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Multiple‐stroke (MS) positive cloud‐to‐ground (+CG) lightning ﬂashes are rarely reported,
especially those with high‐quality location information. In this study, we report 47 MS +CG ﬂashes
observed in winter thunderstorms in Japan with a 14‐site fast antenna lightning mapping array (FALMA).
MS +CG ﬂashes account for 18% of +CG ﬂashes. The mean multiplicity of all +CG ﬂashes is 1.24, and the
maximum multiplicity is 5. Interstroke intervals have a very large range from 1.0 to 1,320.6 ms with the
geometric mean of 64.4 ms. In three ﬂashes, interstroke intervals smaller than 2 ms are observed, and
corresponding positive strokes are inferred to be produced by two branches of the same positive leader.
Horizontal distances between sequential positive strokes range from 1.1 to 37.3 km with the geometric mean
of 9.7 km. No subsequent strokes struck at the same location as a previous stroke. Distances between
sequential strokes are generally much larger than distances between ﬁrst strokes and lightning initiation
locations. Subsequent stroke peak amplitudes are on average 0.45 of ﬁrst stroke peak amplitudes. In 39
ﬂashes (83%), the ﬁrst stroke is stronger than the largest subsequent stroke in the same ﬂash. Subsequent
stroke amplitudes are weakly correlated with the time difference from the previous stroke. Origination
mechanisms of positive leaders initiating ﬁrst and subsequent positive strokes are discussed. It is very likely
that positive leaders for most subsequent strokes originate from in‐cloud negative leader channels, but
origination mechanisms for positive leaders initiating ﬁrst strokes are more varied.

Abstract

1. Introduction
Positive cloud‐to‐ground (+CG) lightning ﬂashes are usually much less frequent than negative CG (−CG)
ﬂashes. It is estimated that less than 10% of CG ﬂashes globally are positive ﬂashes (e.g., Rakov, 2003).
However, positive return strokes (RSs) are more likely to carry extremely large peak currents (e.g., Lyons
et al., 1998) and thus pose particular threats to various objects. It is also well known that transient luminous
events such as sprites are almost always associated with +CG ﬂashes (e.g., Williams et al., 2007). Therefore,
+CG ﬂashes have attracted considerable research interest in recent years.
An interesting feature of +CG lightning that is not well understood is that most +CG ﬂashes contain only
one RS. Multiple‐stroke (MS) +CG ﬂashes do occur but are uncommon. Table 1 summarizes studies reporting MS +CG ﬂashes, and we can see that the percentage of MS +CG ﬂashes relative to all +CG ﬂashes is
generally from 10% to 20%. As a result, high‐quality data of MS +CG ﬂashes are extremely difﬁcult to obtain.
In fact, most studies summarized in Table 1 were based on electric ﬁeld records and/or nationwide lightning
location systems, from which it is even difﬁcult to unambiguously determine whether two RSs belong to the
same ﬂash.
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Although +CG ﬂashes are generally rare, they are more frequent in some situations as reviewed by
Rakov (2003). One of the situations is winter thunderstorms. Based on the observation in one winter season
in the Hokuriku region in Japan, we recorded 47 MS +CG ﬂashes, the largest sample reported so far. These
ﬂashes were recorded by a low‐frequency (LF) lightning mapping system called fast antenna lightning
mapping array (FALMA), with which we can obtain electric ﬁeld change (E change) waveforms at
multiple sites and image lightning channel developments with great detail. With this high‐quality data
set, we will clarify some basic properties of MS +CG ﬂashes and will investigate the origination
mechanism of positive leaders for ﬁrst and subsequent strokes in MS +CG ﬂashes.
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Table 1
Summary of Studies on MS +CG Flashes
MS +CGs
Study
Present study
Cooray & Pérez (1994)
Heidler & Hopf (1998)
Qie et al. (2002)
Fleenor et al. (2009)
Saba et al. (2010)
Nag & Rakov (2012)
Qie et al. (2013)
Adhikari et al. (2016)
Baharudin et al. (2016)
Hazmi et al. (2017)
Johari et al. (2017)
Wu et al. (2018a)

Multiplicity

Interstroke interval (ms)

Number

%

Mean

Maximum

Range

47
c
29
12
3
9
20
10
10
11
40
13
6
7

18

1.24

5

1.0–1320.6
6.8–290

27
13
4
19
19
5
8
37
17
12
15

1.13
1.04
1.20
1.21
1.06
1.10
1.50
1.18
1.20
1.15

4
2
2
3
3
3
4
4
3
4
2

b

13–155
14–406
8.5–201
6.5–290.7
0.3–80.3
2.9–518
16–458
25–124

Horizontal distance (km)

AM

GM

Range

AM

GM

Asub/
a
A1st

122.2
92
120

64.4
64
101

1.1–37.3

13.1

9.7

0.45

143
77
97.8
33.8
116
163.9
71

94
54
64.2
16.7
70
113.3
60

12.3

11.8

0.74
0.73

0–
0–53
0.22–29

d

4.9–46.4

0.48
d
0.29
0.46

Ratio of mean peak amplitude of subsequent strokes to that of ﬁrst strokes. bExcluding the extreme case with the value of 1,320.6 ms, the range is 1.0–469.2 ms,
the AM is 103.2 ms, and the GM is 61.4 ms. cStroke number. dMean value of the ratio of peak amplitudes of subsequent strokes to those of ﬁrst strokes.

a

2. Observation and Data
Winter lightning observation was carried out in the Hokuriku region of Japan from December 2018 to March
2019. A FALMA system consisting of 14 sites was set up as shown in Figure 1. The FALMA is a
three‐dimensional (3‐D) lightning mapping system working in the low‐frequency band. Lightning radiation
signals are received by a fast antenna with a time constant of 200 μs at each site, and 3‐D source locations are
calculated with an improved time‐of‐arrival method. Details about the summer observation with the
FALMA in Gifu, Japan, can be found in Wu et al. (2018b).
2.1. Data
Only +CG ﬂashes whose leader channels are mainly within about 60 km
from the center of the FALMA network are selected for this study to
ensure that at least 2‐D mapping of leader channels and localization of
RSs can be made accurately. As a result, a total of 263 +CG ﬂashes is identiﬁed from the data obtained during the winter, including 216 single‐
stroke +CG ﬂashes and 47 MS +CG ﬂashes. These +CG ﬂashes produced
327 positive RSs. Locations of these positive RSs are shown in Figure 1
with red dots representing RSs in MS +CG ﬂashes, and blue dots representing RSs in single‐stroke +CG ﬂashes.
Eleven of these MS +CG ﬂashes are actually bipolar ﬂashes; they also contain at least one negative RS. In six cases, all negative RSs occurred after
all positive RSs. In one case, a negative RS occurred before the ﬁrst positive RS. In another case, one negative RS occurred before and another
after all positive RSs. For these cases, it is assumed that occurrences of
negative RSs do not inﬂuence most analyses in this study, so these ﬂashes
are analyzed as normal MS +CG ﬂashes. In the remaining three cases, one
or two negative RSs occurred between two positive RSs. One case has an
extremely long interstroke interval and is analyzed separately in section 3.2. The other two cases do not seem to have any special characteristics and are analyzed as normal MS +CG ﬂashes for simplicity.
Figure 1. Locations of positive RSs observed during the winter observation
in Hokuriku region of Japan. Red dots represent RSs in MS +CGs, and
blue dots represent RSs in single‐stroke +CGs. Black squares represent 14
sites of the FALMA. The origin (0, 0) corresponds to the latitude and
longitude of (36.76°N, 136.76°E).

WU ET AL.

Figure 2 shows distributions of daily numbers of single‐stroke and MS
+CG ﬂashes. It is clear that MS +CG ﬂashes are generally produced in
the same periods as single‐stroke +CG ﬂashes. It is also clear from
Figure 1 that MS +CG ﬂashes are produced in the same area as single‐
2 of 17
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Figure 2. Distributions of daily numbers of (a) single‐stroke +CGs and (b) MS +CGs.

stroke +CG ﬂashes. Therefore, it seems that MS +CG ﬂashes are produced in the same thunderstorm
conditions as single‐stroke +CG ﬂashes.
The atmospheric electricity sign convention is used in this paper, so a positive RS produces a negative E
change pulse.

2.2. Evaluation of the Location Accuracy
The FALMA for this study has different site number and baseline distances and is set up in an entirely different area from that used in our summer observation (Wu et al., 2018b). Additionally, lightning discharges
in winter have some special characteristics that may also inﬂuence the location accuracy. Therefore, it is
necessary to have an evaluation of the location accuracy for the FALMA in this study.
Similar to the method used by Wu et al. (2018b), we identiﬁed 206 −CG ﬂashes with at least two RSs in the
same area as Figure 1 and calculated distances between sequential RSs in the same −CG ﬂash. There were
763 RSs in these −CG ﬂashes, and a total of 557 results of distances between sequential RSs was obtained.
Distributions of the distances are shown in Figure 3. Figure 3a shows the distribution for distances smaller
than 2,000 m (457 results), and Figure 3b shows the distribution for distances smaller than 500 m (315
results). Locations of these results are shown as points in Figure 3c with the color indicating the distance.
Apparently part of the results in Figure 3 are due to −CG ﬂashes with multiple terminations, but it is difﬁcult
to determine which of them are due to multiple terminations and which of them are due to location errors.
However, from Figure 3 we can get a general picture that the location accuracy for RSs in this area is basically better than 200 m but the accuracy for RSs outside of the network of observation sites can be lower.
Using the same method, Wu et al. (2018b) showed that the distances between sequential RSs in −CGs are
mostly smaller than 25 m during the summer observation in Gifu, Japan. The much lower accuracy in this
study is due to several possible reasons. One apparent reason is that the evaluation above includes RSs tens
of kilometers from the observation network, while the evaluation by Wu et al. (2018b) only considered RSs
inside the network. Indeed, from Figure 3c we can see RSs with very large distances from previous strokes
are mostly outside of the observation network. Second, the complex topography in this area may have contributed to the low accuracy (e.g., Li et al., 2016). As can be seen in Figure 3c, there are mountain areas both
inside and outside of the observation network as well as large sea areas nearby. Another possible reason is
that RSs in winter may be more complicated than those in summer, resulting in lower location accuracy.
We have seen many peculiar waveforms produced by RSs in winter, but the effect on location accuracy is
not well understood so far.
WU ET AL.
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Figure 3. Distances from previous strokes for negative RSs in −CG ﬂashes. (a) Distribution of the distances in the range
of 0 to 2,000 m. (b) Distribution of the distances in the range of 0 to 500 m. (c) Locations of the analyzed negative
RSs with the color indicating distances from previous strokes.

During the summer observation, we were able to do high‐quality 3‐D imaging of lightning ﬂashes and infer
charge structures of thunderstorms (Wu et al., 2020). However, 3‐D imaging in winter seems to be very difﬁcult. According to our analysis of the winter data so far, it seems that only some simple processes (such as
upward negative leaders from high objects) at the right locations (surrounded by multiple observation sites)
can be well imaged in 3‐D. One important reason for the difﬁculty in 3‐D imaging in winter is that lightning
discharges in winter generally have much lower altitudes than those in summer. In fact, the lightning mapping array, which works in the VHF band, also seems to have similar difﬁculties when imaging winter lightning (e.g., Figures 7 and 8 in Schultz et al., 2018). Therefore, height results of MS +CG ﬂashes analyzed in
this study are generally considered not reliable, and only 2‐D location results will be used.
WU ET AL.
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3. Results
3.1. Return Stroke Multiplicity
The distribution of multiplicity of positive RSs in +CG ﬂashes is shown in
Figure 4. There are 216 single‐stroke ﬂashes, 34 two‐stroke ﬂashes, 10
three‐stroke ﬂashes, 2 four‐stroke ﬂashes, and 1 ﬁve‐stroke ﬂash. A total
of 327 positive RSs was produced by 263 +CG ﬂashes, corresponding to
an average of 1.24 strokes per ﬂash.
Mean multiplicities reported by previous studies are summarized in
Table 1. The mean multiplicity of 1.24 in this study is larger than all but
one previous studies. However, the mean multiplicity reported by several
studies are around 1.20 (Hazmi et al., 2017; Johari et al., 2017; Nag &
Rakov, 2012; Saba et al., 2010), very close to the current study. If we conFigure 4. Distribution of the multiplicity of positive RSs in +CGs.
sider the percentage of MS +CG ﬂashes relative to all +CG ﬂashes, the
percentage in this study (18%) is just about the average level of other studies summarized in Table 1. Therefore, although winter thunderstorms in Japan have a clear tendency to
produce more frequent +CG ﬂashes, these +CG ﬂashes do not seem to have a higher chance to produce
multiple strokes.
The maximum multiplicity in this study is 5. MS +CG ﬂashes containing more than three positive RSs are
rarely reported (Lang et al., 2017; Lyons et al., 2020; Soula et al., 2010). This ﬁve‐stroke ﬂash is shown in
Figure 5. Figure 5a shows the plan view of the location results of the ﬂash with the red diamond representing the initiation location and black triangles representing positive RSs. Figure 5b shows the
distance‐time view (relative to the initiation location and time) similar
to the analysis made by van der Velde and Montanyà (2013), and
Figure 5c shows the E change waveform recorded at one site. E change
waveforms of the ﬁve strokes recorded by all sites are shown in
Figures S1–S5 in the supporting information. This ﬂash has a large horizontal extent of about 50 × 30 km. The duration of the ﬂash is about
900 ms. Sources of this ﬂash superimposed on the radar reﬂectivity
are shown in Figure S6.
3.2. Interstroke Intervals

Figure 5. The +CG ﬂash with ﬁve positive RSs. (a) Plan view. (b)
Horizontal distance (relative to the initiation location) versus time. (c) E
change waveform. The red diamond represents the initiation location.
Black triangles represent positive RSs. The color scale of source points
indicates the time corresponding to the time coordinate of Figure 5c. Slopes
5
6
of two black dashed lines represent velocities of 10 and 10 m/s.
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Interstroke intervals are calculated for all strokes in 47 MS +CG
ﬂashes. The distribution is shown in Figure 6a. Interstroke intervals
have a very large range from 1.0 to 1,320.6 ms. However, it should be
noted that the ﬂash with the largest interstroke interval of 1,320.6 ms
is actually a bipolar ﬂash and will be analyzed in more detail. Except
of this extreme value, all interstroke intervals are smaller than
470 ms, and from Figure 6a, we can see interstroke intervals are mainly
smaller than 120 ms. The arithmetic mean (AM) and geometric mean
(GM) of interstroke intervals are 122.2 and 64.4 ms when including
the largest value and 103.2 and 61.4 ms when excluding the largest
value. As summarized in Table 1, many other studies also reported
the large range of interstroke intervals from several milliseconds to
hundreds of milliseconds (Adhikari et al., 2016; Baharudin et al., 2016;
Cooray & Pérez, 1994; Nag & Rakov, 2012; Qie et al., 2013). As for the
mean values, the AM is easily inﬂuenced by extremely small or large
values, so the GM is more appropriate to measure the average interstroke interval, and as summarized in Table 1, GM values in most studies are in the range of 50 to 100 ms. These results are generally similar
to interstroke intervals for subsequent strokes in −CG ﬂashes. For
example, Cooray and Pérez (1994) reported that interstroke intervals
of 568 subsequent strokes in 271 −CG ﬂashes, without differentiating
strokes creating new terminations, had an AM of 65 ms and a GM of
5 of 17
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Figure 6. Distributions of (a) interstroke interval and (b) time difference between ﬂash initiation and the ﬁrst stroke in
MS +CG ﬂashes.

48 ms. Stolzenburg et al. (2019), based on high‐speed video and E change records, reported that the
mean and median values of interstroke intervals for 488 subsequent strokes were 87 and 65 ms, and
among these subsequent strokes, 88 strokes producing new terminations had a mean value of
interstroke interval of 94 ms.
As described above, the ﬂash with the largest interstroke interval is a bipolar ﬂash and is shown in Figure 7.
Sources of this ﬂash superimposed on the radar reﬂectivity are shown in Figure S7. The ﬁrst and the second
positive RSs are separated by 1,320.6 ms, but it is clear that there is also a negative RS between these two
positive RSs. E change waveforms of the negative RS recorded by all sites are shown in Figure S8. It should
be noted that the negative RS is located on the sea, so it is unlikely that the negative RS belongs to an upward
ﬂash triggered by the preceding positive RS. It is not clear whether the occurrence of the negative RS has
contributed to the extremely long interval between the two positive RSs. The time difference between the
negative RS and the second positive RS is 956.7 ms, still much larger than interstroke intervals in other
MS +CG ﬂashes. The duration and horizontal extent of this ﬂash is also very large. The ﬂash duration is
about 2.2 s, and the horizontal extent is about 110 × 60 km. This ﬂash is also special in that all three subsequent positive RSs are larger than the ﬁrst RS, possibly due to the extremely long interstroke interval. From
Figure 7b, it appears that leaders progressed with a velocity much slower than 1 × 105 m/s during the period
between the ﬁrst and the second positive RSs, implying that these leaders might be positive leaders.
However, the overall low velocity was actually due to leaders propagating mainly in the tangential direction
(the plot for this period is shown in Figure S9), and we believe the detected sources were mainly from negative leaders.
Interstroke intervals of several milliseconds in +CG ﬂashes are also rarely reported. In this study, we
observed three MS +CG ﬂashes with interstroke intervals smaller than 2 ms (1.0, 1.3 and 1.8 ms).
Interestingly, the horizontal distances between corresponding RSs are also very small (1.1, 2.7, and
3.2 km). As we will see in section 3.3, these strokes have smaller distances than most of other strokes. It is
likely that these sequential strokes are produced when two branches of a positive leader connect to the
ground sequentially, similar to the so‐called “multiple termination stroke” in −CG ﬂashes (e.g., Rakov &
Uman, 1994; Sun et al., 2016). E change waveforms of two cases (interstroke intervals of 1.0 and 1.3 ms)
WU ET AL.
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are shown in Figure 8. Interestingly, in both cases, the two strokes have
some similar features. First, in both cases, the two strokes are subsequent
strokes. Second, in both cases, the two strokes have similar peak amplitudes. Third, in both cases, waveforms of the two strokes have certain
similarities, such as the pulse width.
We also calculated the time difference between the ﬁrst positive RS and
the ﬂash initiation in 47 MS +CG ﬂashes, and the distribution is shown
in Figure 6b. We can see the distribution is generally similar to that of
the interstroke interval. The time differences range from 6.7 to
734.5 ms. The AM and GM are 117.9 and 64.4 ms, respectively, also similar to those of interstroke intervals.
3.3. Horizontal Distances Between Sequential Return Strokes
Horizontal distances between sequential RSs (DRS) in 47 MS +CG ﬂashes
are calculated, and the distribution is shown in Figure 9a. The value of
DRS ranges from 1.1 to 37.3 km. The AM and GM are 13.1 and 9.7 km,
respectively. Only three studies so far provided distances between sequential RSs (Johari et al., 2017; Nag & Rakov, 2012; Saba et al., 2010), and
results in this study are in general agreement with previous studies as
summarized in Table 1.
It is interesting to note that distances between RSs in MS +CG ﬂashes are
generally larger than those between RSs creating new terminations in
−CG ﬂashes (Gao et al., 2019; Thottappillil et al., 1992). The difference
is probably due to different origination mechanisms of leaders for subseFigure 7. The +CG ﬂash with the largest interstroke interval (1,032.6 ms)
in this study. (a) Plan view. (b) Horizontal distance (relative to the
quent strokes in +CG and −CG ﬂashes. As will be discussed in section 4,
initiation location) versus time. (c) E change waveform. The red diamond
most subsequent strokes in +CG ﬂashes are likely initiated by positive
represents the initiation location. Black triangles represent positive RSs.
leaders originating from in‐cloud negative leader channels, so the disRed minus sign represents the negative RS. The color scale of source points
indicates the time corresponding to the time coordinate of Figure 7c. Slopes tance between sequential positive strokes is approximately the distance
5
6
traveled by a negative leader during the interstroke interval. On the other
of two black dashed lines represent velocities of 10 and 10 m/s.
hand, subsequent RSs in −CG ﬂashes are produced by recoil leaders
propagating backward from positive leader channels to the initiation location and then deﬂecting from
the previous main channel during the downward propagation (Gao et al., 2019; Stolzenburg et al., 2019).
As a result, new terminations are usually very close to old terminations in −CG ﬂashes.
It has long been postulated that subsequent strokes in +CG ﬂashes cannot follow the same channel as a previous stroke (Mazur, 2002; Mazur & Ruhnke, 1993). However, video observations of MS +CG ﬂashes have
shown that some subsequent RSs in +CG ﬂashes indeed followed a previously created channel (Fleenor
et al., 2009; Saba et al., 2010), although such cases appear to be extremely rare. In this study, all subsequent
strokes in +CG ﬂashes created new terminations. The minimum horizontal distance between sequential
positive RSs is 1.1 km. The two strokes also had the minimum interstroke interval. They have been analyzed
in section 3.2, and their E change waveforms are shown in Figure 8a.
We also calculated horizontal distances between ﬂash initiation location and the ﬁrst positive RS (Dini) for
all MS +CG ﬂashes, and the distribution is shown in Figure 9b. The value of Dini ranges from 0.4 to
42.1 km. The AM and GM are 6.1 and 3.6 km, respectively, much smaller than those of DRS. The difference
is also clear by comparing Figures 9a and 9b. Although the maximum of Dini is larger than that of DRS, most
values of Dini are smaller than 8 km. By contrary, values of DRS distribute relatively evenly from 0 to 32 km.
The distinctly different distributions of Dini and DRS indicate different origination mechanisms of positive
leaders responsible for ﬁrst and subsequent strokes in +CG ﬂashes. We will make further discussion in
section 4.
3.4. Return Stroke Peak Amplitudes
In this section we analyze peak amplitudes of ﬁrst and subsequent RSs in MS +CG ﬂashes. In order to compare peak amplitudes of RSs measured at different distances and at different observation sites, peak
WU ET AL.
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Figure 8. E change waveforms of sequential positive RSs with minimum time intervals (1.0 and 1.3 ms) in this study. The
value of ΔD indicates the horizontal distance between two RSs. The value of Δt indicates the interstroke interval.
The value of D indicates the distance between the stroke and the observation site recording the displayed waveform.

amplitudes are normalized to 100 km, and conversion coefﬁcients between different sites are calculated.
Details of the normalization and the conversion are described in Shi et al. (2019). Range‐normalized peak
amplitudes in the digital unit (DU) used for the following analyses are theoretically proportional to peak
currents of RSs.
Figure 10 shows distributions of peak amplitudes of ﬁrst and subsequent RSs in MS +CG ﬂashes. We can see
that ﬁrst strokes are clearly much stronger than subsequent strokes. The mean value of ﬁrst stroke peak
amplitude is 13,321 DU and that of subsequent stroke amplitude is 6,021 DU. Subsequent stroke amplitudes
are on average 0.45 of ﬁrst stroke amplitudes. As summarized in Table 1, this result is smaller than those
reported by Fleenor et al. (2009) and Saba et al. (2010) but is very close to those reported by Baharudin
et al. (2016) and Johari et al. (2017).
WU ET AL.
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Figure 9. Distributions of (a) horizontal distances between sequential RSs and (b) horizontal distances between ﬂash
initiation location and the ﬁrst RS.

For every MS +CG ﬂash, the ﬁrst stroke amplitude is compared to the amplitude of the largest subsequent
stroke, and the result is shown in Figure 11a. In 39 ﬂashes (83%), the ﬁrst stroke is stronger than the largest
subsequent stroke. These events are represented by blue bars in Figure 11a. For these events, the ratio of the
ﬁrst stroke amplitude to the strongest subsequent stroke amplitude is calculated, and the mean value is 3.0.
In the remaining eight ﬂashes (17%), the largest subsequent stroke is stronger than the ﬁrst stroke. These
events are represented by red bars in Figure 11a. For these events, the ratio of the strongest subsequent
stroke amplitude to the ﬁrst stroke amplitude is calculated, and the mean value is 2.0. This result indicates
that ﬁrst strokes in MS +CG ﬂashes are usually much stronger than subsequent strokes. Similarly, ﬁrst
strokes in −CG ﬂashes are also usually stronger than subsequent strokes, even when subsequent strokes create new terminations (Gao et al., 2019; Rakov & Uman, 1990).
For MS +CG ﬂashes with at least three strokes, the amplitude of the nth (n > =2) stroke is compared with
that of the (n + 1)th stroke, and the result is shown in Figure 11b. There are nine strokes stronger than the
following stroke (blue bars) and eight strokes stronger than the previous stroke (red bars), indicating that
subsequent stroke amplitudes do not show any increasing or decreasing trend with the stroke order.
There have been reports that peak amplitudes of subsequent strokes in −CG ﬂashes are associated with the
time interval with the previous stroke (e.g., Diendorfer et al., 1998). Here we examine the relationship
between subsequent stroke amplitudes in +CG ﬂashes and time differences with the previous stroke, and
the result is shown in Figure 12a. Note that the maximum interstroke interval of 1,320.6 ms (Figure 7) is
not shown in Figure 12a. Figure 12a shows a weak positive correlation between interstroke intervals and
peak amplitudes with the correlation coefﬁcient of 0.29. If we exclude strokes with interstroke intervals larger than 300 ms, the correlation coefﬁcient increases to 0.48. Figure 12b shows the relationship between
peak amplitudes and distances with previous strokes, and it is clear that the correlation is much weaker.
These results indicate that peak amplitudes of subsequent strokes in +CG ﬂashes are more closely associated
with time differences with previous strokes, especially when the time difference is not too large. It should be
noted that strokes in +CG ﬂashes normally do not follow a previous RS channel, so the reason of the
WU ET AL.
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Figure 10. Distributions of normalized peak amplitudes of ﬁrst and subsequent RSs in MS +CG ﬂashes.

correlation is different from that for strokes in −CG ﬂashes. One possible explanation is that different strokes
in the same +CG ﬂash, although they do not share the same channel, lower positive charges from the same
charge region, so the longer the time difference is, the larger the amount of charges built up by updrafts and
available for the next stroke, and thus, the stronger the subsequent stroke is. Additionally, during stroke
intervals, as in‐cloud negative leaders keep extending in the positive charge region, more and more
positive charges may be induced on the leader system, which may also contribute to stronger subsequent
strokes.
As analyzed previously, in eight MS +CG ﬂashes, the largest subsequent stroke is stronger than the ﬁrst
stroke. In these eight ﬂashes, there is a total of 10 subsequent strokes stronger than the corresponding ﬁrst
strokes. These 10 subsequent strokes are represented by red points in Figure 12. For nine strokes (the one
with the largest interstroke interval is not shown in Figures 12a and 12c), the interstroke interval is larger
than 100 ms. As analyzed in section 3.2, the GM of interstroke interval is only 64.4 ms. This result is in agreement with the correlation between peak amplitudes and interstroke intervals analyzed above.

4. Inferences on Origins of Positive Leaders for First and Subsequent Strokes in
+CG Flashes
Due to the rarity of +CG ﬂashes and the low radiation power in radio frequencies produced by positive leaders (e.g., Shao et al., 1999), it is very difﬁcult to obtain direct evidence on how positive leaders initiating
positive RSs originate in thunderclouds (Li et al., 2020). Various scenarios for the origination of positive leaders initiating ﬁrst positive strokes were discussed by van der Velde et al. (2014) based on the bidirectional
leader concept and the lightning mapping array observation. Possible charge conﬁgurations responsible for
the production of +CG ﬂashes were also discussed by Nag and Rakov (2012). Some of the scenarios proposed
by these studies also seem to be applicable for the origination of positive leaders initiating subsequent positive strokes, and these scenarios will be examined in this section.
The ﬁrst scenario is similar to the scenario “f” in Nag and Rakov (2012). Assuming an in‐cloud positive leader propagates forward, one branch turns to the ground and initiates an RS, while the main channel keeps
propagating forward. Later, another branch develops from the channel, propagates to the ground, and
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Figure 11. (a) Comparison between the amplitude of the ﬁrst stroke (A1st) and the amplitude of the largest subsequent
stroke (Asub) in the same +CG ﬂash. Blue bars represent events with larger A1st, and red bars represent events with
larger Asub. (b) Comparison between sequential subsequent strokes for +CG ﬂashes with at least three positive strokes.
Blue bars represent events with the amplitude of the Nth stroke (AN) larger than that of the following stroke (AN+1). Red
bars represent events with larger AN+1 than AN.

initiates a subsequent stroke. In this scenario, the minimum required velocity of the positive leader roughly
equals to the horizontal distance between the two strokes divided by the interstroke interval. To examine this
scenario, the scatterplot of horizontal distances between sequential strokes versus interstroke intervals is
shown in Figure 12c. We can see that for most of subsequent strokes, the distance and the time interval
correspond to a velocity value in the range of 0.5 to 5 × 105 m/s. In other words, for most MS +CG
ﬂashes, the in‐cloud leader connecting sequential RS channels should have a velocity larger than
0.5 × 105 m/s. However, as demonstrated by Wu et al. (2019), velocities of in‐cloud positive leaders are
mainly in the range of 1 to 3 × 104 m/s. Although Wu et al. (2019) only analyzed positive leaders in
intracloud (IC) and −CG ﬂashes, it is likely that in‐cloud horizontal positive leaders in +CG ﬂashes are
generally similar to those in IC and −CG ﬂashes. Therefore, the scenario that multiple branches of a
positive leader channel produce multiple positive RSs does not seem to be applicable to most of cases.
The second scenario is that positive leaders initiating subsequent strokes originate from in‐cloud negative
leader channels with current cutoff, similar to the scenario “e” in Nag and Rakov (2012) and the scenario
5 in van der Velde et al. (2014). After the ﬁrst positive stroke, in‐cloud negative leaders keep propagating.
When the current cutoff occurs in a negative leader, a new positive leader may develop from the negative
leader channel and may initiate a subsequent positive stroke. Observations of positive RSs preceded by
extensive IC discharges (Kong et al., 2008; Saba et al., 2009) also agree with this scenario. In this scenario,
it is the negative leader that traverses the distance between two sequential positive strokes, so it is in agreement with the relationship between horizontal distances and interstroke intervals in Figure 12c.
In order to further examine this scenario, we analyze the distance‐time relationship for sources before and
after each subsequent strokes similar to the analysis made by van der Velde et al. (2014). Results for six subsequent strokes are shown in Figure 13. In all subplots in Figure 13, the stroke under consideration is represented by a black cross sign at (0, 0). The blue, yellow, and red dashed lines represent velocities of 2 × 104,
1 × 105, and 1 × 106 m/s, respectively. For the strokes in Figures 13a–13d, a negative leader ﬁrst approaching
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Figure 12. Relationships among normalized peak amplitudes of subsequent strokes in +CG ﬂashes, interstroke
intervals, and distances with previous positive strokes. Red points represent subsequent strokes stronger than
corresponding ﬁrst strokes. A stroke with extremely large time difference (1,321 ms) is not shown in Figures 12a and 12c.
Correlation coefﬁcient r1 is for all events in Figure 12a. Correlation coefﬁcient r2 is for events on the left of the red
5
5
dashed line. Slopes of two black dashed lines in Figure 12c represent velocities of 5 × 10 and 0.5 × 10 m/s.

the location of the positive stroke and then propagating away can be recognized. The distance between the
negative leader and the stroke decreases to near 0 at some tens of milliseconds before the stroke. These cases
are in perfect agreement with the notion that positive leaders for subsequent strokes initiate from in‐cloud
negative leader channels. It seems very likely that a positive leader develops from the point on the negative
leader channel that is very close (near 0) to the location of the positive stroke and after tens of milliseconds
the positive leader reaches the ground and initiates a positive RS. We examined all 64 subsequent positive
strokes in this study and found that at least 37 strokes are preceded by similar negative leaders.
Twenty‐two more examples are shown in Figures S10–S12 and S13a–S13d. The distance‐time plots for all
strokes are provided in the data repository (see Acknowledgments section). Excluding some subsequent
strokes with extremely small time differences from previous strokes (Figure 8) and also considering the
fact that in some cases the location results are not good enough to make a correct determination of the
processes before the positive strokes, we believe that for most subsequent strokes in MS +CG ﬂashes,
positive leaders originate from in‐cloud negative channels. This conclusion is also consistent with the
recent observation of a MS +CG ﬂash by Yuan et al. (2020).
However, details on how positive leaders develop from negative leader channels are not clear. In the scenario “e” proposed by Nag and Rakov (2012) and the scenario 5 proposed by van der Velde et al. (2014),
the current cutoff of the in‐cloud negative leader is needed for a new positive leader to develop. According
to van der Velde et al. (2014), the new positive leader develops from the point on the old negative leader
where the current cutoff occurs. In other words, the current cutoff occurs at the point of the negative leader
very close to the location of the positive stroke. It is impossible for the current cutoff to occur right after the
negative leader passes the point; the negative leader needs to continue developing forward for a while before
the current cutoff occurs. However, according to Figures 13a–13d, the time difference between the positive
stroke and the moment when the distance is near 0 is only tens of milliseconds, which seems to be too short
for the current cutoff to occur and for the new positive leader to start and to develop to the ground.
Additionally, the short time difference indicates that the current cutoff occurs at a point not very far away
from the head of the developing negative leader, which is somewhat difﬁcult to explain as it is expected that
the current cutoff tends to occur at a relatively old part of the leader with reduced conductivity.
An alternative mechanism to explain the positive leader developing from the negative leader channel is similar to the polarity reversal mechanism proposed by Wang and Takagi (2008) and Shi et al. (2018). Suppose a
branch of the negative leader, which is not well resolved by the location results, becomes defunct while the
main channel keeps propagating forward, positive charges from the head of the main channel may be transferred back to the defunct branch. When enough positive charges are transferred to the branch, a new positive leader may be triggered, and it may develop to the ground and initiate a positive stroke. In this
mechanism, the head of the defunct branch corresponds to the point with 0 distance in Figures 13a–13d.
This mechanism is also consistent with the report by Yuan et al. (2020) that a positive leader initiated from
a decayed negative leader branch.
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Figure 13. The scatterplot of the distance versus time for sources before and after some subsequent positive RSs. The
distance and the time are calculated relative to the stroke shown at (0, 0). Black crosses not at (0, 0) are other
positive RSs in the same ﬂash. The red square, if shown, is the ﬁrst source of the +CG ﬂash. The blue, yellow, and red
4
5
6
dashed lines represent velocities of 2 × 10 , 1 × 10 , and 1 × 10 m/s, respectively. The value of d indicates the
distance between the stroke at (0, 0) and the center of the FALMA network in Figure 1.

Apart from the characteristic V‐shaped distance‐time plots in Figures 13a–13d, we found two cases in
which a negative leader can be seen approaching the location of the positive stroke but it just stops and
does not propagate away. One example is shown in Figure 13e, and the other is shown in Figure S13e.
In these cases, positive leaders for subsequent strokes may develop from the head of decayed negative
leader channels. In another two cases shown in Figures 13f and S13f, only a negative leader propagating
away from the location of the positive stroke can be recognized. These cases may be similar to the scenario
4 in van der Velde et al. (2014), that is, the positive leader is initiated together with the negative leader by a
new bidirectional development. These special cases seem to be relatively rare for subsequent positive
strokes.
The origination mechanism of positive leaders for ﬁrst positive strokes seems to be varied and complicated as
demonstrated by van der Velde et al. (2014). If we compare Figures 9a and 9b, we can see that the distance
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Figure 14. The same as Figure 13 but for six ﬁrst RSs in MS +CG ﬂashes.

between the ﬁrst stroke and the ﬂash initiation location (Dini) is usually much smaller than the distance
between sequential strokes (DRS). This result indicates that the origination mechanism of positive leaders
for ﬁrst strokes is usually different from that for subsequent strokes. However, even for ﬁrst strokes with
very small Dini (<5 km), different mechanisms seem to be necessary. The distance‐time plots for six ﬁrst
strokes are shown in Figure 14. Plots for other ﬁrst strokes can be found in the data repository. For the
strokes in Figures 14a and 14b, we can see in each case the ﬂash starts with a negative leader propagating
away from the location of the positive stroke, indicating that a positive leader starting together as the
negative leader goes directly down to the ground and initiates the ﬁrst stroke. This mechanism is similar
to the scenario 1 or 2 in van der Velde et al. (2014). For the strokes in Figures 14c and 14d, some sources
are located before the initiation of a negative leader propagating away, and it is likely that the positive
leader initiating the ﬁrst stroke starts together as the negative leader sometime after the initiation of the
ﬂash. This mechanism may be similar to the scenario 4 in van der Velde et al. (2014) and also similar to
the mechanism for the subsequent stroke in Figure 13f. First strokes in Figures 14e and 14f are somewhat
similar to the subsequent strokes in Figures 13a–13d. It is possible that the positive leader initiating the
WU ET AL.

14 of 17

Journal of Geophysical Research: Atmospheres

10.1029/2020JD033039

ﬁrst stroke starts from the point on the negative leader channel that is very close to the positive stroke location, but we cannot rule out the possibility that the positive leader simply starts together with the negative
leader at the beginning of the ﬂash.
In summary, it is inferred that for the majority of MS +CG ﬂashes analyzed in this study, positive leaders
initiating subsequent strokes mainly originated from in‐cloud negative leader channels, but origination
mechanisms for positive leaders initiating ﬁrst positive strokes seem to be more varied and complicated.

5. Conclusion
During the winter observation in the Hokuriku region of Japan, we successfully recorded 47 MS +CG
ﬂashes, which were imaged by the FALMA consisting of 14 sites. With this high‐quality data set, various
characteristics of MS +CG ﬂashes are analyzed. Major ﬁndings are summarized as follows.
MS +CG ﬂashes observed in this study include 34 two‐stroke ﬂashes, 10 three‐stroke ﬂashes, 2 four‐stroke
ﬂashes, and 1 ﬁve‐stroke ﬂashes. We also observed 216 single‐stroke ﬂashes. The percentage of MS +CG
ﬂashes is 17.9%, and the mean multiplicity of +CG ﬂashes is 1.24.
Interstroke intervals range from 1.0 to 1,320.6 ms with the AM and GM of 122.2 and 64.4 ms. The ﬂash with
the maximum interstroke interval is actually a bipolar ﬂash. Excluding this ﬂash, the maximum interstroke
interval is 469.2 ms, and the AM and GM are 103.2 and 61.4 ms. Interstroke intervals smaller than 2 ms are
observed in three ﬂashes. Corresponding RSs also have small horizontal distances, indicating that they may
be produced by two branches of the same positive leader, similar to the so‐called “multiple termination
stroke” in −CG ﬂashes.
Horizontal distances between sequential positive RSs range from 1.1 to 37.3 km with the AM and GM of 13.1
and 9.7 km. No subsequent strokes were found to strike at the same location as a previous stroke. Horizontal
distances between sequential positive RSs are usually much larger than distances between ﬁrst positive RSs
and lightning initiation locations.
Subsequent stroke peak amplitudes are on average 0.45 of ﬁrst stroke peak amplitudes. In 39 ﬂashes (83.0%),
the ﬁrst stroke is found to be stronger than the largest subsequent stroke. For subsequent strokes, peak
amplitudes do not seem to depend on the stroke order. Subsequent stroke amplitudes are weakly correlated
with preceding interstroke intervals.
Various scenarios for the origination of positive leaders initiating subsequent strokes in MS +CG ﬂashes are
examined. For most subsequent strokes, a negative leader ﬁrst approaching and getting very close to the
location of the positive stroke tens of milliseconds before the positive stroke and then propagating away
can be recognized. This result indicates that positive leaders initiating subsequent strokes mainly originate
from in‐cloud negative leader channels. On the other hand, the origination mechanism of positive leaders
initiating ﬁrst strokes seems to be more varied and complicated, in agreement with previous studies.

Data Availability Statement
Data of all positive strokes analyzed in this paper and distance‐time plots (section 4) for all positive strokes
can be downloaded online (http://doi.org/10.5281/zenodo.3937501).
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