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Abstract— We present in this paper lightning current
measurements and LMA (Lightning Mapping Array) data
associated with an upward bipolar flash observed at the Sintis
Tower during the Summer of 2017. The polarity of the flash
reversed during the negative initial continuous current phase by a
positive pulse. The positive pulse was followed by two negative
strokes. The positive pulse was presumably initiated in the lower
positive region of the cloud where the positive end of a floating
bidirectional leader connected to the lightning channel.
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L INTRODUCTION

Bipolar flashes are characterized by a polarity change in the
transferred charge to the ground within the same flash. The first
reported bipolar event was recorded by McEachron [1] at the
Empire State Building, in New York City. Rakov [2] classified
bipolar flashes into three categories depending on the signature
of the recorded current at the channel base. In the first category,
a polarity reversal occurs during the initial continuous current;
the second category comprises flashes in which the initial stage
current and the following return stroke(s) have different
polarities; the third category comprises flashes with return
strokes of opposite polarity. Recently, Azadifar et al. [3]
reported two bipolar flashes observed at the Séntis tower which
were characterized by a sequence of two upward leaders of
opposite polarity within the same flash, a scenario that was not
reported in previous observations. They suggested a
modification of the bipolar flash classification to distinguish
between two types of Category I flashes.

The types of cloud structures and discharge processes
involved in the formation of bipolar flashes are still not
completely understood, even though some scenarios have been
suggested in the literature to explain polarity reversal in upward
bipolar (e.g., [4,5]) and downward bipolar (e.g., [6,7]) flashes.

In the case of downward bipolar flashes, most of the reported
events start with a positive leader. According to [6,7], a positive
leader originates from the middle part of the cloud and
propagates in a bidirectional manner [8], namely a negative
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leader upward and a positive leader downward with horizontal
branches in the negative charge region. After the occurrence of
the return stroke, the positive leader starts to decay and it cuts
off from the ground. During that period, recoil leaders are
initiated from decayed horizontal branches, initiating negative
dart leader processes propagating along the same vertical path
of the initial positive leader to the ground and giving rise to
negative return strokes.

For upward lightning, Narita et al. [4] suggested that currents
of both polarities follow the same channel to the ground, but
from different, oppositely charged regions. Further, they
assume that different types of bipolar flashes can be observed
for the case of the normal and the inverted charge structure.
More recently, Shi et al. [5] observed bipolar flashes that
exhibited upward positive leader branching in the main
negative region; after the cut off from the ground termination,
one of the branches propagates to the upper main positive
charge changing the polarity of the leader to negative and
transferring positive charge to ground.

Downward bipolar lightning appears to be rare, while the
statistics for upward bipolar flashes initiated from tall objects
range anywhere between 3% to 33% [9,10]. High occurrence
(33%) of bipolar flashes was observed for winter lightning in
Japan [2]. To the best of our knowledge, the reasons for higher
occurrence of bipolar flashes to tall structures have not been
discussed. One reason might be related to the fact that tall
structures can initiate an appreciable number of upward flashes.
Bipolar lightning requires a change in the polarity of the fields
and the lower field strength needed for tall structures to initiate
lightning may mean that the conditions leading to a leader
polarity reversal could be achieved with a higher probability in
the presence of tall structures.

The aim of this paper is to present simultaneous
measurements of current, VHF sources and radar data
associated with an upward bipolar flash initiated from the Santis
tower.

The rest of the paper is organized as follows. Section II
presents the measurement setup. Section III presents an analysis
of the bipolar flash. Final conclusions are given in Section IV.
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II.  MEASUREMENT SETUP

The 124-m tall Séntis Tower (47°14°57°’N and 9°20°32"’E)
is by far the most frequently struck structure in Switzerland [11].
The tower has been instrumented for current measurements
since May 2010 [11-13]. The Séntis area is covered by the
EUCLID lightning location network [14]. A Lightning Mapping
Array (LMA) based on the Time of Arrival (ToA) method was
installed in the Séantis area during the Summer of 2017. The
locations of the 6 LMA stations, ranging from 100 m to 11 km
from the tower, are shown with red markers in Fig. 1 in the local
East North Up (ENU) coordinate system, with the origin at the
location of the Séntis Tower. The area is also covered by the
MeteoSwiss C-band, Doppler polarimetric weather radar
network [15,16]. For the measurement campaign, data from the
Albis radar located near the city of Zurich (shown with the blue
marker in Fig. 1) are used. Radar data can be used to categorize
the hydrometeor structure of clouds [17] into the following
classes: No classification (No valid radar data - NC), dry snow
(DS), ice crystals (CR), light rain (LR), rimed particles (RM),
rain (RN), vertically-oriented ice crystals (VI), wet snow (WS),
melting hail (MH) and ice hail-high density graupel (IH).
MeteoSwiss operates a meteorological station near the tower
recording wind speed, temperature, pressure and relative
humidity. More detailed information on the measuring system
can be found in [18].

@ LMA Stations
) Séntis Tower
@ Weather Radar

LMA STATIONS

X(km) 40 40 ¥(km)

Fig. 1. 5 LMA Stations marked in red around the Sintis area. The 6th station
(not shown in the figure) was located in the immediate vicinity of the tower.
Weather radar marked with blue and the Séantis Tower in white. Global
elevation model from NASA [2015].

III. BIPOLAR FLASH

An upward bipolar flash was recorded on July 14, 2017 at
13:25:39 UTC. In what follows, we will analyze the atmospheric
conditions, the leader propagation and the measured current at
the Séntis Tower associated with this flash.

A. Storm and Cloud Structure

Figs. 2 and 3 show the reflectivity and cross section
classification of hydrometeors [19]. Convective cores crossed
the Séntis area from Northwest to Southeast. The convective
system that induced the upward leader (UL) from the Tower can
be defined as a cluster of cells [20]. We can observe that the
melting layer is at about 3 km. The depth of the clouds is
relatively low and similar to those observed in Japanese winter
storms [5]. Unfortunately, low VHF activity did not allow us to
infer the charge structure. We can only hypothesize the

structure by knowing the polarity of leaders from current
measurements. Prior to this flash, we measured a strong wind
(46.8 km/h) which possibly caused a more complex charge

structure leading to a bipolar discharge.
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Fig. 3 Radar observations. Hydrometeor classification. LMA sources shown
with black markers.

B. Measured Current Waveform

Fig. 4a. shows the current waveform during the whole flash.
Expanded views of different phases are shown in the subplots
of Fig. 4b. The flash started with an upward positive leader
(ICC phase). Note that the sign of the current in Fig. 4
corresponds to the sign of the charge that is being effectively
lowered to the ground. During the still ongoing but decaying
ICC, a first positive pulse occurred at about 265 ms. A negative
ICC pulse was also recorded at about 266.5 ms, namely about
1.5 ms after the onset of the positive pulse. The positive pulse
indicates the effective lowering of positive charge, either by
rising negative change (for instance an upward negative leader),
or the lowering of positive charge. Since the positive pulse had
a relatively long duration and it did not feature sharp pulses in
its rising portion, which are typical of a stepping process, we
infer that an upward negative leader was not involved. A change
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of polarity occurred once more during the same flash with two
negative subsequent return strokes following the positive pulse.
The charge transferred during the ICC was about -39.3 C. The
transferred charges during the positive pulse and the two
subsequent negative strokes were, respectively, 18.1 C,-1.13 C
and -1.56 C.

Current

b
Fig. 4 (a) Measured current waveform associated with the bipolar flash. (b)
Expanded views of the ICC and the three return strokes. VHF sources vs.
power on the right y-axis are shown with black markers.

C. LMA Observations

Fig. 5 shows simultaneous measurements of current and
VHF sources in the local coordinate system of the tower.
Unfortunately, during this flash, a very low number of VHF
sources were recorded. The flash started with an upward
positive leader that was initiated from the tower. The ICC
(starting at about 110 ms in Fig. 5c) lasted for about 150 ms
with VHF sources reaching a height of about 4 km (see Arrow
#1 in the top left panel of Fig. 5). One ICC pulse at about 152
ms was observed both with VHF source and EUCLID
detection. During the decaying phase of the ICC, a positive
pulse followed immediately by a faster negative pulse (at about
265 ms in Fig. 4b and Fig. 5c¢) were recorded with only one
corresponding VHF source located at an altitude of about 2.5
km (see #2 in the top panels of Fig. 5). This was followed by
some VHF activity, (#3 in the top panels) prior to the two
negative subsequent strokes, and a negative continuous current
(CC) period corresponding to the extension of a negative
upward leader. The first negative pulse at 265 ms is in
correlation with the floating leader propagating toward the
channel (#3 in the top panels). EUCLID recorded all of the
pulses, including an ICC pulse at about 152 ms and the one
which is superimposed on the positive pulse. No VHF or
EUCLID sources were recorded 5 minutes prior to the start of
the bipolar flash. According to Wang et al. [21], this flash is
therefore classified as a ‘self-triggered’ flash. As can be seen
from the middle lower plot (Fig. 5d), the upward leader speed
was typical of positive leaders [22].

D. Sketch of the Process

Despite the limited number of recorded VHF sources, we
will attempt to present a plausible scenario for this bipolar flash,
bearing in mind that LMAs have poor resolution for leaders
propagating along already ionized channels.

The radar observations show a very shallow cloud structure.
From the upward leader propagation and the two negative
return strokes, we can infer that negative charges were located
at about 3-5 km height. The positive pulse was initiated from an
altitude of about 2.5 km during the still active ICC current. This
flash can therefore be classified as a category La flash [23]. It
is possible that this originated from the lower positive charge
pocket. However, the mechanism of this flash appears to be
different from the one reported in [5] even though the cloud
structure seems to be similar (shallow clouds with low height
above ground). The reversal of polarity appears to be coming
from charge deposited in lower parts of the cloud rather than
from the upper positive charge region, as was the case in the
flash analyzed in [5]. Fig. 6 shows a possible scenario for the
evolution of the bipolar flash which comprises the following
sequence:

(a) An upward positive leader is initiated from the tower, as can
be inferred from the measurement of the initial continuous
current.

(b) A floating leader, whose positive end propagates
horizontally toward the tower, connects near the bottom of the
still conducting channel at about t=~265 ms.

(c) Since no VHF sources associated with the negative pulse
superimposed on the positive one were recorded, we assume
that this negative pulse was initiated by the connection of a
bidirectional leader to the tower tip or the positive channel. The
fast negative pulse can be considered to be a mixed-mode ICC
pulse since it results from the connection of a new branch to a
conducting channel at a low connection height and since it
involves the continuous current mode of charge transfer
(assuming the slow positive pulse as part of the ICC) and the
leader/returns-stroke mode of charge transfer corresponding to
the negative pulse itself [24,25]. The bidirectional leader might
have been initiated in a decayed vertical part of the channel,
resulting therefore in negligible VHF emissions. Furthermore,
we assume that the change of polarity in the decayed vertical
part of the channel occurred through a recoil leader [26] with
the positive end propagating upward, and the negative end
downward [27].

(d) A negative continuous current is recorded at the channel
base suggesting an extension of an upward positive leader.

(¢) During the CC period, we observe VHF radiation
presumably related to a floating leader close to tip of the upward
leader, consistent with the observations reported by Shao et al.
[26] in which a dart leader often starts from a point just beyond
the far end of a previously active channel. Once the connection
is made, a dart leader will travel through the vertical channel
reaching the ground and initiating a return stroke. The
following return stroke occurred most probably in a similar
manner but no VHF sources were detected.

Fig. 6a. also presents the approximate visualization of radar
data. The tip of the tower is at the boundary between the rain
and dry snow layers. The main channel propagates through dry
snow and wet snow in the upper layers. The floating leader
causing the positive pulse is apparently located in the dry snow
region.
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Figure 5. Upward positive flash initiated from the Séntis tower recorded at 29.06.2017 13:38:27 UTC. Measured current and VHF sources in local ENU (East North
Up) coordinate system with Séantis Tower in origin of x-y plane. Location of the tower is shown with purple marker. EUCLID sources are shown with red (positive
pulse) and blue (negative pulse) cross. LMA VHF sources are shown with time-coded circle markers. (a) 2D view Z vs. Y in top left panel, (b) 2D view of X vs. Y in

top left panel, (c) current with VHF sources superimposed, (d) horizontal distance vs. time for the case of preceding leader and (e) power vs. time for VHF sources.
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Figure 6. Proposed sketch for evolution of the bipolar flash. (a) upward leader, (b) positive pulse, (c) negative pulse quasi-superimposed on positive, (d) extension of
upward positive leader and (e) negative return stroke. The figure is not to scale. The height of the tower is increased for the purpose of illustration. The tip of the tower
represents the altitude of Séntis Tower.
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Mazur et al. [24] argued that the TOA lightning mapping
technique does not allow simultaneous processing of both, their
strong radiation signals from negative breakdowns and the
much weaker radiation signals from positive breakdowns. It is
not clear for any of the floating leaders if they occurred in a
bidirectional or a unidirectional manner. In sequences b and c,
we assumed that a horizontal positive leader occurred in a
bidirectional manner with the positive end approaching the
original channel. To our knowledge, a bidirectional leader with
the positive end developing toward the main vertical channel
has not yet been directly observed. The low number of recorded
VHF sources prevents us from drawing definitive conclusions.

IV. CONCLUSION

We have presented and discussed simultaneous
measurements of the channel-base current, LMA VHF sources
and weather radar observations associated with an upward
bipolar flash initiated from the Séntis Tower. The bipolar flash
occurred during a low LMA activity period and with no
EUCLID sources during the 5 minutes prior to it. The cloud was
characterized by a shallow depth. The flash started with a
negative ICC and a reversal of polarity occurred twice during
the flash. First with a positive pulse, and then with two negative
subsequent return strokes. It appears that the upward positive
flash (ICC phase) propagated toward the negative charge
region. The positive pulse was presumably initiated by the
lower positive region of the cloud where the positive end of a
floating bidirectional leader connected to a decayed channel.
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