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Lightning mapping with radio frequency location systems plays a more and more important role in under-
standing the mechanism of lightning discharges during thunderstorms. Here we present a comprehensive
analysis of the electromagnetic field measurements and 3-dimensional (3D) mapping of two coincident lightning
flashes: an upward positive flash (+CG) with long preceding upward negative leader (UNL), which was triggered
by the in-cloud (IC) activity of a nearby downward negative flash (—CG). The flashes were mapped with a low
frequency (LF) mapping array deployed near Duke University and during a late-spring thunderstorm passing a
plain area. The 3D LF maps show that the IC activity related to the —CG moved negative charge away from the
location overhead the UNL. The UNL developed firstly upward for about 2 km and then extended horizontally for
about 8 km at that height with a mean speed of 6.2 x 10°> m/s. The channel line charge density of the UNL was
estimated to range from —542 pC/m to —9.21 mC/m with a mean value of —3.46 mC/m. The total positive
charge transferred from the cloud to ground by the +CG flash was estimated to be about 5.8C. From the 3D maps,
we inferred that the IC activity relating to the —CG flash which moved negative charge away from overhead
region of the UNL could be responsible for the UNL initiation. And the existence of extensive lower positive
charges further favored the long horizontal propagation of the UNL inside the cloud.

1. Introduction (Warner et al., 2012, 2014; Zhou et al., 2012), and “other-triggered”

flashes that are triggered by nearby cloud-to-ground (CG) or in-cloud

Lightning discharges between cloud and ground can be classified
into four types according to the propagation direction of the initiating
leader and the net charge (positive or negative) transferred to ground.
Investigations suggested that downward lightning flashes (initiated by
either negatively or positively charged downward leaders from cloud to
ground) account for more than 99% of the all the cloud-to-ground
flashes (Rakov and Uman, 2003, pp. 4; Dwyer and Uman, 2013),
while upward lightning flashes connected to ground are relatively
uncommon.

Upward lightning flashes have been reported since McEachron
(1939) and can be generally grouped into “self-initiated” flashes

(IC) lightning discharges (Wang et al., 2008; Lu et al., 2009; Warner
et al., 2012; Zhou et al., 2012; Jiang et al., 2014; Saba et al., 2016). The
majority of upward flashes reported to date involve the development of
upward positive leaders from ground (Miki et al., 2010; Zhou et al.,
2012; Warner et al., 2012; Saba et al., 2016; Yuan et al., 2017; Wu et al.,
2019). The development of upward positive leaders and associated
processes in artificially triggered lightning discharges has also been
successfully documented with various lightning mapping systems (e.g.,
Dong et al., 2001; Yoshida et al., 2010; Edens et al., 2012; Warner et al.,
2014). From optical measurements, visible lightning activities were
detected prior to the initiation of upward positive leaders, and ground-
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based lightning detection systems (e.g., National Lightning Detection
Network, NLDN) also successfully documented CGs or ICs in relatively
close ranges of upward leaders (Warner et al., 2014). All these suggest
that the other-flash-caused charge transfer preceding an upward leader
process probably play an important role in the upward leader initiation.

Comparing to upward positive leaders, only a limited number of
studies on upward negative leaders from the ground have been reported,
probably because of the rare occurrence of the upward positive flashes
from the ground (Zhou et al., 2012; Watanabe et al., 2019). So far,
studies of upward negative leaders are mainly based on measurements of
channel-base currents, close electric fields, and optical images of up-
ward flashes from high towers (e.g., Lu et al., 2009; Zhou et al., 2012;
Heidler et al., 2015; Qiu et al., 2019), windmill (Wang and Takagi,
2012), a chimney (Miki et al., 2014), or rocket-triggered lightning (Pu
etal., 2017), focused on the leader initiation and development below the
cloud base. On the other hand, with the recent development of the
lightning mapping systems, lightning 3-dimensional (3D) mapping plays
a more and more important role in understanding the occurrence con-
texts and the dynamic development of lightning flashes, especially for
in-cloud activities where no optical observations can be achieved (Rison
et al., 1999; Lyu et al., 2016; Wu et al., 2018; Zhu et al., 2020). Few
reports on the UNLs with lightning mapping systems were reported, and
the triggering mechanisms of UNLs still need to be investigated (Rison
et al., 2011; Trueblood et al., 2013; Wu et al., 2020). In a recent study,
the characteristics of a few tens of UNLs observed with a low frequency
fast antenna lightning mapping array during winter storms in Japan
were analyzed (Wu et al., 2020). Detailed characteristics, including the
UNL propagating speeds, electric field pulse shapes, comparison be-
tween these UNLs and leaders in normal lightning discharges, and the
lightning activities that might be associated with the initiation of these
UNLs were studied. Different types of preceding discharges might
contribute to the initiation of these UNLs (Wu et al., 2020), like CG
strokes, IC leaders, and some other special discharges (which produce
large peak current and occur in certain special conditions). They sug-
gested it might be because of the special and complicated charge
structures during the winter thunderstorms in Japan (Zheng et al.,
2019).

Nevertheless, insights into UNLs that occurred during other usual
thunderstorm environments were also crucial. The occurrence of the
lightning discharge nearby an UNL, the dynamic development of an UNL
inside the cloud, and the charge transfer during an UNL development
from different thunderstorm circumstances, still need to be investigated
with a more comprehensive observation and analysis. An effective way
to achieve this is to document upward negative leaders with a lightning
mapping system, which can image not only the initiation process of an
UNL, but also the dynamic development of an UNL in various kinds of
scenarios. It is equally essential to investigate the in-cloud activity that
may link to the initiation of an UNL, which is a challenge to optical
observations or channel-based current measurements, but can be well-
mapped with a lightning mapping system.

Here we present the result of coordinated electromagnetic field
measurements and 3D LF maps of a rare natural UNL recorded by an LF
interferometric-TOA lightning mapping array (LFILMA) operated by
Duke University. The 3D LF mapping result shows that this UNL-
initiated +CG occurred during the time window of a normal -CG, and
was probably triggered by the initial in-cloud activity of the —CG.
Comparing to the UNLs reported during the winter storms in Japan, the
UNL reported here was preceded by only the IC activity of the —CG that
consisted of three negative return strokes following the UNL. When an
UNL develops into the lower positive region of a thundercloud, the line
charge density of the UNL could be much larger than that when the
leader is below the thundercloud. The line charge density for the present
UNL was estimated to range from —542 pC/m to the maximum of —9.21
mC/m as the leader developed into the thundercloud. The 3D lightning
mapping and the electric charge structure of the thunderstorm suggest
that the existence of the lower positive charge well and the nearby in-
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cloud activity of the —CG may play an essential role in the triggering
and propagating of the UNL of the +CG.

2. Overview of the two coincident flashes and their
electromagnetic field measurements

On April 20, 2015, a six-site LFILMA array (Lyu et al., 2014, 2016)
(1-400 kHz, sampling rate at 1 MS/s), which contained two fixed (Duke,
Hudson) and four mobile portable systems (PS1, PS2, PS3, PS4), was set
up during a small cold front thunderstorm passing by Duke University.
The thunderstorm arrived at our network around 22:00 (UTC) and
moved out of our effective detection range around 24:00 (UTC). A total
of nearly 1000 lightning events in more than 200 flashes were reported
by NLDN (Cummins et al., 1998) during this time window and within 40
km from the center of the LFILMA array. The two coincident flashes
studied here occurred at 22:51:37 (UTC) when the thunderstorm was
over the head of the LFILMA array. Five (Duke and the other four mobile
systems) of the six LF magnetic field measurement systems were running
at the moment of the two flashes, which enabled us to conduct the
interferometric-TOA mapping to generate a three-dimensional (3D)
view of the lightning development (Lyu et al., 2014). In addition to the
LF magnetic field sensors, one slow electric field change antenna (20 Hz
—400 kHz, sampling rate at 1 MS/s, and time constant of 10 ms) was also
operated at Duke Forest. All measurements were synchronized by a
Global Positioning System (GPS). Below we show the general view of the
locations and associated meteorological contexts of these two coincident
flashes.

2.1. Source locations of the two flashes in comparison with the radar
observations

Fig. 1 shows the LF source locations of the two coincident flashes
relative to the LFILMA array and their comparisons with the radar
echoes during the two flashes. The plan view of source locations of the
flashes shows that they occurred inside the network where the network
location errors are less than 100 m in horizontal and 200 m in vertical.
This agreed with the simulated location error patterns of a similar
network configuration running graphics processing unit-based grid
traverse algorithm (Qin et al., 2019). The two flashes occurred in a re-
gion where the radar reflectivity was greater than 40 dBZ and the 30 dBZ
echo tops was up to 10 km high. Considering the overall strength of
thunderstorms in spring there, this indicates that the thunderstorm was
experiencing a relatively not weak convective process during the two
flashes (Mecikalski and Carey, 2018).

2.2. Magnetic field and electric field measurements of the two coincident
flashes

Fig. 2 shows the LF magnetic fields and electric field changes of the
two coincident flashes measured with the sensors at Duke Forest. The
whole process of the two flashes lasted for about 667 ms, started with an
in-cloud initial breakdown activity in the first 87.6 ms of the flash
initiation. There are four return strokes identified from the electric and
magnetic field measurements, one +CG stroke followed by three —CG
strokes. The electric field measurements showed a clear polarity change
during the record. To some extent, this is similar to a bipolar flash that
transfers two different polarities of electrical charge to ground
(McEachron, 1939; Rakov, 2003). However, our 3D LF mapping (to be
shown in the following section) shows that the first +CG stroke was
completely spatial-separated with the either the in-cloud or the cloud-to-
ground processes of the three -CG strokes, although their occurring
times were close to each other. The 3D LF mapping provides us with
more essential information for understanding the development of the
flashes, especially their structures inside the clouds.

As shown in the magenta dashed box in Fig. 2, an UNL process began
87.6 ms after the IC initial activity starting and lasted for 16.3 ms,
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Fig. 1. Plan views of the two coincident flashes’ LF source locations relative to the LFILMA array and the radar echoes of the thunderstorm. (a) and (b) are plan views
of the horizontal and vertical location errors of the LFILMA network at an altitude of 2 km and the location of flash sources (white cross sign), respectively. (c) The
plan view of the composite radar reflectivity at the moment of the flashes and the location of flash sources (the black and grey cross sign with white background). (d)
The vertical view of the radar echoes and the flashes’ source locations in west-east direction.

followed by a + CG stroke. NLDN reported a peak current of 32 KA for
this +CG stroke. The first —CG stroke with a NLDN reported peak cur-
rent of —12 kA occurred 78.6 ms after the +CG stroke. Two subsequent
-CG strokes occurred 239.8 ms and 445.6 ms after the first —CG stroke,
respectively. For some reason, both subsequent strokes were missed by
NLDN, so no peak currents were reported for them. Another two IC
events with a peak current of —3 kA and 3 kA, respectively, were also
reported by NLDN. All these main discharge processes and NLDN re-
ported events were marked and shown in Fig. 2.

3. The 3D radio mapping images of the two coincident flashes

The two coincident flashes were located about 15 km from the
LFILMA array center, where a location error of less than 200 m in both
horizontal and vertical dimensions can be achieved. Benefiting from an
interferometric signal processing algorithm (Stock et al., 2014; Lyu
et al., 2014), more than 2400 distinctive LF sources were mapped with
the LFILMA during the 667 ms. Different processes were clearly mapped,
including the IC initial breakdown process, the UNL process preceding
the +CG stroke, the downward negative leader (DNL) processes before
the first —CG stroke, and the dart leader (DL) processes before the two
subsequent —CG strokes. Fig. 3 shows the plan view (a), vertical view (b
& ¢), the LF source altitude versus time (e), and the LF source distri-
bution versus altitude (d), of all the mapped LF sources.

As illustrated in Fig. 3, the flashes started with an IC initial leader at

3.6 km altitude which was propagating horizontally and downward in
two main directions, as shown by the black arrowed lines marked “1”
and “2”. About 87.6 ms after the IC initial leader, a clear UNL process
started from the ground upward. Detailed zoom-in look of this UNL
showed that it seems to be initiated from a local power line tower, which
might be the starting point of this UNL. The initiation position of this
UNL was about 3 km horizontally away from the IC initial leader origin
(the black cross). The UNL process firstly propagated vertically to about
2 km high and then extended horizontally with a total 3D length of about
10 km before the +CG stroke occurred, lasted about 16.3 ms. The +CG
stroke followed the channel established by the UNL process and retraced
back to ground with a NLDN reported peak current of +32 kA. During
the following 78.6 ms, the IC initial leader continued but propagated in
three main branches. One branch was the extension of the previous path
marked “2”, and two new branches started near the IC initial leader
origin and followed the paths marked “3” and “4” respectively, as shown
in Fig. 3(a). However, only the one following the path “2” succeeded to
propagate towards ground and finally led to the first —CG stroke. This
—CG stroke followed a different channel with the +CG stroke, with a
ground location difference of 1.8 km. About 239.8 ms and 445.6 ms after
the first —CG stroke respectively, two dart-leader/return-stroke pro-
cesses were mapped. The 3D propagating speeds of the two DLs were
estimated as 2 x 108 m/s and 2.7 x 10° m/s, respectively, comparable to
previous measurements of CG dart leaders (Lyu et al., 2014). Both DLs
followed the channel built by the downward stepped leader that led the
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Fig. 2. The radio signals from a Duke LF magnetic field sensor and a slow electric field plate antenna of the two coincident flashes. The dashed magenta box marks
the time window of the upward negative leader before the +CG stroke. Each horizontal double-sided arrow marks a specific process during the flashes. The red line is
for the electric field changes and blue line is for the LF magnetic fields during the flashes, with the positive value of the electric field change indicating positive charge
moving downward (or negative charge moving upward) and the negative values indicating negative charge moving downward (or positive charge moving upward).

One +CG and three —CG strokes were identified from this signal record.

first —CG stroke.

It is clear from Fig. 3 that the +CG stroke and the following three
—CG strokes connected to ground in two separable channels and ground
locations. However, from the temporal development of the whole dis-
charging process and 3D map, it seems that the IC activity at the initial
stage of the —CG flash actually played an important role in the initiation
of the UNL of the +CG flash.

4. Detailed contexts of the UNL process

Shown in Fig. 4 are the details of electric field change, LF magnetic
field and LFILMA mapping results for the time period from the beginning
of the IC initial leader to the end of the +CG stroke of the coincident
flashes, which is a zoom-in of those in Fig. 3. It shows that the IC initial
activity lasted about 87.6 ms before the initiation of the UNL (marked by
“A-UNL”). The LF source location map (Fig. 4(c)) shows that the IC
initial leader developed in two main branches from its origin (the
magenta cross “x”), with one propagated firstly towards the south in
horizontal (marked “B-1") and then upwards in vertical (marked “B-3")
and another one propagated horizontally towards the north (marked “B-
27). The B-2 branch propagated towards north firstly and then went
upward in the late stage, transferring negative charges probably away
from the overhead region of the UNL initiation point (marked “A-UNL”).

The UNL propagated about 10 km in length in 16.3 ms before the
occurrence of the +CG stroke. A total of 302 LF sources were located
during the UNL process. The UNL propagated almost vertically about 2
km in height in the first 2.5 ms with a speed of about 1 x 10® m/s and
then extended horizontally about 8 km in length in the left time with an
overall propagation speed of 6.2 x 10° m/s, both speeds well agreed
with that of UNLs reported by Wu et al. (2020). The result is also
consistent in general with (although a little bit larger than) previous
optical measurements of UNLs (Miki et al., 2014; Heidler et al., 2015; Pu
et al., 2017; Qiu et al., 2019), but was obviously faster than that of
upward positive leaders (Biagi et al., 2011; Jiang et al., 2013; Wang
etal., 2016; Qiuetal., 2019). During its horizontal propagating, the UNL
propagated firstly towards the west for about 3.5 km and then turned to
the south for about 4.5 km before the +CG stroke, produced a transient

electric field change of about 100 V/m at a distance of about 10 km on
ground, and then led to a NLDN reported +CG stroke with a peak current
of +32 kA.

There are three LF sources mapped in a 200 ps window just before
the +CG stroke, as marked by the three black stars in Fig. 4(b)-(d). All
the three sources were located at positions along the UNL channels. One
was near the south ending position of the UNL channel in horizontal in
cloud, and the other two were around the vertical to horizontal turning
position of the UNL channel. These three sources may present the
propagation of the downward positive dart leader preceding the +CG
stroke along the channel built by the UNL, which corresponding to an
average propagating speed of about 0.5 x 10% m/s.

The UNL was the main process that was mapped with LFILMA during
this period, which is probably because of the relatively stronger LF
emissions from the UNL process and relatively weaker LF emissions from
the IC activity during this short window of UNL. It is noted that only few
(if any) branches during the UNL process were mapped. This does not
necessarily mean that there were no branches during the UNL process
because the LF emissions from the main leader tip were much stronger
than those from the side branches.

It is noted that the UNL has propagated horizontally about 8 km long
at the altitude between 2 km and 3 km inside the cloud. This may suggest
that there is an extensive potential well of positive charges in the lower
part of the storm, where the UNL horizontally extended for a long dis-
tance, as illustrated in a charge distribution sketch in following section.
And it is also interesting to note that the UNL was propagating away
from the region of the IC initial activity of the -CG flash after it pene-
trated in the positive charge well in lower part of the cloud. This sce-
nario was very similar to the vertical-horizontal framework discussed by
Coleman et al. (2003, 2008), and the presence of the lower positive
charge well (e.g., Qie et al., 2005) was supposed to enhance the hori-
zontal propagation of the UNL there.

5. The leader progression and charge transfer during the UNL
process

Fig. 4 shows that the UNL is the dominated process in the time



F. Lyu et al.

4 I‘ : 1
T ]
LN :‘,;.P:‘,-;'. .

(&}

DL LD

1 L

37.6 37.7 37.8

Altitude (km)

o

2496 pts

(&)

Altitude (km)

o

>

(@)

H

“ e,

0r +CG stroke
location
2F

4t

South-North (km)

-6

-8t

4 6 8 10 12 14 16 18 0 5
West-East (km) Altitude (km)

Fig. 3. LFILMA mapping images of the two coincident natural flashes on April
20, 2015, at 22:51:37 (UTC). The dot colors from blue to red in the LF source
plots indicate the time variation of the flashes from start to the end. The
initiation of the flashes is marked by a black cross. (a) The plan view of all
located LF sources, the red diamond represents the location of the PS4 LF
sensor, the +CG and three —CG stroke locations are pointed out with the ar-
rows, and the four identifiable paths of the IC leaders are marked by the black
line with arrows. (b) The vertical view of the LF sources in the direction of south
to north. (c) The vertical view of the LF sources in the direction of west to east.
(d) The distribution of all 2496 source points mapped versus altitude. (e) The LF
sources altitude versus time during the whole lightning process, the black dash-
dot rectangles marked the time windows of the upward negative leader (UNL)
before the +CG stroke, the downward negative leader (DNL) before the first
—CG stroke, and the two dart leaders (DLs) before the two subsequent —CG
strokes, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

window from 37.24 s to 37.26 s and thus the main process that causes
the electric field change during that time. Therefore, the electric field
changes during that time can be used to calculate the charge transfer
during the UNL process. The whole UNL process lasted about 16 ms.
With the simultaneous electric field change measurements and the 3D LF
source locations, the charge transferred during the UNL process can be
estimated by dividing the leader channel into short sections (Chen et al.,
2013).

The vertical electric field change (AE) produced by a short vertical
channel segment (AH) centered at the height (H) with a line charge
density (A) at a distance (D) on ground to the measuring site, can be
estimated with the equation as:

—2\HAH

" dneo (D2 + 1)

AE
where ¢ is the permittivity of free space. And thus, the line charge
density of the leader channel can be estimated from the measured
electric field change when the 3D location of the short channel segment
is known. It could be possible that negative upward leaders developed
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Fig. 4. Details of the LF magnetic fields, electric field changes and LF source
mapping results of the IC initial leader, the UNL and +CG stroke processes, a
zoom-in from Fig. 3. (a) The LF magnetic fields (blue curve) and the electric
field changes (red curve) measured at Duke Forest. (b) The LF source altitude
versus time for the initial IC, UNL and CG processes, the magenta cross sign “x”
stands for the initiation position and the start time of the IC initial leader,
magenta plus sign “+” stands for the time and NLDN location of the +CG stroke,
and the three black star signs “*” are three LF sources located during a 200 ps
time window just before the +CG stroke. (c) The plan view of the LF sources
mapped for the initial IC, UNL and +CG processes, where the sign meanings are
the same as in (b) and “B-17, “B-2” and “B-3” present the three main branches of
the IC initial leader channel. (d) The vertical view of the LF sources for the IC,
UNL and +CG processes in south to north direction. The color of the LF sources
from blue to red presents the time variation of the IC and UNL processes during
the time window from flash beginning to the end of the +CG stroke. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

into branches during the upward propagating (Pu et al., 2017). How-
ever, from the 3D location of this UNL, there were little branches were
identified, and thus it was simply considered to be a single channel
leader process. The whole UNL was then separated into successive short
sections by splitting the 3D located UNL channel with a 1 ms time
window.

As illustrated in Fig. 5(a), based on the 1-ms time window and the LF
source locations identified, the UNL channel has been divided into 15
small segments. The 3D length of the channel segment ranges from 250
m to 800 m with a mean value of 538 m. Fig. 5(b) shows the fifteen 1-ms
time windows (vertical bars) and their corresponding electric field
changes (red line) and channel segment center altitudes (color circles)
for the UNL. It is noted that the electric field changes increased a little bit
during the first three windows, which was probably because of other
nearby discharge processes during the UNL initial stage. To avoid
confusion, the first three windows were not involved in the line charge
density calculation. Fig. 5(c) shows the length of each of the 15 channel
segments (square mark) and the calculated line charge density (diamond
mark, absolute value) for the segments/windows number 4 to 15. The
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line charge density ranged from —542 pC/m to —9.21 mC/m with a
mean value of —3.46 mC/m, with the peak appeared on the segment
number 7 at 2.1 km high above the ground. The peak value of the line
charge density at the height of 2.1 km may be because of the existence of
alocal positive charge well, which can also be seen from the energetic LF
magnetic pulses shown in Fig. 4(a) and the scattered 3D locations shown
in Fig. 4(b), around this time and position. The line charge density
decreased from the peak value of —9.21 mC/m to about —1 mC/m in
about 10 ms as the UNL moved from segment number 7 to 15. While the
leader moved upward only from 2.1 km to 2.3 km in height, it moved
horizontally about 8 km long, suggesting the existence of an extensive
positive charge well there.

The whole +CG stroke following the UNL transferred about 5.8C of
positive charge to ground in 1 ms of its occurrence, with an estimated
charge moment change of 16.5C-km. Considering the UNL process only,
a total of 3.5C positive charges was transferred to ground before the
+CG stroke occurrence. The estimated line charge density for the pre-
sent UNL is reasonably consistent with the averaged line charge density
estimated for UNLs in upward positive flashes from high towers (Heidler
et al., 2015) and chimney (Miki et al., 2014), but is several times larger
than that of low altitude upward negative leader in rocket-triggered
lightning (Pu et al., 2017) and that of upward positive leaders in
rocket-triggered lightning (Chen et al., 2013). The UNL from the rocket-
triggered lightning (Pu et al., 2017) involved only initial continuous
currents without return strokes followed, and had a smaller charge
transfer than the present UNL. It is interesting to note that the line
charge density of the present UNL is comparable to that of the negative
stepped leaders in IC discharges (Proctor, 1997), and downward positive
leaders which connected with high buildings on ground (Gao et al.,
2020). This may be due to that the most of channel of the present UNL
were developed inside the thundercloud, and thus a large amount of
charges were involved in the leader’s long horizontal extension.

6. The thunderstorm charge structure and morphology of the
UNL

Atmospheric sounding data was measured at Greensboro, North
Carolina, which was about 78 km from the thunderstorm in this study.
This is the closest available atmospheric sounding data to the thunder-
storm. Although it was not that close to the thunderstorm, it still pro-
vided useful background information for the temperature layer of
nearby regions. The data showed that the 0 °C layer was at the height of
about 3.1 km above ground and the 0 °C to —15 °C layer (the main
negative charge region in a thunderstorm with the peak at —5 °C) was in
the range of 3.1 km to 5.6 km high above ground. While the lower
temperature layer of —19 °C to —40 °C, which is supposed to be the main
positive charge region in a thunderstorm with the peak at —25 °C, was in
the range of 6 km to 9 km high above ground.

Fig. 6(a) shows the altitude distribution of 52,560 LF source loca-
tions mapped for more than 60 flashes in a 14-min time window
centered at the time of the UNL in this study. The distribution of these
lightning discharge source locations could reflect the potential wells of
charges associated with these discharge sources (Coleman et al., 2003,
2008; Zheng et al., 2019), and thus reflect the thunderstorm charge layer
structures. There are three main peaks in the LF source distribution,
appeared at the altitudes of 1.8 to 2.5 km, 2.5 to 5.5 km, and 5.5 to 9 km,
respectively. Note that the vertical distribution of the charges from the
LF sources distribution agreed well with the atmospheric sounding
shown above. The development and propagation of lightning leaders
could be connected to local potential charge distributions (Williams,
1989; Coleman et al., 2003, 2008; Wiens et al., 2005). Fig. 6(a) suggests
that the present thunderstorm may have a typical three-layer charge
structure: a lower positive charge region centered at about 2 km height,
a middle main negative charge region centered at about 4 km height,
and an upper positive charge region centered at about 7 km height. The
evident lower positive charge region at about 2 km height can also be
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Fig. 6. The charge structure inferred from the sounding data and LF source location distribution of the thunderstorm (a), and the illustration of the three devel-
opment stages (b, ¢, and d) of the coincident flashes including the IC activity, the UNL, one +CG stroke and three —CG strokes. The horizontal axis illustrates the
relative horizontal distance, while the vertical axis marks the altitude of the inferred charge structure and the lightning discharges.

inferred from the long horizontal channel extension of the UNL prior to
the +CG stroke (Coleman et al., 2003, 2008).

Based on the inferred thunderstorm charge layer structure in Fig. 6
(a) and the 3D lightning LF source maps with clear leader branches
propagation, we have separated the development of the two coincident
flashes into three main stages, as illustrated in Fig. 6(b) to (d):

Stage I: The initiation and development of the IC activity, which were
dominated by the negative initial IC leaders between the main negative
charge layer and the lower positive charge layer. In the first 86 ms of the
flashes, the downward negative IC leader between the main negative
and lower positive charge region branched into different directions, as
marked by the black arrow lines in Fig. 4(a) and the schematic graph in
Fig. 6(b) to (d).

Stage II: The negative IC leader developed into three main branches,
with two propagated horizontally and one vertically away from over-
head position of the following UNL. They were supposed to bring
negative charges away from the overhead region of the UNL, and thus
increased the local positive polarity electric field (atmospheric elec-
tricity sign convention) that favored the triggering of the UNL. Mean-
while, the existence of the lower positive charge well facilitated the long
in-cloud horizontal propagation of the UNL followed by the +CG stroke.

Stage III: The development of the stepped leader associated with the
first —CG stroke and the following two subsequent —CG strokes. After
the +CG stroke, the IC activity continued and developed into different
branches, with one of them successfully propagated downward to
ground and ended with the first —CG stroke. After that, the IC activity

further developed and resulted in two negative dart leader/ return
stroke processes.

The three main stages of the two coincident flashes were intrinsically
dependent, as illustrated by the LF source mapping results. The existence
of the lower positive charge region favored the initiation of the UNL
from the power line tower (Jiang et al., 2014). The initial IC activity,
which moved negative charges away from overhead region of the UNL,
enhanced the local positive electric field that further favored the initi-
ation of the UNL.

There are many other reports of upward positive or negative light-
ning leaders triggered by nearby in-cloud activity (Wang et al., 2008; Lu
et al., 2009; Zhou et al., 2012; Heidler et al., 2015). Wu et al. (2020)
reported a few tens of UNLs triggered by nearby negative stroke, stroke-
like processes and sometimes IC discharges, in the complicated winter
storms in Japan. The present study provided a further clear picture, with
the LFILMA mapping system from both temporal and spatial views, of
the relationship between the IC activity, the UNL, the +CG stroke, three
—CG strokes in two coincident flashes, and the thunderstorm charge
structure.

Many previous studies suggested that proper magnitude of the lower
positive charge could be an effective driver of the formation of the
downward negative leader and will facilitate the downward propagation
of the negative leader to terminate as an —CG flash (Clarence and Malan,
1957; Qie et al., 2005; Coleman et al., 2008; Nag and Rakov, 2009).
Although, a large amount of lower positive charge would prevent the
downward propagation of negative leaders to ground, which finally
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ended as inverted IC flashes. We indicated that the existence of the lower
positive charge region and the IC activity with proper moving directions
could facilitate the initiation of upward negative leaders from the ob-
jects on ground, and further enable the horizontal propagation of the
negative leaders in cloud.

7. Summary

In this study, using a combination of a slow electric field change
antenna, a LF magnetic field sensor and a 3D LF lightning mapping
array, we have carried out a comprehensive analysis of two coincident
lightning flashes that involved a rare case of upward negative leader.
The electric and magnetic field records showed that two flashes over-
lapped in time, with one a +CG flash and one a —CG flash. The 3D LF
mapping showed that the two flashes were spatially unconnected but
intrinsically dependent. The +CG stroke was proceeded by an UNL
triggered by the nearby IC activity relating to the following —CG strokes,
although the +CG stroke and the —CG strokes connected ground with
different channels. The UNL analyzed in this study was produced in a
late-spring thunderstorm circumstance over a plain area of North
America. Comparing to the recently reported UNLs observed during the
winter thunderstorms in Japan, our results with the LFILMA mapping
system from both temporal and spatial views showed the occurrence of
UNL in a more usual thunderstorm environment. And thus, both draw
crucial pieces of the picture on the understanding of UNL’s production.

The UNL produced strong LF radio emissions and had an average
speed of 6.2 x 10° m/s when it propagated inside the cloud, which is a
typical speed of downward negative leaders. The line charge density
along the UNL channel was estimated to range from —542 pC/m to
—9.21 mC/m with a mean value of —3.46 mC/m, while the total positive
charge transferred to ground by the UNL process was estimated to be
about +3.5C. The total positive charge transferred to ground by the +CG
stroke following the UNL was estimated to be about +5.8C. The speed of
the positive dart leader that preceding the +CG stroke and following the
UNL-built channel was estimated to be about 0.5 x 10 m/s.

The two flashes were observed during a storm that had a relatively
low vertical extension with a typical three-layer charge structure: a
lower positive region around 2 km height, a main negative region
around 4 km height, and an upper positive charge region around 7 km
height. We inferred that it is the existence of the lower positive charge
region and the nearby IC negative leaders propagating away from the
UNL overhead location that favored the initiation of this unusual UNL.
And the extensive lower positive charge region further facilitated the
long horizontal propagation of the UNL inside the cloud.
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