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Abstract we report the observation of three negative upward flashes recorded by a high-speed
camera at the Sintis Tower during the Summer of 2019. The camera was operating at 10,000 fps and

an exposure time of 99 us. 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.

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, Sintis, 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.
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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 Séntis 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 Sidntis 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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Figure 1. Sketch of location of the tower, close electric field station and high-speed camera (HSC). Not to scale.

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 Séntis 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 us, which as explained later in Section 3, was compensated to 400 us. 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 X 8 pixels. To have a wider view of
512 X 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.
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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).

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 us 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 ys,
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 us wide and they represent a 99 us exposure of each frame and an extra 61 ps estimated uncertainty
due to the manual time synchronization. The red vertical segment in the bottom of the frames represents
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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 s wide and they represent a 99 ps exposure of each frame and an extra
61 us estimated uncertainty due to the manual time synchronization. The red vertical segment in the bottom of the frames represent the 124-m tall Séntis
Tower. The black line represents waveforms obtained from the fast antenna with a 20 us decay time and the red line is the waveform compensated to a decay
time of 400 us centered at the timestamp of each frame based on the method proposed by Rubinstein et al. (2012).

the 124-m tall Sintis 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 us). 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
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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.

Frame number =6337

4.1. Attempted Leaders

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 X 1,700 m). A similar behavior was observed at the Sintis
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.

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.
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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 10° 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
ared 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.
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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.

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 9¢) 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 X 10° 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 ps for all the three events) and the junction height (137, 325, and 422 m).
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Figure 8. The second M-initial continuous current (ICC) pulse. See description of subplots in the captions of Figures 3 and 7.

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 Séntis 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
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Figure 9. The third M-initial continuous current (ICC) pulse. See description of subplots in the captions of Figures 3 and 7.

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 X 10° m/s. The peak value of the current is only about 2.5 kA with a risetime of
about 3.7 us. 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 ys.

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.
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Figure 10. First return stroke (RS) event. See description of subplots in the captions of Figures 3 and 7.

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.
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Figure 11. Second return stroke (RS) event. See description of subplots in the captions of Figures 3 and 7.

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
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Figure 12. Histogram of the average luminosity brightness per unit length for recoil leaders (RLs) resulting in different
phenomena.

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

2 \ \ |
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|
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o
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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 Séntis 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.
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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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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.

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.
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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 Sintis. Not to scale.
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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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