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ABSTRACT

Transient luminous event (TLEs) observations have been conducted in mainland
China since 2007, with a number of TLEs documented. This study analyzed a very
unusual and unique positive sprite event, that may be produced jointly by two distinct
positive cloud-to-ground lightning flashes (+CGs) occurring within a short time dif-
ference but with different locations separated by about 27 km. This observation is
different from previous studies reporting that most of the sprites were triggered by
a single +CG flash and its possible following continuous current. Detailed analysis
on extremely low frequency (ELF) magnetic field shows that combined charge mo-
ment change (CMC) due to the two +CGs is smaller (~1478 C km) than those of the
parent CGs for the other two sprites (1582 and 2134 C km, respectively) recorded
over the same thunderstorm. The vertical extension and brightness of the sprites cor-
respond well with the CMC of their parent CGs, namely, the larger the CMC value
the brighter the sprite, and the larger the CMC value the larger the vertical extension.
Negative lightning flashes dominated during the thunderstorm life cycle. The three
sprites occurred during a time window in which both negative and positive flashes

were active. The three sprites occurred over the thunderstorm stratiform region.

1. INTRODUCTION

Transient luminous event (TLESs) is the collective name
of several brief light emissions over thunderstorms, nor-
mally detected using low-light video cameras (Franz et al.
1990; Sentman et al. 1995; Fukunishi et al. 1996; Wescott et
al. 1996; Pasko et al. 2002; Su et al. 2003; Yang et al. 2008,
2013a,b,2015; Liuetal.2015a; Sato et al. 2017). Up to now,
the TLE family includes sprites (Sentman et al. 1995; Lyons
1996; Winckler et al. 1996; Cummer et al. 2006; Yang et al.
2008; Savtchenko et al. 2009; Lang et al. 2010; Suzuki et al.
2011; Boggs et al. 2016; Peng et al. 2017), elves (Emissions
of Light and VLF perturbation due to EMP Sources) (Inan
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et al. 1996, 1997; Barrington-Leigh et al. 2001; Kuo et al.
2007; Wu et al. 2017), halos (Frey et al. 2007), blue starters,
blue jets and gigantic jets (Pasko 2003; Su et al. 2003; Kuo
et al. 2009; Chou et al. 2011; Yang and Feng 2012; Liu et
al. 2015b). Sprites are usually produced by intense lightning
discharges and are observed between about 40 - 90 km al-
titude above thunderstorms (Sentman et al. 1995; Hardman
et al. 2000; Neubert et al. 2001; Su et al. 2002; Pinto et al.
2004; Cummer et al. 2006; Van der Velde et al. 2006; Yang
et al. 2008, 2013a, 2015; Lu et al. 2017).

Numerous observations indicate that sprites are mostly
associated with positive cloud-to-ground (+CG) lightning
discharges and their possible subsequent continuing current
(especially for long delayed sprite) (Boccippio et al. 1995;
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Lyons 1996; Sao Sabbas et al. 2003; Cummer and Lyons
2005; Li et al. 2008; Savtchenko et al. 2009; Lang et al.
2010; Yang et al. 2013a, b, 2015). The currently accepted
theory of sprites is that they are caused by the quasi-electro-
static (QE) field produced by +CG in the troposphere (Pasko
et al. 1997; Liu et al. 2015a). Observations further indicate
that a large charge moment change (CMC) (defined as the
product of the charge transferred by CG and the height from
which it was removed, the main factor determining the mag-
nitude of the QE field above the thundercloud) of cloud-to-
ground lightning is necessary for sprite initiation (Hu et al.
2002; Cummer and Lyons 2004; Li et al. 2012; Lu et al.
2012,2013).

Statistical analysis conducted by Hu et al. (2002)
showed that +CGs with a CMC larger than 1000 C km in
less than 6 ms have more than 90% possibility to initiate a
sprite, while +CGs with less than 600 C km have less than
10% possibility for sprite production. Coordinated analy-
sis made by Lu et al. (2013) shows that sprite generation is
90% likely if a positive stroke occurs with impulse charge
moment change (iCMC, defined as the product of the trans-
ferred charge within 2 ms after the return stroke and its orig-
inal height above the ground) larger than 300 C km, more
than three times lower than that in Hu et al. (2002). The
study of Hu et al. (2002) also indicated that lightning CMC
for sprite initiation can be as low as 120 C km and as high
as 3070 C km, indicating that CMC for sprite production
could span a wide range. They also noted that the 120 C km
is probably an exceptional case.

Coordinated analysis by Lu et al. (2013) showed that
multiple sprites with dancing features associated with a
single lightning flash could be initiated either by distinct
strokes of the flash, by a single stroke through a series of
current surges superposed on an intense continuous current,
or by both. Studies also show that in-cloud (IC) sprite-pro-
ducing stroke activity could play a role in sprite formation
(Ohkubo et al. 2005; Van der Velde et al. 2006; Marshall et
al. 2007; Asano et al. 2009).

This study reports on a very interesting and unusual
sprite event possibly produced by two distinct positive
cloud-to-ground lightning flashes jointly occurring within a
short time difference but largely separated in distance (ob-
tained from the lightning detection network). The total CMC
of the two +CGs inferred from the extremely-low frequency
(ELF) magnetic field was the smallest, compared with those
of the parent CGs for two other sprites captured over the
same thunderstorm. The vertical extension and brightness
of this sprite corresponds well with the small CMC of its
parent CG.

2. OBSERVATIONS

TLEs occur above thunderstorms and observations
from the ground could be conducted hundreds of kilometers

away in favorable cloud-free conditions (Franz et al. 1990).
It is difficult to choose observation sites in urban areas
because of obstruction from high buildings and the back-
ground light emission. Even so, several TLE observation
stations have been set up since 2007 during which TLE ob-
servations were first conducted in China (Yang et al. 2008).
In 2012, a TLE station was installed in Dongying (Yellow
River Delta Ecology Research Station of Coastal Wetland,
Chinese Academy of Sciences), Shandong province, and it
is only fifteen kilometers away from the Bohai Sea. There
are no villages within five kilometers of the observation site,
which is very suitable for sprite optical observation.

The imaging instrument used at this station is the Wa-
tec 902H2 Supreme low-light-level video camera, equipped
with a Computar 12 mm/F0.8 lens. The camera has a high-
sensitivity monochrome CCD detector, with minimum il-
lumination of 0.0003 lux at F1.4. In order to obtain as many
sprite events as possible, the gain of the camera is set to
high, that is, the minimum camera illumination is better than
0.0003 lux at a FO.8 lens. The observation system frame rate
is set to 25 fps (frames per second), with the frame duration
less than 40 ms. The pointing direction of the observation
system was determined using the background star field (Su-
zuki et al. 2011). The camera was enclosed in a housing to
protect it from weather hazards. The camera was remotely
controlled from the computer via the internet, allowing real
time azimuth adjustment during the observation. The ob-
servation system timing was synchronized using the global
positioning system (GPS) (Yang et al. 2013a, b, 2015).

Local and global lightning location systems were used
for both identifying lightning activity in real time, and for
lightning flash characteristics analysis that produced sprites.
The lightning location data is obtained from a local light-
ning detection network, which is used for lightning charac-
teristics analysis associated with sprites and thunderstorms.
The lightning detection network covers most provinces in
China. In each province the network consists of several (or
more than ten) very low-frequency/low-frequency sensors
and one data processing center. The lightning location al-
gorithm combined time-of-arrival (TOA) and magnetic-di-
rection-finding (MDF) technology (Cummins et al. 1998).
Data from this network was used for characterizing the
lightning characteristics (location, types, peak current, etc.)
in sprite-producing thunderstorms. The detection efficiency
and location error are about 92% and 760 m, respectively,
found using artificially triggered lightning flashes (Liu et al.
2014; Zhang et al. 2014). The lightning detection network
sampling rate is 10 MHz, the time resolution is 100 ns and
the timing accuracy is on the order of microseconds.

The World Wide Lightning Location Network
(WWLLN, http://wwlln.net/) is a very low frequency (VLF,
3 - 30 kHz) lightning antenna array, with more than fifty
antennas located around the world. One antenna is located
at the Institute of Atmospheric Physics, Chinese Academy
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of Sciences (distributed by the University of Washington
in Seattle). There are currently four VLF sensors in China,
which are located in Beijing, Nanjing, Lanzhou and Hong
Kong, respectively. The VLF sensors detect impulsive sig-
nals from lightning discharges (lightning radiates electro-
magnetic power from a few hertz to several hundred mega-
hertz, but the bulk of the energy is located in VLF). The
WWLLN uses the group arrival time (TOGA) from at least 5
WWLLN sensors to determine the lightning location (Pan et
al.2009; Abarca et al. 2010; Bovalo et al. 2014). The system
provides global lightning and a global map with lightning
positions updated every 10 min. Since the WWLLN detec-
tion efficiency is not very high, it is used as supplementary
data for real-time locating the center of the thunderstorm
electrical activity and for subsequent reanalysis.

Besides lightning location data, extremely low fre-
quency (ELF) magnetic field antenna located in Syowa
station, Antarctica (39.506°E, 69.018°S) has been used to
identify the parent lightning properties. The Syowa station
ELF system frequency range is 1 - 100 Hz, and the sam-
pling frequency is 400 Hz (2.5 ms time resolution). There
is a low-pass-filter in the main amplifier, whose cutoff fre-
quency is 100 Hz. Two orthogonal search coil sensors with
pre-amplifiers are parallel (H-component) and perpendicu-
lar (D-component) to the geomagnetic field. More detailed
information on the ELF sensor at Syowa station is avail-
able in Sato et al. (2003). The magnetic field data is used
to infer lightning discharge polarity and the time-integrated
CMC of parent lightning. In addition, the ELF/VLF system
located at the Cingcao elementary school, Tainan City, Tai-
wan (23.08°N, 120.12°E) has also been used. The ELF/VLF
magnetic field and electric field bandwidths are 1.5 Hz to
15 kHz and 0.1 Hz to 100 kHz, respectively. The sampling
rate is 100 kHz. More detailed information can be found in
Huang et al. (2012) and Chang et al. (2014).

The thunderstorm evolution and structure character-
istics are given by Doppler radar (36.803°N, 116.781°E,
altitude 72.85 m) which is a useful tool for monitoring me-
soscale convective systems (MCSs) (Feng et al. 2009). The
radar used in this study is WSR-98D S-band Fully Coherent
Doppler Weather radar. The radar data are updated every

6 min. It has many features including state-of-the-art com-
puterized control, 24-hr operational capability, real-time
monitoring, real-time calibration, and high accuracy and re-
liability (Yang et al. 2013a, b). The radar can operate in two
modes, clear-air and precipitation mode. It has two scanning
ranges, one is 230 km and the other is 460 km. In order to
obtain accurate information, 230 km scanning range (with a
resolution about 1 km) is used in this study. The data was
provided by the Shandong Meteorological Bureau and has
been used to characterize the thundercloud structure and
evolution.

3.RESULTS

During the thunderstorm life cycle, three sprites were
captured in total in the early morning on 5 August 2012 (time
used in this study is local, Local time = UTC + 8 hr). The
first sprite was recorded at 00:23:24.840, which is a posi-
tive one lasting two fields (total duration less than 40 ms)
and will be analyzed in detail in this study. The second sprite
was also a positive one with a total duration less than 60 ms,
and occurred at 00:27:34.087. The third sprite occurred at
01:21:33.281, lasted three fields with the first two fields con-
taining very dim sprite elements and the third field had a very
bright element displaced horizontally from the elements in
the first two fields, which has been termed as dancing sprites
in the literature (Lyons 1994, 1996; Winckler et al. 1996;
Hardman et al. 2000). Detailed analysis on this sprite event
can be found in Yang et al. (2015).

3.1 Characteristics of the Sprite Images

Images of the three sprites are shown in Fig. 1. Their
parent CGs were detected by the local lightning detection
network, so the parent CG locations are known (WWLLN
did not detect them). Assuming the sprite occurred directly
above its parent CG, the sprite location (vertically aligned
to the ground) is known. With the known camera system
field of view (FOV) information, the observation site eleva-
tion and the distance between the sprite and the observation
site, the angular separations between the lower edge of the

62.74+9.41 km —— | 71.30+10.70 km |
| : |
49.91+7.49 km —139.56+5.93 km —

48.51+728 km — '

00:23:24

01:21:33 (o1

Fig. 1. Video images of sprites recorded in the early morning on 5 August 2012. (a) shows the sprite image analyzed in detail. Only the lower part
of the sprite in (c) was recorded by the camera. The observation elevation angle did not change during the entire observation time period.
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sprite and the horizon, and the upper edge of the sprite and
the horizon can be obtained. The sprite vertical extension
could be estimated using the method mentioned in Hsu et
al. (2003) and Yang et al. (2008, 2013a). Assuming a 50 km
uncertainty for the parent lightning location, the bottom and
top altitudes for the sprite in Fig. 1a are about 48.51 +7.28
and 62.74 £ 9.41 km, respectively, and its vertical extension
was smaller than that in Fig. 1b.

By comparing the optical intensity of the three sprites,
the vertical extension of sprite in Fig. 1c may be the larg-
est although its upper part was not captured. It should be
noted that the three sprites azimuth did not change much in
the camera field of view (see Fig. 1), and thus the camera
viewing condition should not change much, either. In addi-

Distance (km)

Altitude (km)

(e)

Altitude (km)

Sprite azimuth .

tion, the three sprites were captured using the same camera
with the same settings, and thus the camera sensitivity is the
same. Therefore, the above discussion leads to a conclusion
that the sprite vertical extension in Fig. 1a was the smallest
(14.23 km), compared with the other two sprites recorded
over the same thunderstorm. It should be mentioned that the
cloud in the camera field of view may lead to underestimat-
ing the sprites’ vertical extension.

It is interesting to note that the sprite in Fig. 1a might
be produced by two distinct positive cloud-to-ground light-
ning flashes (will be discussed later in this paper), and its
vertical extension was estimated using the parent +CG1 lo-
cation (shown in Fig. 2a) which is closer to the observation
site and also closer to the observed sprite azimuth. Similar
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Fig. 2. Thunderstorm structure. (a) Storm base radar reflectivity with elevation angle of 1.5°. The black line CD labeled ‘Azimuth’ represents the
00:23 sprite azimuth. The locations of return strokes within 10 min (+5 min) centered on the sprite event is also shown in the figure. The red “+”
stands for positive strokes, and black “-” for negative strokes. The two strokes (labeled as CG1 and CG2, the two big black ‘+’ shown in the figure)
immediately before the 00:23 sprite are marked. The parent +CG (the big red ‘+’ in the figure) for 00:27 sprite is also shown. (b) Radar echo top
overlapped with the locations of strokes CG1 and CG2. (c) Vertical cross section of radar reflectivity along the line passing through CG1 and CG2.
CG1 and CG2 are the same as shown in (a) and (b). (d) Vertical cross section of radar reflectivity along 00:23 sprite azimuth [as shown in (a)]. (e)
Conceptual model of the thunderstorm charge structure, the return strokes CG1 and CG2 discharges and the 00:23 sprite azimuth are also shown.
The letters ‘A’ and ‘B’ in the abscissa are the same as shown in (b), that is, the abscissa in (e) is along the line ‘AB’ in (b).
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calculations based on parent +CG2 were also made and the
estimated bottom and top altitudes are about 56.20 + 8.43
and 72.57 + 10.89 km, respectively. The vertical extension
is about 16.37 km. The results show that sprite vertical ex-
tension in Fig. 1a is still the smallest when using the parent
+CG2 location. Assuming that the sprite in Fig. la occurred
over the middle region between the parent +CG1 and +CG2,
its vertical extension would be 15.30 km and still be the
smallest compared with the other two sprites in Fig. 1. It
should be noted that the signal-to-noise ratio shown in Fig. 1
is comparatively low, and the top and bottom terminals can-
not be identified precisely in the captured and unprocessed
images. Hence, the vertical extension may be underestimat-
ed. In order to make a comparatively quantitative analysis
on the sprite images, the arbitrary brightness (gray value
larger than the background intensity with a pixel value of
about 143) of the three sprites (the most intensive frame)
were analyzed and shown in Fig. 3. The results indicate that
the 00:23 sprite has the smallest number of pixels (4592)
which are brighter than the background, the 01:21 sprite has
the largest, and the 00:27 sprite is in between. The above
results show that the brightness (or intensity) of the 00:23
sprite was the smallest.

High-speed images of sprites show that sprites typical-
ly start as a small and dim streak between 70 and 75 km al-
titude and develop initially as downward streamers (Stanley
et al. 1999; Stenbaek-Nielsen et al. 2000). Sequential imag-
es of 00:23 sprite shown in Fig. 4 indicate that this sprite in
Fig. 4a indeed started as a small and dim element. However,
due to the slow camera speed used in the observation, it is
difficult to determine the sprite element propagation direc-
tion. The second field for this sprite (Fig. 4b) shows that it
mainly developed upward. High-speed images reported by
Stenbaek-Nielsen et al. (2010) showed that sprites start with
downward-propagating streamer heads at altitudes varying
between 66 and 89 km, and in some cases the downward
streamers are followed later by upward streamers starting
from a lower altitude varying from 64 - 78 km.

By comparing our results with those from Stenbaek-
Nielsen et al. (2010), it was found that the small-scale sprite
structures shown in Fig. 4b may be the upward streamers
that lead to the observed carrot sprites, in good agreement
with the results reported by Stenbaek-Nielsen et al. (2010)
in which downward streamers create C type sprites (namely,
columniform sprites, characterized by bright vertical col-
umns in video imagery), while the upward streamers form
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Fig. 3. The arbitrary brightness of the three sprites. (Color online only)

Fig. 4. Video images of the sprite recorded at 00:23 on 5 August 2012. This event consists of two fields. The first field (a) was very dim and the

second field (b) was bright.
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the broad diffuse tops of carrot sprites. It should be noted
that the bottom and top altitudes of sprites in this study may
be underestimated to some extent because of clouds in the
camera field of view. Results from the simulation work con-
ducted by Liu et al. (2015¢) showed that the diffuse glow
preceding the streamer initiation is not bright enough to be
detected by the current camera system.

3.2 Overview of the Thunderstorm Characteristics and
Lightning Activity

The thundercloud structure was obtained using Dop-
pler radar data. This thunderstorm was a mesoscale convec-
tive system (lasting more than 10 hr), which is the main type
of summer thunderstorm that occurs in Northern China.
Figure 5 shows the radar reflectivity at different times in
the sprite-producing thunderstorm, covering the time period
during which all the sprites occurred. During the thunder-
storm evolution, it was mostly located along the boundary
line of Hebei and Shandong provinces. The total surface
precipitation in 24 hr (05:00 4 August - 05:00 5 August) in
some regions was larger than 100 millimeters and even 204
millimeters, reaching the torrential downpour level.

The radar reflectivity shows that some small convective
cells appeared as a disorganized cluster, which can be seen at
about 15:00 on 4 August (due to the length limit of the paper,
Doppler radar images before 19:00 are not shown). These
small cells then merged together and spread to a relatively
large area at about 19:00 (Fig. 5a). The storm weakened at
about 21:00. Some other small convective cells close to the
Doppler radar station developed at 22:03 and became stron-
ger and more extensive at 23:03. The strong radar reflectiv-
ity (larger than 30 dBZ) area became larger at 00:02 than that
at 23:03 and then weakened at 00:26. The first sprite was
recorded at 00:23:24.840, and about 4 min later the second
sprite occurred at 00:27:34.087. The third sprite occurred
at 01:21:33.281. 00:23 and 00:27 sprites occurred over the
region of interest (labeled as ‘ROI” in Fig. 5g). The observa-
tion site was outside the figure range, located to the east of
the thunderstorm.

Although all of the sprites occurred within a time win-
dow less than one hour, the thunderstorm lasted for more
than ten hours. In order to avoid subjectivity when group-
ing the return strokes into one flash, only the strokes that
were analyzed are shown in Fig. 6 (the lightning flash rate
shows similar evolution, the figure is not shown for the limi-
tation of the paper). The results show that the three sprites
occurred within a time window during which both negative
and positive strokes were active. The negative strokes domi-
nated during most of the thunderstorm time-evolution. The
number of positive strokes was much smaller than the nega-
tive ones. The number of positive strokes is multiplied by
10 to clearly show their evolution. The maximum number
of strokes occurred within a time window of around 01:00

in the early morning on 5 August. The thunderstorm was
compact and strong during this period. At the end of the
thunderstorm life cycle (the stratiform region dominated at
04:00 on 5 August), the lightning activity was not active,
indicating that the storm was dissipating. The lightning ac-
tivity is consistent with similar thunderstorms in this region
(Liu 2010, PhD thesis).

3.3 Thunderstorm Structure and Parent Flashes

Sprites are thought to be produced by the QE field
above the thunderstorm due to the fast removal of charg-
es by CG flashes and their possible following continuous
current (Pasko et al. 1997; Liu and Pasko 2004; Liu et al.
2015a). By carefully comparing the sprite occurrence time
and the lightning location network data and ELF magnetic
field recorded at Syowa station, it was found that the sprites
occurring at 00:27 and 01:21, respectively, were produced
by positive CGs with a single return stroke and the fol-
lowing continuous current. Both of these sprites occurred
during the continuous current process with the time delay
between the parent CGs and sprites about 14 and 36 ms,
respectively.

Compared with the two sprites mentioned above re-
corded over the same thunderstorm, a sprite occurred at
00:23 that was unusual and unique. Lightning detection net-
work data shows that before this sprite two positive return
strokes occurred within a short time difference of 0.344 ms
(see Table 1) (their occurrence times are 00:23:24.7955310
and 00:23:24.7955654, labeled with CG1 and CG2, respec-
tively, in Fig. 2a). The lightning detection network time res-
olution is 100 ns (the sampling rate is 10 MHz, the timing
accuracy is on the order of microseconds), so it can distin-
guish between the two return strokes. One thing should also
be mentioned is that the lightning detection network detect-
ed 25723 return strokes during a time period starting from
13:00 on 4 August to 13:00 on 5 August 2012. Of those, 576
strokes had a time difference (between successive strokes)
smaller than 1000 ps (varying from 3 - 999 us), indicating
that the lightning detection network has the capability to de-
tect strokes with very small time differences.

Although CG1 and CG2 occurred within very short
time difference, the distance between the two strokes was
largely separated (~27 km). The distance algorithm usually
used for combining return strokes into one flash is 10 km
(Rakov and Uman 2003; Van der Velde et al. 2007). Some
researchers also used 1 km (Shalev et al. 2011). The two pos-
itive return strokes (labeled with CG1 and CG?2 in Fig. 2a)
with a separation distance of 27 km are likely two distinct
flashes. The 00:23 sprite was produced by either of the two
+CGs or by both.

Previous studies show that sprites can be tens of kilo-
meters away from their parent CGs (Wescott et al. 2001;
Sao Sabbas et al. 2003; Yang et al. 2013a, 2015). Figure 2a
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Fig. 5. Base radar reflectivity images obtained at different times with elevation angle of 1.5° (a) - (h). ROI (region of interest) is the region over
which the 00:23 and 00:27 sprites occurred. The “+” stands for positive strokes, and black “-” for negative strokes. The two big black ‘+’ in the
figure represent the two strokes before 00:23 sprite. Parent CG for 00:27 sprite is marked by the big red ‘+’.
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Fig. 6. Counts of the return strokes in 5 min interval during the thunderstorm life cycle. The blue and red lines are the negative and positive strokes,
respectively. POP stand for the percentage of positive strokes over total strokes in 5 min interval. The vertical red dashed line, black dashed line and
blue dashed line represent for the occurrence time of the 00:23 sprite, 00:27 sprite and 01:21 sprite, respectively. (Color online only)

Table 1. Characteristics of the sprite-associated CGs.

Parent CG time (Local) (Local = UTC + 8 hours) Parent CG location Peak current  Sprite occurrence time Time delay
(obtained from the local lightning detection network) (kA) (Local) (ms)
00:23:24.7955310 117.0036°E, 38.2166°N 45.7 00:23:24.840 45
00:23:24.7955654 116.7264°E, 38.3295°N 319
00:27:34.0737779 117.0627°E, 38.1785°N 755 00:27:34.087 14
01:21:33.2457919 117.5120°E, 38.3330°N 1352 01:21:33.281 36

also shows that the 00:23 sprite azimuth was horizontally
displaced (16 and 4 km, respectively, and the time delay is
about 45 ms) from the two +CGs, in agreement with results
from Lu et al. (2013) that sprites with a time delay of more
than 20 ms mostly have a horizontal displacement of more
than 20 km from their parent CGs (Fig. 14a in their paper).
From this point of view, the 00:23 sprite could be produced
by these two +CGs together. On the other hand, the sepa-
ration distance of 27 km between the two strokes is much
smaller than the distance (about 13500 km) between the
strokes and the ELF magnetic field sensors at Syowa sta-
tion, Antarctica. Therefore, the magnetic field signals pro-
duced by these two +CGs would be recorded by the sensor
at almost the same time, making it impossible to distinguish
either of them. The magnetic field measured by the ELF
sensor would be the summation of the two +CGs.

The CMC of CG is an important indicator for sprite
initiation (Hu et al. 2002; Lu et al. 2013). According to
the sprite QE heating theory in Pasko et al. (1997), sprites
are predicted to be initiated at about 75 km with a CMC of
~1000 C km (the charge of removal is 100 C, and the altitude
is 10 km), and ~4000 C km (the altitude is also 10 km, but
the charge of removal is 400 C) is needed for optical emis-
sions at ~50 - 70 km. In this study the ELF magnetic field
(1 - 100 Hz) shown in Fig. 7 was used for the CMC estima-

tion. The three sprite events have sprite-parent CG time de-
lay about 45, 14, and 36 ms, respectively. Because most pos-
itive lightning flashes (usually with only one return stroke)
have return stroke duration on the order of a few tens of
microseconds (the return stroke duration of negative strokes
is on the same order), all of the three sprites occurred during
the continuing current process (if the parent CGs had the
continuous current). Therefore, the CMC estimation should
include the return stroke and also the continuing current,
which could be distinguished from the background.

For the convenience of readers, we briefly describe the
CMC calculation. More detailed information can be found
in Huang et al. (1999), Fiillekrug and Constable (2000), Sato
and Fukunishi (2003), and Sato et al. (2008). The Syowa
station ELF system uses two orthogonal search coil mag-
netometers directing magnetic north-south (H-comp) and
east-west (D-comp). The H- and D-comp magnetic field
waveform data are first converted into the Theta- and Phai-
components. Theta-comp corresponds to the magnetic field
perturbations in the direction parallel to the wave propaga-
tion velocity, while the Phai-comp corresponds to those in
the direction perpendicular to the wave propagation veloc-
ity. The magnetic field waveform data in the Phai-comp are
then used for the CMC calculation. The following equation
is used
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Fig. 7. ELF waveforms of the parent strokes for the three sprites. (a) 00:23:24 sprite, (b) 00:27:34 sprite, and (c) 01:21:33 sprite. The vertical dashed
lines in black and red color represent the parent CG occurrence time and the expected detection time at Syowa station, respectively. Since the oc-
currence time of CG1 and CG2 (16:23:24.7955310 and 16:23:24.7955654) before the 00:23 sprite were very close to each other, the vertical lines

were overlapped. (Color online only)
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where Hg, f, 0, 1-dI(f), Rg, ho, n, v, and P! are the ob-
served magnetic field spectrum, the frequency, the angular
distance between the observer and the source, the current
moment spectrum of the source lightning, the radius of the

Earth, the ionospheric reflection height of the ELF wave,
the mode number, the complex propagation constant and
the associated Legendre polynomials for order n and first
degree. It should be noted that there is also an ELF sensor in
Onagawa station, Japan. We did not use Onagawa ELF data
because the distance between the station and sprites are too
close. Such close distance will cause large estimation errors
in the CMC values. If the source-receiver distance is close
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(0 - 2000 km), the limited number of modes affects this
theoretical model calculation and causes the large estima-
tion error. This is also discussed in Fiillekrug and Constable
(2000). Therefore, we used Syowa ELF data and not Ona-
gawa data. The distances between the sprite-producing +CG
discharges and Syowa station are ~13500 km.

Since all the sprites delayed more than ten milliseconds
from their parent CGs, the sprite occurred during the parent
CG continuing current (if there was). The CMC values ob-
tained here are the “total” CMCs of the parent CG discharg-
es and include the return stroke part and also the continuing
current part. On the other hand, we could not exclude back-
ground ELF signals excited by other CG discharges occur-
ring somewhere else. However, the typical background ELF
signal amplitude is about 5 pT, which would give about 10 -
20% uncertainty in the detected ELF signal. The background
ELF contribution was subtracted from the measured signal
when calculating the CMC value. The calculated CMCs for
the parent CGs for the three events are about 1478, 1582,
and 2134 C km, respectively. The above results show that
the CMC value produced jointly by the two +CGs prior to
the 00:23 sprite is smaller than that of the parent CGs (each
parent CG has only one return stroke) for the sprites at 00:27
and 01:21 over the same thunderstorm. Since the CMC val-
ue of the lightning flash is the most important indicator for
sprite initiation, that the total CMC value of the two +CGs is
smaller than that of one parent CGs for other sprites over the
same thunderstorm may indicate that the 00:23 sprite might
be produced jointly by the two +CGs, and neither of them
would be able to produce it alone.

Since the frequency range of the ELF magnetic field
system in Syowa station is 1 - 100 Hz, it cannot distinguish

between two +CGs with a time difference of only few hun-
dred microseconds. In order to show more information, the
ELF/VLF magnetic field and vertical electric field (ob-
tained in Taiwan) of the parent CG for the sprite at 00:23
were analyzed and shown in Fig. 8. The results show that
clear pulses from the parent CG for the 00:23 sprite could
be seen in the vertical electric field and magnetic field in
the east-west direction (the main part of the magnetic field).
The Fast Fourier transform (FFT) analysis on the vertical
electric field and east-west magnetic field does not show
much difference between the parent CGs for 00:23 and
00:27 sprites (due to the length limitation of this paper the
figures are not shown). This may result from the fact that
electromagnetic waves emitted by lightning flashes have
very wide bandwidths (not monochromatic frequency). We
suspect that electromagnetic waves radiated by CG1 and
CG2 (or either of them) also have wide bandwidths. There-
fore, there may not be a significant difference between the
spectrum characteristics of the summation of CG1 and CG2
and either of them, which may explain the above conclusion
that we got similar results from parent CGs for 00:23 sprite
and 00:27 sprite.

In order to examine the thunderstorm structure under-
neath the recorded sprite clearly, radar reflectivity over-
lapped with negative and positive strokes, radar echo top
overlapped with the two +CGs and vertical cross sections
of radar reflectivity are shown in Fig. 2. Figure 2a clearly
shows the radar reflectivity structure of the enlarged im-
age of the ROI region (shown in Fig. 5g) overlapped with
the 00:23 sprite azimuth and positive strokes (red “+”) and
negative ones (black “-”) within 10 min (+5 min) centered
around the time of the sprite. The results show that most

00:23:24 sprite (Time at Zero: 00:23:24.819715 Local)

-0.5 CGlI CG2 _’I
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Fig. 8. ELF/VLF electric field and magnetic field waveforms of the parent strokes for the 00:23 sprite. CG1 and CG2 shown in the figure occurred
at 00:23:24.8012460 and 00:23:24.8012804 (taking into account of the propagation delay), respectively. (Color online only)
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negative strokes are located in high radar reflectivity regions
and positive ones in large stratiform regions with low radar
reflectivity. The parent CG (the big red ‘+’ in the figure) for
the sprite at 00:27 was located in a thunderstorm region with
radar reflectivity of about 25 dBZ. Considering the lightning
location error (760 m), the parent CG was located in a region
with radar reflectivity no larger than 30 dBZ. The big black
‘+’ in the figure, labeled with ‘CG1” and ‘CG2’, respective-
ly, represent the two +CGs before the 00:23 sprite, and their
locations were also vertically aligned in the thunderstorm
stratiform region.

Figure 2b shows that +CG1 and +CG2 are vertically
aligned with the radar echo tops about 6 - 8 and 9 - 11 km, re-
spectively. Vertical cross sections of radar reflectivity along
the line passing through +CG1 and +CG?2 further show that
CG1 and CG?2 are located (vertically aligned) in the regions
with radar echo top about 6 and 9 km (Fig. 2c), respectively,
which is to some extent consistent with previous results that
positive charges in thunderstorms at 4.1, 6.1, and 8.2 km
altitudes may play a dominant role in sprite production (Ly-
ons et al. 2003; Lang et al. 2010). The maximum radar echo
top along the sprite azimuth is lower than 12 km, indicating
that convection at the moment was not particularly strong,
consistent with previous results that sprites usually occur
over large stratiform regions (Lyons et al. 2003; Soula et al.
2010; Yang et al. 2013a, b, 2015).

It should be noted that the +CGs locations here were
obtained using the lightning detection network and the
source charge location transferred by the CG cannot be ob-
tained from the data available. Using the very high frequency
(VHF) technique, lightning detection network, sprite optical
images and magnetic field measurement, Lu et al. (2013)
analyzed 42 positive sprites in detail. They found that many
parent CGs originated from the convective region, devel-
oped along a slanting path from the leading convection to the
trailing stratiform, and then connected with the ground. Lu
et al. (2013) also found that the original altitude of positive
charge in most parent CGs is located between 5 and 10 km.
Based on these observations and Figs. 2a and b, we propose
a thunderstorm electrical structure conceptual model for our
observation (Fig. 2e).

The conceptual model shown in Fig. 2e indicates that
the two positive CGs may be initiated in the thunderstorm
convective region, then developed along a slanting path to
the stratiform region and connected with the ground. The
conceptual model is in agreement with the radar reflectivity
(Fig. 2a) and radar echo top (Fig. 2b), and is also consis-
tent with statistical observation results reported by Lu et al.
(2013) and results obtained by Carey et al. (2005). In addi-
tion, the conceptual model is in good agreement with VHF
observation of similar MCSs in the same region (Liu et al.
2013).

It should also be noted that the two +CGs are located
(vertically aligned) in regions with different radar reflectiv-

ity values (Fig. 2a) and different radar echo top (Fig. 2b),
indicating that the two +CGs may locate in particle mixing
region and the thunderstorm structures in these regions are
very complex. Although the +CG1 and +CG?2 locations are
significantly separated, the positive charge reservoirs (from
which the charge transferred to the ground) may be close
to each other, and the in-cloud discharge may connect the
two reservoirs together and play a role in sprite production
(Ohkubo et al. 2005; Van der Velde et al. 2006; Marshall et
al. 2007; Asano et al. 2009; Lu et al. 2013; Lyu et al. 2015).
In this case, the two +CGs for the 00:23 sprite may be one
lightning flash but with different locations (merely the dis-
tance between the ground striking points of the two strokes
is larger than that of the grouping algorithm usually used for
combing different return strokes into one flash). It is also in-
teresting to note that Lu et al. (2013) analyzed a case of two
sprites produced separately by two distinct return strokes
in one flash. However, in this study, two distinct positive
flashes possibly produced one sprite jointly.

4. DISCUSSION

The above results suggest that the two +CGs before the
00:23 sprite produced a total CMC of 1478 C km. Statistical
analysis by Hu et al. (2002) showed that the CMC of the
parent CG of a sprite could be in the range of 120 - 3070
C km, although they considered the 120 C km as an excep-
tional case. If we assume that each +CG before the 00:23
sprite contributed equally, namely, 739 C km, which falls in
the range reported by Hu et al. (2002). However, it should
be noted that the CMC of the parent CG analyzed in Hu
et al. (2002) is for short-delayed sprites, and the duration
for CMC estimation was about 6 ms, which is significantly
shorter than the time delay of the 00:23 sprite. On the other
hand, the CMC produced jointly by the two +CGs before the
sprite at 00:23 is smaller than that of the other parent CGs
(each parent CG has only one return stroke) for the sprites at
00:27 and 01:21 over the same thunderstorm, indicating that
the required CMC for triggering sprites during this thunder-
storm may be comparatively large. In addition, 739 C km
is even lower than half of the parent CG CMC (1582 and
2134 C km) for the other two sprites over the same thunder-
storm, showing that neither of the two +CGs would be able
to produce the 00:23 sprite. Therefore, the 00:23 sprite was
possibly jointly produced by the two +CGs.

It should be noted that the optical images (Fig. 1) show
that the sprite vertical extension was the smallest compared
with that of the other two sprites recorded over the same
thunderstorm. The optical images indicate that the sprite
brightness in Fig. 1a was much dimmer than that in Fig. 1c,
and the sprite brightness in Fig. 1a was also weaker than that
in Fig. 1b (Fig. 3). All of these features may manifest that
the electric field induced by the underlying lightning flashes
for the sprite in Fig. 1a was not very strong, consistent with
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the small CMC obtained from the ELF magnetic field.

The CMC value produced by the two +CGs before the
00:23 sprite was smaller than that from the other parent CGs
in the same thunderstorm. It is more likely that the 00:23
sprite was produced by both of them. However, the possibil-
ity that the sprite was produced by a single lightning stroke
with a small CMC of 739 C km cannot be totally excluded.
There may be a different relationship between the two +CGs
and the total CMC value. For example, the first +CG might
be an initial return stroke having small CMC values, while
the second one is the subsequent return stroke having large
CMC values, vice versa. Or the two +CGs had almost equal
CMC values. Considering the discharge processes of the
two +CGs, there also may be several scenarios. Either of the
two +CGs or each of them could contain a continuous cur-
rent process. Or one +CG occurred and was followed by a
continuing current during which the second +CG occurred.
It also could be possible that one +CG occurred and fol-
lowed by the second +CG with a continuing current.

Qin et al. (2012) showed that the minimum CMC for
initiating a positive sprite could be as small as ~200 C km,
and vertically elongated inhomogeneity in electron density
are found to be more favorable for sprite initiation. Results
from simulation work conducted by Liu et al. (2012) showed
that positive streamers could be initiated from the tip of an
ionization column in a uniform applied electric field well
below the breakdown threshold field and discussed the im-
portance of inhomogeneities. Studies by Kosar et al. (2012)
showed that when an appropriate ionization column is intro-
duced, the streamer could be initiated in a variety of electric
fields with the lowest electric field of 0.3 E, (E, is the break-
down threshold field). Kosar et al. (2013) further indicated
that positive streamers can be initiated at subbreakdown
conditions from the inhomogeneities with a density compa-
rable to sprite halo densities, also showing the importance
of inhomogeneities in sprite initiation. These results show
that except for the CMC value of the lightning there are also
other factors that play roles in sprite initiation.

5. CONCLUSION

Three positive sprites were recorded over a mesoscale
convective system in northeast China. Although the thun-
derstorm lasted more than 10 hr, the observed sprites oc-
curred within a comparatively narrow time window (less
than one hour). The lightning detection network data and
ELF magnetic field recorded at Syowa station show that the
sprites occurring at 00:27 and 01:21, respectively, were pro-
duced by positive CGs with single return stroke and their
following continuing current. Both of these sprites occurred
during the continuing current period.

Thousands of positive sprites have been reported in
the literature since the discovery of sprites. However, the
sprite at 00:23 analyzed in this study is unusual and unique

because it was possibly produced by two distinct positive
CGs occurring within a very short time difference but with
largely separated (~27 km) locations. This discovery pro-
vides new insights into positive sprite production. Negative
strokes dominated during the thunderstorm life cycle. The
three sprites occurred during a time period in which both
negative and positive strokes were active. All three sprites
occurred over the thunderstorm stratiform region in which
lightning activity is not as active as in convective regions.

The parent CG CMC estimated from the ELF magnetic
field, including the contributions from both the return stroke
and continuing current, for the three sprites were about
1478, 1582, and 2134 C km, respectively. The CMC values
for the parent CGs are in good agreement with the sprite
vertical extensions (the smaller the CMC value, the shorter
the vertical extension) and optical arbitrary brightness (the
smaller the CMC value, the dimmer the sprite brightness).
The conceptual thunderstorm electrical structure model is
consistent with the previous observation results and is also
in good agreement with the VHF observations of similar
thunderstorms in the same region.
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