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ABSTRACT

Sprites are brief optical emissions occurring above thunderstorms. Features of sprites and their parent thunderstorms
and lightning activities have been studied by many researchers. Here, we report a single sprite recorded over a mesoscale
convective system during its life cycle in Northeast China. The results show that the sprite might have been a dancing one,
with a 20 km horizontal displacement from its parent cloud-to-ground flash (CG) and a 38 ms time delay; all the sprite
elements occurred during the continuing current process of the parent flash. The peak current of the parent CG was the
largest during the almost one-hour time window containing the sprite, and the absolute values of all the negative flashes were
smaller than 100 kA during the same time period and did not produce sprite. The sprite did not occur during the time period
in which the maximum area of the thunderstorm reached. The occurrence of sprite corresponded well with the decay of the
thunderstorm convection, and no significant relationship between the occurrence of sprite and the increase in the 30-35 dBZ
and 3540 dBZ interval was found. The large wind gradient in the 8—12 km region of the thunderstorm may have played an

important role in the sprite production.
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1. Introduction

Transient luminous events (TLEs) are brief optical emis-
sions that occur above thunderstorms, and sprites are one
of the dominant members in the TLE family. Since the
first image serendipitously captured by Franz et al. (1990),
ground- and aircraft-based observations and theoretical stud-
ies of TLEs have been carried out all over the world (Sent-
man et al., 1995; Lyons, 1996; Pasko et al., 1997; Stanley et
al., 2000; Neubert et al., 2001; Su et al., 2002; Chern et al.,
2003; Cummer and Lyons, 2005; Ganot et al., 2007; Kuo et
al., 2007, 2009; Williams et al., 2007, 2012; Liu et al., 2012;
Sonnenfeld and Hager, 2013; Yang et al., 2013a, b, 2015;
Liu et al., 2015a, b, c; Sato et al., 2015, 2016). Among the
known types of TLEs, sprites are most commonly observed
in ground observations, and the two main morphologies of
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sprites take the shape of “column” and “carrot”; in addition to
column and carrot sprites, “firework” sprites (Su et al., 2002),
“Jellyfish” sprites and “dancing” sprites (Lyons, 1994, 1996)
have also occasionally been reported, demonstrating a wide
variety in their morphologies.

Although observations of dancing sprites can be occa-
sionally found in the literature (Lyons, 1994, 1996; Winckler
et al., 1996; Hardman et al., 2000), their formation mecha-
nism is not well understood. The analysis by Lu et al. (2013),
with several cases observed over a mesoscale convective sys-
tem (MCS) in the central United States, suggested that danc-
ing sprites could be produced either by discrete strokes in
positive cloud-to-ground (CG) flashes, or by brief current
surges during the continuing current of a +CG stroke (Li et
al., 2008). Both mechanisms could lead to a brief intensi-
fication of the lightning-induced electrostatic field responsi-
ble for sprite production (Pasko, 2007). However, in order to
formulate a general mechanism for the occurrence of multi-
ple sprite elements at different times during a lightning flash,
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more observations of dancing sprites are needed. Such obser-
vations will help us to understand their morphology and asso-
ciation with the dynamic structure of parent lightning flashes
and thunderstorms.

Numerous observations have shown that if, an MCS pro-
duces a sprite, it will also produce many others, and the
sprites usually occur in cluster (Sentman et al., 1995; Lyons,
1996; Hardman et al., 2000; Pinto et al., 2004; Cummer et
al., 2006; van der Velde et al., 2006; Yang et al., 2008, 2013a,
2015; Soula et al., 2009, 2015; Lu et al., 2013). Character-
istics of sprites and their underlying thunderstorms and light-
ning activities have been reported by many researchers. In
the present study, we report an analysis of an MCS thun-
derstorm that produced only one sprite during its entire life
cycle. Compared to a typical sprite-producing MCS, i.e., one
that produces many sprites, the limited sprite-producing thun-
derstorm analyzed here may be scientifically interesting, be-
cause it probably presents fairly unique properties.

2. Data description

Sprite observations have been conducted in Shandong
Province since 2007 (Yang et al., 2008). In 2014, a new sta-
tion was established at Xinglong Observatory [(40°23/39”N,
117°34’35”E); 960 m above sea level], Hebei Province. At
this location, no high buildings exist in the field view of the
camera, and the environment is clear without background
light at night (see the picture in the lower-right corner of
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Fig. 1), which is very suitable for TLE observations. The
observation system installed at this station includes a Watec
902H2 Ultimate low-light-level video camera (equipped with
a Computar 3.6 mm/F1.4 TV lens) with minimum illumina-
tion of 0.0001 Lux, and the camera can record static images at
arate of 25 frames per second (or 50 interlaced fields per sec-
ond). Since we used a fixed short focal length lens, the field
of view of the observation system was comparatively large at
about 100° (horizontal) X71° (vertical) (obtained by using the
background star field analysis method), ensuring the camera
could cover the entire range of a thunderstorm.

The lightning characteristics were obtained from a local
lightning detection network as well as the World Wide Light-
ning Location Network (WWLLN), both of which use very
low frequency (VLF, 3-30 kHz) radio receivers. Lightning
strokes radiate intense impulsive energy at VLF, which prop-
agate globally and efficiently by reflection from the ground
and lower ionosphere (70-85 km altitude). A network of
receivers can therefore geolocate and characterize lightning
over large areas. WWLLN is a network of more than 50
globally-distributed antennas, one of which is located at the
Institute of Atmospheric Physics, Chinese Academy of Sci-
ences (distributed by the University of Washington in Seat-
tle) (Pan et al., 2009; Abarca et al., 2010; Bovalo et al.,
2014). WWLLN provides global maps with lightning loca-
tions updated every 10 minutes and is available as a historical
database. Although the detection efficiency (a few percent) is
relatively low, it is nonetheless useful for locating the electri-

Fig. 1. Radar reflectivity of the thunderstorm that produced the sprite. The
thunderstorm was in the detection range of Shijiazhuang radar [(38.352°N,
114.712°E); 134.8 m above sea level]. The black line (labeled “sprite azimuth”
in the figure) is the sprite azimuth in the first two fields in Fig. 2. The two dotted
red lines are the camera’s field of view. The camera’s location at Xinglong Ob-
servatory is marked by a pink star on the map. The sounding station is marked
by a red star. The camera and GPS antenna used in the observation are shown
in the photograph in the lower-right corner of the figure.
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cal activity center of a thunderstorm.

A set of receivers set up locally uses combined time-of-
arrival and magnetic-direction-finding technology (Cummins
et al., 1998), and geolocates a much higher fraction of light-
ning around the observation site. The detection efficiency
and location error of the local lightning detection network are
about 92% and 760 m, respectively (Zhang et al., 2014). Data
from both WWLLN and the local detection network were
used for characterizing the lightning characteristics (location,
type, peak current, etc.) in sprite-producing thunderstorms of
particular interest. Since a lightning flash may contain sev-
eral strokes, individual strokes were grouped into flashes by
associating all strokes with algorithm 1 s and 10 km (van der
Velde et al., 2007).

In addition, a broadband VLF magnetic field sensor (500
Hz to 47 kHz), described by Cohen et al. (2010), is located in
Dongying, which is only 15 km from the coast of the Bohai
Sea. The system consists of a pair of magnetic air-core loop
antennas to record two horizontal components of the mag-
netic fields emitted by lightning discharges. The receiver is
sensitive enough to detect even small lightning strokes from
many thousands of kilometers away, and is GPS synchro-
nized with a better than 100 ns accuracy. Having access to
VLF data allowed us to go beyond what is typically pro-
vided by lightning detection networks, because we captured
the complete radio signature of the lightning stroke, which is
typically thrown away by lightning detection networks after
the stroke has been geolocated. Having the radio signature
helped us infer the discharge polarity, the discharge process,
the vertical current moment and the time-integrated charge
moment change (CMC) of TLEs and lightning (Cummer and
Lyons, 2005; Lu et al., 2013).

The evolution and structure of the thunderstorm were ex-
amined using observations from a Doppler radar located in
Shijiazhuang [(38°21’7"'N, 114°42’43"”E); 134.8 m above
sea level], Hebei Province. The radar used in this study
was a WSR-98D S-band Fully Coherent Doppler Weather
radar, and the radar data were updated every six minutes
(Yang et al., 2013a, 2013b). The radar has many features,
including state-of-the-art computerized control, 24-h opera-
tional capability, real-time monitoring, real-time calibration,
and high accuracy and reliability. The development of the
sprite-producing thunderstorm during most of its lifetime was
located in the radar scanning range (for accuracy, the 230-
km scanning range was used, with a resolution of about
1 km).

Atmospheric sounding data were downloaded from http://
weather.uwyo.edu/upperair/sounding.html. The data are pro-
vided twice daily [0000 and 1200 UTC (Local Standard
Time, LST = UTC + 8 h), and the time used in this pa-
per is local except when otherwise noted]. Data from the
Taiyuan sounding station [station number 53772; (37.78°N,
112.55°E)] were used in this study. Although the radiosonde
data accuracy were limited, being unable to reveal the dy-
namical structures inside or near thunderstorms, they never-
theless provided information on the large-scale environment
in which a thunderstorm developed.
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3. Analysis and results

3.1. Sprite image characteristics

The sprite was recorded at 2244:01 LST (1444:01 UTC)
on 14 August 2014, with a 38 ms delay from its parent CG,
over a summer thunderstorm southwest of the observation
site. The sprite azimuth, the sprite-producing thunderstorm,
the location of the sounding station, and Xinglong Observa-
tory where the camera was located, are shown in Fig. 1.

Figure 2 shows the sprite image captured by the low-light-
level imaging system. The recorded sprite lasted three fields
and the total duration was about 60 ms. A strong bright cen-
ter is clearly visible in Fig. 2a, indicating it was a typical
carrot-shape sprite. The images show that the sprite was a
simple case, with only two elements appearing in different
frames. The left-hand column in Fig. 2 shows that the first
element of the sprite occurred in Field 1 and then decayed
as shown in Field 2, and its location did not change dur-
ing the evolution in these two fields. The sprite element in
Field 3 occurred directly after the previous sprite element,
with a horizontal displacement (jumped left), and then disap-
peared. The sprite evolution was similar to that of dancing
sprites reported in the literature (Lyons, 1996; Hardman et
al., 2000; Lu et al., 2013), so far as some sprite elements
were also observed to decay as other new elements formed,
and the new elements were often laterally displaced from the
old ones. Since there were only two sprite elements, it is hard
to present a time-integrated image to show how the elements
were aligned in space and time [see the work of Hardman
et al. (2000)]. Therefore, we cannot be totally sure that the
observed sprite was a dancing one. However, because the
later sprite element was horizontally displaced from previous
ones, it was quite likely a dancing sprite.

Lyons (1994) and Winckler et al. (1996) showed that
dancing sprites appear sequentially over lateral distances of
up to 200 km. By comparing the data from the local lightning
detection network and that of WWLLN, the parent CG of the
sprite was found, and the distance between the parent CG and
the camera was calculated to be about 298 km. Since there
was only one observation station, the sprite elements in Fig.
2 could not be triangulated. In order to simplify the question,
the sprite elements in Fields 1 and 2 (element locations did
not change) in Fig. 2a were assumed to occur directly over
the parent flash. Figure 2a shows that the sprite element in
Field 3 occurred to the left of the previous one in Fields 1
and 2. By combining the information on the location of the
parent CG, the camera field of view, and the elevation of the
observation site, the sprite extension and lateral displacement
could be estimated using the method mentioned in Hsu et al.
(2003) and Yang et al. (2008).

The results showed that the estimated lateral displace-
ment (in this case, it was also the horizontal dimension of
the sprite) between the sprite elements in Field 1 (or Field 2)
and those in Field 3 was approximately 7.3 km. The actual
displacement would be larger if the locations of the elements
could be triangulated. Compared with the results reported by
Lyons (1994) and Winckler et al. (1996), the lateral displace-
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Fig. 2. Sequential images of the sprite. (a) Sprite sequential images (contrast enhanced), num-
bered as Field 1, Field 2 and Field 3. Since the camera’s field of view at this station is compar-
atively large [100° (horizontal) x71° (vertical)], the sprite appears small even when the images
are enlarged. The sprite’s dancing feature (jump to the left of the pink vertical line) is clearly
shown. (b) Images (no contrast enhancement) of the sprite elements in Fields 1 and 3.

Fig. 3. Composite radar reflectivity evolution of the sprite-producing thunderstorm. The sprite was recorded at 2244:01 LST
14 August 2014.

ment in the present study is small. The small displacement On the other hand, the lateral displacement of the sprite
may have resulted from the fact that the sprite consisted of may also have been constrained by the thunderstorm edge.
only two elements at different times—far fewer than in Lyons  Indeed, the displacement would have been 9.2 km and 4.8
(1994), Winckler et al. (1996), and Hardman et al. (2000). km, respectively, if we had considered the far and near edges
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of the storm from the observation site. Even though the hor-
izontal displacement was considered in three dimensions, it
was still much smaller than that in Lyons (1994) and Winck-
ler et al. (1996). It is reasonable to infer that the compara-
tively small parent thunderstorm (around 140 km in the east—
west and south—north directions) may not have had the ability
to produce a sprite with a lateral displacement larger than the
thunderstorm size. The vertical extension of the sprite was es-
timated using the method mentioned above, and it was found
that the edges of the sprite in Field 1 were about 57 +9 km
and 78 + 12 km, respectively, assuming a 50-km variation of
the parent CG location. Compared with other results, the ver-
tical extension of the sprite in this study was small, and may
to some extent have resulted from the dim image from which
the sprite edges were underestimated.

3.2. Thunderstorm evolution and characteristics

The Doppler radar images in Fig. 3 show that the sprite-
producing thunderstorm developed originally in the inter-
section of Inner Mongolia Autonomous Region, Shanxi and
Hebei provinces at 1400 LST 14 August. The thunderstorm
moved to the southeast along the boundary line of Hebei and
Shanxi provinces, and was in the scanning range of Shiji-
azhuang radar at 1500 LST 14 August. At 1900 LST, the
thunderstorm was composed of some small strong convec-
tive cells with maximum radar reflectivity of 55 dBZ in the
front and a trailing stratiform region just behind the convec-
tive cells, as shown in Fig. 3. The thunderstorm became
more organized and strengthened at 1936 LST (some convec-
tive cells could be seen in the trailing stratiform region), and
then weakened at 2000 LST. After 2030 LST, some strong
convective cells, also with maximum radar reflectivity of 55
dBZ, occurred in the south of the thunderstorm and became
stronger and more compact at 2100 LST, and then weakened
at 2200 LST. The thunderstorm became even weaker at 2206
LST, as indicated by the decreased area of radar reflectivity
(larger than 30 dBZ) (Fig. 4a). After 2206 LST, the over-
all intensity of the thunderstorm increased a little, as shown
by the reflectivity of 45-50 dBZ in the center of the strati-
form region (at 2218 LST in Fig. 3, and also indicated by the
increased area of 30-40 dBZ in Fig. 4b). After 2300 LST,
the thunderstorm weakened rapidly and almost disappeared
at 2400 LST 14 August (for brevity, the reflectivity images
after 2336 LST are not shown in Fig. 3). The sprite occurred
at 2244 LST during the thunderstorm dissipating stage, con-
sistent with previous studies (Lyons et al., 2003; Yang et al.,
2013a, b; Soula et al., 2015).

The thunderstorm was an MCS and was in the camera
field of view during its whole evolution, but only one sprite
was captured during the MCS’ life cycle. According to
Lyons et al. (2003), summer MCSs are thought to be sprite-
productive, and mesoscale convective complexes (thunder-
storm area of ~10° km?) are believed to be the most sprite-
productive thunderstorm type. Lyons et al. (2003) mentioned
that the area of sprite-producing MCSs (radar reflectivity val-
ues >~10 dBZ) can reach around 20 000 km?; that is, 20 000
km? might be a prerequisite for a probable sprite-producing
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storm in the High Plains of the United States. Since only one
sprite was recorded during the MCS under study, it would be
of interest to study the radar reflectivity characteristics be-
fore, during and after the sprite event. The evolution of areas
of different radar reflectivity were comprehensively analyzed
and the results are shown in Fig. 4.

The results show that the thunderstorm area (radar reflec-
tivity >10 dBZ) at 2242 LST (two minutes before the sprite)
was around 20 398 km? (Fig. 4a), consistent with the value
(15 000-20 000 km?) obtained in Lyons et al. (2003), but
much smaller than that of most sprite-productive thunder-
storms (~10° km?) (Lyons, 1996; Lyons et al., 2003). The
maximum area (10 dBZ) of the thunderstorm during its evo-
lution was about 23 948 km? (Fig. 4a), which is smaller than
the result of ~103 km? reported by Lyons et al. (1996, 2003),
Sédo Sabbas and Sentman (2003) and Soula et al. (2009), in-
dicating that this sprite-producing thunderstorm was compar-
atively small. It should, however, be noted that the thunder-
storm areas reported by Sdo Sabbas and Sentman (2003) and
Soula et al. (2009) were obtained using infrared weather im-
ages and, therefore, the results could be quite uncertain.

Based on two sprite-producing thunderstorms, Soula et
al. (2009) found that the maximum area of the storm was
reached during the sprite production period. However, the
radar reflectivity area in this study reached a maximum value
at 2100 LT, about 1 hour and 44 mins before the sprite occur-
rence (Fig. 4a). After 2100 LST, the thunderstorm area de-
creased to a low value at 2206 LST. After 2206 LST, the over-
all intensity of the thunderstorm increased a little, as shown
by the increase in the area of reflectivity larger than 30 dBZ
(Figs. 4a and b). The area of the 10-30 dBZ reflectivity re-
gion at 2218 LST (~15 488 km?) was larger than that at 2200
LST (~14 202 kmz), and did not change much at 2242 LST
(two minutes before the sprite) (for brevity, the figure is not
shown), but no sprites were recorded from 2218 to 2242 LST.
The area of radar reflectivity (>>10 dBZ) two minutes before
the sprite (2242 LST) was a medium value (not the largest,
not the smallest) with respect to the entire evolution of the
thunderstorm.

Both the thunderstorm as a whole and the convective
cores in the southwest of the thunderstorm became weaker
at 2242 LST; the thunderstorm area also became smaller, and
the sprite occurred just two minutes later after 2242 LST. Af-
ter the sprite, both the thunderstorm strength and stratiform
area did not change much (see the evolution of the reflectiv-
ity area shown in Figs. 4a and b, plus the radar reflectivity
at 2248, 2254 and 2300 LST shown in Fig. 3), but no sprites
were recorded. At 2300 LST, the thunderstorm area was a lit-
tle larger than that in the time window containing the sprite.
After 2300 LST, the thunderstorm area decreased rapidly, in-
dicating that the thunderstorm was dissipating quickly at this
time, and almost disappeared at 2400 LST.

Soula et al. (2009) showed that sprite production periods
correspond well with an increased area of the 35-40 dBZ and
30-35 dBZ ranges. Figure 4b shows that the radar reflectivity
with 30-35 dBZ and 35-40 dBZ decreased to its lowest value
during the time period shown in the figure, at 2206 LST. Dur-
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Time (LST)

Time (LST)

Fig. 4. Areal evolution of different radar reflectivities during the sprite-producing thunderstorm.
(a) Areal evolution of radar reflectivity larger than a certain value. (b) Areal evolution of differ-
ent radar reflectivities. (c) Areal evolution of radar reflectivity with 10-40 dBZ (blue line) and
larger than 40 dBZ (red line). The sprite occurrence time is also labeled in the figure.

ing the time window containing the sprite (2218-2300 LST), dBZ ranges was found in this study.

the area of reflectivity with 30-35 dBZ and 35-40 dBZ did Most sprites are observed when the area of the stratiform
not change much. Therefore, no significant relationship be- region develops rapidly. However, further analysis, shown
tween the sprite and the increase of the 30-35 dBZ and 35-40 in Fig. 4c, indicates that the area of 1040 dBZ reflectivity
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jumped from 17 526 km? at 2054 LST to 22 157 km? at 2100
LST, but no sprites were recorded. Four large values of area
with 10-40 dBZ reflectivity occurred during the observations
at night, and are named as #1-—#4, respectively. The sprite
occurred between peaks #3 and #4, during the time period
with an area increase of 10—40 dBZ reflectivity. The max-
imum area with reflectivity larger than 40 dBZ occurred at
1936 and 1954 LST, respectively, and then totally decreased.
The sprite occurred during the decrease of area with strong
reflectivity (larger than 40 dBZ). The increase of area with
10—40 dBZ reflectivity and decrease with larger than 40 dBZ
reflectivity in the time window containing the sprite shows
that the thunderstorm was dissipating, and the sprite produc-
tion was related to the decay of the convection. The increase
of area with 10-40 dBZ reflectivity continued for 24 min-
utes (from 2236 to 2300 LST), but no other sprites were
recorded.

3.3. Thunderstorm lightning activity

Figure 5 shows the evolution of the lightning flash rate
(flashes per five minutes) from 1900 to 2400 LST obtained
from the local lightning detection network. The results show
that both negative CGs and positive CGs were in the lower
level during the time period containing the sprite. This re-
sulted from the fact that the thunderstorm was in its dissi-
pating stage in that period. The maximum value of negative
CGs occurred between 1900 and 2000 LST in the thunder-
storm developing stage. There were three large values (la-
beled #1-#3, and the largest one was about 61.54%) of POP
(percentage of positive CG over total CG) that occurred be-
fore the sprite, but no sprite was recorded around these time
periods.

The POP value when the sprite occurred was about 20%,
which was much smaller than the maximum value of 61.54%
during the thunderstorm evolution, and was also smaller than
in previous studies (Neubert et al., 2005; Soula et al., 2009).
The POP value around the time when the sprite occurred was
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also much lower than that during the sprite time period of an
MCS in the same geographical region (Yang et al., 2013a),
showing the variety of lightning activity of sprite-producing
thunderstorms even in the same geographical region. The
POP value reached 100% at the end of the thunderstorm, in-
dicating that only positive CGs occurred at that time.

3.4. Parent flash and thunderstorm structure

Both the local lightning detection network and WWLLN
detected the ground striking point of the parent CG return
stroke, and the two different lightning location systems ob-
tained almost the same location and time, showing that the
parent CG was positive with a single return stroke. Results
reported by Lu et al. (2013) showed that dancing/jumping
sprite events associated with a single lightning flash can be
produced either by discrete strokes of the flash, by a single
stroke through a series of current surges superposed on an
intense continuing current, or by both.

Figure 6 shows the broadband (500 Hz to 47 kHz) radio-
frequency magnetic fields recorded at a distance of 400 km.
The impulsive signal from the sprite-producing stroke is dis-
tinct, with peak magnitude of 2.4 nT. With an empirical rela-
tionship based on the estimated iCMC (impulse charge mo-
ment change, defined as the product of the charge transferred
by the +CG stroke within 2 ms after stroke onset and the
original height of the transferred positive charge) from re-
mote sensing of ultra low-frequency (ULF) magnetic fields,
a 2-ms ULF magnetic pulse peaking at 1 nT and measured
at a distance of 400 km is equivalent to an iCMC of 100 C
km (C km means coulomb kilometers, which is the units of
the product of charge transfer and the vertical distance over
which that charge is transferred) (Lu et al., 2012; Lu et al.,
2013). By filtering the magnetic pulse using a low-pass filter
with a cut-off frequency of 5 kHz (leaving a 2-ms pulse peak-
ing at about 0.5 nT), we were able to estimate the iCMC to
be about 50 C km.

Compared with other studies (Hu et al., 2002; Cummer

Time (LST)

Fig. 5. Flash rate evolution from 1900 to 2400 LST. PCG, NCG, POP and Sprite stand for
positive CG, negative CG, the ratio of PCG over total CG and sprite, respectively. The sprite

occurrence time is shown in the figure.
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Fig. 6. Broadband lightning signals of the parent CG. The red bars in (a) mark the time windows
when the two discrete sprite elements were recorded on the low-light-level video camera.

and Lyons, 2005; Qin et al., 2012), the iCMC value in this
study is comparatively low. However, Hu et al. (2002) also
showed that the iCMC of parent lightning can be as low as
120 C km, although they did note that the value of 120 C
km was probably an exceptional case. It should also be noted
that the duration for CMC estimation was about 6 ms in Hu et
al. (2002)—significantly longer than the 2 ms in the present
study. On the other hand, the iCMC obtained here is higher
than the results of Lu et al. (2013), in which the iCMCs (cal-
culated with a duration of 2 ms) of parent flashes could be as
low as 28 and 36 C km.

As shown in Fig. 6, the burst of magnetic pulses after the
return stroke was indicative of an intense continuing current
(with a duration of at least 100 ms), which is generally be-
lieved to be responsible for long-delayed sprites (Li et al.,
2008; Lu et al., 2013) (the sprite occurred at least 38 ms af-
ter the parent stroke in this study); the source of this burst
of magnetic pulses could have been the extensive in-cloud
progression of negative leaders during the continuing current
(Lu et al., 2009). All sprite elements were produced during
the continuing current. From the above analysis, it is reason-
able to infer that the parent flash in our observation may have
belonged to the second case in Lu et al. (2013), although no
lightning VHF (very high frequency) radiation source data
were available.

In order to clearly show the thunderstorm structure at
2242 LST (two minutes before the sprite event), overlaps of
radar reflectivity at different elevations with positive return
strokes and negative ones are shown in Fig. 7. The “+” stand
for positive strokes and “—” for negative ones. The radar re-
flectivity at 2236, 2242 and 2248 LST (shown in Fig. 3) did
not change much, so the return strokes overlaid in Fig. 7 were
chosen in the time period from 2236 to 2248 LST. The result
shows that three positive strokes occurred over this time dura-
tion. One of them was the parent flash (of the sprite), labeled
as CG in Fig. 7, and other two positive strokes are labeled as

CGl1 and CG2, respectively (as shown in the figure). All the
positive strokes (each stroke was actually one positive flash
with single stroke) were vertically aligned at the edge of the
comparatively strong radar reflectivity region (for the parent
CQG, see the images with elevation angles of 9.9° and 14.6° in
Fig. 7; for CG2, see the image with a 4.3° angle).

Figure 7 shows that the parent CG was very close to the
radar station (distance of about 13.88 km), meaning the lower
elevation angles of the radar (e.g., 0.5°, 1.5°,2.4°,3.4°,4.3°,
6.0°, 14.6°) could only scan the lower part of the thunder-
storm; the top and bottom heights of the radar beam (with
an elevation angle of 14.6°) were at about 3.7 and 3.4 km
above ground level and at a distance of 14 km. The radar
beam, with an elevation angle of 19.5°, can scan a region
with heights from 4.6 km to 4.8 km above the ground. Fig-
ure 7 shows that, with increasing radar scanning angle, the
reflectivity where the parent CG (vertically aligned) was lo-
cated increased from 20-30 dBZ to about 45 dBZ (elevation
angle of 14.6°), and then decreased at the elevation angle of
19.5°. Further analysis of the radar data at this time indicates
that the parent CG was vertically aligned with the radar echo
top of about 5-8 km (Fig. 8c).

Further analysis of the thunderstorm properties at 2242
LST and return strokes during a longer time span from 2230
LST to 2300 LST is shown in Fig. 8. The return strokes are
overlapped with radar reflectivity at 2242 LST with the ele-
vation angle of 0.5°. The results show that only five positive
return strokes (including the three positive flashes shown in
Fig. 7) occurred during this time period. All of the five pos-
itive return strokes were actually five positive flashes; that
is, each flash contained only one return stroke. Figure 8a
shows that the ground striking points of positive flash 1, flash
3 and flash 4 were located close to the convective region of
the thunderstorm. The ground striking point of the parent CG
(see images with angles of 9.9° and 14.6° in Fig. 7) and posi-
tive flash 2 (see image with angle of 4.3° in Fig. 7) were also
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Fig. 7. Overlaps of radar reflectivity at different elevation angles (shown in the figure) at 2242 LST with return strokes
during the time period from 2236 to 2248 LST. The “+” stands for positive strokes and “—” for negative ones. The
parent flash for the sprite is labeled with “CG” in the figure (the middle “+” in the figure is labeled with 0.5°).

vertically aligned close to the relatively strong reflectivity re-
gion.

Vertical cross sections (Fig. 9) are a good representation
of the parent thunderstorm structure. The vertical cross sec-
tion along line AB passing through the parent flash clearly
shows the storm vertical structure, indicating that the parent
lightning was located in the thunderstorm region with a cloud
top at about 6 km. This is broadly consistent with the finding
of Lu et al. (2013) that the positively charged region tapped
by sprite-producing strokes is located at around 6 km in a
thunderstorm during its mature stage. The vertical reflectiv-
ity along the sprite element azimuth (lines CD and EF) shows
a similar thunderstorm structure. The cloud echo tops ob-
tained from the vertical cross sections are in agreement with
the cloud top shown in Fig. 8c.

Figure 10 shows the return stroke peak currents (within
50 km centered at the parent CG location) of positive and neg-
ative strokes within half an hour centered at the sprite. The
results show that during 30 minutes centered at the sprite,

five positive return strokes occurred but the peak current of
the parent CG was the largest (131.4 kA). Negative return
strokes, which can produce sprites, usually have large peak
currents (Li et al., 2012; Boggs et al., 2016), and all the nega-
tive return strokes shown in Fig. 10 had peak currents (abso-
lute value) smaller than 100 kA, and were thus not likely to
have initiated sprites.

Further analysis of the return stroke peak current distribu-
tion during 1900 to 2400 LST 14 August is shown in Fig. 11.
The results indicate that the sprite was produced in the thun-
derstorm dissipating stage. In addition, no lightning flashes
occurred about 20 minutes before 2400 LST, showing that the
thunderstorm was dying fast at this time. Figure 11 shows
that, although the thunderstorm was dominated by negative
return strokes, high peak current return strokes were mostly
positive strokes. The sprite was produced during a time win-
dow (shown in the figure, almost an hour) in which no posi-
tive return strokes with peak currents larger than 100 kA oc-
curred, and the absolute values of peak currents of negative
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Fig. 8. Thunderstorm structure and lightning activity of the sprite-producing storm. (a) Overlap of radar reflectivity
at the 0.5° elevation angle at 2242 LST with return strokes during the time period from 2230 to 2300 LST. The “+”
stand for positive strokes and “— for negative ones. The parent flash for the sprite is marked by “+” and labeled
with “Parent CG” in the figure. The black lines 1 and 2 stand for the sprite azimuth in the first two fields and
third field in Fig. 2, respectively. (b) Spatial distribution of the same return stroke shown in (a) but without radar

reflectivity. (c) Radar echo top at 2242 LST.

strokes were also smaller than 100 kA.

It should also be noted that many positive strokes with
large peak currents (larger than 100 kA, with some larger
than 200 kA and reaching about 400 kA) occurred during the
time period from 1900 to around 2200 LST shown in Fig.
11, but no sprites were recorded. The above result is to some
extent consistent with the result reported by Cummer et al.
(2013), in which the mean iCMC did not monotonically in-
crease with peak current and, in fact, dropped for positive
CG strokes above +150 kA. For negative strokes, only nine
of them reached a value (absolute value) equal to or larger
than 100 kA during the same time period. In comparison
to thousands of positive sprites, negative sprites are sporadic
(Barrington-Leigh et al., 1999; Taylor et al., 2008; Li et al.,
2012; Lu et al., 2012; Lang et al., 2013; Boggs et al., 2016) in
the literature, and the negative strokes with absolute peak cur-
rent larger than 100 kA in the present study did not produce
sprites.

A thunderstorm structure is an important factor for sprite
initiation. The sounding data from Taiyuan at 2000 LST
shown in Fig. 12 indicate that the environmental wind speed
varied only slightly between 6 and 8 km; that is, the wind
speed was about 9.77 m s~! at 5.5 km and decreased to 8.23
m s~! at 6.4 km, then increased back to 9.77 m s! at 7.0
km (similar value at about 7.44 km above ground level). Al-
though the wind amplitude did not change significantly, the
wind direction changed almost 90°, from nearly west at about
6 km to almost north at 8 km above ground level (the thun-
dercloud moved from northwest to southeast). The existence
of strong vertical wind shear in the region between 6 and 8
km typically leads to the formation of a tilted thunderstorm
structure.

On the other hand, it is interesting to see that the vertical
wind profile also shows that there was a large wind gradi-
ent (about 20 m s~!) in the region between about 8 km and
12 km above ground level. In a normally charged thunder-
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Fig. 9. Thunderstorm structure at 2242 LST. (a) Overlapped image of the parent flash with radar reflectivity.
The parent flash for the sprite is marked by “+” and labeled with “CG” in the figure. The red line CD and black
line EF are the same locations as lines 1 and 2, respectively, in Fig. 8a. (b—d) vertical cross sections along lines
AB, CD, and EF in (a), respectively. The parent CG location is also shown in (b).

Fig. 10. A time scatter plot of the return stroke peak currents (within 50 km centered at the
parent CG location) of CG lightning flashes within half an hour centered at the sprite. Red dots
and blue circles represent positive strokes and negative ones, respectively. The parent CG for
the sprite is also shown.

storm, ice crystals at upper altitudes (8—12 km) usually carry  upper layer following a slanted path and moving to the strati-
positive charges (Mansell et al., 2005; Saunders et al., 2006; form region (Carey et al., 2005), thus having a closer distance
Emersic and Saunders, 2010). Large wind shear in the 8—12  from the ground than that in the anvil, providing favorable
km region will cause the positive charges in the thunderstorm conditions for positive sprites production.
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Fig. 11. A time scatter plot of the return stroke peak currents of the CG lightning flashes from
1900 to 2400 LST. Red dots and blue circles represent positive strokes and negative ones, re-
spectively. The parent CG for the sprite is shown.

Fig. 12. Vertical wind profile from the Taiyuan sounding taken
at 2000 LST 14 August 2012.

4. Conclusion

This paper presents a detailed analysis of an MCS that
produced only one sprite during its whole evolution. Com-
prehensive analysis of the characteristics of the thunderstorm
and lightning activity before, during, and after the sprite event
was carried out using multiple data, including low-light level
sprite imagery, and Doppler radar, lightning detection net-
work, broadband magnetic field and sounding observations.

The results show that the recorded sprite was a long-
delayed (38 ms) event containing only two elements that oc-
curred in the continuous current process of the parent flash.
The separation distance between the two elements was esti-
mated to have been about 7.3 km (the actual horizontal dis-
placement would be larger in three dimensions). The sprite

was displaced horizontally about 20 km away from its parent
CG. With an assumption of 50 km uncertainty in the parent
CG location, the sprite bottom and top heights were about
57+9 km and 78 + 12 km, respectively, indicating the verti-
cal extension of the sprite was not very large.

The parent CG was of positive polarity, with only one re-
turn stroke (peak current of 131.4 kA). The parent CG had
the largest peak current among the CGs during the almost
one-hour time window containing the sprite. The sprite oc-
curred in a time interval during which the POP was not large
(about 20%), and negative CGs dominated during the thun-
derstorm life cycle. The absolute value of the negative CG
peak current during the same period was smaller than 100 kA
and did not produce sprite.

Detailed analysis of the Doppler radar data showed that
the maximum area of radar reflectivity (>10 dBZ) was small.
The sprite did not occur in the time period during which the
maximum area of the thunderstorm was reached. In the time
window containing the sprite, the area with radar reflectiv-
ity larger than 40 dBZ decreased, and the area of reflectiv-
ity with 10-40 dBZ increased, suggesting that production of
the sprite was related to the decay of the thunderstorm con-
vection. No significant relationship between the sprite oc-
currence and the increase of the 30-35 dBZ and 35-40 dBZ
interval was found. The large wind shear at 8—12 km altitude
may have played an important role in the production of the
sprite.
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