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ABSTRACT

On  19  May  2022,  an  outbreak  of  105  red  sprites  that  occurred  over  South  Asia  was  fortuitously  recorded  by  two
amateurs from a site in the southern Tibetan Plateau (TP), marking the highest number captured over a single thunderstorm
in South Asia. Nearly half of these events involved dancing sprites, with an additional 16 uncommon secondary jets and at
least four extremely rare green emissions called “ghosts” observed following the associated sprites. Due to the absence of
the  precise  timing  needed  to  identify  parent  lightning,  a  method  based  on  satellite  motion  trajectories  and  star  fields  is
proposed  to  infer  video  frame  timestamps  within  an  error  of  less  than  one  second.  After  verifying  95  sprites  from  two
videos, our method identified the parent lightning for 66 sprites (~70%). The sprite-producing strokes, mainly of positive
polarity with peak currents exceeding +50 kA, occurred in the stratiform region of a mesoscale convective complex (MCC)
that  spanned the  Ganges  Plain  to  the  southern  TP,  with  a  cloud area  over  200 000 km2 and a  minimum cloud-top black
body temperature near 180 K. This observation confirms that thunderstorms in South Asia, akin to mesoscale convective
systems (MCSs) in the Great Plains of the United States or coastal thunderstorms in Europe, can produce numerous sprites,
including complex species. Our analysis bears important implications for characterizing thunderstorms above the southern
TP and examining their physical and chemical effects on the adjacent regions, as well as the nature of the coupling between
the troposphere and middle-upper atmosphere in this region.

Key words: red  sprites, Tibetan  Plateau, South  Asia, parent  lightning  strokes, satellite  trajectory, mesoscale  convective
complex
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Article Highlights:
•  Ground-based observations from the southern Tibetan Plateau recorded an outbreak with over 100 red sprites in South
Asia.
•   A  method  is  proposed  for  inferring  the  precise  time  (within  one  second)  of  video  frames  and,  thus,  individual  sprite
observations.
•   More than half  of  the sprites  are  complex events  involving multiple  sequences,  including many dancing sprites,  some
followed by gigantic jets or ghosts.
•  Almost 70% of sprites in the videos have had their parent lightning identified, mainly in the stratiform region of a mature
MCC.

 

   

1.    Introduction

The  first  photograph  of  transient  luminous  events
(TLEs) was serendipitously acquired by Franz et al.  (1990)
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more  than  three  decades  ago.  Since  then,  through  ground-
based  or  space-borne  observations,  TLEs  have  been
reported  popping  up  all  over  the  world  above  thunder-
storms,  including  North  and  South  America  (Lyons,  1994;
Pinto  et al.,  2004; Thomas  et al.,  2007),  Europe  (Neubert
et al.,  2001),  Africa  (Williams  et al.,  2010; Nnadih  et al.,
2018),  Australia  (Hardman  et al.,  2000),  Asia  (Su  et al.,
2003; Hayakawa  et al.,  2004; Yang  et al.,  2020),  and  even
over  oceanic  thunderstorms  (e.g., Yair  et al.,  2004; Chen
et al.,  2008; Wang et al.,  2021).  Specific to Asia,  the limb-
viewing observations from the Imager of Sprites and Upper
Atmospheric Lightning (ISUAL) onboard the FORMASAT-
2 satellite show that the flat area to the south of the Tibetan
Plateau also has a high incidence rate of TLEs (Chen et al.,
2008; Wang et al., 2020). Among the known types of TLEs,
red  sprites  are  most  commonly  observed  and,  therefore,
most often examined because of their occurrence frequency
and relatively long duration. However, few cases have been
reported in South Asia with ground-based observations. The
first  red  sprite  was  captured  in  2012  (Singh  et al.,  2014);
Chou et al. (2016) and Maurya et al. (2022) reported on the
observations of a gravity wave driven by deep convection of
thunderstorms in  the  Ganges  Plain,  but  only  one red sprite
was  recorded  in  each  case. Singh  et al. (2017)  reported  on
two observations of gigantic jets in the Indian subcontinent.
In  South  Asia,  thunderstorms  frequently  occur,  and
lightning-related  disasters  are  not  uncommon;  despite  this,
there has yet to be an observation showing that TLEs might
occur in clusters over thunderstorms in this region.

As the third pole of the Earth, the Tibetan Plateau and
its adjacent regions play an important role in climate change
and circular coupling, noting further that the mid- and upper-
level electrical discharges are one manifestation of the interac-
tions  between  the  troposphere,  stratosphere,  and  meso-
sphere.  The area from the southern foothills  of the Tibetan
Plateau to the Ganges Plain is not only a lightning and precipi-
tation-prone zone (Ramesh Kumar and Kamra, 2012; Siingh
et al., 2014), but also a critical node for the study of global
warming and climate change (Liu et al., 2023). The upward
transport  of  water  vapor  by  deep  convection  in  this  region
causes physical  and chemical  effects  that  might  impact  the
stratosphere above the plateau and thus affect the climate in
East  Asia  (Bian  et al.,  2020).  The  plateau,  overlooking
South  Asia  with  an  average  elevation  exceeding  4000  m,
should  be  an  excellent  platform  to  observe  mid-to-high-
level  discharge phenomena. However,  due to observational
constraints,  minimal  efforts  have  been  made  to  investigate
these phenomena, although they have been sporadically docu-
mented.

Late  in  the  evening  of  19  May  2022,  two  Chinese
astrophotographers, Angel AN and Shuchang DONG, collabo-
rated to spark an internet sensation when they photographed
a large number of TLEs from their camping site near Lake
Puma Yumco (28.6115°N, 90.3952°E),  which is  located in
the  southern  part  of  the  Tibetan  Plateau  (TP).  All  events
were red sprites or sprite-associated events. This is the first
time that over 100 sprites were photographed from the TP,

and this collection contained red sprites, secondary gigantic
jets,  and  even  ghosts—an  extremely  rare  species  of  TLEs
just recently recognized (Passas-Varo et al., 2023). Some of
these  peculiar  sprites  that  had  a  relatively  long  duration
(e.g.,  >100  ms)  are  of  particular  interest.  Previous  reports
and studies primarily emphasized dancing sprites, while sec-
ondary gigantic jets remain less examined; ghosts are even
rarer,  known  to  have  been  captured  for  the  first  time  in
2019, and their relatively detailed analysis was not available
until recently. In this paper, we identify the parent lightning
strokes of recorded sprites, examine the features of sprite-pro-
ducing  lightning,  and  analyze  their  occurrence  and  evolu-
tion.

The remainder of this paper is organized as follows. Sec-
tion 2 examines the observations and data, section 3 confirms
the timing of the sprites, and section 4 presents the analysis
and results. Section 5 discusses the results before section 6
concludes. 

2.    Observations and data
The  photographers  captured  sprites  over  a  roughly  3-

hour time window from 1310 to 1610 UTC on the evening
of  19  May  2022  on  the  lake  shore  at  an  altitude  of  about
5000  m  above  mean  sea  level  (MSL).  Four  digital  single-
lens reflex (DSLR) cameras in total were used to document
the events, including three Sony Alpha 7RIII equipped with
14-, 35-, and 135-mm lenses, respectively, for time-lapse pho-
tographs,  and  one  Sony  Alpha  7SIII  DSLR  with  a  24-mm
lens to record video. Copies of two original videos, eight orig-
inal photos, two edited videos, and one publicly released com-
posite  video were  used to  study this  cluster  of  sprites.  The
cameras that took the photos were set to an exposure time of
six seconds with an aperture of  F1.4.  Compared to photos,
videos can provide more information, making them more suit-
able for detailed analysis. The two original videos were shot
using the FE 24-mm F1.4 GM lens in 4K resolution (3840 ×
2160 pixels). One video was shot at 102400 ISO with a shutter
speed  of  1/10  s,  and  the  other  used  the  extended  409  600
ISO  with  a  shutter  speed  of  1/25  s.  Although  both  videos
are  25  fps,  different  shutter  speeds  result  in  variations  in
time  intervals  and  background  appearance.  The  first  video
appears  clearer  but  has  a  time  resolution  of  0.16  s  [i.e.,
(1/25)  ×  4  s,  with  every  fourth  frame  being  valid  and  the
other three frames being duplicates of the first frame], while
the second video has a time resolution of 0.04 s [i.e., (1/25)
s] but contains more noise.

After  careful  inspection  and  de-duplication,  a  total  of
105 sprites were identified for further analysis. Specifically,
the two original videos contributed a total of 95 sprites that
comprised 33 individual red sprites, 47 dancing sprites, and
15  uncommon  secondary  gigantic  jets.  Additionally,  9  red
sprites (mainly captured by time-lapse cameras and identified
as single sprites) were found in the publicly available edited
videos, along with one secondary jet, but the original video
was  not  obtained.  Four  clear  ghosts  appeared  following
sprites  or  accompanying  dancing  sprites  and  were  not
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counted  individually.  It  is  worth  noting  that  different
sequences  of  a  dancing  sprite  are  considered  to  be  caused
by  multiple  current  surges  of  the  same  flash  (Lu  et al.,
2013).  Therefore,  the  criterion  for  grouping  different
sequences  into  one  sprite  was  based  on  the  definition  of  a
lightning  flash  (Cummins  et al.,  1998; Bór,  2013),  where
the interval between consecutive sequences is no more than
0.5 s, but the spatial constraints were disregarded.

The lightning data indicate that the sprite-hosting thun-

derstorm  that  occurred  from  the  northeast  part  of  the
Ganges Plain to the southern foothills of the TP produced a
large number of  sprites  while it  moved from the northwest
to southeast (e.g., Fig. 1a). The faintly visible airglow ripples
in the photos suggest that the thunderstorm was likely quite
intense  at  that  time  (e.g., Figs.  1b, c).  The  azimuth  of  the
shot  can  be  determined  from  the  background  information
contained  in  the  video  and  photos,  mainly  the  star  field
(e.g.,  constellations  Vela  and  Crux)  and  terrain  features

 

35mm lens 14mm lens

(a)

(b) (c)

 

Fig. 1. (a) Overview of the observations: the colored dots denote the locations of the GLD360 lightning strokes from 0700−2300
UTC (the bottom-left color bar presents time variations). Panels (b) and (c) show the field of view with the 35-mm lens and the
14-mm lens, respectively, and their background star fields, whose numbers are sourced from the Hipparcos Catalogues.
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(e.g., Figs. 1b, c), including the two towering snow-covered
mountains of the Himalayas, i.e., Kangphu Kang at 7204 m
above MSL and Kula Kangri  at  7538 m above MSL. With
due  north  set  as  0°,  the  horizontal  field  of  view  spans
roughly 136° to 241° for the 14-mm lens, 174° to 243° for
the 24-mm lens, and 176° to 230° for the 35-mm lens (e.g.,
Fig.  1a).  The  fields  of  view  of  these  cameras  were  well-
suited for capturing the discharge phenomena above the thun-
derstorm.

Although these observations are of great value in obtain-
ing  more  insights  into  the  sprite  phenomenology  in  South
Asia,  they  lack  the  precise  timing  for  the  individual  sprite
observations. Fortunately, by reconstructing the background
of  the  sky  using  ephemeris  and  satellite  orbit  data,  we can
use the star field and satellite orbit data to confirm the rela-
tively precise timing (within 1 s) of individual video frames.
The  planetary  calendar  table  is  from  the  Development
Ephemerides  (DE430)  of  the  Jet  Propulsion  Laboratory
(Folkner  et al.,  2014).  The  Two-Line  Orbital  Elements
dataset, released by NORAD on 19 May 2022, provided by
the  North  American  Aerospace  Defense  Command
(NORAD)  facilitates  tracking  satellite  motion  trajectories,
showcasing the Simplified General Perturbations 4 (SGP4)-
modeled low Earth orbit satellites with a remarkable relative
positional error of less than 1 km and azimuthal angle errors
that are less than 0.1° within 24 hours (Vallado and Cefola,
2012).

Lightning  detection  data  were  used  to  identify  the
causative cloud-to-ground (CG) strokes of sprites and track
the development of the sprite-hosting thunderstorm. For this
analysis,  we  used  two  different  lightning  datasets,  i.e.,  the
World-Wide  Lightning  Location  Network  (WWLLN)  and
the Global Lightning Detection Network (GLD360). To fur-
ther characterize the parent thunderstorm, we used the cloud-
top  brightness  temperature  data  from  the  Japanese
Himawari-8  satellite,  which  was  equipped  with  the
Advanced  Himawari  Imager  (AHI)  operating  at  16  visible
and  infrared  bands  from  0.46  to  13.3  µm  (Bessho  et al.,
2016). Our analysis used the cloud-top black body tempera-
ture (TBB) and height data of the Himawari-8 full-disk prod-
uct on 0.05° × 0.05° grids.

The fifth-generation reanalysis  of  European Center  for
Medium-Range Weather Forecasts (ECMWF) (ERA5) data
was used to examine the meteorological conditions of thun-
derstorm  development,  including  the  geopotential  height,
temperature,  specific  humidity,  and  winds  at  each  layer,
with a temporal and spatial resolution of 1 hour and 0.25° ×
0.25°,  respectively  (Hersbach  et al.,  2020).  We  also  refer-
enced the weather balloon sounding data from Netaji Subhash
Chandra  Bose  International  Airport  (ICAO,  station  ID:
VECC; 22.65°N, 88.45°E) to obtain the vertical structure of
meteorological elements in the vicinity of thunderstorms. 

3.    Inferring  the  accurate  time  of  sprite
observations

The most critical defect concerning the amateur observa-

tions  supporting  our  analysis,  similar  to  those  obtained  by
most other citizen scientists, is that they usually do not incor-
porate the precise time of recording, even for the original pho-
tos. However, accurate timing is extremely important for iden-
tifying the causative lightning stroke of sprites. We examined
the  time  of  original  photographs,  which  had  not  been
revised by GPS or synchronized with the network time proto-
col  (NTP) servers  and had a  long exposure time (6 s),  and
the  videos,  which  had  been  transmitted  over  the  network,
edited, or silenced, had also lost its original time stamp. The
investigation  of  two  original  videos,  which  have  durations
of 32 min 53 s, and 57 min 8 s (effective observation time),
respectively, reveals that they contain a wealth of TLEs, twin-
kling stars, as well as the visible motion of low Earth orbit
(LEO) satellites. Therefore, we attempted to use a background
star field combined with satellite motion trajectories to con-
firm a relatively accurate time record to fix the timing issue.

We  examined  the  videos  frame  by  frame,  marked  the
time of each frame, and after stacking the images to extract
the maximum luminance value—a method used in astropho-
tography and star trails to combine the brightest points from
multiple  photos—star  trails  and  obvious  satellite  motion
tracks  appeared  clearly.  A  scheme  for  inferring  time  has
been  designed,  progressing  from  several  seconds  to  1  sec-
ond. It consists of two steps, which are based on comparing
star  fields  and  satellite  trajectories  (as  shown  in Fig.  2)  to
infer the video time.

Step 1: Based on the relationship between the positions
of  the  landscape  and  constellations,  the  approximate  time
can  be  estimated  (with  an  error  on  the  order  of  minutes).
Then, the frames of the stacked video are compared at a rate
of one frame per second for several minutes with the satellite
trajectory overlaid using two-line orbital elements in the soft-
ware Stellarium, which was used to match the star field by
Chou et al. (2016).  The software  not  only  displays  the  star
fields  and  satellite  movements  but  also  estimates  the
satellite’s magnitude (i.e., visibility) based on reflection mod-
els and the sun's position. By cross verifying the movements
of  artificial  satellites  and  background star  fields,  it  is  clear
that Figs. 2a (observation) and 2b (simulation) are nearly com-
pletely  consistent.  The  time  error  obtained  in  this  way  is
about several seconds. The situation is similar in the second
video as well,  albeit  with a  slight  difference in the field of
view between the two videos.

Step 2: Since the smallest time interval that can be set
in the software is 1 s, and the effective frame interval time
of the videos is 0.04 s and 0.16 s, more refined time simulation
of low-Earth orbit satellites is required to obtain more precise
time. We use the high-precision Python astronomy calcula-
tion library, Skyfield, based on the SGP4 model to simulate
short-time (4-s) trajectories according to the video effective
frame  interval  resolution.  To  eliminate  the  impact  of  pixel
point shifts caused by lens distortion and shaking, the short-
term trajectory of the satellite is used together with the angular
distance  formed  by  nearby  bright  stars  as  a  reference  for
time  correction.  By  comparing  the  angular  difference
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between the simulation and the actual observation, and adjust-
ing  the  simulation  time  until  this  angle  is  completely  con-
sistent,  the  minimum  time  error  can  be  determined.  As
shown  in Fig.  2c (observation)  and 2d (simulation)  of  the
first video, and Fig. 2e (observation) and 2f (simulation) of
the  second  video,  the  angles α and β represent  the  angles
formed by the stars and satellite trajectories in the first and
second videos, and are compared respectively. By adjusting
the time according to the effective frame rate intervals (i.e.,
0.16 s and 0.04 s, respectively) to make the observed and sim-
ulated angles completely consistent, a relatively perfect refer-
ence time can be obtained, with the error conservatively esti-
mated to be less than 500 ms (approximately the time span

for 3 effective frames in the first video). If the adjusted time
exceeds this time period, the relative positions and angles of
the  star  field  and  satellite  orbits  will  change  significantly.
Since, the effective frame rate of the second video is higher,
the error should be smaller. In fact, since many sprites corre-
spond to high-current lightning strokes and occur during peri-
ods  of  low-lightning  frequency  (Wang  et al.,  2021),  this
level of time precision is sufficient to help determine the par-
ent  lightning strokes,  especially for  some of  the bright  and
short-duration sprites.

For more detail in Fig. 2c, the angle α between the begin-
ning  and  end  points  of  the  4-second  trajectory  of  satellite
Okean-O  (NORD:25860)  using  HIP  51130  and  the
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Fig. 2. Methods for inferring a relatively accurate time. Blue arrows in all subplots denote the direction of satellite motion. (a)
Stacks of image maxima at 1-s intervals from video time 10 min 52 s−13 min 58 s of the first video. (b) Stellarium's star field
was  set  at  1419:36−1422:42  UTC,  overlaid  with  satellite  positions  at  1-s  intervals.  (c)  Video  time  10  min  52  s−10  min  56  s
consecutive  stacks  of  the  first  video,  localized  zoom.  (d)  Star  field  and  the  trajectory  of  Okean-O  (NORD:25860),
1419:36−1419:39 UTC. (e) Video time 34 min16.6 s−34 min 23.6 s consecutive stacks of the second video, localized zoom. (f)
Star field and the trajectory of DELTA 1 R/B (1) (NORD:10062), 1544:36.0−1544:39.0 UTC.
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satellite's  4-second  trajectory  is  exactly  the  same  as  the
angle of the two computed using the star field (Fig. 2d), and
experiments can also be performed using other stars or other
video  clips  containing  the  satellite  trajectory,  which  all
gives  consistent  results.  For  the  second video,  a  correction
of approximately 2° is implemented on the shooting horizon-
tal angle, and there might be slight distortion at the edge of
the  wide-angle  field  of  view  (e.g., Fig.  2e).  However,
because the distortion remains consistent locally, it does not
impact the relative angle within a small range. Therefore, sim-
ilarly, the 4-second trajectory of satellite DELTA 1 R/B (1)
(NORD:10062) was identified in the second video, and its β-
angle with respect to HIP 53740 matches the model calcula-
tion (Figs. 2e and f). In addition, the satellites were at a dis-
tance  of  1000  to  3000  km  from  the  camera,  and  the  light
travel  time  was  less  than  10  ms,  much  smaller  than  the
frame interval, so the delay error due to light propagation is
negligible.  The  atmospheric  distortion  has  also  been  disre-
garded,  because  of  the  low water  vapor  content  in  the  TP,
and  we  utilized  the  relative  angles  between  the  local  stars
and the satellite trajectories, where atmospheric distortion is
expected to be consistent.

By comparing the times of several clear sprites with the
times of high-current lightning strokes, the time determined
in  the  previous  step  will  be  fine-tuned.  Although  the  time
accuracy is believed to be within 1 s, to ensure the accuracy
of  timing,  lightning  strokes  within  3  s  before  and after  the
determined time are selected for matching with sprites. Rela-
tively  weak  lightning  discharges  with  peak  current  <  ±20
kA in the GLD360 lightning data were removed, which are
generally considered insufficient  to trigger sprites indepen-
dently. Additionally, Figs. 3a and 3b provide relevant infor-
mation  on  the  azimuth  and  elevation  angles  of  sprites  to
assist in determining the causative lightning. It is generally
believed that the lightning pulse occurs within milliseconds
to tens of milliseconds before the sprite (São Sabbas et al.,
2003; Lu et al., 2013). The red dots from GLD360 shown in
Figs. 3a and 3b not only match in time but also align closely
in azimuth and elevation (which can represent  relative dis-
tance), confirming them as parent strokes of the two sprites.
Corresponding sprite-producing lightning strokes are also evi-
dent in the WWLLN data in the right direction. Eventually,
a time accurate to about ±0.1 s can be obtained. Due to the
unknown delay of several milliseconds to even hundreds of
milliseconds  between  the  lightning  return  stroke  and  the
resulting  sprite,  and  without  any  other  clues,  it  is  almost
impossible  to  further  determine  a  more  precise  timestamp.
The  first  video  recording  was  determined  to  be  from
1408:44.1  to  1441:37.8  UTC.  The  start  time of  the  second
video segment was determined to be 1510:26.4 UTC, ending
at 1607:34.4 UTC.

Once  the  relatively  accurate  time  of  individual  sprite
observations is confirmed, the other parent strokes can then
be readily identified based on the azimuth and approximate
altitude information of sprites in the image,  by referring to
the list of fast discharging events provided by the data of light-
ning detection networks (e.g., GLD360 or WWLLN). 

4.    Analysis and results
Based  on  lightning  detection  data  from  GLD360  and

WWLLN, parent lightning has been identified for 66 out of
the  95  TLEs  confirmed  in  the  two  videos,  accounting  for
approximately  70% of  the  total  [Table  S1 in  the  electronic
supplementary material (ESM)]. The validation rate of parent
lightning  for  sprites  observed  in  two  videos  varies.  In  the
first  video,  49 sprites were recorded,  with only 26 of them
having  been  validated  as  having  corresponding  parent
flashes. In contrast, 40 of the 46 sprites recorded in the second
video have certified  parent  flashes.  This  discrepancy could
be due to the longer time interval in the first video, making
it harder to identify the parent flashes. Additionally, the sec-
ond video was recorded later, during the transition of the thun-
derstorm from its mature to weakening stage, where the cur-
rent magnitude of lightning flashes was greater and easier to
confirm.  The  causative  strokes  for  multiple  sequences  in
some dancing sprites have been identified, and three parent
strokes  associated  with  sprite-ghosts  have  also  been  deter-
mined. 

4.1.    Varying complexity of sprites

Some of the special sprites are long-lasting events with
complicated morphology, such as dancing sprites, secondary
jets,  and  ghosts  (e.g., Figs.  4a−f).  Time-lapse  photos  may
not  be  a  good  judge  of  this,  but  the  examination  of  the
videos  makes  it  possible  to  identify  and  analyze  them.
Huang et al. (2018a) compared the differences in locating par-
ent lightning strokes using WWLLN and low-frequency mag-
netic field detection and found that the relative error was gen-
erally within 10 km. Here, it can be assumed that the same
accuracy  of  parent  lightning  strokes  occurred  as  were
detected by GLD360 and WWLLN. Following the  method
outlined by Hsu et al. (2003), the height of TLEs can be mea-
sured based on the parent lightning distance and the elevation
angle  in  the  video.  For  some multi-sequence  sprites  where
not all components were identified, the sequences of previ-
ously identified parent strokes can be referenced.

Most of the dancing sprites jumped from left to right of
the video frame (e.g., Figs. 4a−c), while the convective area
of the thunderstorm system was in the southeast and the strati-
form area was in the northwest. This might indicate that the
sprite-producing lightning propagated from near the convec-
tive  clouds  to  the  stratiform  clouds.  Dancing  sprites  are
often  triggered  by  different  strokes  spawned  in  one  flash
(e.g., Lu  et al.,  2013),  suggesting  that  the  thunderstorm
might contain a considerable amount of large-scale lightning
flashes  (e.g., Lu  et al.,  2009, 2013).  The  heights  of  the
sprites also varied considerably. In Fig. 4a, the sprite has a
carrot-like shape, with the top reaching 91.5±2.3 km and the
bottom at 43.9±1.2 km, corresponding to a peak current of
+50.1 kA for the parent flash. The second sequence appears
as a flattened jellyfish, with a top height of 90.9±2.3 km and
a bottom height of 59.7±1.6 km, as determined with the loca-
tion  of  causative  lightning  stroke  provided  by  WWLLN.
The third  sequence is  a  composite  of  columnar  and carrot-
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shaped structures, with a top height of 85.9 km±2.3 km and
a bottom height of 52.1±1.5 km, produced by a positive CG
stroke with peak current of +41.6 kA.

Secondary  gigantic  jets  are  a  class  of  long-duration
ephemeral TLEs that can reach the top altitude of preceding
sprites (e.g., Lee et al., 2012). In our observations, secondary

 

 

Fig. 3. Fine-tuning time and confirmation of parent lightning. Panels (a) and (b) show a sprite from
the first  and second videos,  respectively,  along with  lightning from three  seconds  before  and after.
Different  shapes  represent  various  instances  of  the  same  type  of  lightning  discharge  for  easy
identification,  while  colors  are  used  to  indicate  different  types  of  discharges:  green  for  intracloud
lightning, red for positive CG lightning, and blue for negative CG lightning. “PC” in the bottom left
corner  represents  the  peak  current  of  stroke  measured  by  GLD360, “GS” represents  the  time
difference between stroke and sprite, “AZ” represents azimuth, followed by the great circle distance
between sprite  and the camera, “UT” indicates the time of stroke.  In the bottom right  corner, “EG”
represents  the  instantaneous  energy  of  the  stroke  estimated  by  WWLLN.  In  the  top-left  corner  of
each subplot, the gray line represents the average brightness in the vertical direction, while the white
short vertical line indicates the azimuth of the maximum brightness.
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gigantic jets typically occurred in consecutive frames (with
duration ranging from 0.1  s  up to  0.6  s,  when exhibiting a
repetitive manner) following a bright sprite event, which usu-
ally  appears  as  a  flat  and  wide “wall” of  sprite  sequences.
Some secondary gigantic jets were shifted in direction, like
dancing sprites.  Bright  scattering light  from in-cloud light-
ning  channels  can  be  seen  over  the  top  of  thunderclouds
(Figs. 4d−f). In terms of height, the sprite in Fig. 4d reached
a  top  altitude  of  87.4±2.9  km,  while  in Fig.  4e,  the  newly
observed  sprite  surpassed  the  previous  one,  and  two  sec-
ondary gigantic jets appeared. These jets extended from the
top of the parent thunderclouds to the top of the sprite, reach-
ing an altitude of 94.9±3.1 km, and then rapidly dissipated
in Fig. 4f.

The  ghost,  produced  after  the  preceding  jellyfish-
shaped  sprite  sequence,  is  located  right  at  its  very  bright
head,  suggesting  a  possible  connection  between  them.  The
green  emission  persisted  for  a  relatively  long  time,  even
vaguely  greenish  in  frame  7  (not  shown),  meaning  it
endured up to nearly 1 s from 1435:06.600 to 1435:07.460
UTC before fading away. The dancing sprite behaved simi-
larly  to  the  previous  ones,  with  the  sequences  propagating
from left  to  right  from the  first  to  the  second  frame  (Figs.
4g, h).  However,  in  frame  5  (Fig.  4i),  another  sprite
sequence  appeared  on  the  left,  and  the  sprite  appearance
was tilted in direction of the ghost,  likely yielding to some
attraction, possibly due to the ionized state of the air in the
ghost region (Fig. 4i). In fact, only the parent stroke of the
dancing sprite that was accompanied by a ghost in the second
sequence (i.e., Fig.  4h)  has  been confirmed.  Therefore,  the

heights of the first and third sequence are based on the distance
from this parent stroke. The height of the sprite (see Fig. 4g)
preceding the ghost  in Fig.  4h reached 85.9±2.4 km, while
the tops of the second and third sequences reached 91.8±2.5
km and 73.2±2.0 km, respectively. The height of the ghost
approximately spanned 73.2±2.0 km to 85.9±2.4 km, which
corresponds  to  the  upper  part  of  the  diffuse  region  of  the
first  sprite sequence, close to the ghost heights reported by
Passas-Varo  et al. (2023).  These  are  the  first  records  of
ghost observations in Asia, and possibly the clearest observa-
tions to date, leading to key questions about the occurrence
of  the  events  and  the  characteristics  of  its  parent  thunder-
storms.

It should also be noticed that among the parent lightning
strokes we identified, only one is suspected to have negative
polarity (−74.6 kA),  but  the sprite  appeared very short  and
small in shape (Fig. S1 in the ESM), significantly differing
from the typical appearance of negative polarity red sprites,
which usually appear as a reddish diffusive cap-shaped emis-
sion  atop  one  or  several  undeveloped  streamers  (e.g., Li
et al., 2012; Lu et al., 2018; Wang et al., 2021). It is somewhat
similar  to  the  morphology  of  negative  polarity  sprites  ana-
lyzed by Yang et al. (2018), but lacks reliable electromagnetic
waveform  data  for  more  verification.  In  contrast,  all  other
sprites  with  halos  displayed  positive  polarity.  Therefore,
any  further  analysis  of  sprites  produced  by  negative  CG
strokes in this region will rely on future observations.
 

4.2.    Active thunderstorm region for sprite production

According to the satellite image of cloud-top TBB, the

 

 

Fig.  4. Dancing  sprites  (a),  (b),  and  (c),  secondary  jets  (d),  (e),  and  (f)  and  ghosts  as  green  emissions  appearing  atop  of
associated sprites (g), (h), and (i) are shown. The “RS” in the upper right corner denotes the red sprites, the “SJ” denotes the
secondary jets, the “GH” denotes the ghosts, and the “F” numbers indicate the sequence of frames in which they appeared.
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outbreak of sprites examined here were produced by lightning
strokes  in  a  thunderstorm  while  it  slowly  moved  eastward
along  the  Ganges  Plain.  The  parent  thunderstorm  had  a
rounded cap at its maturity, with a diameter of up to 500 km
(i.e., an area of nearly 200 000 km², on a meso-α scale) and
a minimum temperature close to 180 K (roughly at an altitude
of  15  km  MSL).  Characterized  by  a  nearly  circular  cloud
top, large area, and long duration, it can thus be classified as
a mesoscale convective complex (MCC), a specific type of
mesoscale  convective  system  (MCS). Figures  5a and 5b
show that the southeastern part of the area was in a convective
zone dominated by negative CG strokes, while the sprite-pro-
ducing CG strokes were primarily located in the trailing strati-
form region,  spreading  out  at  a  distance  of  240  to  480  km
from the observation site. The distribution of positive and neg-
ative  CG  strokes  in  this  thunderstorm  clearly  exhibited  a
dipole  pattern,  namely  negative  (positive)  CG  strokes
appear to dominate in convective (stratiform) region, a well-
known  characteristic  for  MCSs  over  the  Great  Plains  of
United  States  (e.g., Rutledge  and  MacGorman,  1988),
where the sprite-producing CG strokes (especially  those of

positive polarity) tended to appear in the trailing stratiform
of MCSs. Unlike single or dancing sprites that are more dis-
persed,  secondary  jets  and  sprites  followed  by  ghosts  tend
to be concentrated in small areas at the center of stratiform
cloud tails.  The second video,  recorded later,  shows parent
strokes occurring farther away from the convective region.

Note that almost all the identified sprite-producing CG
strokes were of positive polarity, and half of them were regis-
tered with peak current over +50 kA. Although peak current
is not necessarily an accurate gauge for evaluating the poten-
tial of individual CGs in producing sprites (Lu et al., 2013),
among  all  the  positive  CG  strokes  detected  by  GLD360
with peak currents > +70 kA (nearly 57% of them) were asso-
ciated with confirmed sprite observation. The peak currents
of parent lightning strokes corresponding to sprites in the sec-
ond video show more instances exceeding 100 kA. Regarding
the  types  of  sprites,  the  dancing  ones  at  the  same  moment
mostly had a combination of large and small strokes, while
those for ghosts all exceeded 75 kA; single sprites were gener-
ally relatively smaller (Fig. 5c).

Nevertheless, the spatial distribution of sprite-producing

 

 

Fig. 5. (a) Locations of the confirmed parent CG strokes associated with red sprite sequences identified by GLD360
and supplemented by WWLLN in the first  video (without distinguishing labels),  with the shading representing the
cloud-top  TBB  from  the  Himawari-8  satellite  at  1420  UTC  on  19  May  2022.  The  different  colored  diamonds
represent different types of sprites. Panel (b) is similar to (a), but corresponds to the second video, with the shading
TBB  at  1540  UTC.  Panel  (c)  shows  the  peak  currents  of  the  GLD360  strokes  associated  with  different  types  of
sprites  (colored  diamonds),  except  for  the  suspect  negative  one,  and  strokes  not  associated  with  TLEs  (black  dot)
during the original video recording. The time period of the lightning data in all subplots corresponds to the inferred
observation period of the videos.
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CG strokes in the parent thunderstorm is generally consistent
with  that  found  for  MCSs  in  the  continental  United  States
and  North  China  Plain  (e.g., Lu  et al.,  2013; Huang  et  al.,
2018a, 2018b).
 

5.    Discussion
Sprites and their parent thunderstorms have been exten-

sively  investigated  with  ground-based  observations  in  East
Asia  (Hayakawa et al.,  2004; Yang et al.,  2008),  Southeast
Asia (Chang et al., 2014), and the Middle East (Ganot et al.,
2007; Yair  et al.,  2009).  In South Asia,  despite a relatively
high incidence rate of lightning, due to the lack of relevant
observations, we have not yet acquired a good understanding
concerning the meteorological conditions that may be prone
to inducing massive red sprite productions. This is especially
true  for  thunderstorms  with  complex  morphology  to  the
south of the Tibetan Plateau along the Ganges Plain prior to
monsoon outbreak.

The  sprite  observations  from  a  site  in  the  Tibetan
Plateau  reported  in  this  work  constitute  the  first  evidence
that an MCC in the plain area of South Asia can also be prolific
in driving electromagnetic disturbances in the region above
thunderstorms. By incorporating observations from other cam-
eras,  105  sprites  were  recorded  within  3  hours,  yielding  a
total rate of 0.58 min−1. In particular, the 95 sprites identified
from the video of main analysis were recorded over 90 min-
utes of duration at a rate of 1.06 min−1, which was indeed a
period of high sprite production. The overall rate is close to
that  (0.60  min−1)  produced  by  thunderstorms  in  North
America (Lyons, 1994), and the sprite production rate in the
two videos  were  slightly  lower  compared  to  the  sprite  rate

(1.24 min−1) for a thunderstorm in South America (Thomas
et al., 2007; São Sabbas et al., 2010). It should be noted that
during  the  half-hour  gaps  in  the  two  videos,  it  is  highly
likely that quite a few sprites were also produced. In the end
of the second video, the observation was terminated due to
the clouds climbing up onto the plateau, obscuring the south-
ern sky. Therefore, the total number of sprites generated by
this thunderstorm should have exceeded 105.

According to  news reports  in  India,  the  same thunder-
storm also caused 33 deaths and substantial property damage
through hailstones, strong winds, and heavy rain. Figure 6a
shows that this thunderstorm was generated against the back-
ground of a westerly trough aloft in conjunction with a large
amount of water vapor from the low-level Indian Ocean mov-
ing northward, with a mixing ratio of 19 g kg−1 at 850 hPa,
and  significant  horizontal  wind  convergence.  Although  the
southwesterly wind speed was not strong, there was a signifi-
cantly high mixing ratio of over 20 g kg−1 at 925 hPa, which
rapidly  decreased  above  700  hPa  (figure  omitted).  The
nearby sounding data showed high convective available poten-
tial  energy  (CAPE)  exceeding  5000  J  kg−1,  a  moderately
strong 0−6 km vertical wind shear that reached 16 m/s, dry
layers  above  the  lifting  condensation  height  (at  about
0.8  km  above  MSL),  and  an  equilibrium  level  exceeding
100-hPa, dramatically indicating the susceptibility of the envi-
ronment to deep and severe convection (Fig. 6b). The temper-
ature  difference  between  850  hPa  and  500  hPa  reached
27.5°C, also indicative of potential instability. Warm, moist
air  at  lower  levels  rises  rapidly  when  it  encounters  cooler,
drier air at higher levels, which can lead to the development
of  thunderstorm  gales.  The  freezing  level  was  at  about
4.4 km (MSL), while the height of the −20°C layer reached

 

 

Fig. 6. (a) ERA5 analyses of 500-hPa (blue) potential heights (dagpm), 850-hPa winds, temperature (orange; °C) and
the  mixing  ratio  (shaded;  g  kg−1)  at  1200  UTC  on  19  May  2022.  The  red  letter “D” represents  the  low-pressure
center,  while  the  thick  blue  line  represents  the  trough  of  500-hPa  potential  heights.  The  white  dot  denotes  the
observation  location,  the  red  square  denotes  the  sounding  station  of  VECC,  and  the  large  magenta  dashed  box
denotes  the  area  where  convection  occurred.  (b)  The  skew  T–log  p  diagram  showing  the  radiosonde  observation
(refer  to  white  square  in Fig.  5a)  at  1200  UTC on  19  May  2022  at  VECC.  The  half  barb,  full  barb,  and  pennant
represent 2, 4, and 20 m s−1, respectively.
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8.9 km (MSL), which can contribute to a deeper layer of insta-
bility,  in  comparison  with  the  local  ground  level,  typically
at  30−50  m.  This  also  affects  the  distribution  of  charges,
thereby  influencing  lightning  activity.  It  should  be  noted
that  there  was  also  significant  vertical  wind  shear  around
100 hPa (16.8 km MSL), indicating strong changes in wind
speed and direction near the tropopause. This reflects favor-
able conditions for upper-level development of deep convec-
tive clouds, which may have affected the charge distribution
and lightning activity characteristics of the thunderstorm.

The thunderstorm occurred and developed under favor-
able meteorological conditions, and it is necessary to discuss
the  characteristics  of  lightning  activity  throughout  the
storm.  From the  first  lightning  stroke  at  0712  UTC,  a  few
single-cell thunderstorms appeared in the Ganges River Val-
ley and developed, gradually merging into one MCC with a
diameter  of  500  km  around  1400  UTC.  By  approximately
2300  UTC,  the  thunderstorm  clouds  gradually  dissipated,
marking a lifespan of 16 hours for the parent thunderstorm.
To analyze the lightning activity characteristics of the entire

parent  thunderstorm,  lightning  strokes  associated  with  this
thunderstorm  were  selected,  based  on  regions  where  the
cloud  TBB was  less  than  or  equal  to −32°C,  and  only  CG
strokes with absolute peak current values greater than 10 kA
are  counted  in  the  GLD360  data.  The  GLD360  and
WWLLN networks recorded 91770 and 11245 strokes respec-
tively,  showing  similar  trends  but  different  numbers  (Fig.
7a). Combined with the TBB area changes in Fig. 7c, it indi-
cates  that  the  thunderstorm  was  in  its  mature  stage  during
the  video  observation  period.  The  GLD360  network
recorded  a  maximum  stroke  of  339  min−1 at  1235  UTC,
while WWLLN recorded a maximum stroke of 52 min−1 at
1617 UTC. The difference in peak times between the two is
likely due to the presence of more high-energy strokes during
the mature stage, leading to more strokes being detected by
WWLLN  at  a  later  time.  Most  sprites  occurred  during
troughs  in  lightning  activity,  particularly  the  four  sprites
with  ghost  features  (see Fig.  7a).  Many  large  peak  current
lightning strokes (up to 385.5 kA/−239.2 kA) were recorded
throughout  the  thunderstorm,  especially  during  the  early

 

(a)Time interval: 1 min

((b)Time interval: 5 min

(c)Time interval: 10 min

 

Fig.  7. Characteristics  of  lightning  during  the  thunderstorm process.  Nighttime refers  to  the  period
from  local  dusk  to  dawn.  (a)  The  variation  in  the  number  of  strokes  recorded  by  GLD360  and
WWLLN at 1-min intervals; (b) Heat map of the peak current of GLD360 lightning strokes over time
at 5-min intervals, with a peak current bin size of 5 kA; (c) Variation in the number of positive and
negative GLD360 lightning strokes and corresponding changes in TBB area from Himawari-8 at 10-
min intervals. There is no TBB data at 1440 UTC and 2240 UTC.
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development  and  mature  stages.  There  was  a  significant
increase in the number of positive strokes after nightfall (as
shown in Figs.  7b, c),  and  relatively  more  positive  strokes
were produced during the video observation period, with the
peak current reaching up to 249.3 kA for a sprite.  Interest-
ingly, the first video corresponded to a period of decreasing
positive  CG ratio,  while  the  second  video  corresponded  to
an  increasing  positive  CG  ratio.  Although  the  duration  of
the former was half that of the latter, both recorded a similar
number  of  sprites  (49  and  46,  respectively),  suggesting  a
higher  sprite  production  rate  when  the  positive  flash  ratio
was decreasing. The TBB area in Fig. 7c also indicates that
it was a large thunderstorm with vigorous convective develop-
ment. Areas with a TBB of less than or equal to 220 K usually
indicate  the  size  of  the  strong  convection  region,  which
exceeded  200,000  km2 at  its  peak.  Further,  the  area  with
TBB less than or equal to 200 K reached nearly 7000 km2 at
1450  UTC,  before  decreasing  while  the  anvil  cloud
expanded, causing the area with TBB less than 220 K to con-
tinue increasing until 1730 UTC.

Although it is commonly believed that red sprites gener-
ally occur in clusters, the production of over 100 TLEs by a
single  thunderstorm  is  uncommon,  having  been  reported
only  in  Argentina  (Thomas  et al.,  2007),  near  the  Mediter-
ranean  (Arnone  et al.,  2020),  and  in  the  United  States
(Lyons,  1994; Lang  et al.,  2010).  The  fact  that  a  many
sprites were generated during a single thunderstorm and that
they contained some rare types, suggests that such thunder-
storms, occurring from the southern foothills of the Tibetan
Plateau to the Ganges Plain,  need to be thoroughly studied
and comparatively analyzed to examine their uniqueness.

Observational  statistics  show that  sprites  tend to occur
more  frequently  in  regions  near  a  land-ocean  boundary
(e.g., the Caribbean region, the Maritime Continent in South-
east Asia, and the West African coast), indicating a close rela-
tionship between sprite-producing thunderstorms and underly-
ing  surface  features  (i.e.,  land  or  ocean)  (Lu  et al.,  2018;
Zhang et al., 2022). This also affects the polarity distribution
of  sprites,  known  as  the  polarity  paradox  (Lu  et al.,  2018;
Chen et al., 2019). The underlying terrain could exert a con-
siderable impact on the occurrence and development of thun-
derstorms, subsequently affecting lightning activity and modu-
lating  the  generation  of  TLEs  from  a  climatic  perspective
(Xu et al., 2023a; Xu et al., 2023b). The thunderstorm of inter-
est  occurred  between  the  southern  foothills  of  the  Tibet
Plateau  and  the  Bay  of  Bengal.  This  region  is  not  only  a
land-ocean boundary but is also influenced by the Indian Mon-
soon and the high terrain to the north, namely the TP. Here,
the low-level maritime warm and moist air moving northward
encounters  uplift  from the  plateau and convergence lifting,
creating  unstable  conditions  in  conjunction  with  high-level
dry  and  cold  airflow  from  the  northwest.  Similar  to  the
severe  convective  weather  generated  in  the  United  States
through  the  convergence  of  warm  and  moist  air  from  the
Gulf  of  Mexico  and  dry  air  descending  from  the  western
plateau, thunderstorms in South Asia are primarily influenced

by the effects of uphill dynamic lifting, which may be more
pronounced. In comparison with the thunderstorms examined
by Maurya et al. (2022) and Chou et al. (2016), the MCC host-
ing our observations were much more extensive (with a diam-
eter  >500  km).  More  observations  are  desired  to  examine
the  phenomenology  of  sprites  over  the  thunderstorms  in
South Asia by incorporating comprehensive measurements. 

6.    Conclusions
In this paper, we reported on the first observation of mas-

sive red sprite productions over a mesoscale convective com-
plex from a site located in the southern part  of the Tibetan
Plateau.  This  extensive  thunderstorm  produced  over  100
sprites,  about half of which were dancing events with rela-
tively complicated morphology followed by secondary gigan-
tic jets or ghosts. This provides the largest dataset of sprite
observations ever recorded over a single meteorological sys-
tem in South Asia.

To  accurately  timestamp  the  video  observations  taken
by  photographers  that  originally  lacked  precise  timing,  we
developed a  procedure  to  estimate  the  timing of  individual
video  frames  and  thus  sprite  observations  using  satellite
motions  and  the  background  star  field  prior  to  identifying
the  causative  lightning  strokes.  The  sprite-producing  CG
strokes,  predominantly  of  positive  polarity,  were  mainly
located in the trailing stratiform region, which is similar to
the results in other studies.

The  southern  foothills  of  the  Tibetan  Plateau  is  well
known  for  its  high  incidence  of  thunderstorms,  especially
before  the  outbreak  of  the  Indian  monsoon,  middle  and
upper atmospheric discharges generated by convective thun-
derstorms  over  the  Ganges  Plain  have  been  sporadically
observed from the hinterland of the Tibetan Plateau, suggest-
ing that the plateau may be an excellent platform for studying
TLEs  associated  with  thunderstorms  in  South  Asia,  which
warrants future experimental planning in this region. More-
over, the study of loop coupling could include more content,
including  the  physical  electrodynamics  and  chemical  trace
gas  effects  associated  with  mid- and  upper-level  discharge
phenomena.
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