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ABSTRACT

Using a 3D lightning radiation source locating system (LLS), three pairs of associated lightning discharges
(two or more adjacent lightning discharges following an arbitrary rule that their space-gap was less than 10
km and their time-gap was less than 800 ms) were observed, and the interaction between associated lightning
discharges was analyzed. All these three pairs of associated lightning discharges were found to involve three
or more charge regions (the ground was considered as a special charge region). Moreover, at least one
charge region involved two lightning discharges per pair of associated lightning discharges. Identified from
electric field changes, the subsequent lightning discharges were suppressed by the prior lightning discharges.
However, it is possible that the prior lightning discharge provided a remaining discharge channel to facilitate
the subsequent lightning discharge. The third case provided evidence of this possibility. Together, the results
suggested that, if the charges in the main negative charge region can be consumed using artificial lightning
above the main negative charge regions, lightning accidents on the ground could be greatly reduced, on the
condition that the height of the main negative charge region and the charge intensity of the lower positive
charge region are suitable.
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1. Introduction

Mazur (1982) suggested that there can be an as-
sociation between closely spaced, sequential lightning
flashes. Many upward lightning flashes that occur dur-
ing winter thunderstorms in Japan involve more than
one grounded structure (Suzuki, 1992). Wang et al.
(2008) more specifically suggested that once an upward
lightning discharge occurred from a high-ground ob-
ject, the upward lightning triggers other upward light-
ning discharges of opposite polarity from nearby high-
ground objects if favorable electrical charge structures
of thunderstorms are available. This suggestion was
later confirmed by Lu et al. (2009). Rison et al. (1999),
Nag et al. (2010) and Wang et al. (2012) also observed
many cases within clouds in which compact intracloud
discharge (CID) initiates lightning discharge. How-

*Corresponding author: WANG Yanhui, wyh2005@Izb.ac.cn

ever, evidence that an intracloud lightning discharge
(IC) influences another IC, or a cloud-to-ground light-
ning discharge (CG), is far less commonly reported.
The electrical structure of a thunderstorm is gener-
ally three-layered (Kriehbiel, 1986). The first balloon
sounding of the electric field in a thunderstorm indicat-
ing an inverted-polarity electrical structure took place
in a storm near Dalhart, Texas (Marshall et al., 1995)
in 1988. Rust and MacGorman (2002) presented anal-
yses of electric field soundings indicating that some
thunderstorms have an inverted structure in the verti-
cal distribution of charge. Lightning discharges appear
to deposit charge of opposite polarity in relatively lo-
calized volumes within the preexisting lower positive,
midlevel negative, and upper positive charge regions
associated with the potential wells (Coleman et al.,
2003). The conclusions from Coleman et al. (2003),
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Riousset et al. (2007) suggested that the polarization
charges carried by the leader trees could lower the net
charge in the different charge layers of the thunder-
cloud and could decrease the total electric field signif-
icantly below the lightning initiation threshold. Logi-
cally, the lightning discharge involving the main nega-
tive charge region inevitably consumes the charges and
therefore suppresses the start of a new lightning dis-
charge. However, it is possible that after a lightning
discharge terminates, a new lightning discharge could
be easily initiated by a lower electric field because of
the remaining discharge channel of the first lightning.

The study reported in the present paper used a
3D lightning radiation source locating system (LLS)
(Zhang et al., 2010) to provide evidence that IC in-
fluences another IC or CG. The interactions between
these lightning discharges are also discussed.

2. Experiments and instruments

The data for the present study were obtained us-
ing a LLS (Zhang et al., 2010). The areas of study
were east of Pohai Gulf (center station: Hengdian;
37.83°N, 118.08°E) in 2007-08 and the northeast edge
of the Qinghai-Tibet Plateau (center station: Mingde;
37.01°N, 101.62°E) in 2009-11. The station spacing
was generally around 10 km with respect to the center
station, as shown in Fig. 1. Each station was equipped
with: a LLS detector working at “very high frequency”
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(VHF) (Zhang et al., 2010) (bandwidth of 267-273
MHz), which was similar to a Lightning Mapping Ar-
ray (LMA) (Rison et al., 1999), and in which the spa-
tial and temporal development of lightning discharges
are mapped by accurately timing the arrival of VHF
radiation that the lightning emits; a broadband elec-
tric field change system (bandwidth of about 200 kHz
to 10 MHz and a time constant of 100 ps); a fast elec-
tric field change (EFC) detector (bandwidth of about
100 kHz to 5 MHz and a time constant of 1 ms); a
slow EFC detector (bandwidth of about 50 kHz to 2
MHz and a time constant of 6 s); and a field mill (dy-
namic range of the amplifier was £10 V). In addition,
a high precision GPS clock (£25 ns) was set at each
station to synchronize all of the equipment. The out-
puts from all the systems were digitized and recorded
on computers (Qie et al., 2009; Zhang et al., 2010). All
stations were linked via a broadband wireless network
system. Data collection at each station was controlled
either by the central station, or operated freely. Seven
stations were used to measure the arrival time, and a
set of nonlinear equations was constituted (Zhang et
al., 2010), where the equation could be gained for each
station. This was:

ti=t+V(@i—2)2+ W —y)?2+ (2 —2)2%c, (1)

where ¢ is the speed of propagation of the light in a
vacuum; t is the time the radiation emitted from the
source location (x,y, 2); (x4, ¥, 2;) is the location of
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Fig. 1. Map of the measurement stations. Squares indicate the sta-
tions of the 2007 experiment; circles indicate the stations of the 2008
experiment; triangles indicate the stations of the 2010 experiment.
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station ; and t; is the arrival time at station i. The
values of x,y, z,t were solved from the set of nonlinear
equations, and the calculations showed that the typi-
cal horizontal error was 100 m on the network plane in
the range of 100 km, the altitude error was less than
300 m, and both increased with distance.

3. Results

Usually, an IC would involve two charge regions
and a CG would involve two or three charge regions
(the ground was considered as a special charge region
in the present study) (Rison et al., 1999; Qie et al.,
2005; Rust et al., 2005; Qie, 2012). According to these
features, the associated lightning discharge (including
two lightning discharges at least, and following an arbi-
trary rule that the space-gap was less than 10 km and
the time-gap was less than 800 ms between two adja-
cent lightning discharges) should appear as a common
feature in the form of three or more charge regions
being involved. This feature was found to be true,
with all three pairs of associated lightning discharges
involving three or more charge regions, and among
them, at least one charge region was found to involve
both two lightning discharges. A time-gap in time-
altitude plot of the VHF-mapping image correspond-
ing to E-field change, and a space-gap in 3D plots of
the VHF-mapping image, were both employed to sep-
arate associated lightning discharges into two distinct
lightning discharges. Using these two criterions, some
pulses or radiation sources during time-gap could be
proven to correspond to the other branch of the first
lightning discharge, which was located far from the
starting point of the second lightning discharges. It
would be considered as two independent lightning dis-
charges if the time-gap exceeded 60 ms or the space-
gap exceeded 2 km with no apparent discharge chan-
nel connecting the two parts of the associated light-
ning discharge (these two values were chosen arbitrar-
ily). These VHF-mapping radiation images did not
deal with any noise filtering, and some early radiation
sources could be covered by later radiation sources in
the 3D plots of the VHF-mapping image (in atmo-
spheric electricity sign convention, a negative electric
field change indicates negative charge effectively trans-
ported upward). Three cases were analyzed as follows.

3.1 Normal-polarity IC+inverted-polarity IC

Figure 2 shows a 3D picture of a pair of associated
lightning discharges in which one normal-polarity IC
influenced one inverted-polarity IC at approximately
0207:48 LST 1 August 2007 (this pair of associated
lightning discharges was called PAL_020748). Figure
3 shows a slow EFC and fast EFC of PAL_020748 ob-
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tained at Hengdian Station. As seen from Fig. 2, there
appear to be two gaps in the altitude-time plot, last-
ing about 45 ms and 90 ms respectively. All radiation
sources after the first time-gap were considered as sec-
ondary discharges of the first IC1 for those radiation
sources distributed along the channel of IC1 seen in the
3D plots in Fig.2. We then noted that the terminal
of the part prior to the second time-gap occurred at
an approximate height of 7.5 km, and the preliminary
breakdown of the part after the second gap occurred
at an approximate height of 6 km. Furthermore, no
apparent discharge channel connecting the two parts
of PAL_020748 was detected by LLS (Fig.2), and the
duration of the time-gap exceeded 60 ms. Therefore,
the part of PAL_020748 after the second time-gap was
considered as a separate lightning discharge.

As seen in Fig. 2, the preliminary breakdown of IC1
began at a height of approximately 7.9 km, propagat-
ing upward and reaching a height of approximately
12.0 km with a velocity of approximately 1.8x10°
m s~ !. The corresponding slow EFC caused by IC1
was positive. For a vertical breakdown at height h,
the reversal distance is at d=v/2h, as pointed out by
Shao and Krehbiel (1996). Here, the reversal distance
was approximately 11.2 km, and the distance between
Hengdian Station and the preliminary breakdown of
IC1 was approximately 9.0 km, which was closer than
the reversal distance. The polarity of the correspond-
ing slow EFC was positive. So, the preliminary break-
down of IC1 was identified as a negative leader, and the
negative charges were effectively transported upward
into the upper positive charge region from the main
negative charge region. In the upper positive charge
region, the lightning discharges changed to develop
horizontally, extending to more than 8.0 km. Further-
more, the sporadic discharge lasted approximately 90
ms in the end. In total, this normal-polarity IC lasted
approximately 300 ms.

As seen in Fig. 2, the preliminary breakdown of 1C2
began at a height of approximately 6.0 km, progress-
ing downward and reaching a height of approximately
3.5 km at a velocity of approximately 2.9x10° m s,
forming a new connecting channel. Several intension
discharge processes occurred downward along this new
channel, and the corresponding slow EFC was nega-
tive. Here, the reversal distance was approximately
8.5 km, and the distance between Hengdian Station
and the preliminary breakdown of 1C2 was approxi-
mately 8.4 km. Considering these two values were al-
most equivalent, the polarity of the preliminary break-
down of 1C2 was difficult to identify. The polarity of
the corresponding slow EFC was negative. We noted
that the channel of the initial period of IC2 developed
toward Hengdian Station, as seen in the 3D plots of
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Fig. 2. VHF mapping of the associated lightning discharge PAL_020748, which in-
cluded one normal-polarity IC and one inverted-polarity IC. The different colors (blue,
green, yellow and red) indicate the time evolution of the VHF radiation sources. The
middle-left panel shows the north—south vertical projection; the middle-right panel
shows the height distribution of the number of radiation events; the bottom-left panel
shows the plan view; the bottom-right panel shows the east—west vertical projections;
and the origin of the coordinate is the position of the center station (Hengdian Sta-

tion).

Fig. 2. So, the preliminary breakdown of IC2 was iden-
tified as a negative leader based on the definition of
atmospheric electricity sign convention, and the neg-
ative charges were effectively transported downward
into the lower positive charge region from the main
negative charge region. Therefore, IC2 was identified
as an inverted-polarity IC.

On the contrary, the positive breakdown was less
well detected by the LLS in the VHF band, similar
to LMA (Rison et al., 1999; Rust et al., 2005). The

effect of this is that radiation events along the posi-
tive breakdown channels are usually not detected un-
til after a time delay of typically tens of milliseconds
(Rust et al., 2005). This typical phenomenon is also
apparent in an inverted-polarity IC (Rust et al., 2005).
It can be seen from Figs.2 and 3 that the first and
second ICs could be identified as normal-polarity and
inverted-polarity ICs, respectively. As seen in Fig. 2,
PAL_020748 had a three-level structure. The normal-
polarity IC of PAL_020748 had a bilevel structure typ-
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Fig. 3. The slow and fast electric field change waveforms of the PAL_020748 pair of

associated lightning discharges.

ical of many ICs and similar to the results of Shao
and Krehbiel (1996) and Rison et al. (1999). Fur-
thermore, the inverted-polarity IC of PAL_020748 had
an inverted bilevel structure, similar to the results of
Zhang et al. (2002) and Rust et al. (2005). As seen
in Fig. 2, these two opposite polarity I1Cs were readily
distinguishable by their temporal and spatial develop-
ment. Figure 2 shows that the channels of these two
ICs scattered horizontally and centered at the verti-
cal channel. The three-layer structure of the thunder-
storm was roughly visible from the structure of these
two ICs. The corresponding microsecond-scale fast
EFCs of the preliminary breakdown of these two ICs
are presented in Fig. 3b.

3.2 Normal-polarity IC+negative CG

Figure 4 shows a 3D picture of a pair of associated
lightning discharges in which one normal-polarity 1C
influenced one negative CG at approximately 1339:38
LST 25 June 2008 (referred to as PAL_133938). Figure
5 shows slow and fast EFCs of PAL_133938 obtained
at Xishan Station. It is regretful that the EFC wave-
form of the IC was absent prior to the CG. Even so,
we noted that the time-gap between the first and sec-
ond part of PALL_133938 exceeded 70 ms or more, as
seen from both Figs.4 and 5. Furthermore, no ap-
parent discharge channel connecting the two parts of
PAL_133938 was detected by LLS, as demonstrated in
the 3D plots of Fig. 4. Therefore, PAL_133938 was con-

sidered as two independent lightning discharges, one
being an IC prior to the time-gap, and the other a CG
after the time-gap.

As seen in Fig. 4, the CG of PAL_133938 began at
approximately 70 ms after the IC terminated. After
approximately 88 ms, the step leader of this CG began,
progressed downward, and then reached the ground.
The discharge process then lasted approximately 200
ms after the return stroke. The preliminary break-
down of this CG started at a height of approximately
6.0 km, propagating downward and reaching a height
of approximately 3.0 km. Here, the reversal distance
was approximately 8.5 km. The polarity of the cor-
responding slow EFC was positive, and the distance
between the starting point of the CG and Xishan Sta-
tion was approximately 11.0 km, which was farther
than the reversal distance. Therefore, the prelimi-
nary breakdown of the CG was identified as a nega-
tive leader, and negative charges in the main negative
charge region were effectively transported downward
into the lower positive charge region before reaching
the ground. In addition, as seen in the first part of
PAL_133938, the preliminary breakdown of the IC be-
gan at approximately 7 km, propagating upward and
reaching a height of approximately 11 km with a ve-
locity of approximately 1.5x10° m s~! (a following
branch of the IC began at a height of 6 km). The
starting height of the IC was according to the start-
ing height of the CG, and the horizontal distance be-
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Fig. 4. VHF mapping of the PAL_133938 associated lightning discharge, which
included one normal-polarity IC and one normal -CG.

tween the starting point of these two lightning dis-
charges was less than 3 km. The preliminary break-
down of the IC was identified as a negative leader,
and negative charges were effectively transported up-
ward into the upper positive charge region. As seen
in Fig. 4, the normal-polarity IC in the PAL_133938
also had a bilevel structure, similar to the normal-
polarity IC in PAL_020748. This IC lasted approxi-
mately 260 ms, including two upward discharge pro-
cesses. From both Figs.4 and 5, the first and second
lightning discharges of PAL_133938 were identified as
a normal-polarity IC and a negative CG, respectively.
The corresponding microsecond-scale fast EFCs of the
preliminary breakdown of the normal-polarity IC and
negative CG, and the microsecond-scale fast EFC of
the return stroke of the negative CG, are presented in

Fig.5b (the microsecond-scale waveform of the return
stroke was obtained at Piaojia Station).

3.3 Inverted-polarity I1C+negative CG

Figure 6 shows a 3D picture of a pair of associated
lightning discharges in which one inverted-polarity IC
influenced a negative CG at approximately 1439:26
LST 7 August 2010 (referred to as PAL_143926). Fig-
ure 7 shows slow and fast EFCs of PAL_143926 ob-
tained at Yaocao Station.

As seen from Fig.6, the preliminary breakdown
of the first part of PAL_143926 began at a height
of approximately 5.5 km, progressed downward, and
reached a height of approximately 3.5 km with a ve-
locity of approximately 3.0x10° m s~!. The first
discharge channel progressed to the southwest and
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Fig. 5. The slow and fast electric field change waveforms of the PAL_133938 pair of
associated lightning discharges. The microsecond-scale waveform of the return stroke

came from Piaojia Station.

then turned eastward. The second discharge channel
started at 3.0 km southwest of the origination point
of this part, and developed back to the origination
point. This part lasted approximately 100 ms. As
seen in Fig. 6, the second part of PAL_143926 began
at the termination of the first discharge channel of the
first part, and occurred at approximately 60 ms af-
ter it terminated. In addition, the radiation sources
that occurred during the 60 ms period were consid-
ered as those from another branch of the first part of
PAL_143926. Furthermore, the distance between the
terminal of that branch and the preliminary break-
down of the CG was more than 2.0 km. Therefore,
the second part of PAL_143926 was identified as an
independent CG. After approximately 50 ms, the step
leader of this CG began, and then progressed down-
ward until reaching the ground. The discharge process
lasted approximately 100 ms after the return stroke.
Here, the reversal distance was approximately 7.8
km, and the distance between Yaocao Station and the
starting point of the IC was approximately 10.0 km,
which was farther than the reversal distance. The
positive slow EFC of the IC (Fig. 7a) corresponded to
the negative leader that developed downward, and the
negative charges were effectively transported into the
lower positive charge region. Furthermore, the prelim-
inary breakdown of the CG began at a height of ap-
proximately 4.0 km, developing downward and reach-
ing a height of approximately 2.5 km. Here, the rever-

sal distance was approximately 5.7 km, and the dis-
tance between Yaocao Station and the starting point
of the IC was approximately 13.5 km. Yaocao Station
was outside of the reversal distance. Therefore, the
positive polarity waveform of the slow EFC indicated
the negative leader developed downward and negative
charges were efficiently transported downward toward
the ground. From both Figs.6 and 7, the first and
second ICs can be identified as an inverted-polarity IC
and a negative CG, respectively. As seen in Fig. 6, and
similar to the inverted-polarity IC in PAL_020748, this
inverted-polarity IC also had an inverted bilevel struc-
ture. The corresponding microsecond-scale fast EFCs
of the preliminary breakdown of the inverted-polarity
IC and CG, and the microsecond-scale return stroke
of the negative CG, are presented in Fig. 7b.

4. Discussion and conclusion

Shao and Krehbiel (1996) and Rison et al. (1999)
pointed out that typical ICs usually begin between
the main negative and upper positive charge regions,
progress upward with time, and then move outward
along the upper level channels. The radiation events
along the positive breakdown channels are usually
not detected until after a time delay that is typi-
cally tens of milliseconds, observed at VHF. Rakov and
Uman (2003) suggested that some scenarios of light-
ning discharges may involve the lower positive charge
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Fig. 6. VHF mapping of the PAL_143926 associated lightning discharge, which in-
cluded one normal-polarity IC and one normal -CG.

region. Inverted-polarity ICs were then found in thun-
derstorms (Zhang et al., 2002; Rust et al., 2005) and
were described as essentially ‘upside-down’ versions
of normal-polarity ICs by Rust et al. (2005). In our
study, we observed a pair of associated lightning dis-
charges (PAL_020748) in which one normal-polarity IC
influenced an inverted-polarity IC in a thunderstorm
(see Fig.2). It is worth noting (as shown by Figs.2
and 3) that there was an opposite eventless period
approximately 90 ms between the normal-polarity IC
and the inverted-polarity IC. Additionally, the EFC
was in a recovering stage during this period, as seen
in Fig.3a. We suggest that the electrical condition
between the main negative and lower positive charge
regions was insufficient to immediately initiate a new

lightning discharge because numerous charges were
consumed by the normal-polarity IC. During the 90
ms period, through a short-lived charge migration, the
electric field recovered and gained enough energy to
initiate a new lightning discharge below the main neg-
ative charge region. Furthermore, the quantity of VHF
sources from an inverted IC is far more than from a
normal IC, indicating that the discharge process of the
inverted IC was stronger than the normal IC. In other
words, the inverted IC would also occur, or would more
likely occur early if no normal IC consumed negative
charges in the main negative charge region. As seen in
Fig. 3a, the inverted-polarity IC occurred during the
recovery stage of the slow EFC caused by the normal-
polarity IC. It appears that the inverted-polarity IC



1114

INTERACTION BETWEEN LIGHTNING DISCHARGES

VOL. 30

0.5

\ The starting point of CG

\ The starting point of IC

L Initial of IC
15 F 0.2

To- T T ! T y '
Initial of CG  The retrun stroke of CG 1

1020 Wﬁs o.oHI

0,05 10 09 05 10

ms
0.00 0.05 0.10

Fast EFC (relative value) Slow EFC (relative value)
o
o

14:39:26.3 14:39:26.4

14:39:26.5 14:39:26.6

Time (h:m:s.ms)
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associated lightning discharges.

might have been suppressed by the normal-polarity IC.

Rison et al. (1999) reported an example of an un-
usual type of CG where, instead of going directly from
the main negative charge region to the ground, as
usually happens, the leader to the ground was an ex-
tension of the upper level breakdown of an otherwise
normal IC. Furthermore, some authors have indicated
that strokes to the ground sometimes appear to be a
minor branch of an extensive IC (Richard et al., 1986;
Proctor et al., 1988). Fortunately, we observed two
such examples, i.e. PAL_133938 and PAL_143926 (see
Figs. 4 and 6). The normal-polarity IC in PAL_133938
was similar to the first case (PAL_020748) in Fig. 2,
but was followed closely by a negative CG. There was
also an opposite eventless period of approximately 70
ms between the normal-polarity IC and the negative
CG. In addition, we noted that the distance between
the main negative charge region and the land sur-
face was closer than in PAL_020748, which we propose
was one reason that the inverted-polarity IC was re-
placed by a negative CG, as compared with the first
case (PAL_020748). Another reason may be that the
charge intensity of the lower positive charge region was
too low. Furthermore, the downward channel of the
negative CG was interrupted, and the pulses on the
fast EFC were lower, indicating the numerous charges
of the main negative charge region were consumed by
the normal IC, which caused the initial period of the
CG discharge process to be underpowered. As seen in
Fig. 5, a negative CG also occurred during the recovery

stage of the slow EFC caused by the normal-polarity
IC. Similar to PAL_020748, we can say that the neg-
ative CG may have been suppressed by the normal-
polarity IC.

As seen in Figs. 6 and 7, the inverted-polarity IC of
PAL_143926 was closely followed by a negative CG. It
is worth noting that the discharge channel of the nega-
tive CG began directly at the remaining channel of the
inverted-polarity IC and propagated along a new dis-
charge channel, eventually reaching the ground. More-
over, different from the first two cases (PAL_020748
and PAL_133938), the negative CG in this case oc-
curred during the increasing stage of the slow EFC
caused by the inverted-polarity IC, as seen in Fig.7.
However, we cannot say that the subsequent lightning
discharge was accelerated by the first IC because the
increasing stage of the EFC could be attributed to the
shielding action of the lower positive charge region be-
ing decreased by the inverted-polarity IC. In fact, the
electric field between the main negative and lower posi-
tive charge regions was decreased by the first IC during
this period. We noted that the first 40 ms period of
the negative CG was wandering at a height range of 4
3.5 km. This indicates that the lower positive charge
regions continued to consume the negative charges in
the main negative charge region, preventing the initial
leader from developing downward during this period.
We further noted that leader was accelerated once it
was through the lower positive charge region, which
is in accordance with the results of Nag and Rakov
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(2009). In addition, the negative CG started at the
terminal of the first branch of the inverted-polarity
IC, and at approximately 60 ms after it terminated,
as seen in Fig.6. It appears that the prior inverted-
polarity IC provided a remaining channel to initiate
the subsequent negative CG in this case.

Above all, as identified from the EFC, the sub-
sequent lightning discharges were suppressed by the
prior lightning discharges in all pairs. That is to say,
the possibility of a lightning discharge below the main
negative charge region was decreased by prior dis-
charge activity. However, it is possible that the prior
lightning provided a remaining discharge channel to
eagsily initiate a new lightning discharge. The third
pair of associated lightning discharges provided evi-
dence in this regard. Even in the first two cases, we
could not infer that there was no remaining discharge
channel at the point where the subsequent lightning
discharge occurred. In addition, whether or not the
subsequent lightning, if it occurred, developed into an
inverted-polarity IC or a negative CG, could be related
to the distance between the main negative charge re-
gion and the land surface, as well as to the charge in-
tensity of the lower positive charge region. One might
consider, to a certain extent, that if the charges in
the main negative charge region can be consumed us-
ing artificial lightning above the main negative charge
regions, lightning accidents on the ground may be
greatly reduced. However, it is difficult to prevent
the discharge channel of the artificial lightning from
developing downward and reaching the ground. Of
course, the height of the main negative charge region
and the charge intensity of the lower positive charge
region would have to be considered carefully in any
practical application of this method.
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