel or splitting of leader tip.

Figure 9. (a) Same to Figure 4 but for 14 July 2017 at 14:00–14:05 UT (encompassing event #19, 14:00:02 UT). (b) Same to
Figure 7 but for 14 July 2017 at 14:00–14:05 UT (event #19, 14:00:12).
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4.2. Storm Morphology and Charge Structure

On the days of study, the peaks of activity detected by the LMA were associated to convective cores,
embedded on larger thunderstorm systems that crossed above the Säntis tower. The three‐dimensional pic-
ture of the charge structure on these cores corresponds to the classical tripole charge structure (Williams,
1989), with a main negative layer of roughly 5–6‐km height corresponding to temperatures of −10 °C and
−15 °C, respectively, a lower positive charge center (3.5–5 km, 0 °C to −5 °C) and an upper positive (6–
7.5 km, −15 °C to −25 °C). The large majority of lightning initiated in areas with radar reflectivity above
40 dBZ, where rimed particles and solid hail are dominant (Figueras i Ventura et al., 2019). Maximum flash
rates on the cloud‐to‐ground activity, dominated by negative CGs, were also linked to these cores. However,
no pulses were detected at the tower on these periods of maximum activity.

Contrarily, SIUL at Säntis occurred under the stratiform precipitation region of these systems, once the con-
vective region had passed away from the tower. Yuan et al. (2017) reported similar conditions for SIUL
inception at the Beijing Meteorology Tower. Indeed, UL are usually observed under the stratiform region
of MCSs (e.g., Warner et al., 2014; Schultz et al., 2018). Unlike the convective core area, the stratiform region
may have many stratified charge regions, which can persist for hours and are thought to be created by a mix-
ture of the in situ and advective charge processes (e.g., Dye &Willett, 2007; Schuur & Rutledge, 2000a, 2000b;
Stolzenburg et al., 1994).

In spite of the scarce activity during the statiform phase, almost limited to SIUL originated at Säntis, some
aspects of the cloud charge structure can be inferred from the altitude distribution of LMA source locations.
The display of a preferred path for propagation is indicative of either high‐electric fields (e.g., Coleman et al.,
2003, 2008) or concentrated charge (Williams, 1985; Mansell et al., 2002) related to the presence of charac-
teristic hydrometeors in that range (Hill et al., 2013). Balloon‐borne electric measurements carried on strati-
form regions (Stolzenburg & Marshall, 2008, and references therein) typically found a sharpest charge
transition associate to the melting level, the change in dielectric constant enacted when ice phase hydrome-
teors melt to become raindrops. However, what is less clear, as pointed out by Hill et al. (2013), is whether
the radar structure, like the melting level, simply delineates charge regions or, like the descending precipita-
tion packets, may actively contribute to local enhancements in electric fields or lowering of the breakdown
field favoring the propagation of the upward leaders.

In the present case study, UPL mapped by LMA feature short vertical paths, after which they change to
mostly horizontal upon reaching the top of the melting level, where according to the radar profiles, hydro-
meteors switched from frozen particles (rimmed particles, aggregates) to water‐coated particles (melting
hail, wet snow). Based on the positive polarity of the UL triggered by the Säntis tower, we assume that those
channels propagated through negative charged regions, just above the melting level. Moreover, one of the
last UL observed on 29 June (event #11) presented, after the initial +UPL, a negative leader (Figure 3b) that
reached the−20 °C level, where XSEC‐H showed a transition fromAG to amixture of VI and CR (Figure 7b).
The recording of this upper negative leader by the LMA revealed the existence of a positive charge region
above. The radar cross section shows a general correspondence between the electrical structure drawn by
the UL channels and the stratified HP categories. This microphysical structure is in agreement with the con-
ceptual model presented by Schuur and Rutledge (2000a, 2000b), where charge transitions coincide with
peak aggregation layers: particle separation due to fall speed differences causes the charge transitions imme-
diately above the melting level (~1 °C), and also near the −12 °C isotherm. In our case, these key tempera-
tures are related to the transitions between WS and RP and RP and AG, respectively.

On the basis of the layered nature of the hydrometeor categories, and assuming the charge structure could be
similarly layered across the stratiform region, the occasional measurements of height and polarity obtained
from the UL by the LMA can help determining the polarity of such layers. Based on this hypothesis, the layer
of rimed particles between 0 °C and −10 °C corresponds to the main negative layer, with a low‐density posi-
tive above (aggregates and ice crystals between −10 °C and −20 °C). Taking into account the charge transi-
tion associated to the melting level, the melting layer would be positively charged. The resulting structure
could fit with the conceptual model proposed by Stolzenburg et al. (1994) for the trailing stratiform regions
of MCSs. However, in the absence of balloon‐borne electric field measurements, the few and small negative
charge regions revealed by the +UPL above the melting level could also correspond to charge pockets of
charge associated to pockets of rimed particles or aggregates. According to Barnes and Houze (2014) such
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pockets can occur intermittently with small‐scale spatial variability just above themelting layer, as a result of
collapsing deep convective cores (Houze, 1997) or small, localized convection embedded within the mesos-
cale stratiform updraft that is associated with internal instability (Houze & Medina, 2005).

Finally, the layered charge structure cloud also match with the one presented in Marshall et al. (2009) cor-
responding to the dissipation stage of the storms and linked to the end‐of‐storm oscillation (EOSO) pattern.
The EOSO consists of several polarity changes over a period of 30–75 min in the electric field at the ground
beneath decaying thunderstorms (e.g., Marshall & Lin, 1992; Moore & Vonnegut, 1977; Pawar & Kamra,
2007; Williams et al., 1994). The conceptual scenario for the EOSO byMarshall et al. (2009) shows a progres-
sive descent of the charge regions, which bring them closer together. In turn, this would cause an approxi-
mation of the main negative charge layer to the surface, favoring the +UPL inception. Unfortunately, in the
present study there were no measurements on the electric field at the ground allowing to observe the
EOSO pattern.

4.3. Temperature

The occurrence of UL from tall structures has been related to the height of −10 °C temperature level, where
the main negative charge center frequently resides regardless of the season (e.g., Saito et al., 2009, Shindo
et al., 2015). Upward lightning tends to occur when the −10 °C altitude is below 5,500–6,000 m asl at the
Tokyo Skytree (Shindo et al., 2015). Similar observations have been reported in other instrumented towers
like Peissenberg, Germany (Heidler et al., 2013); Gaisberg, Austria (Zhou et al., 2014); Morro do
Cachimbo, Brazil (Araujo et al., 2012); Tosa d'Alp, Spain (Pineda, Bech et al., 2018); and also at Säntis
(Azadifar, Lagasio, et al., 2016). Temperature has also a bearing on the proportion between SIUL and
LTUL. Mostajabi et al. (2018) have reported a mean value of surface air temperature of −0.2 °C for SIUL
at Säntis, compared to 8.2 °C for LTUL. Similar results were reported by Zhou et al. (2014) for Gaisberg.
Considering the effective height of these towers, the −10 °C altitude below 5,500–6,000 m asl means a short
distance between the main charge layer and the tip of the tower, enhancing the electric field, setting condi-
tions for the inception of upward lightning.

In the present case study, at the time of SIUL, the −10 °C altitude was between 4,500 and 5,500 m asl.
Besides, radar cross sections showed that the tip of the Säntis tower was close to themelting level. This would
place the inception point beyond the maximum potential associated with the dense charge layer associated
to the melting layer, exposing the tip of the tower to a negative charge layer (or pocket).

If the opposite is the case, where the tower would have been exposed to a main positive charge layer instead,
the upward leaders emerging from the tower should have been of negative polarity. In fact, the inception of
negative UL is more difficult, as they require electric fields more intense than positive streamers, by about a
factor of 2 (Bazelyan & Raizer, 2000). This could be the main reason why studies on towers around the globe
have reported a majority of ULs initiated by +UPL.

4.4. The Role of Wind in SIUL Triggering

At last but not least, the windmay play a role in the SIUL inception. A strong wind, not uncommon at the top
of very tall structures, can remove the corona shield, thus clearing the way for initiation of an upward leader.
According to Mazur (2016) this is the most probable explanation for the upward leader inception in the
absence of preceding nearby lightning flashes. For example, Wang and Takagi (2012) noted that self‐
initiation occurred with higher observed wind speeds (or a rotating windmill) compared with LTUL.
Warner et al. (2014) suggested, during blizzard conditions in the United States, that notable winds may have
played a key role in SIUL, by “stripping” away much of the corona discharge shielding grounded
tall structures.

Mostajabi et al. (2018) have analyzed, on a longer data set of UL at Säntis, the influence of the wind speed on
the initiation of SIUL and LTUL. Results showed an increasing percentage of SIUL as a function of the wind
speed. For wind speeds of 12 ms and higher, 30 of the upward flashes were SIUL, out of a total of 31.
Moreover, beyond 17 ms only SIUL flashes were observed. Regarding the SIUL in the present study, wind
measurements from the MeteoSwiss weather station at Säntis were available (Table 1). Even though wind
data did not cover all events, measurements at the beginning of each of the three sequences of SIUL were
available. Conditions were similar to those reported by Mostajabi et al. (2018), suggesting that wind speed
has a bearing on SIUL inception.
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5. Conclusions

In this paper we have presented an analysis of comprehensive observations of self‐initiated upward lightning
emerging from the Säntis tower, a lightning hot spot in central Europe. Data from an LMA network,
deployed around the Säntis Mountain during the summer of 2017, along with polarimetric weather radar
measurements, allowed to infer the charge structure conductive to the self‐inception of UL from the tower.
Common features on the observed SIUL are summarized on the following:

1. Upward propagating positively charged leaders (+UPL) mapped by LMA showed a short vertical path,
changing to mostly horizontal around 4‐km height asl. Branching was observed in most of the +UPL,
after they turned abruptly horizontal. The time interval between the initiation of UL and the first stroke
measured at the Säntis tower was between 25 and 701 ms with an average of 202 ms. Almost all EUCLID
strokes associated with SIUL were of negative polarity; only one SIUL event was a bipolar flash. CG
strokes average and median peak currents were −16.7 and −15.8 kA, with a maximum peak current of
−55.6 kA.

2. Polarimetric radar measurements on the cloud shield showed a layered structure, continuous across the
stratiform region (at least in the vicinity of the tower). The “bright band” signature allowed to clearly
locate the melting layer (3–4‐km height asl).

3. Collocated LMA and radar cross sections showed a preferred path for the UPL horizontal propagation,
just above the melting level.

The layered nature of the radar‐derived hydrometeor categories, along with the horizontal paths of the UPL
mapped by the LMA, suggests that the charge structure is similarly layered. However, the scarce LMA activ-
ity during the statiform phase, almost limited to SIUL originated at Säntis, is not sufficient to draw a clear
picture of the overall charge structure. The occurrence of UL from tall structures has been related to the
low height of−10 °C temperature level, conditions that are fulfilled in the present study. Indeed, a short dis-
tance between the main charge layer and the tip of the tower enhances the electric field, favoring the incep-
tion of upward lightning from tall towers. In this regard, from the current analysis it follows that a key
feature favoring self‐initiated upward lightning would be the proximity of the tip of the tower to the
melting level.
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