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Upward Negative Leaders in Positive Upward Lightning
in Winter: Propagation Velocities, Electric Field
Change Waveforms, and Triggering Mechanism
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Abstract Upward negative leaders (UNLs) in positive upward lightning are rarely observed. In this
study, 24 UNLs observed by the Fast Antenna Lightning Mapping Array during winter thunderstorms in
Japan are analyzed. Three-dimensional velocities of UNLs are calculated, and it is found that velocities
during the upward propagation stage range from 1.8 to 27.9 x 10> m/s with a mean value of 10.4 X 10° m/s,
and they are always larger than velocities during the following horizontal propagation stage. UNLs produce
distinctive electric field change waveforms with V-shaped overall change trend, with small pulses at the
beginning when UNLs start, large pulses during upward propagations, and small pulses again when UNLSs
turn into horizontal directions. Pulses produced by UNLs are mainly unipolar but sometimes also bipolar.
Pulse interval, pulse width, rise time, and fall time are calculated for waveforms produced by five UNLs.
Pulse intervals range from 13.7 to 18.9 us. Pulse width, rise time, and fall time are on average 5.8, 3.3, and
2.4 us, respectively. All UNLs are preceded by other discharges. Strong negative strokes including some
special types of strokes usually precede initiations of UNLSs by tens of milliseconds. These negative strokes
are usually found only a few kilometers away from UNLSs. It is speculated that these negative strokes along
with following in-cloud positive leaders contribute to the depletion of negative charges in thunderclouds,
which result in positive electric field changes (atmospheric electricity sign convention) large enough for
initiations of UNLs.

1. Introduction

Unlike normal lightning flashes which originate inside thunderclouds, upward lightning flashes start with
upward leaders from tall grounded objects and pose particular threats to tall buildings, towers, and wind-
mills. Upward lightning flashes are classified into positive and negative ones according to the polarity of
charges transferred to the ground. Positive upward flashes start with upward negative leaders (UNLs) and
transfer positive charges to the ground, and negative upward flashes start with upward positive leaders
(UPLs) and transfer negative charges to the ground. Due to the fact that positive leaders generally require
a weaker electric field to initiate (e.g., Williams, 2006), negative upward flashes are much more frequent
than positive upward flashes. For example, studies of upward flashes at the Gaisberg Tower show that posi-
tive upward flashes only account for about 4% (Watanabe et al., 2019; Zhou et al., 2012a). As a result, com-
pared to upward negative flashes, upward positive flashes are much less well studied.

It has been clear that upward flashes can occur with or without preceding lightning discharges, called
“other-triggered” and “self-initiated” upward flashes, respectively (e.g., Wang et al., 2008). Numerous stu-
dies have been contributed to the triggering mechanism of upward negative flashes (Guimaraes et al., 2014;
Jiang et al., 2014; Pineda et al., 2019; Qi et al., 2018; Saba et al., 2016; Sunjerga et al., 2020; Takagi et al., 2006;
Wang et al., 2008; Wang & Takagi, 2012a; Warner, 2012; Warner et al., 2012; Warner et al., 2014; Wu, Lyu,
et al., 2019; Yuan et al., 2017; Zhou et al., 2012b; Zhu et al., 2019). One interesting phenomenon is that the
ratio between other-triggered and self-initiated upward negative flashes varies significantly in different stu-
dies (e.g., Saba et al., 2016; Warner et al., 2012; Warner et al., 2014; Zhou et al., 2012b). Apparently, factors
contributing to the different ratios at least include seasons, thunderstorm characteristics, and properties of
tall objects. For other-triggered upward negative flashes or UPLs, observations show that they can be trig-
gered directly by positive return strokes (Jiang et al., 2014; Wu, Lyu, et al., 2019; Zhou et al., 2012b) or by
approaching in-cloud negative leaders (Saba et al., 2016; Yuan et al., 2017). By contrast, triggering mechan-
isms of upward positive flashes or UNLs are still poorly understood. So far, only a handful of upward positive
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flashes or UNLs have been analyzed along with preceding lightning discharges (Heidler et al., 2015; Lu
et al., 2009; Wang & Takagi, 2012a, 2012b; Zhou et al., 2012b), and it is still not clear what kind of lightning
discharges can trigger UNLs.

Due to the rarity of upward positive flashes, UNLs, the most essential component of upward positive
flashes, are also poorly understood. UNLs are apparently negative stepped leaders. Other forms of nega-
tive stepped leaders include downward negative stepped leaders in —CG flashes and initial negative lea-
ders during the preliminary breakdown (PB) stage in intracloud (IC) and CG flashes, both of which have
been extensively studied using various types of devices, such as high-speed videos (e.g., Hill et al., 2011,
Stolzenburg et al., 2013), electric field change (E-change) meters (e.g., Beasley et al., 1982; Krider
et al., 1977), interferometers (e.g., Shao et al., 1995; Shao & Krehbiel, 1996), and low-frequency (LF)
lightning mapping systems (e.g., Shi et al., 2019a, 2019b; Wu et al., 2015). UNLs are similar to downward
stepped leaders in —CG flashes in the respect that both propagate near the ground and largely in the
vertical direction. UNLs are also similar to initial leaders in PB stages in the respect that both are the
initial leader process in a lightning flash. Therefore, a natural question that arises is what are the differ-
ences and similarities between UNLs and the other two types of negative stepped leaders that we are
already familiar with.

In this paper, we will analyze 24 UNLSs observed in winter in the Hokuriku region of Japan with an LF light-
ning mapping system called Fast Antenna Lightning Mapping Array (FALMA). Velocities, E-change wave-
forms, and discharges preceding these UNLSs will be analyzed to shed some light on several basic properties
of this rare phenomenon.

2. Data

Data were obtained during the winter observation from December 2018 to March 2019 in the Hokuriku
region of Japan, which is famous for frequent lightning flashes during the winter season. During the obser-
vation, a FALMA system consisting of 14 sites were set up. The FALMA is a three-dimensional (3-D) LF
lightning mapping system as described in Wu et al. (2018). Locations of the 14 sites are shown in
Figure 1. Each site has a fast antenna working in the frequency band of 500 Hz to 500 kHz. Distances
between neighboring sites are from about 10 to 20 km. Triggered E-change signals are recorded with a sam-
pling rate of 10 MS/s. The recording length of each trigger is at least 2 s with the pretrigger length of at least
0.5s.

A total of 24 UNLs was identified. Initiation locations of these UNLs are shown as red crosses in Figure 1.
UNLs were identified based on their 3-D location results and multisite E-change waveforms. Upward leaders
initiated from near the ground producing negative pulses (atmospheric electricity sign convention) at all
observation sites during their upward propagations are identified as UNLs. Further, their initiation locations
are examined in Google Earth to make sure there are tall buildings or towers within several hundred meters
or they are in mountains. Information of these UNLs is summarized in Table 1 and will be described in detail
in section 3. All UNLs were preceded by other discharges, and only one UNL was followed by a positive
return stroke.

3. Results
3.1. Velocities of UNLSs

Velocities in 3-D during upward propagation stages (V,,) of all 24 UNLs are estimated. Eighteen UNLSs also
show horizontal propagations after upward propagations, and 3-D velocities during horizontal propagation
stages (V},) for these 18 UNLs are estimated as well.

Figure 2 shows an example of an UNL in an upward positive flash and illustrates the method to estimate 3-D
velocities. Figure 2a shows the height-time view of the whole upward positive flash with preceding dis-
charges. Colored sources indicate the UNL. Figures 2b and 2c show the E-change waveform and
height-time view of the UNL. We can see the upward leader produced negative pulses, the same polarity
as that produced by positive return strokes, confirming that the leader carried negative charges upward.
The 3-D mapping results of the UNL are shown in Figures 2d-2f. The 3-D velocities are estimated using a
method similar to that described in section 3.2 in Wu, Wang, and Takagi (2019). Because the leader does
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Figure 1. Observation sites of the FALMA (black squares) and initiation locations of upward negative leaders analyzed
in this paper (red crosses). The origin (0, 0) corresponds to the latitude and longitude of (36.76°N, 136.76°E).

not propagate in a straight line, several nodes (black diamonds in Figures 2d-2f) are added to divide the
leader into roughly straight segments in 3-D. The 3-D distance of each leader source relative to the
initiation location is calculated along the straight segments. The 3-D distance versus the time difference
between each leader source and the first source are plotted in Figure 2h. Sources before the vertical
dashed line are identified as the ones during the upward propagation stage and those after the vertical
dashed line are identified as the ones during the horizontal propagation stage. Linear regressions are
made for sources in these two stages, and velocities are calculated as the slopes of the regression lines. For
the case in Figure 2h, the red dashed line is the regression line for the upward propagation stage, and the
velocity V, is 9.6 x 10° m/s. The blue dashed line is the regression line for the horizontal propagation
stage, and the velocity Vj, is 4.5 X 10° m/s.

With this method, velocities of V, are calculated for all 24 UNLs, and velocities of V), are calculated for 18
UNLs showing horizontal propagations. The results are listed in Table 1, and the distributions are shown
in Figures 3a and 3b. Values of V, range from 1.8 to 27.9 x 10° m/s, the maximum being about 1 order of
magnitude larger than the minimum. It is interesting to note that velocities of UPLs from tall objects or in
triggered lightning have even larger variations, with the maximum on the order of 10° m/s (Yoshida
et al., 2010) while the minimum on the order of 10* m/s (Edens et al., 2012). The mean value of V,, is
10.4 x 10° m/s and the median value is 9.6 x 10° m/s for 24 UNLs in this study. Most results are smaller than
16 x 10° m/s. Velocities of UNLs in this study are generally larger than the few cases reported outside of
Japan (Heidler et al., 2015; Pu et al., 2017; Qiu et al., 2019) but are in general agreement with observations
in winter thunderstorms in Japan (Huang et al., 2018; Miki et al., 2014). It should be noted that these pre-
vious estimations of UNL velocities were all based on high-speed video observations, so the results were
all 2-D estimations and were only for the initial portion of UNLs.
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Table 1

Information of 24 UNLs Analyzed in This Paper

Horizontal propagation Horizontal propagation

Event Date and time Vu (x10° m/s) Vi (x10° m/s) altitude (km) temperature (°C) Preceding discharges
1 17/12/2018 13:50:40 9.0 = = = IC (negative leader propagating away)
17/12/2018 19:03:56 7.3 — — — Special negative stroke

(Ad = 1.0 km, At = 50.0 ms)
3 17/12/2018 20:47:04 4.9 2.2 4.8 —28.4 —RS (short predischarge)

(Ad = 0.8 km, At = 19.9 ms)
4 17/12/2018 20:51:54 9.6 4.5 4.5 —25.9 Special negative stroke

(Ad = 0.7 km, At = 58.8 ms)
5 17/12/2018 20:54:01 9.9 1.6 4.0 —23.1 —RS (short predischarges)

(Ad = 2.0 km, At = 22.9 ms)
6 18/12/2018 14:51:40 9.6 5.7 3.0 —16.4 1C
7 18/12/2018 23:48:02 27.9 5.9 3.9 —21.8 —RS (short predischarges)

(Ad = 2.7 km, At = 53.7 ms)
8 18/12/2018 23:49:40 14.5 5.8 4.1 —23.1 —RS (short predischarges)

(Ad = 3.1 km, At = 43.0 ms)
9 19/12/2018 08:47:04 6.9 2.5 41 —21.6 —RS (short predischarges)

(Ad = 2.4 km, At = 13.3 ms)
10 19/12/2018 13:38:05 10.9 0.9 3.7 —18.6 IC (—RS 500 ms ago)

(negative leader propagating away)
11 19/12/2018 13:41:36 20.5 2.8 2.8 —-11.3 —RS (Ad = 5.9 km, At = 148.3 ms)
12 19/12/2018 17:50:44 9.2 7.3 1.6 —4.5 IC
13 19/12/2018 18:03:22 2.6 — — — —RS (Ad = 1.7 km, At = 23.3 ms)
14 19/12/2018 18:06:24 15.3 2.0 3.7 —18.6 Special negative stroke

(Ad = 0.8 km, At = 68.6 ms)
15 17/1/2019 17:19:09 14.4 — — — +RS (downward negative

leader before) (Ad = 11.0 km,

At = 93.4 ms)
16 17/1/2019 20:26:14 3.6 1.8 33 —19.1 —RS (short predischarges)

(Ad = 2.6 km, At = 90.6 ms)
17 20/1/2019 14:54:12 11.6 3.9 31 —10.7 +RS (IC discharges after)

(Ad = 22.1 km, At = 243.8 ms)
18 25/1/2019 20:46:08 14.8 4.7 2.3 —-12.3 LBE-like pulse

(Ad = 1.5 km, At = 15.5 ms)
19 25/1/2019 20:46:34 4.3 1.9 2.8 —15.8 LBE-like pulse

(Ad = 0.7 km, At = 49.2 ms)
20 25/1/2019 22:51:37 7.5 — — — LBE-like pulse

(Ad = 4.3 km, At = 8.9 ms)
21 25/1/2019 22:54:03 10.5 6.6 2.6 —14.5 LBE-like pulse

(Ad = 14.4 km, At = 397.9 ms)
22 28/1/2019 18:05:36 1.8 — — — —RS (short predischarges)

(Ad = 3.2 km, At = 30.8 ms)
23 28/1/2019 18:16:09 9.1 4.7 3.7 —23.7 LBE-like pulse

(Ad = 0.8 km, At = 109.9 ms)
24 28/1/2019 18:20:55 14.2 4.2 3.5 —22.9 LBE-like pulse

(Ad = 2.0 km, At = 60.6 ms)

Note. V,, = velocity during the upward propagation stage; Vj, = velocity during the horizontal propagation stage.

Values of V, also have a large range, from 0.9 to 7.3 x 10> m/s with a mean value of 3.8 x 10° m/s and a med-
ian value of 4.1 x 10° m/s. For all the 18 UNLs showing horizontal propagations, V,, is larger than V,
(Table 1).

The horizontal propagation altitudes and corresponding ambient air temperatures are also analyzed. For
each UNL, its horizontal propagation altitude is calculated as the median value of all source altitudes during
the horizontal propagation, and the corresponding temperature is calculated based on the radiosonde obser-
vation by the Japan Meteorological Agency. The radiosonde observation site was about 80 km away from the
center of our observation network, and the data at 9:00 and 21:00 local time were available. The distributions
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Figure 2. An example of an upward positive lightning flash. (a) Height-time view and E-change waveform of the
upward positive lightning flash with preceding discharges. Colored sources correspond to the UNL. (b) E-change
waveform and (c) height-time view of the UNL. The value of d indicates the distance between the site recording the
waveform and the UNL. (d) Height-distance (from west to east) view, (e) plan view, and (f) distance (from south to
north)-height view of the UNL. Black diamonds represent nodes to divide the leader channel into several straight
segments. (g) Source distribution along the height. (h) Distance versus time difference of UNL sources relative to the
first source. The value of v, represents the 3-D velocity during the upward propagation (slope of the red dashed line),
and the value of vy, represents the 3-D velocity during the horizontal propagation (slope of the blue dashed line).

of propagation altitudes and ambient temperatures are shown in Figures 3c and 3d. Because negative leaders
normally propagate horizontally in the positive charge region, these distributions can be treated as
distributions for the positive charge region. From Figure 3d, we can see ambient temperatures are mainly
from —10°C to —25°C. With such a temperature range for the positive charge region, the negative charge
region likely resides below the positive charge region, at the temperature level of about —10°C. Such a
normal dipolar charge structure seems to be common for winter thunderstorms in Hokuriku region
(Brook et al., 1982).

Values of V), are found to be correlated with the horizontal propagation altitudes as shown in Figure 3e.
Values of V), show a decreasing trend with increasing altitudes with a correlation coefficient of —0.41.
Similar correlation was also observed for initial negative leaders during the PB stage (Wu et al., 2015;
Zheng, Shi, et al., 2019) and positive leaders in IC flashes (Wu, Wang, & Takagi, 2019), indicating that there
may be a universal relationship between leader velocities and altitudes.

3.2. E-Change Waveform

E-change waveforms of UNLs have been reported before but were mostly measured at close distances
(Azadifar et al., 2018; Heidler et al., 2015; Wang & Takagi, 2012b). In fact, the majority of studies on
UNLs so far is based on current measurements and/or high-speed video observations on some specific tall
objects; remote observations of UNLs are very rare. In this section, we will analyze E-change waveforms
of UNLs recorded at tens of kilometers away. This analysis will provide some useful information on the pos-
sibility of remotely identifying UNLs. The results can also be used for the comparison with similar leader
processes such as PB and stepped leaders, whose E-change waveforms have been extensively measured for
decades (e.g., Beasley et al., 1982; Krider et al., 1977).

Figure 4 shows four examples of UNLs with E-change waveforms. Another example can be found in
Figure 2. From these examples, we can see that E-change waveforms produced by UNLs have the same
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Figure 3. Velocity distributions during the (a) upward and (b) horizontal propagation stages. Distributions of (c) the
altitude and (d) the corresponding ambient air temperature of leader horizontal propagations. (e) Altitude versus
velocity during the horizontal propagation stage. The value of r represents the correlation coefficient.

overall shape, with small pulses at the beginning when UNLSs start, large pulses during upward propagations
of UNLs, and small pulses again when UNLs turn to horizontal directions. This V-shaped overall change
trend is distinctly different from that produced by initial negative leaders in PB stage or negative stepped
leaders in —CG flashes.

Figure 5 further shows waveforms on 1-ms time scale produced by these UNLs during their upward propa-
gations. Figures 5a-5d correspond to Figures 4a-4d, and Figure 5e corresponds to Figure 2b. For each UNL,
waveforms recorded by two sites with different distances are shown. One site has a distance of 40 to 50 km
and the other 10 to 25 km. It is clear that waveforms recorded at these two distances are generally the same.

From Figure 5, we can see that UNLs mainly produce unipolar pulses like negative stepped leaders, but there
are also some bipolar pulses. For some pulses, it is difficult to determine whether they are unipolar or bipo-
lar. Pulses seem to be produced continuously, and in many occasions, multiple pulses seem to overlap with
each other. Because it is very difficult to set an appropriate criterion to automatically identify all pulses, we
manually select pulses for the five examples in Figure 5. The selections are somewhat subjective, and it is
indeed difficult to determine what kind of variations should be classified as “pulses.” Therefore, all selected
pulses are indicated as red and blue crosses in Figure 5, and readers can determine by themselves if too many
or too few pulses are selected. The number of selected pulses is indicated by the value of N, in Figure 5.
Numbers of pulses range from 53 to 73, corresponding to average pulse intervals of 13.7 to 18.9 us. This result
is in general agreement with an observation by Huang et al. (2018), who reported that step intervals of four
branches in an UNL ranged from 6.6 to 42.9 ps with an average of 19.3 us.

If we assume that these pulses are produced by stepping processes of UNLs, we can estimate the average step
length () from the leader velocity (V,) and the pulse frequency (o) with the following equation.

l= Vu/p (1)

where p = N,/107%(s™).
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Figure 4. Example of UNLs with E-change waveforms. In each subplot, the upper part shows the E-change waveform,
and the lower part shows the height-time view of location results. The value of d represents the distance between
the site recording the waveform and the UNL. (a)-(d) show four different UNLSs.

The estimated average step lengths of these five cases are 15.5, 20.5, 18.0, 25.3, and 13.1 m. These values are
somewhat larger than the two UNLs observed by high-speed video cameras (Pu et al., 2017; Qiu et al., 2019).
One reason may be that some pulses with small amplitude could not be identified, resulting in an underes-
timated p. Another possible reason is that these two studies only observed the initial ~100 m of the UNLs
while our calculations correspond to the stage when UNLs already propagated upward for 1 or 2 km, and
it is possible that the step length increases as an UNL propagates upward. Interestingly, three UNLSs in win-
ter thunderstorms analyzed by Miki et al. (2014) had average step lengths ranging from 51 to 71 m during
propagations in the initial ~500 m.

Pulse rise time, fall time, pulse width, and pulse width at half maximum are also statistically analyzed.
Because many pulses overlap with each other, it is difficult to get an accurate result for pulse characteristics.
Here we manually select some relatively large pulses without overlapping pulses and calculate the para-
meters. These selected pulses are indicated by blue crosses in Figure 5. The second selected pulse in
Figure 5c is shown in Figure 6a to illustrate definitions of pulse parameters. As many pulses are unipolar
pulses, we define rise time as the time from 10% peak to the peak and fall time as the time from the peak
to 10% peak as illustrated in Figure 6a, and pulse width is defined as the sum of rise time and fall time.
Figures 6b-6d show distributions of rise time, fall time, pulse width, and pulse width at half maximum.
We can see the pulse width is mainly from 2 to 8 us, with the rise time slightly larger than the fall time.
The mean values of pulse width, pulse width at half maximum, rise time, and fall time are 5.8, 2.7, 3.3,
and 2.4 us, respectively.

3.3. Triggering Mechanisms

All 24 UNLs are preceded by other discharges, that is, they occur as the initial stage of “other-triggered”
upward positive lightning flashes. Information of preceding discharges is summarized in Table 1. It seems
most UNLs are preceded by negative strokes, contrary to UPLs, which are usually preceded by positive
strokes (e.g., Warner et al., 2012; Zhou et al., 2012b).
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Figure 5. E-change waveforms of UNLs in Figures 4 and 2 in 1-ms time scale. Waveforms recorded by two sites with
different distances (represented by the value of d) are shown for each event. The value of N,, represents the number
of selected pulses (red and blue crosses). Pulses with blue crosses are further analyzed for pulse parameters

shown in Figure 6. (a)-(e) show waveforms in five different UNLs.

The first type of triggering event is called “special negative stroke” (Events 2, 4, and 14 in Table 1). Two
examples are shown in Figures 7a and 7b. In each case, we can see a large pulse with positive initial polarity
(the same as negative return stroke) occurred about 50 ms before the UNL. The pulse was so large that in
every case, it saturated all of our observation sites. The polarity of the pulse indicates that it is produced
by a negative stroke, but the stroke may be different from normal negative return strokes because the wave-
forms show similar rise time and fall time. It is also different from return strokes in that there are only a few
pulses lasting for ~200 us before the main pulse, and no typical PB pulses can be identified. This special type
of event has recently been reported by Wada et al. (2020) to be associated with downward terrestrial gamma
ray flashes. Two events reported by Wada et al. (2020) had estimated peak currents of —260 and —197 kA.
Although we cannot estimate currents of the events we observed, the fact that these events saturated all
of the observation sites indicates that they also carried extremely large current. Note that Wada et al. (2020)
interpreted this special type of discharge as negative polarity “energetic in-cloud pulse” (Lyu et al., 2015), but
according to our recent analysis, it is more likely a type of return stroke occurring in certain special
conditions, which is why we call it “special negative stroke” in this study. Detailed analysis will be reported
in a follow-up paper.
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Figure 6. (a) Definitions of pulse parameters. Distributions of (b) rise time and fall time, (c) pulse width, and (d) pulse
width at half maximum for those pulses marked by blue crosses in Figure 5.

The second type of triggering event is negative return strokes (Events 3, 5, 7, 8, 9, 11, 13, 16, and 22). It is
interesting to note that most of these return strokes have extremely short time differences from the begin-
ning of flashes (denoted as “short predischarges” in Table 1). Two examples are given in Figures 7c and
7d. Discharges before the return strokes in Figures 7c and 7d lasted for only about 300 and 800 s, respec-
tively. Negative return strokes with such short predischarges were not observed in summer. Even assuming
the initiation altitudes of these —CG flashes were only 1 km, we would get the overall velocities of stepped
leaders on the order of 10° m/s. The high velocity of stepped leaders is usually associated with the large peak
current of return strokes (Shi et al., 2019a), indicating that negative return strokes triggering UNLs usually
have high peak currents.

The third type of triggering event is bipolar pulses similar to the so-called “large bipolar event” (LBE)
reported by Wu et al. (2014) (Events 18, 19, 20, 21, 23 and 24). As analyzed by Wu et al. (2014), LBEs always
have the same polarity as negative return strokes and are on average stronger than return strokes. In two of
the events (Events 20 and 21), another large pulse occurred before the LBE-like pulse, and these two exam-
ples are shown in Figures 7e and 7f. In each example, we can see at least two large pulses before the start of
the UNL. The second pulse is similar to the LBE, while the first pulse has an initial small negative change,
and it is not clear what kind of discharges produced this pulse. For the case in Figure 7f, discharges before the
UNL are not so strong and have a long time different (~400 ms) from the UNL, so it is also possible that the
UNL was not associated with the pulses at the beginning.

The fourth type of triggering event is IC discharges (Events 1, 6, 10, and 12). In two of the cases, leader chan-
nels are well imaged and are shown in Figure 8. Although some sources were very close to the ground in
Figure 8, we confirmed from E-change waveforms that there were no return strokes before the initiation
of UNLs. Initiation locations of UNLs are indicated by red diamonds. We can see in each example, leaders
passed by the initiation locations with a distance of about 3-4 km and propagated away. About 50 ms after
the leaders stopped propagating, UNLs were initiated. It has been reported that approaching negative
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Figure 7. Lightning discharges preceding UNLs. (a and b) Special negative strokes. (c and d) Negative return strokes
with extremely short predischarges. (e and f) At least two large pulses including one special pulse with initial small
negative change and one LBE-like pulse. In each subplot, the first figure shows E-change waveform and height-time view
of location results from the beginning of discharges preceding the UNL to the UNL. Red points represent sources of
UNLs. Figures below show expanded views of large pulses before UNLs.

leaders can trigger UPLs (Saba et al., 2016; Yuan et al., 2017), consistent with our observation that negative
leaders propagating away preceded initiations of UNLs.

In the remaining two cases (Events 15 and 17), positive return strokes were observed before UNLs. However,
it is unlikely that the positive return strokes triggered UNLs. In Event 15, a downward negative leader was
observed right before the positive return stroke, and in Event 17, IC discharges were observed after the posi-
tive return stroke. It is possible that some in-cloud discharges triggered these UNLs. Triggering mechanisms
will be further discussed in section 4.3.

In the case of upward negative lightning, there have been reports that one positive return stroke triggered
several UPLs (Warner, 2012; Wu, Lyu, et al., 2019). In this study, although we did not observe multiple
UNLs triggered together, it seems not rare that some scattered sources are located near the ground right
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Figure 8. Two examples of UNLs preceded by IC discharges. The left part shows the plan view, and the right part shows
the height-time view. Colored points represent sources of IC discharges. Red diamonds represent initiation
locations of UNLs. (a) and (b) show two different flashes.
before the onset of UNLs. One example is shown in Figure 9. The UNL started at the time of about 583 ms,
and sources of discharges right before along with E-change waveform are shown in Figure 9. In
Figure 9a, the blue cross indicates the location of the triggering event (also shown in Figure 7a), the
red diamond indicates the initiation location of the UNL, and black triangles indicate locations of
transmission towers identified from Google Earth. Interestingly, sources right before the UNL seem to
be distributed near transmission towers, and their source altitudes are all lower than 1 km. It seems
very likely that these sources are produced by discharges on transmission towers triggered by the
same stroke, but these discharges failed to develop into long negative leaders. They may be aborted
UNLs as reported by Wang et al. (2008). They can also be corona discharges. Wu et al. (2017)
reported that increased sources of corona discharges from tall objects were detected following nearby
lightning discharges.
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Figure 9. Discharges right before the onset of an UNL. (a) Plan view. The blue cross represents the negative stroke before
the UNL (also shown in Figure 7a). The red diamond represents the initiation location of the UNL. Black triangles
represent transmission towers. (b) E-change waveform. (c) Height-time view.
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4. Discussion
4.1. Comparison of UNLs With Initial Negative Leaders in PB Stage

Both UNLs and initial negative leaders in PB stages of IC and CG flashes serve as the initial leader processes
in lightning flashes. However, there are several apparent differences between these two types of leaders.

First, they produce distinctly different E-change waveforms. As shown in Figure 5, pulses produced by UNLs
are mainly unipolar pulses. As for pulses produced by initial negative leaders, that is, PB pulses, although
they also include narrow unipolar pulses, bipolar pulses with pulse widths of tens of microseconds, called
“classic PB pulses,” are the primary feature of PB pulses (Marshall et al., 2014; Nag et al., 2009).
According to Figure 6, pulse widths of UNL pulses are mostly smaller than 8 us with a maximum of
13.0 ps. In other words, no classic PB pulses can be found in pulses produced by UNLs. Pulse intervals of
UNL pulses are also much shorter than those of PB pulses. For example, pulse intervals of PB pulses had
a mean value of 73 ps reported by Nag and Rakov (2008) and 152 us reported by Baharudin et al. (2012).
By contrast, E-change waveforms of the five UNLs in Figure 5 had average pulse intervals smaller than 20 us.

High-speed video observations of initial negative leaders in PB stages have established that each step of the
initial leader corresponds to a classic PB pulse (Campos & Saba, 2013; Stolzenburg et al., 2013, 2014; Wilkes
et al., 2016). For UNL pulses, however, it seems that all the narrow and small pulses are produced by leader
steps according to the analysis in section 3.2.

Step lengths of UNLSs seem to be much shorter than those of initial negative leaders. Leader steps in the PB
stage of a —CG flash reported by Stolzenburg et al. (2014) had step lengths ranging from 30 to 183 m with a
mean value of 89 m. Step lengths of initial leaders in hundreds of IC flashes estimated by Wu et al. (2015)
ranged from 20 to 426 m with a mean value of 113 m. By contrast, step lengths of five UNLs estimated in this
study range from 13.1 to 25.3 m, and step lengths of two UNLs observed by high speed videos reported by Pu
et al. (2017) and Qiu et al. (2019) were smaller than 10 m.

Velocities of UNLs analyzed in this study have large variations, from 1.8 to 27.9 X 10° m/s. Velocities of
initial negative leaders in both —CG and IC flashes also have large variations. Shi et al. (2019a) reported that
vertical velocities of initial negative leaders in 279 —CG flashes ranged from 1.6 to 12.4 x 10° m/s. Wu
et al. (2015) reported that vertical velocities of initial negative leaders in 662 IC flashes ranged from 0.5 to
17.8 x 10° m/s. Initial leader velocities larger than 10° m/s were also reported by Heavner et al. (2002).
Based on these results, it seems velocities of UNLs are generally similar to those of initial negative leaders.

Differences between UNLs and initial negative leaders can be partly explained by their different altitudes of
occurrences. As demonstrated by Wu et al. (2015), with decreasing initiation altitudes, initial negative
leaders in IC flashes produce more frequent pulses and have shorter step lengths. If this altitude-related cor-
relation can be applied to UNLs, which occur near the ground, small pulse intervals and short step lengths
are expected results.

4.2. Comparison of UNLs With Stepped Leaders in —CG Flashes

Both UNLs and stepped leaders in —CG flashes propagate near the ground, and it seems that they have more
similarities than differences. First, it seems that they have similar step lengths. Step lengths of stepped lea-
ders in —CG flashes generally range from several meters to a few tens of meters (e.g., Chen et al., 1999; Hill
et al., 2011; Qi et al., 2016), consistent with our estimations and previous observations (Miki et al., 2014; Pu
et al., 2017; Qiu et al., 2019). Second, although velocities of stepped leaders in —CG flashes are thought to
have a typical value of 2 x 10° m/s, they have significant variations in different studies. For example, accord-
ing to the review by Rakov and Uman (2003, p. 123), velocities of stepped leaders range from 0.3 to
39 x 10° m/s, in general agreement with velocities of UNLs.

One apparent difference between UNLs and stepped leaders in —CG flashes is their E-change waveforms. As
shown in Figure 4, E-change waveforms produced by UNLs are very small at the beginning of the leader, and
then the amplitude increases until the leader turns into a horizontal direction. Such V-shaped overall change
trend was not observed in E-change waveforms produced by stepped leaders in —CG flash. This difference
may lie in the fact that formations of UNLs include an initiation process while stepped leaders in —CG
flashes do not. Stepped leaders, when they are observed, already have a self-propagating hot channel, which
may result in similar peak currents in different steps. On the other hand, for UNLs, no leader channels exist
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at the time of their initiations. The formation of leader channels
likely consists of different types of processes that have different cur-
rents, resulting in obvious variations of E-change pulses.

4.3. Triggering Mechanism of UNLs

Opposite to UPLs, which are usually preceded by positive return
strokes (e.g., Warner et al., 2012; Zhou et al., 2012b), UNLs reported
in this paper are usually preceded by negative strokes, including “spe-
cial negative strokes,” negative return strokes, and LBE-like pulses as
listed in Table 1. All of these strokes produce positive E-changes
(atmospheric electricity sign convention), which are necessary for
the initiation of UNLSs.

However, time differences between these strokes and initiations of
UNLs are generally tens of milliseconds, implying that these strokes
did not directly trigger UNLs. As for the triggering of UPLs, some
UPLs are reported to be preceded by positive return strokes within
1 ms (Jiang et al., 2014; Wu, Lyu, et al., 2019; Zhou et al., 2012b), indi-
cating that these UPLs were likely triggered directly by the preceding
positive return strokes. However, many more UPLs were preceded by
positive return strokes for a much longer time. For example, accord-
ing to Figure 6 in Saba et al. (2016), many UPLs were preceded by
triggering events for more than 50 ms. Therefore, a more common

triggering component for UPLs seems to be approaching negative leaders, which can also create negative
E-changes necessary for the initiation of UPLs. This has been confirmed by high-speed video observations
(Saba et al., 2016; Yuan et al., 2017). In fact, if we look at the left half of Figure 6 in Saba et al. (2016) and
draw a regression line, the slope (corresponding to the ratio between distance and time difference from
the triggering event) would be close to 2 x 10°> m/s, typical for the velocity of negative leaders propagating
in virgin air. This result supports the theory that negative leaders in +CG flashes propagating toward the tall
object are responsible for the triggering of UPLs.

Accordingly, we examine a similar mechanism that approaching positive leaders trigger UNLs. Positive
leaders are basically invisible to LF systems, so we do not have direct evidence. However, there seem to
be some difficulties for this mechanism. First, distances and time differences between triggering events
and UNLs do not show any correlation. Figure 10 shows a scatterplot of distances versus time differences
for UNLs preceded by negative strokes, and apparently, there is no correlation between these two
parameters. We also analyzed distances and time differences between the initiation of preceding flashes
and UNLs, and they did not show any correlation either. Second, according to Wu, Wang, and
Takagi (2019), positive leaders in —CG and IC flashes propagate with a stable velocity of 1 to
3 x 10* m/s. Two dashed lines representing these two velocities are also plotted in Figure 10, and we
can see for many UNLs, distances between preceding strokes and UNLs are too large for positive leaders
to traverse within the time differences. For example, Event 9 in Table 1 is preceded by a negative return
stroke with a distance of 2.4 km and a time difference of 13.3 ms. A positive leader needs to have a velo-
city of at least 1.8 x 10°> m/s to travel to the tall object before the initiation of the UNL, which is
apparently too fast according to the result of Wu, Wang, and Takagi (2019).

One possible explanation for these discrepancies is that positive leaders do not have to propagate to a loca-
tion right above a tall object to trigger UNLs. Triggering events listed in Table 1 are generally less than 3 km
away from UNLs, close enough to have significant influences on electric fields at initiation locations of
UNLs. The relatively large time differences between triggering events and UNLs may be due to the fact that
UNLs are relatively difficult to be initiated, and a negative stroke alone is usually not able to produce
E-changes large enough for the initiation of UNLs. After the negative stroke, in-cloud positive leaders,
although being a few kilometers away from the tall object, keep draining negative charges in thunderclouds
and contribute to further increases of positive E-changes at the tall object until the initiation of UNLSs.
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Further, we speculate that unlike the triggering of UPLs, which favorites an approaching negative leader, the
triggering of UNLs does not require an approaching positive leader but a nearby positive leader due to the
fact that positive leaders travel much more slowly than negative leaders. Assuming a positive leader velocity
of 2 x 10" m/s, the leader only moves for 2 km in 100 ms, so even if it moves away from a tall object, it still has
significant influences on E-changes on the tall object after 100 ms, as long as the leader starts at a location
close enough to the tall object. Therefore, it is likely that the direction of positive leaders, whether approach-
ing or not, is not important. The more essential factor for the triggering of UNLs is that the triggering flash
starts close to the tall object from which UNLs are to be triggered. This is why in our study, distances
between triggering events and UNLs are generally only a few kilometers, much smaller than those for
UPLs (mostly from 10 to 40 km as reported by Saba et al., 2016), while time differences are normally tens
of milliseconds, comparable to those for UPLs.

Apart from those UNLs preceded by negative strokes, as analyzed in section 3.3, four UNLs were preceded by
IC discharges, and in two of them, negative leaders propagating away from the initiation locations were
observed. Negative leaders propagating away can also produce positive E-changes which are necessary for
the initiation of UNLs. There are also two UNLs preceded by positive return strokes. However, it is unlikely
that positive return strokes can trigger UNLSs; some not-well-resolved leader processes may be the triggering
component.

It is also interesting to note that different types of preceding discharges appear to cluster in certain periods.
For example, according to Table 1, all LBE-type discharges occurred in 25 and 28 January. This feature indi-
cates that different types of triggering events are likely associated with different charge structures. Indeed,
winter thunderstorms in Japan sometimes have quite complicated charge structures (e.g., Wang et al., 2018;
Zheng, Wang, Zhang, Wu, & Takagi, 2019), which may result in the special types of triggering events such as
the special negative strokes and LBE-like discharges, and the triggering mechanism of UNLs may well be
much more complicated than what we have proposed.

In summary, lightning discharges efficient in triggering UNLSs seem to be a strong negative stroke combined
with following in-cloud positive leaders. These positive leaders need to be within a few kilometers from tall
objects, but they do not have to propagate toward tall objects.

5. Conclusions

With the observation of the FALMA in winter thunderstorms in Japan, 24 UNLs were recorded, and their
velocities, E-change waveforms, and triggering mechanism are analyzed. Major findings are summarized
as follows.

The 3-D velocity during the upward propagation stage of UNLs ranges from 1.8 to 27.9 X 10° m/s with a
mean value of 10.4 X 10° m/s. When an UNL turns into a horizontal direction after the upward propagation
stage, the velocity always decreases. Velocities during the horizontal propagation stage range from 0.9 to
7.3 x 10° m/s with a mean value of 3.8 x 10° m/s. Velocities of UNLs seem to be generally similar to velocities
of downward stepped leaders in —CG flashes and initial negative leaders in PB stages.

The E-change waveforms of UNLs measured at tens of kilometers show a distinctive V-shaped overall
change trend. The waveforms include small pulses at the beginning when UNLs start, large pulses during
the upward propagations of UNLs, and small pulses again when UNLs turn into horizontal directions.
UNLSs produce mainly unipolar pulses but also some bipolar pulses. Pulses produced by five UNLs are sta-
tistically analyzed. Pulse intervals range from 13.7 to 18.9 us. Pulse width, pulse width at half maximum, rise
time, and fall time are on average 5.8, 2.7, 3.3, and 2.4 us, respectively. E-change waveforms of UNLs are dis-
tinctly different from those produced by other types of negative leaders, such as downward stepped leaders in
—CG flashes and initial negative leaders in PB stages.

Negative strokes are usually found tens of milliseconds before initiations of UNLs. Probably due to special
conditions in winter, these negative strokes include some special types of discharges that are different from
normal negative return strokes, but they all have the same polarity as negative return strokes. Further
analysis indicates that these negative strokes did not directly trigger UNLs; nearby in-cloud positive leaders
following these strokes further deplete negative charges in thunderclouds and contribute to further positive
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E-changes (atmospheric electricity sign convention) on tall objects, which seems to be essential for initia-
tions of UNLs.
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