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Abstract Energetic positive and negative cloud‐to‐ground (CG) flashes are both capable of producing
sprites. Negative CGs typically outnumber the positive ones by 10 to 1. However, >99.9 % of reported
sprites were found to be initiated by positive CGs—thus the polarity paradox. Here, sprites recorded
by the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) mission were analyzed along with
extremely low‐frequency band magnetic field data to resolve this paradox. Approximately twenty‐five
percent of the sprites are found to be associated with negative CG lightning. “Negative” sprites mainly
congregate in the latitudinal regions below 20°, while positive sprites scatter up to 50°. The ISUAL
negative sprites are evidently beyond the observable ranges of the ground sites reported in previous
studies. Hence, the sprite polarity paradox is likely a selection effect of the middle‐ to high‐altitudinal
observation sites. The charge moment changes and accompanying transient luminous events of sprites
were also examined and found to be polarity dependent.

Plain Language Summary Sprites are lightning‐induced optical transient emissions in the
mesosphere. In the 1920s, C.T.R. Wilson proposed that both intense positive and negative cloud‐to‐ground
(CG) lightning can cause dielectric breakdown in the mesosphere and induce the sprites as we call them
today. The occurrence of negative CGs typically exceeds the positive ones by a ratio of 10 to 1. However,
more than 99.9% of sprites reported so far were produced by positive CGs and this leads to the polarity
paradox. The rarity of negative sprites also inhibits the effort to elucidate their general characteristics. In this
study, sprites observed by the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) mission
were analyzed along with two sets of magnetic field data recorded at the extremely low‐frequency (3 Hz–3
kHz) band to resolve this paradox. In all, 127 negative CG sprites, ~25% of all the polarity‐identifiable sprites,
were recognized unambiguously. The observed negative sprites mainly congregate in the tropical regions
below 20° latitudes, but positive sprites scatter over wider areas up to 50°. The observed ISUAL negative
sprites weremostly beyond the observable ranges of the ground sites reported in previous studies. Hence, the
sprite polarity paradox is likely a selection effect of the observation sites.

1. Introduction

Sprites (Franz et al., 1990; Sentman et al., 1995) are transient luminous events (TLEs), resulting from the
quasi‐electrostatic process triggered by the vertical charge moment change (CMC) of the parent cloud‐to‐
ground (CG) lightning flashes (Huang et al., 1999; Pasko et al., 1997; Wilson, 1925). Negative CG flashes typi-
cally outnumber positive ones by 10 to 1; however, the vast majority of documented sprites were observed
during ground observations and found by a margin of at least 1,000 to 1 to be triggered by positive CG light-
ning (Williams et al., 2007). So far, only 22 sprites have been linked to negative ground flashes unambigu-
ously (Barrington‐Leigh & Inan, 1999; Boggs et al., 2016; Lang et al., 2013; Li et al., 2012; Liu et al., 2016;
Lu et al., 2012; Lu et al., 2016; Lyons, 2011; Taylor et al., 2008). This sprite polarity paradox was further dee-
pened by reports that exceptional, strong negative CG flashes generally failed to produce sprites (Williams,
2001; Williams et al., 2007).

One possible simple explanation for the pronounced sprite polarity asymmetry could be that the supercriti-
cal positive CMCs are abundant, whereas the negative counterparts are not. Williams et al. (2007) noted that
the CMC distribution of the CG lightning contains a more pronounced tail for the positives than the nega-
tives, globally not only from a single‐station extremely low‐frequency (ELF) analysis but also from analyses
of lightning over land and ocean regions. Hence, at first glance, the results appear to be consistent with the
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Key Points:
• Twenty‐five percent of sprites are

associated with negative cloud‐
to‐ground lightning in the tropical
regions, closely matching the
original prediction

• The existing sprite polarity paradox
is likely a selection effect of the
middle‐ to high‐latitudinal
observation sites

• More than 80% of negative sprites
occur with a halo, while less than
20% of positive sprites have elve or
halo companions
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dominance of positive sprites. However, the tail of the negative supercritical lightning discharges is still on
the order of 10% of the total supercritical population, if a CMC above 750–1,000 C km is taken to be super-
critical for both positive and negative lightning flashes (Williams et al., 2012), approximately 2 orders of
magnitude higher than the observed fraction of negative sprites. Li et al. (2012) reported that the negative
sprites were produced by lightning with a very impulsive discharge and a CMC of >450 C km. They sug-
gested that the ratio of positive to negative sprites is probably close to 200:1. Assuming a sprite‐generating
CMC threshold of +300 and –500 C km for the positives and the negatives, Cummer et al. (2013) estimated
annual rates of 13,000 and 350 respectively for positive and negative sprites over the continental United
States, which gives a sprite polarity ratio of approximately 100 to 1. This estimate is higher than the 0.1%
from ground observations but still significantly less than the 10% that the supercritical negative CGs account
for (Williams et al., 2007). With the simulation results from a two‐dimensional model and a high‐resolution
one‐dimensional plasma fluid model, Qin et al. (2011) suggested that the sprite polarity asymmetry was lar-
gely due to physics of streamers in the mesosphere rather than to lightning physics in the troposphere and
predicted that the negative CGs may produce short‐delayed sprites in the event of extremely high CMC.

Williams et al. (2012) proposed to resolve the sprite paradox by including halos (Barrington‐Leigh, 2000;
Barrington‐Leigh et al., 2001), since they share the same generating mechanism with sprites and the
observed halos were mostly induced by negative CGs (Frey et al., 2007). They argued that the TLE statistics
based on the land observation sites were biased, because halos were either not seen or mistaken as elves.
They cited the global occurrence rate of halos outnumbering sprites by 3.7 to 1 in Hsu et al. (2008), to account
for the deficiency of negative sprites. However, the correction factors proposed in Hsu et al. (2008) to com-
pensate for the instrument sensitivity and other observational shortfalls are rather speculative, since their
raw occurrence rates, 0.47 and 0.37 events/min respectively for sprites and halos, are very similar.

Lu et al. (2017 and 2018) investigated the lightning strokes associated with ISUAL sprites and halos in North
America. The results indicate that the percentage of negative sprites is significant (~18%), and they usually
accompany halos and predominantly occur over oceanic as well as coastal thunderstorms. However, with
the uncertainty of the ISUAL raw event time as high as 25 ms, the ambiguity on the sprite polarity still exists.

In this paper, sprites observed by ISUAL and by two ground ELF radio stations located in the eastern and
western hemispheres, respectively, are used to resolve the sprite polarity paradox. In section 2, the ISUAL
spaceborne optical observation and the ground ELF band data are introduced. The data reduction and tim-
ing correction for the ISUAL events are also given. The results and discussions on the geographical distribu-
tion of sprites, the accompanying TLEs, and the CMC of the sprite‐causative lightning are presented in
section 3. Finally, the possible explanations are discussed in section 4.

2. Observations and Data Reduction

ISUAL (Imager of Sprites and Upper Atmospheric Lightning; Chern et al., 2003) on board the FORMOSAT‐2
satellite is the first scientific mission dedicated to a long‐term global survey of TLEs. ISUAL features three
bore‐sighted sensors: an intensified CCD imager, a six‐channel spectrophotometer, and a 16‐anode array
photometer to capture transients with excellent spatial, spectral, and temporal resolutions. The
FORMOSAT‐2 spacecraft moves along a Sun‐synchronized orbit at a 890‐km altitude, and ISUAL is config-
ured with an eastward view observing TLEs over a region which is at a distance of 2,300 to 4,000 km away
and in time close to the local midnight (10:30 to 11:20 pm). An ISUAL event was registered when the spectro-
photometer was triggered either by lightning or by TLEs. During the northern summer, the ISUAL surveyed
an area spanning roughly the region between 45° south latitude and 25° north latitude, to avoid the sun and
aurora intrusions, whereas during the northern winter, the ISUAL survey region is 25° south to 45° north
(Chen et al., 2008). It is noted that the North America, especially the Great Plain, either just sits in the
gap between the adjacent ISUAL orbits or is in the zone behind the earth limb with a distance of ~4,000
km where the detection efficiency is low due to the poor single‐to‐noise ratio. Therefore, the TLEs beyond
this latitudinal limit are unobserved. Thus, these operational constraints greatly reduced the observed events
over the U.S. Great Plain. More than 42,000 TLEs, including sprites, elves, halos, blue, and gigantic jets, were
registered from July 2004 to June 2016. With an eastward limb‐viewing observation, ISUAL can best distin-
guish the type of the captured TLEs, according to its morphology in the intensified images and the light
curves collected by the spectrophotometers and array photometers. Also, the geolocations of the ISUAL
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TLEs can be inferred from their placement on the images with the satellite position and attitude data as the
auxiliary information (Chen et al., 2008; Wu, 2016).

In this study, the ELF data are recorded by the Lulin station located in central Taiwan (23.5°N, 120.9°E;
Huang et al., 2011), east hemisphere, as well as by the Duke station (35.97°N, 79.09°W; Li et al., 2008), west
hemisphere. Sferic measurements in the ELF range were made with a pair of BF‐4 magnetic field induction
sensors at each site, aligned with the geomagnetic north‐south and east‐west directions. To ensure the accu-
racy of the timing, not only the signals from the sensors but also the GPS IRIG‐B (Inter‐range instrumenta-
tion group time code B) signal are amplified and recorded continuously with a sampling rate of 5 kHz (Lulin)
or 2.5 kHz (Duke) using a 16‐bit analog‐to‐digital board. The absolute timing accuracy of the ELF systems is
better than 1 ms.

The time uncertainty of an ISUAL event ranges from a few milliseconds to 25 ms, mainly due to the drift of
the ISUAL internal clock after the synchronizationwith the spacecraft GPS clock at the beginning of an orbit.
Therefore, to match the ISUAL event with the associated ELF sferic and to identify the polarity of the parent
lightning of the ISUAL sprites, the timing accuracy of the ISUAL observations is critical. In a previous study,
Williams et al. (2007) chose only the negative sprites with a timing uncertainty less than 5 ms to ensure high
confidence. Nevertheless, the systematic drift of the ISUAL clock can be corrected by comparing the time dif-
ference of the lightning events occurring in the vicinity of Taiwan, that were coincidentally recorded by
ISUAL and the Lulin station. The analysis showed that the timing uncertainty of the ISUAL lightning and
other transient events can be greatly reduced to a deviation of 2.3 ms (Huang, 2014), comparable to the selec-
tion criteria used in Williams et al. (2007). The existing studies of the ISUAL sprites and jets (Chang et al.,
2014; Chou et al., 2018; Lee et al., 2013) have proved that a timing accuracy of 2.3 ms for ISUAL event indeed
were achieved and the polarity of the parent lightning can be identified with minimal unambiguity.

In this study, only the ISUAL sprites with no morphological ambiguity and with a distance less than 5,000
km to either the Lulin or the Duke ELF stations from 2009 to 2015 are selected, to make sure the associated
ELF sferic data have sufficient signal‐to‐noise ratio. Taking the propagation time of light and ELFwaves into
account, the ISUAL event trigger times were used to predict the arrival times of the associated sferic at the
ELF stations by the following equation:

Treceiver ¼ TISUAL−
d1
c

� �
þ d2
αc

where TISUAL, Treceiver, d1, and d2 are the drift‐corrected ISUAL event trigger time, the sferic arrival time at
the ELF stations, the distance between the geolocation of the ISUAL sprite, and the ELF station, respec-
tively, c is the speed of light, and α is a constant for phase velocity of the ELF wave (0.3–3 kHz) propagating
in the Earth‐ionosphere waveguide (Huang et al., 1999) and 0.8 is chosen in this work. The time differences
between the nearest sferic peak and Treciever for the east and west hemisphere sprite events yield the mean
and the standard deviation of the time difference for the set of 454 polarity‐identifiable sprites are –0.41 and
2.42 ms, respectively. No systematic difference between data recorded by the Lulin and the Duke stations is
found.

The polarity of the sprite‐inducing lightning can be determined from the sferic recorded by two
perpendicular‐placed search coils of magnetic fields with the assistance of Ampere's law and the azimuth
angle of the parent lightning stroke, respected to the ELF ground station (Cooray, 2015). It should be noted
that not all the events have the CG‐lightning stroke‐generated peaks in both magnetic axes. Some events lie
along the north‐south or east‐west directions could have a very weak signal in one of the sensors, due to the
magnetic wave that propagates parallel to the sensor is incapable of inducing current. However, the polarity
of the corresponding CG discharges could still be identified from a single‐axis magnetic peak without diffi-
culty. Nevertheless, approximately 14% of sprites in this study did not have the associated CG sferics, even
though some events occurred relatively near the ELF stations.

3. Results
3.1. Geographical Distribution and the Resolution to the Sprite Polarity Paradox

There are 279 and 249 ISUAL‐recorded sprites in 2009–2015 that occurred within 5,000 km from the Lulin
and the Duke ELF stations, respectively. Among them, polarity for 225 (80.1%) of the Lulin set and 229
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(92.0%) of the Duke set of sprites can be inferred from their associated sferics with a time accuracy of <3 ms.
The event distribution is shown in Figure 1. Interestingly, 24.1% of the ISUAL sprites (127 out of 528 events)
are triggered by negative CG lightning strokes. This ratio is in sharp contrast to the geographically limited
results obtained from the ground observations carrying out in the past decades, which indicated that nega-
tive sprites are extremely rare, to be less than 0.1% (Williams et al., 2007) or at most up to 1~2% (Cummer
et al., 2013). The geographic distributions of the negative and positive sprites are depicted in Figures 1a
and 1b, respectively. Clearly, there is a notable difference in the geographic distribution of negative and posi-
tive sprites. Negative sprites tend to congregate in the tropics under 25° latitudes, while the positive sprites
scatter widely in latitudes up to 50°, which is the survey limit of the ISUALmission. With an initiating CMC
of 750–1,000 C km, Williams et al. (2007) estimated that ~10% of all lightning globally can induce negative
sprites. However, the minimum initiating CMC for negative sprites can be as low as −300 C km or even
smaller (Qin et al., 2012), which means ~20% of negative CGs (Figure 5, Williams et al., 2007) are capable
of producing sprites, which is quantitatively consistent with our finding.

The observation sites, that provided the majority of the TLE ground observational data in Williams et al.
(2007), are marked by black stars in Figure 1. Evidently, no ISUAL negative sprites occurred within 800
km, a typical horizon‐limiting observation range (Hsu et al., 2003), from these middle‐ to high‐latitude
TLE ground observation sites. This means no ISUAL‐captured negative sprites can be observed by these
ground sites. ISUAL negative sprites concentrated mainly in tropical regions, and its occurrence density
decreases with latitude, becoming very rarified in extratropical regions. On the other hand, even though
positive sprites are also very abundant in the low‐latitude regions, its distribution can extend beyond 40°,
having a much wider distribution than that of the negative sprites, and thus are more readily observed by
these ground sites. In short, the reason for the seeming sprite polarity paradox could simply be “negative
sprites occur mainly over the tropical regions and rarity populates the areas covered by middle‐ to high‐
latitude TLE ground observation sites.”

3.2. The Accompanying TLEs of Sprites

Williams et al. (2012) suggested that the sprite polarity paradox may be resolved by observing halos, another
abundant type of TLEs that share the same generating mechanism with sprites. Thus, halos may be used as
indicators of the missing negative sprites. Williams et al. (2012) proposed that halos were either not detected
or weremistaken as elves in ground‐based optical observations, meanwhile negative CG flashes were known
to trigger most of the observed ISUAL halos (Frey et al., 2007). With a limb‐view configuration from space,
ISUAL can readily distinguish TLEs on the recorded image frames, with the spectrophotometer and the array
photometer as auxiliary detectors. The statistics of the accompanying TLEs of the observed sprites and the
polarity of the parent lightning are listed in Table 1. The statistics indicate that more than 80% of negative
sprites occurred with a halo, while only ~20% of positive sprites had an accompanying halo. This result pro-
vides the possible connection between this work and the suggestion proposed in Williams et al. (2012).
Numberwise, halos indeed aremore likely to appear alongwith the negative sprites (102 events; Table 1) than
with the positive ones (68 events). Furthermore, ~85% of halos (Williams et al., 2012) and ~24% of sprites
reported here are linked with negative CG lightning, and they have a similar raw occurrence rate (Chen
et al., 2008; Hsu et al., 2008). Sprites and halos appear to differ substantially in their polarity preference.
The implications behind all these clearly warrant further studies, but they are outside the scope of this paper.

The diversification of the accompanying TLEs with sprites may arise from the difference in the polarity of
CG lightning and is consistent with the finding of Li et al. (2012), where it also suggested that the trigger
and the evolution of the negative sprites are quite different from the positives. Also, the geographical distri-
bution of the halos (Figure S2 in Williams et al., 2012) shares a similar feature as that for the sprites in this
study: negative halos occur predominantly in the tropics, while positive halos distribute over wider latitudi-
nal regions. In this work, only sprites are focused and pure halo events will not be investigated further.

In short, our results partially support the points raised in Williams et al. (2012) and is consistent with the
findings of Li et al. (2012).

3.3. Charge Moment Change of the Sprite‐Inducing Lightning

Using the deconvolution technique proposed in Cummer and Inan (2000), the CMCs of the sprite‐causative
CGs were calculated. The resulting histogram of the derived CMCs for the positive and negative sprites is
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shown in Figure 2. The positive CMCs have a larger mean and a longer tail, which show a similar trend to
those for the lightning reported in the other studies (Cummer et al., 2013; Hobara et al., 2013; Williams et al.,
2007). The minimum causative CMC for the observed ISUAL negative and positive sprites can be as low as
−209.1 and 63.2 C km, respectively. The results are consistent with the simulations reported in Li et al.
(2012) and Qin et al. (2013), which also note that the initiating CMC of the negative sprites, is higher than
that of the positives. The minimum CMCs for initiating both positive and negative sprites in this work are

Figure 1. The geographical distribution of the Imager of Sprites and Upper Atmospheric Lightning (a) negative, (b) posi-
tive, and (c) polarity‐unidentifiable sprites (circles) recorded between 2009 and 2015 that occurred within 5,000 km of the
Lulin (left) as well as the Duke (right) extremely low‐frequency stations (pink stars). Filled circles, plus, and cross signs
represent the accompanying transient luminous events that respectively include halo, elve, and blue jet. The geolocating
accuracy is typically 0.5° (Chen et al., 2008). The black stars denote the observation sites reported in Williams et al. (2007).
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below the thresholds of −450 C km or + 300 C km suggested in Li et al.
(2012); see their Table 2), but closer to the minimum CMC of −300 C
km and + 200 C km predicted by Qin et al. (2012).

It should be noted that in this work, only the sferic data in the first 2 ms
are used to compute the CMC. Therefore, the negative sprites produced
by consecutive discharges, similar to the case presented in Lu et al.
(2016), could have accounted for such a low CMC for the induction of
negative sprites reported here. In addition, the CMC histogram of the par-
ent lightning of the observed sprites is similar to that of the typical light-
ning (Figures 1–4 in Williams et al., 2007), having polarity asymmetry
and with a longer tail for the positive events. The mean CMC of the posi-
tive sprites (+1,553 C km) is also significantly higher than that of the
negatives (−953 C‐km). However, the mean CMC of the sprite‐causative

lightning, either positive or negative, is far larger that of the ordinary lightning with −3.9 C km (median)
for negatives and <2 C‐km for positives (Cummer et al., 2013) and is consistent with the previous findings.

3.4. Polarity‐Unidentified Sprites

In addition to sprite events with associated positive or negative CG strokes, there are ~14% of the sprites that
surprisingly do not have identifiable CG sferics. One possibility is that the sferics emitted by distant causative
lightning are buried in noise. The distribution of these polarity‐unidentified events is shown in Figure 1c.
Clearly, the distribution bears no relation to the event distance to the ELF stations. It is also possible that
sferics sources were at nodal locations for some modes, however, the nodal distance should approximately
remain a constant for a specific frequency range and a circular geographical distribution is expected. But
the distance variation to the ELF stations of these sprites does not favor this speculation. Therefore, it is pos-
sible that these events may have been produced by the breakdown process other than the typical CG dis-
charges. Sprites with no readily identifiable CG sferics imply that quasi‐static field theory for sprite‐
generation (Pasko et al., 1997) may not be able to model all the sprite events. It is possible that in certain cir-
cumstances, sprites may be produced by other physical processes such as hybrid IC‐NCG discharges (Boggs
et al., 2016) or horizontal intercloud discharges.

4. Discussion

In this study, a large number of sprites, including a high fraction of nega-
tive sprites, were selected from the data collected by the spaceborne
ISUAL global survey. Clear differences between negative and positive
sprites, such as geophysical distribution, accompanying TLEs, and CMC
of the causative CGs are identified.

An interesting question arose: Why do negative sprites mainly congregate
in the tropical region? Though the vast majority of lightning flashes are
found in the tropics, another possible interpretation is the difference
between positive and negative sprites. Pasko et al. (1997) proposed that
the high altitudinal electric field is most closely related to the lightning
CMC, and the ensuing observations prove that sprite generation indeed
is driven mostly by this important parameter (Cummer & Lyons, 2005;
Hu et al., 2002; Huang et al., 1999; Li et al., 2008). But does the congrega-
tion of the negative sprites in a lower latitudinal region imply the light-
ning CMC is more intense in the tropics? Cummer et al. (2013) reported
the geographic distributions and the rates of a 3‐year energetic lightning
survey. The results indicate that the distribution of energetic negative
lightnings is centered at ~35° north and hence they tend to occur more
often in the lower latitude regions, comparing to the positives, which peak
at ~40° north (Figures 12 and 13 in Cummer et al., 2013). This latitudinal
shift of negative lightning flash locations may primarily be a pronounced
water effect (Gulf of Mexico to the south). Even then, this distributional

Table 1
Statistics of the Sprites Observed by the Imager of Sprites and Upper
Atmospheric Lightning Sprites and the Accompanying Transient Luminous
Events (TLEs)

TLE tag/event
content

Positive sprite Negative sprite

Counts Ratio Counts Ratio

Pure sprite 233 71.3% 22 17.3%
Sprite+halo 50 15.3% 48 37.8%
Sprite+halo+elves 18 5.5% 54 42.5%
Sprite+elves 23 7.0% 3 2.4%
Sprite+blue jet 1 0.3% 0 0.0%
Sprite+gigantic jet 2 0.6% 0 0.0%

Figure 2. The charge moment change of the causative cloud‐to‐ground
lightnings for the polarity‐identifiable sprites
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difference between positive and negative energetic lightning strokes still cannot fully explain the preferring
occurrence of negative sprites in the tropics. Other factors, besides CMC, like the meteorological conditions
may provide some clues.

Lang et al. (2013) noted that the characteristics of the negative sprite‐producing systems in the U.S. Great
Plain were similar to those of the positive sprite‐generating storms, but it is a risky conclusion because too
few negative sprites were unambiguously confirmed before this work. Liu et al. (2016) and Boggs et al.
(2016) showed that negative sprites can be produced by not only typical CG lightning but also other types
of discharges including BFB (Bolt‐from‐the‐blue), hybrid IC‐NCG (Intracloud‐negative cloud‐to‐ground),
and multicell IC‐NCGs discharges. They also suggested tall, intense convective systems with high wind
shear at the middle to the upper regions of the cloud accompanied by low CG flash rates could generate
charge structures that favor the production of negative sprites. Lu et al. (2016) further presented a negative
sprite event triggered by consecutive impulse charge transfers. The results obtained in this work support
that the generating mechanism of negative sprites in the tropics, besides influenced by the CMC of the
parent lightning, also may be affected by the charge configuration in the cloud and the type of the
parent lightning.

Even though, sprites captured over a hurricane system were found to be all produced by positive CG strokes
(Huang et al., 2018), but a lot of ISUAL negative sprites also occurred in similar regions and seasons. Lee
et al. (2010) reported that 84% of the TLEs were found to occur over the Intertropical Convergence Zone
and the South Pacific Convergence Zone (ITCZ/SPCZ) in the low‐latitude regions. Therefore, the meteoro-
logical conditions, especially the cloud structure, the electrification process, the charge distribution and
amount, and the evolution of the convection systems in ITCZ/SPCZ and mesoscale convection systems in
subtropical regions certainly merit further investigations. In addition, Qin et al. (2013) suggested that the
geographical and temporal conductivity variations in the lower ionosphere along with the seasonal and
interannual variations of thunderstorm activity can lead to different lightning characteristics in the tropo-
sphere, account for the different morphological features of sprites, and may also play an essential role in
the absence of the positive sprites in the extratropical regions.

5. Conclusions

In this work, 528 ISUAL sprites near two ELF stations were analyzed to resolve the sprite polarity paradox
first proposed in Williams et al. (2007). Approximately 25% of these sprites are unambiguously associated
with supercritical negative lightning strokes, this fraction of negative sprites is 1 to 2 orders of magnitudes
higher than the previous findings. The identified negative sprites located primarily in the tropical regions,
which are beyond the reaches of most of the ground observation sites reported in the previous studies.
But the distribution of the positive sprites is more scattered and spread to the high latitude regions.
Therefore, the negative sprites indeed account for a significant fraction of sprite events as Wilson (1925)
had predicted. And the sprite polarity paradox may simply arise from the selection effect of the observation
sites and thus does not really exist.

Furthermore, approximately 80% of the negative sprites occurred along with halos, whereas that for positive
sprites is only ~20%. The variance of sprite accompanying TLEs with the polarity of the causative CGs is con-
sistent with the findings of Li et al. (2012) and Williams et al. (2012). This implies that the formation and
evolution processes for sprites with different polarity differ, thus, theoretical perspectives provided by Qin
et al. (2011 and 2013) warrant further in‐deep explorations based on the ISUAL sprite data set.

The CMC of the sprite‐causative CGs exhibits similar features to those of the conventional CG lightning,
including the polarity asymmetry with a longer tail for the positive events, except that the average CMCs
of the sprite‐causative CGs are much higher. Furthermore, the mean CMC of the positive sprite‐inducing
CGs is markedly higher than that of the negative counterparts, but the derived minimum CMC of the nega-
tive sprites is lower than that of the positives, and in agreement with the thresholds proposed in Qin et al.
(2012) and Li et al. (2012). Even with the proximity of the analyzed sprites to the Lulin and the Duke ELF
stations, ~14% of events are devoid of associated lightning sferics; therefore, the type and polarity of the cau-
sative discharges cannot be inferred. No clear geographical preference of these polarity‐unidentifiable sprites
can be discerned. Currently, it is speculated that these peculiar sprites were produced by the breakdown pro-
cess other than the vertical CG discharge.
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In all, 127 negative sprites were found, and this is the largest collection of these presumably rare events thus
far, outnumbering all the negative sprites reported over the years. Eighty percent of the negative sprites
occurred with a halo and were induced by energetic lightning, which partly agree with the conclusions
put forward byWilliams et al. (2012), especially on the halos and their association with supercritical negative
CGs. However, the new discovery of the abundant negative sprites provides another approach to the sprite
polarity paradox.

Through further investigations of their characteristics, especially with the spectrophotometric and spatial
variation information from the other two ISUAL sensors and the meteorological conditions of their parent
storms, the detail breakdown of the parent lightning and the evolution of negative sprites could be clarified.
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