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Abstract Sprites are composed of numerous streamers which exhibit transient luminosities in the
upper middle atmosphere above thunderclouds after initiation by an intense positive lightning discharge,
often followed by lightning continuing current. Here we report the discovery of a sprite which exhibits its
main luminosity near the stratopause. This novel phenomenon is attributed to a sudden surge of
intracloud lightning leader activity, based on a rigorous analysis of our observed electromagnetic
waveforms. Each lightning leader discharge causes an additional electric field that generates a small
amount of electromagnetic energy near the stratopause and thereby contributes to the overall sprite
luminosity morphology. The observation of sprite streamers near the stratopause is important because it is
relevant for the ongoing assessment of the lightning impact on N2 and CO2 with emissions from the near
to far infrared part of the spectrum.

1. Introduction
Sprites are transient luminous events above thunderclouds that occur mainly after intense positive lightning
discharges and occasionally after negative lightning discharges. The typical morphology of sprites originally
distinguished the central sprite head around ∼70–75 km height, the hair above ∼75–90 km, and downward
extending tendrils from ∼40–70 km height (e.g., Sentman et al., 1995, Figure 2). Yet sprites are composed
of numerous individual streamers such that a morphological classification can also be based on the
underlying physical processes, that is, the streamer region from ∼45–75 km height, the transition region
from ∼75–85 km height, and the diffuse region from ∼85–95 km (e.g., Pasko, 2010, Figure 4, and references
therein). It is common practice to refer to the most luminous part of sprites as the body (e.g., Bor, 2013, and
references therein) which normally coincides with the head, or transition region, of sprites.

The morphological properties of optical sprite observations are commonly attributed to the specific charac-
teristics of the sprite producing lightning discharges. For example, the vast majority of sprites are caused by
intense positive lightning discharges (Boccippio et al., 1995; Pasko, 2010, and references therein) followed
by a lightning continuing current (Cummer et al., 1998; Pasko et al., 1998; Reising et al., 1996) with a large
charge moment change (Cummer & Stanley, 1999; Cummer & Füllekrug, 2001). On occasion, sprites are
initiated by negative lightning discharges (Barrington-Leigh & Inan, 1999) as confirmed by detailed exper-
imental observations (Boggs et al., 2016; Chen et al., 2019; Lu et al., 2012) and supported by corresponding
theoretical studies (Liu et al., 2016; Qin et al., 2012). Column sprites are attributed to the large positive peak
current of lightning discharges while carrot sprites tend to be associated with extended intracloud lightning
activity which neutralises large quantities of charge inside the thundercloud (e.g., Qin et al., 2013; van der
Velde et al., 2006, and references therein). In particular, sprites with a long delay after the initial positive
lightning discharge are attributed to intense intracloud lightning activity (e.g., Bell et al., 1998; Lu et al., 2013;
Marshall et al., 2007, and references therein) where long delayed sprites typically initiate at ∼5 km lower
heights in the upper mesosphere when compared to short delayed sprites (Li et al., 2008). Originally, the
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intracloud lightning activity associated with sprites has been described as “spider lightning” (Lyons, 1996).
More recently, the in-cloud leader growth associated with positive lightning continuing current was studied
in detail (Lapierre et al., 2017). Intracloud lightning activity has been observed at remote distances as “sferic
clusters,” or “radio noise,” in the extremely low frequency range (30 Hz to 3 kHz) (Ohkubo et al., 2005), the
very low frequency range (3–30 kHz) (Johnson & Inan, 2000; Marshall et al., 2007) and in the low frequency
range (30–300 kHz) as a quick succession of radio pulses (Füllekrug et al., 2013; Figure 4). At short range
distances, the source locations of radio pulses from intracloud lightning leader discharges can be mapped
in two or three dimensions by low frequency interferometry (e.g., Bitzer et al., 2013; Füllekrug et al., 2013;
Lyu et al., 2014) and more commonly by very high frequency (30–300 MHz) interferometry with lightning
mapping arrays (e.g., Boggs et al., 2016; Lu et al., 2012, 2013, and references therein). Most recently, the
astronomical radio telescope LOw Frequency ARray (LOFAR) has been used to study intracloud lightning
in unprecedented detail (e.g., Hare et al., 2019, and references therein).

However, the morphological differences of sprite luminosities associated with varying degrees of intracloud
lightning activity, positive lightning peak current, and subsequent continuing current are not well docu-
mented. For example, the tendrils in the streamer zone are on occasion optically very bright (e.g., Soula et al.,
2017, Figure 5a, F41, Mlynarczyk et al., 2015, Figure 3, F7G). These sprite streamer luminosities near the
stratopause are important because they reflect the emissions from vibrational states of N2 and CO2 from the
near to far infrared part of the spectrum (e.g., Bucsela et al., 2003; Gordillo-Vazquez et al., 2012; Kanmae
et al., 2007; Picard et al., 1997; Parra-Rojas et al., 2015; Romand et al., 2018, and references therein). In par-
ticular, it is predicted that intermediate (50 ms) and long (100 ms) duration current flows associated with
lightning discharges inside thunderclouds assist to sustain the vibrational states of CO2 (Parra-Rojas et al.,
2015). These simulations extend from the upper mesosphere down to 50 km height near the stratopause.
This letter reports a detailed comparison of the morphology of a sprite with its main luminosity near the
stratopause and another sprite with its main luminosity in the upper mesosphere. The properties of the
causative lightning discharges are quantified by use of novel sprite observations in South Africa (Nnadih
et al., 2018).

2. Observations
A large front of numerous mesoscale convective systems extends from eastern South Africa to northern
Namibia over %500 × 2,000 km2 at 19:45 Coordinated Universal Time (UTC) on 24 January 2017 (Figure 1,
left). The cloud top brightness temperatures reported by the geostationary satellite Meteosat reach down to
∼−80◦C and indicate a tropopause near∼ 15–16 km height inferred from a radiosonde ascent from Upington
at 00 UTC on 25 January (University of Wyoming, 2019), ∼ 350 km south of the sprite producing lightning
discharges. This major front of convective instability propagates north-eastward during the night and pro-
duces numerous lightning discharges and at least 24 sprites. The average cloud top brightness temperature
at the 17 known locations of sprite producing lightning discharges reported by the Earth Networks Total
Lightning Network is −70 ± 9◦C with corresponding heights ranging from ∼ 12–16 km. A similar result
is obtained when the lightning locations reported by the lightning detection network of the South African
Weather Service are used. Around ∼ 50 % of the sprite producing lightning discharges are located in the con-
vective region of the mesoscale convective system with brightness temperatures from −70◦C to −80◦C. The
remaining ∼ 50 % of the sprite producing lightning discharges occur at larger temperatures > −70◦ where
it cannot be determined from temperatures alone whether they are located in the convective or stratiform
region of the mesoscale convective system.

2.1. Optical Video Imagery
Optical sprite observations are conducted with a low-light video camera located at the South African Astro-
nomical Observatory (−32.38◦ S, 20.81◦ E) from 18:45-21:00 UTC. The camera points toward the north-east
at one particular mesoscale convective system ∼800 km away which produces at least 24 sprites during the
observation period. The camera system consists of a Watec 910Hx which is equipped with an 8 mm f1.8 lens
with a field of view of∼ 22.3◦ in the horizontal and∼ 14.3◦ in the vertical direction. The video recordings are
performed with a fixed gain and the default gamma factor 0.45. The video images are initially acquired with
a time interval of 40 ms between consecutive images taken at a frame rate of 25 fps. The temporal resolution
of the video sequence is increased to 20 ms by deinterlacing the recorded images into two images, one with
odd scan lines and one with even scan lines. Subsequently, the sprite images are extracted from the origi-
nal recordings by use of standard image processing methods (Füllekrug et al., 2013, section 2, paragraph 4).
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Figure 1. Sprite observations in South Africa. (left). The South African Astronomical Observatory (dot) hosts a sprite observing low-light video camera with a
horizontal field of view ∼ 22.3◦ (dashed lines). Around ∼800 km to the north-east of the video camera (dashed circles) numerous sprite producing lightning
discharges occur (white pluses) and cause two particularly luminous sprites (superposed red pluses). All sprites occur within large scale thunderstorm activity
as inferred from the cloud top temperatures recorded on the geostationary satellite Meteosat (color scale). (right). The two most luminous sprites differ
significantly. The first sprite on the left exhibits its largest luminosity with corresponding streamer densities near the stratopause ∼50–60 km height, while the
second sprite on the right exhibits its largest luminosity with corresponding streamer densities in the upper mesosphere ∼70–80 km height. The observed
differences are attributed to the characteristic properties of the causative lightning discharges.

Finally, the luminosity for each pixel is inferred from the image count multiplied with the sensitivity of the
camera obtained from the brightness of known stars in the field of view. The two most luminous sprites that
occurred during the night are recorded in short succession at 19:34:27.050 UTC and at 19:47:42.962 UTC.
Both sprites are recorded on one single video image of 20 ms duration and might consist of several nearby
sprite elements. The corresponding video images of these two sprites differ significantly (Figure 1, right).
The first sprite on the left exhibits its maximum luminosity near the stratopause from ∼50–60 km height
and the second sprite on the right exhibits its maximum luminosity in the upper mesosphere from ∼70–80
km height. The heights h of the sprite luminosities are calculated here from the law of sines

sin(𝜗 + 𝜋∕2)
a + h

= sin 𝛼

a + e
, (1)

where 𝜗 is the elevation angle under which the sprite luminosity is seen with respect to the horizontal
direction, a = 6, 371 km is the equivolumetric radius of the Earth, h is the height of the sprite luminosity, 𝛼 is
the angle subtended from the sprite luminosity to the video camera with respect to the vertical direction, and
e = 1, 764 m is the elevation of the camera above sea level at the South African Astronomical Observatory.
The unknown angle 𝛼 can be calculated from the other two known angles 𝛼 = 𝜋−𝜗−𝜋∕2−𝛾 = 𝜋∕2−𝜗−d∕a,
where 𝛾 = d∕a is the central angle determined by the great circle distance d between the sprite producing
lightning discharge and the video camera measured along the surface of the Earth. Solving equation 1 for
the height of the sprite luminosity then results in

h =
(a + e) sin(𝜗 + 𝜋∕2)
sin(𝜋∕2 − 𝜗 − d∕a)

− a, (2)

where the uncertainty of the height calculation is mainly determined by the measurement uncertainty of the
elevation angle when the distance between the sprite and the video camera is known. This distance is approx-
imated here by use of the positive lightning discharge location preceding the optical sprite observation, as
reported by the lightning detection network of the South African Weather Service with an uncertainty<1 km
indicated by the location error ellipse. However, sprites can occasionally be displaced by ∼30–40 km from
the sprite producing lightning discharge (e.g., Soula et al., 2017, and references therein). As a result, a con-
servative estimate for the height uncertainty can be obtained from the average distance ∼ 800 km between
the video camera and the sprite producing lightning discharges with known locations and a lateral uncer-
tainty ∼ 30 km. The resulting estimate for the height uncertainty is then ∼ 5 km at 90 km and ∼ 3.5 km at
45 km height. These uncertainties are considered to be reasonable estimates because larger uncertainties,
say beyond ±10 km height, would result in unusual (large or small) terminal heights of the diffuse region
of the observed sprites.

FÜLLEKRUG ET AL. 12,574
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Figure 2. Comparison of the two lightning discharges that cause the most luminous sprites. (left). The sprite with the largest density of streamers near the
stratopause reaches a luminosity of ∼530 kR (panel 1). The sprite is caused by a positive lightning discharge (∼4 Hz–2 kHz) with a relatively small peak electric
field strength envelope ∼20 mV/m (red dot in panel 2). The current moment of the lightning discharge is ∼150 kA·km (panel 3), and it is embedded in a surge
of ∼500ms long intracloud lightning activity (panels 4 and 5). A secondary column sprite occurs ∼150 ms after the first sprite, caused by a positive lightning
discharge reported by the South African Weather Service (blue cross). (right). The sprite with the largest density of streamers in the upper mesosphere also
reaches a luminosity of ∼530 kR (panel 1). Yet the sprite is caused by a tenfold more intense positive lightning discharge with a peak electric field strength
envelope ∼300 mV/ms (panel 2) which was also reported by Earth Networks lightning detection network (blue circles). The measured current moment of the
positive lightning discharge ∼600 kA·km is ∼4 times larger when compared to the first sprite causing lightning discharge (panel 3). This positive lightning
discharge is embedded in two times less intense intracloud lightning activity (panels 4 and 5).

2.2. Electromagnetic Waveforms
The morphological difference of the two sprites with a larger streamer density near the stratopause and in
the upper mesosphere is attributed to the characteristic properties of the corresponding causative lightning
discharges. These properties are determined from remote sensing of the electromagnetic waves emitted by
the lightning discharges. Electric field strengths are recorded with a wideband digital low-frequency radio
receiver from∼4 Hz to∼400 kHz with a sampling frequency of 1 MHz (Füllekrug, 2010) at the South African
Astronomical Observatory and extremely-low frequency magnetic field variations from ∼0.03 Hz to ∼300
Hz are recorded with a sampling frequency of 887 Hz ∼8,270 km away from the sprites at Hylaty (49.20◦ N,
22.54◦ E) in the sparsely populated Bieszczady Mountains of Poland (Kulak et al., 2014).
2.2.1. Lightning Causing Maximum Sprite Luminosity Near the Stratopause
The sprite with the largest streamer density near the stratopause reaches an average luminosity ∼530 kR
(Figure 2, left, panel 1). The sprite is initiated by a positive lightning discharge with a measured peak elec-
tric field strength envelope ∼22 mV/m in the frequency range from 4 Hz to 2 kHz (Figure 2, left, panel
2). Around ∼150 ms later, a secondary column sprite is initiated by a subsequent positive lightning dis-
charge with a peak electric field strength envelope ∼29 mV/m. The positive polarity of both radio pulses is
determined by the instantaneous polarity (Taner et al., 1979). The second lightning discharge is a positive
lightning discharge with a peak amplitude of ∼35 kA as reported by the lightning detection network of the
South African Weather Service. The magnetic field recordings are used to calculate the lightning current
moment (Mlynarczyk et al., 2015, and references therein) which exhibits the same two pulses from the pos-
itive lightning discharges (Figure 2, left, panel 3). The current moment measurement of the first lightning
discharge is used to calculate the instantaneous charge moment change ∼269 C·km and the total charge
moment change ∼325 C·km which are both near the approximate limit ∼ 300±100 C·km required for sprite
initiation (Qin et al., 2012, and references therein). The current moment pulse from the positive lightning
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discharge is superimposed on a more slowly varying “hump” from −50 ms to +50 ms. This hump is paral-
leled by a surge of intracloud lightning activity which is recorded by the nearby electric field measurements
as background noise (Figure 2, left, panel 4). This background noise results from the fast succession of con-
secutive lightning leader pulses that can occur with a repetition rate of ∼10–20 per ms (Füllekrug et al.,
2013). It is therefore possible to separate the signal of intracloud lightning leader pulses from the signal of
a return stroke with a duration ∼ 1 ms by using the minimum electric field variability ΔEmin within 10 ms
long time intervals selected from successive dynamic spectra calculated with a temporal resolution of 1 ms
(Füllekrug et al., 2013). Because the intensity of radio pulses is roughly log-normal distributed, the electric
field variability ΔE1 ms during 1 ms is calculated by use of the logarithmic mean

𝜇 = 1
N

N∑

k=1
log10S(𝑓k), (3)

where S(fk) are the spectral amplitude densities at N = 400 frequencies fk from 1–400 kHz separated by 1 kHz
(Figure 2, left, panel 5) such that the electric field variability is given by ΔE1 ms = 10𝜇 . The minimum electric
field variability ΔEmin is then the smallest ΔE1 ms within each 10 ms long time interval, and it characterizes
intracloud lightning activity because return strokes have effectively been removed.
2.2.2. Lightning Causing Maximum Sprite Luminosity in the Upper Mesosphere
The sprite with the largest streamer density in the upper mesosphere reaches an average luminosity ∼530
kR (Figure 2, right, panel 1), that is incidentally similar to the sprite with the largest streamer density near
the stratopause. Yet, the peak electric field strength envelope of the positive lightning discharge ∼315 mV/m
is ∼14 times larger than the peak electric field strength envelope of the lightning discharge which causes the
largest streamer density near the stratopause (Figure 2, right, panel 2). The measured peak current of the
positive lightning discharge is +115 kA as reported by the lightning detection network of the South African
Weather Service. Around ∼127 ms later, another positive lightning discharge with a peak current ∼15 kA
occurs, but it does not produce a sprite. The measurements of the instantaneous charge moment change
∼901 C·km, and the total charge moment change ∼1,190 C·km are ∼3 times larger than for the sprite with
the largest streamer density near the stratopause (Figure 2, right, panel 3). At the same time, the intracloud
lighting activity measured by the background noise is ∼2 times smaller than for the sprite with the largest
streamer density near the stratopause (Figure 2, right, panels 4 and 5). These results strongly suggest that
the luminosity of streamers near the stratopause is more sensitive to intracloud lightning activity, possi-
bly associated with a large charge moment change accumulated over a relatively long timescale, while the
luminosity of streamers in the upper mesosphere is more sensitive to the impulsiveness of the initial charge
transfer with a consecutive large charge moment change.

The two sprites reported here with extreme opposite characteristics occurring within ∼13–14 min of each
other are a rather serendipitous discovery. Another sprite group with the largest luminosity of sprite stream-
ers near the stratopause was recorded during the same night at 20:04:16.801 UTC, and similar examples were
also observed during more recent field work in South Africa. However, for a statistical study of maximum
streamer luminosities near the stratopause many more examples would be needed, as the vast majority of
sprites exhibit a large degree of variability between the peak current of the positive lightning discharge, the
instantaneous and total charge moment change and the intracloud lightning leader discharge activity.

2.3. Summary of the Experimental Observations
Our experimental observations can be summarized as follows:

1. Two particular positive lightning discharges that are located in a mesoscale convective system occur
within ∼13–14 min of each other.

2. Both lightning discharges cause sprites as their instantaneous and total charge moment changes exceed
the required theoretical sprite initiation threshold ∼ 300 ± 100 C·km.

3. Both sprites extend from ∼45–90 km height as recorded on a single video image that integrates over a
time interval of 20 ms such that no information on the initiation heights of the sprites, and their temporal
development can be inferred.

4. One sprite exhibits its maximum streamer luminosity near the stratopause from ∼50–60 km height. This
sprite is caused by a charge moment change ∼ 300 ± 30 C·km embedded in a surge of ∼500 ms long
intracloud lightning leader discharge activity.

FÜLLEKRUG ET AL. 12,576
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5. The other sprite exhibits its maximum streamer luminosity in the upper mesosphere from ∼70–80 km
height. This sprite is caused by a charge moment change ∼ 1,050± 150 C·km associated with ∼2 times
weaker intracloud lightning leader discharge activity that lasts for ∼300 ms.

3. Interpretation
To the best of our knowledge, there are currently no sprite simulations that predict maximum streamer lumi-
nosities near the stratopause. As a result, our interpretation is based on the straightforward discrimination
between the experimental observations of the two sprites with maximum streamer luminosities near the
stratopause and in the upper mesosphere. The charge moment changes of both positive lightning discharges
initiate the two sprites with reduced electric fields that cause streamer luminosities extending from ∼45–90
km height. Consequently, the difference in sprite morphology, that is, the maximum streamer luminosity
near the stratopause, is attributed to an additional electric field superimposed on the breakdown electric
field caused by the charge moment changes of the positive lightning discharges. The corresponding surge
of intracloud lightning leader discharges suggests that the physical cause of this additional electric field
resides inside the thundercloud. In particular, two potential mechanisms might contribute to the additional
electric field: (1) The intracloud lightning leader discharges neutralize laterally distributed charge centers
within the thundercloud over a relatively long timescale which results in a quasi-static electric field change
with a multipole character. Higher-order multipole fields fall off faster with distance when compared to
lower order multipole fields and might thereby contribute to the additional electric field required to explain
the enhanced streamer luminosity near the stratopause. (2) It was previously proposed that the combined
radiated electric fields of numerous small intracloud lightning leader discharges contribute to the sprite
morphology (e.g., Ohkubo et al., 2005; Valdivia et al., 1997). In this model, the current moment change of
each intracloud lightning leader discharge causes a horizontally oriented electric dipole with a radiation pat-
tern that falls off faster with vertical distance than the electric field from a monopole. However, this model
intended to explain the filamentary structure of sprites in the upper mesosphere, rather than relative sprite
streamer luminosity enhancements near the stratopause.

In either of the two cases discussed above, each intracloud lightning leader discharge contributes an addi-
tional electric field that is larger near the stratopause when compared to the upper mesosphere. This
additional electric field enhancement thereby results in a quasi-static Joule heating of the atmosphere above
the thundercloud (Füllekrug et al., 2006) and a corresponding relative increase of the streamer luminos-
ity near the stratopause when compared to the upper mesosphere. In contrast, the relatively large sprite
streamer luminosity in the upper mesosphere is produced by the superposition of sprite streamers and the
diffuse halo (Pasko et al., 2013, Figure 9) that is caused by the impulsiveness of the initial charge transfer
with a consecutive large charge moment change of the sprite producing positive lightning discharge.

4. Summary
This letter reports the serendipitous discovery of two sprites within a ∼13–14 min time interval which differ
significantly in their optical morphology: one sprite exhibits its largest luminosity in the upper mesosphere
while the other sprite exhibits its largest luminosity near the stratopause. It is proposed that this novel phe-
nomenon of maximum sprite luminosity near the stratopause can be explained by a surge of intracloud
lightning leader discharges following a relatively weak positive lightning discharge with a charge moment
near the sprite initiation threshold. In this picture, each intracloud lightning leader discharge causes an
additional electric field that generates a small amount of electromagnetic energy in the atmosphere above
the thundercloud and thereby contributes to the observed luminosity near the stratopause. The described
impact of intracloud lightning leader discharges on the stratopause is important because it can be relevant
for the ongoing quantitative assessment of the vibrational states of N2 and CO2 with emissions from the near
to far infrared part of the spectrum, as described in the introduction (section 1).
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