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Abstract On the morning of 5 June 2013, two cameras of the SpriteCam network concurrently captured a
red sprite with diffuse halo over a mesoscale convective system (MCS) passing the panhandle area of
Oklahoma. This sprite was produced by a negative cloud-to-ground (CG) stroke with peak current of !103 kA
in a manner different from previous observations in several aspects. First of all, the causative stroke of sprite is
located by the National Lightning Detection Network (NLDN) in the trailing stratiform of MCS, instead of
the deep convection typically for negative sprites. Second, the sprite-producing stroke was likely the ﬁrst
stroke of a multistroke negative CG ﬂash (with ≥6 CG strokes) whose evolution was mainly conﬁned in the
lower part of thunderstorm; although the parent ﬂash of sprite might contain relatively long in-cloud
evolution prior to the ﬁrst stroke, there is no evidence that the negative leader had propagated into the
upper positive region of thundercloud as typically observed for the sprite-producing/class negative CG
strokes. Third, as shown by the simulation with a two-dimensional full-wave electrodynamic model, although
the impulse charge moment change (!190 C km) produced by the main stroke was not sufﬁcient to induce
conventional breakdown in the mesosphere, a second impulse charge transfer occurred with ~2 ms delay to
cause a substantial charge transfer (!290 C km) so that the overall charge moment change (!480 C km)
exceeded the threshold for sprite production; this is a scenario different from the typical case discussed by
Li et al. (2012). As for the source of the second current pulse that played a critical role to produce the sprite,
it could be an M component whose charge source was at least 9 km horizontally displaced from the
main stroke or a negative CG stroke (with weak peak current for the return stroke) that was not detected by
the NLDN.

1. Introduction
Sprites are produced by tropospheric lightning strokes in the mesospheric environment through transient
electric perturbation driven by substantial charge transfer from the in-cloud reservoir to ground [Pasko
et al., 1997; Cho and Rycroft, 1998; Qin et al., 2012; Wang et al., 2015]. The existing ground-based observations
indicate that only a very small fraction (<1%) of sprites are produced by negative cloud-to-ground (CG)
strokes [Williams et al., 2007, 2012; Li et al., 2012]. However, the rare observations of negative sprites indeed
provide solid evidence that sprites are the consequence of lightning-induced conventional breakdown in the
mesosphere [Taylor et al., 2008; Liu et al., 2009].
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The examinations of a handful of ground observations reveal some features common to negative sprites.
Their parent strokes usually generate vertical impulse charge moment change (iCMC, deﬁned as the product
of the transferred charge within 2 ms after the return stroke and its original height above the ground level) in
excess of !450 C km [Barrington-Leigh et al., 1999; Taylor et al., 2008; Li et al., 2012; Boggs et al., 2016]. Almost
all the negative sprites documented in the literature are described as bright vertical columns embedded in an
upper diffuse disk-shaped region (called “halo”), and the fainter downward branching tendrils are visible at
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lower altitudes [Li et al., 2012]. The
accompanying halo strongly suggests
that negative sprites are generated with
small lateral offset (<10 km) from the
parent stroke, as usually observed for
sprite halos provided by intense positive CG strokes [Wescott et al., 2001; Lu
et al., 2013].
Negative sprites typically appear dimmer than their positive counterpart
for parent strokes with comparable
iCMC. For instance, bright sprites produced by positive strokes with iCMC
in excess of +500 C km often excite a
slow magnetic pulse measurable at
thousands of kilometers as driven
by the current along sprite bodies
[Cummer et al., 1998; Pasko et al.,
1998]; the similar magnetic pulse has
not yet observed for negative sprites,
even for events associated with
iCMCs up to !1050 C km [Li et al.,
2012]. As for the parent lightning of
negative sprites, the multistroke negative CG ﬂashes that mainly develop in
Figure 1. (a) Parent strokes of sprite observed on the morning of 5 June
2013 by two low-light-level cameras located respectively in Lubbock
the lower part of thunderclouds are
and Hawley, Texas (four negative CG strokes with high iCMCs but without
not likely a major producer; instead,
sprite observation are shown as black solid diamonds). (b) Flash rates of
the parent strokes of negative sprites
CG lightning ﬂashes over 10 min interval produced by the mesoscale
might be preceded by a substantial
convective system, with diamond symbols showing the sprite-producing
intracloud evolution in the upper part
strokes, red for positive (SP + CG) and black for negative (SP-CG).
(c) Percentage of +CG ﬂashes relative to the total CGs produced by
of thundercloud as observed for northe MCS from 00 to 16 UTC on 5 June 2013.
mal bilevel intracloud lightning [Lu
et al., 2012; Boggs et al., 2016], which
is similar to positive sprite-producing strokes [van der Velde et al., 2006; Lang et al., 2011; Lu et al., 2009,
2013], although it remains unclear as how a long intracloud evolution in the upper part of thundercloud
would precondition a negative stroke with exceptionally large iCMC.
Nevertheless, it almost comes to a classical picture on the morphology and occurrence of rarely observed
negative sprites as typically driven by a single stroke with a substantial iCMC [Li et al., 2012; Boggs et al.,
2016]. In this paper, we report the observation of a very unusual sprite that was unambiguously produced
by a negative CG stroke with a subcritical iCMC (about !190 C km), which would not have produced
the sufﬁcient electric ﬁeld (E ﬁeld) change all by itself to induce mesospheric breakdown. However, the
subsequent impulse charge transfer delayed by about 2 ms further enhanced the electric perturbation in
the mesosphere so that the total lightning E ﬁeld exceeds the critical ﬁeld for conventional breakdown
(Ek), demonstrating a new scenario for the sprite production by negative CG strokes.

2. Observations and Data
Late on 4 June 2013, the convective cells scattered in southeast of Colorado moved eastward and merged
into a mesoscale convective system (MCS) typical to the central plain of the United States with favorable conditions for sprite production [Boccippio et al., 1995; Lyons, 1996; Cummer and Lyons, 2004]. As shown in
Figure 1a, two low-light-level video cameras (Watec 902H2 Ultimate) were operated at Lubbock and
Hawley (Texas), respectively, to observe the red sprites produced over the thunderstorm, recording a total
of 59 sprite events from 02:53 to 10:24 UTC on the morning of June 5.
LU ET AL.
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In addition to the data of the U.S. National Lightning Detection Network (NLDN) that reports (with detection
efﬁciency of 90–95% for CG strokes) the time, location (with median accuracy <500 m), polarity, and peak
current of lightning discharges [Biagi et al., 2007; Cummins and Murphy, 2009; Nag et al., 2011; Mallick et al.,
2014], we also examined the data from the lightning charge moment change network (CMCN) [Cummer
et al., 2013], which estimates the vertical iCMC (with uncertainty up to 50% due to the automated processing)
for the NLDN strokes through an automated version of the regularization-based method described by
Cummer and Inan [2000]. Moreover, the wideband (~50 Hz to 30 kHz) magnetic sferics recorded near Duke
University are used to estimate the iCMC of parent strokes more precisely for these sprites [e.g., Li et al.,
2012], and the low-frequency (LF, 30–300 kHz) magnetic sferics were also recorded at several stations
deployed in the continental United States [Lu et al., 2013, Figure 1], making it possible to investigate the
intracloud discharges linked to the sprite-producing strokes.
The parent strokes (indicated by red open diamonds in Figure 1a) of 58 sprites are of positive polarity, and the
CMCN system estimated the iCMC (ranging from +133 C km to +820 C km) for 14 sprites. The remaining sprite
(black open diamond) was associated with a negative CG stroke (at 06:03:38.764 UTC) detected by NLDN with
50% geolocation error of 200 m at (36.909°N, !100.456°E), near the border of Oklahoma and Kansas; this
stroke had a high peak current of !103 kA, and the CMCN system estimated the iCMC of this stroke to be
!189 C km. We also investigated 45 negative strokes with peak current > !80 kA produced in the MCS
and identiﬁed four negative strokes (between 06:20 and 08:00 UTC, indicated by black solid diamonds in
Figure 1a) that generated higher iCMCs (between !194 C km and !282 C km). These strokes all occurred
within the ideal range (<500 km) of sprite observation but without producing a sprite recorded at the sites.
Therefore, although the minimum iCMC for initiating negative sprite could be as small as !300 C km under
favorable conditions (e.g., high reference height of ionosphere and/or vertically elongated inhomogeneity
in electron density) [Qin et al., 2012], this is not likely the case for the negative sprite examined in this paper.
Apparently, the sprite-producing negative stroke of our interest seems to be characterized by something
unique that merits a further investigation.
Figures 1b and 1c show the occurrence of lightning ﬂashes during the lifetime of the MCS and the timeresolved ratio of +CG relative to the total CGs, respectively. A grouping procedure was applied to group
strokes within 1 s time window and with lateral displacement ≤10 km into a single ﬂash [e.g., Lang et al.,
2013; Zoghzoghy et al., 2013]. In our analysis, we only examined NLDN-classiﬁed CG strokes with peak
currents ≥15 kA since the NLDN discharges below this value are very likely intracloud discharges [Cummins
et al., 1998]. Before 04:10 UTC when the trailing stratiform has not formed yet, the sprites were produced,
while the ratio of positive CGs increased dramatically from ~10% to over 30% due to the increasing occurrence of positive CG ﬂashes. The negative sprite was observed shortly after a 100 min interval (04:10 to
05:50 UTC) without sprite observation, when the average ﬂash rate was ~60 ﬂashes per minute and the ratio
of negative CGs was ~80%. After 05:50 UTC, the sprites were produced as the percentage of +CGs gradually
declined from 20% to 10%. Generally speaking, for the thunderstorm on 5 June 2013, the observed sprites
were predominantly produced during the mature stage of the MCS.

3. Analysis and Results
In this section, we present a detailed analysis of the sprite based on the radar reﬂectivity of parent thunderstorm upon the sprite observation, the broadband magnetic ﬁelds recorded near Duke University, and the LF
sferics at several stations in the continental United States. These data are examined to acquire the information on the morphology of sprite-producing ﬂash and the feature of lightning charge transfer that might be
crucial for the sprite production.
3.1. Location of Sprite-Producing Negative Stroke
The images of negative sprite recorded from Hawley and Lubbock are shown in Figures 2a and 2b, respectively. With time-stamped video images at two sites, the occurrence of negative sprite can only be constrained within 17 ms (roughly the exposure time of each video ﬁeld) after the return stroke. This negative
sprite is not considerably dimmer than previous observations. The halo feature is discernible in the video
image captured at 391 km range from Lubbock. By using the image brightness at least twice the background
noise level to deﬁne the altitude range of this halo-sprite event [e.g., Li et al., 2012], the halo region is estimated to be topped at 80 km (above mean sea level, msl), which is considerably lower than previous
LU ET AL.
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observations (near 90 km) [Li et al.,
2012]; there were several embedded
sprite elements, and the streamer
region of the brightest sprite element
appeared to descend below 66 km
(msl). Here we have assumed that the
center of halo region is located right
above the causative stroke, and a
20 km lateral displacement will lead to
5 km uncertainty in the estimation of
top height. As shown in the ﬁgure, the
azimuthal location of parent stroke
relative to the observation site in
Lubbock and Hawley is consistent with
that the sprites with halo feature,
including negative sprites, are not considerably displaced azimuthally from
the parent stroke [Wescott et al., 2001;
Li et al., 2012].
Figure 2. (a and b) Sprite images captured from Hawley, and Lubbock
(Texas), respectively, and the location of parent stroke is indicated by a
cyan diamond. (c) NEXRAD radar image acquired at 06:05:58 UTC (on 5
June 2013) from Amarillo, Texas, showing the leading convection and
trailing stratiform of the MCS. The sprite-producing stroke (black
diamond) is located in the trailing stratiform, not signiﬁcantly different
from most sprite-producing positive CGs (pink diamonds) between
05:50 and 06:15 UTC.

As shown in Figure 2c, the spriteproducing stroke (indicated by a black
open diamond) was located in the
trailing stratiform, roughly 50 km behind
the leading convection line contoured by
35 dBz reﬂectivity (shown by the Next
Generation Weather Radar (NEXRAD)
radar image at 06:05:58 UTC from
Amarillo, Texas). The causative positive
strokes (pink open diamonds) of four sprites observed between 05:50 and 06:15 UTC are also indicated in
Figure 2c, showing that the location of negative sprite-producing stroke with peak current of !103 kA was
not appreciably different from other sprite-producing strokes in the MCS. Hence, our observation is an exceptional case to the ﬁnding of Lang et al. [2013] regarding the popularity of sprite-parent/class negative CGs in
the convection region of MCSs or ordinary thunderstorms [Boggs et al., 2016].
By examining the NLDN discharges within 1 s before and after the sprite-producing stroke (at 38.764 s) and
associated magnetic sferics, it is inferred that the sprite was produced by the ﬁrst stroke of a negative CG ﬂash
with at least six discrete strokes, including a ﬁfth stroke (with !55 kA peak current) that reached ground 0.5 s
later in the close proximity of the ﬁrst stroke. The NLDN also detected a negative discharge at 38.088 s with
200 m uncertainty (located within 4 km of the ﬁrst stroke) about 0.68 s prior to the sprite-producing stroke.
Although the NLDN classiﬁed this discharge as a negative CG stroke with !17 kA peak current, the associated
sferics (with relatively short timescale <25 μs, not shown) recorded at two LF stations (installed on the campus of Oklahoma University and Kansas State University, respectively) at the closest distance (332 km and
423 km, respectively) conﬁrm it to be a vertical intracloud (IC) discharge of negative polarity [e.g., Wiens
et al., 2008]; the sferic signals recorded at these two stations also suggest that there might be a few more
IC discharges (with peak current below !10 kA) during the 0.68 s interval. Hence, the parent ﬂash of negative
sprite likely developed fairly long in-cloud activity prior to the ﬁrst stroke [e.g., Cummins and Murphy, 2009].
The sprite-producing negative stroke was 290 km from the origin of the Oklahoma Lightning Mapping Array
(LMA), which did not detect very high-frequency (VHF) sources within 20 km of the stroke, providing further
evidence that the parent lightning was likely a multistroke negative CG ﬂash evolving mainly in the lower part
(<10 km) of trailing stratiform. In contrast, for a negative sprite-producing stroke at 260 km range examined
by Lu et al. [2012, Figure 14], the Oklahoma LMA detected >50 VHF sources above 10 km altitude prior to the
sprite-producing stroke, indicating the evolution as bilevel intracloud lightning in the upper part of thunderstorm, which was also recently shown by Boggs et al. [2016] to be typical for sprite-producing negative
strokes. Is it the case for the negative sprite reported in this paper?
LU ET AL.
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By carefully inspecting the performance
of Oklahoma LMA upon the observation
of this negative sprite, we concluded
that the absence of associated VHF
sources from the parent ﬂash was due
to the lack of negative leader progression in the upper part of thundercloud.
During the 10 min interval centered at
the negative sprite observation, the
LMA detected hundreds of VHF sources
(mostly >10 km) from the small convective region (~340 km from the LMA
origin) located in west of the MCS (see
Figure 2b), demonstrating the capability
of LMA to detect at least strong VHF
radiation at the range of causative
stroke of this negative sprite. In particular, for all the sprite-producing positive
strokes (SP + CGs) shown in Figure 2c
at the similar ranges, the LMA detected
a considerable number of VHF sources
predominantly over 10 km (msl) [e.g.,
Lu et al., 2009, 2013; Lang et al., 2011];
furthermore, the examination of LMA
Figure 3. (a) Broadband (50 Hz to 30 kHz) magnetic signals recorded near
data for one (at 06:29:18 UTC) of the
Duke University (the time axis is corrected by the propagation delay to
show the discharges in the source region). The low-pass ﬁltered curve
aforementioned nonsprite-producing
attempts to reproduce the signal of an ultralow frequency (ULF, <0.
negative strokes with the largest
1–400 Hz) magnetic sensor that was not in operation during the sprite
iCMC (!282 C km), which is also at the
observation. (b) Low-frequency (30–300 kHz) sferics of the negative
similar
range (310 km from the LMA
sprite-producing stroke as recorded at multiple stations at different
origin), indicates the progression of
ranges, showing that the subsequent main current pulse was associated
with a burst of LF emissions lasting ~1.5 ms (shown in the inset).
negative leader(s) prior to the stroke
with >20 VHF sources above 10 km
(msl). Therefore, the parent ﬂash for our particular negative sprite probably did not develop into the upper
positive charge region at all during its lifetime.
It is also possible that the NLDN discharge detected 0.68 s prior to the sprite-producing negative stroke
occurred without any connection to the parent ﬂash of negative sprite. This will not affect the conclusion
regarding the absence of negative leader progression in the upper positive region.
In summary, all the data available are not in favor of the negative leader progression in the upper positive
region of thunderstorm prior to the causative stroke as typically observed for negative sprite-producing
strokes, although this scenario is not impossible for our event. Nevertheless, our analyses above at least raise
the possibility that the negative sprite could be produced in association with a multistroke negative CG ﬂash
whose development is conﬁned in the lower part of thunderclouds, probably due to the considerable distribution of positive charge near the bottom of stratiform [Stolzenburg et al., 1998; Nag and Rakov, 2009].
3.2. Charge Transfer of Sprite-Producing Stroke
The very low frequency (VLF, 50 Hz to 30 kHz) magnetic sferics recorded at 1908 km range (Figure 3a) indicates the presence of at least two major impulse charge transfers (as implied by the low-pass ﬁltered signal)
separated by about 2 ms within 5 ms after the onset of the sprite-producing stroke. This feature was not
observed for other negative CG strokes in the MCS that produced higher iCMC but without sprite observation, and the relevant observation with remote sensing data has not been reported yet in the literature to
our best knowledge.
As indicated in Figure 3a, the NLDN-registered stroke (at 38.764 s) was related to the return stroke phase
of the ﬁrst current pulse, and there was no NLDN detection associated with the subsequent main current
LU ET AL.
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pulse. It can be claimed that this subsequent current pulse was not associated with the current ﬂowing along
sprite bodies as observed for bright
sprites produced by energetic + CG
strokes typically with iCMC greater
than +500 C km [Cummer et al., 1998;
Pasko et al., 1998]. As shown in the
ﬁgure, the broadband VLF magnetic
signal (red line in Figure 3a) of the subsequent current pulse contains some
submillisecond variations that were
not observed in previous measurements associated with sprite current
[Stanley et al., 2000; Hu et al., 2002]. In
addition, as indicated consistently by
the LF sferics recorded at six stations
ranging between 332 km and 2097 km
(Figure 3b), the second current pulse
was accompanied by a relatively
long (~1.5 ms) burst of LF emissions
(see the inset) that initiated 2.4 ms
Figure 4. Broadband (50 Hz to 30 kHz) magnetic signals associated with
after the leading return stroke. The
(a) a sprite-producing positive CG stroke, and (b) a high peak current
negative CG stroke without producing a sprite. The inset shows the LF
similar LF emission, which is usually
signals recorded on the campus of Oklahoma University.
attributed to K process (or propagation
of negative leader along the existing
lightning channel) in the interpretation of broadband sferics [van der Velde et al., 2006], has not been
reported in association with sprite current.
Figure 4a shows the sferic data for the positive sprite-producing CG stroke at 06:01:59 UTC. For comparison,
the sferics for the negative CG stroke at 06:29:18 UTC with iCMC of !282 C km (but no sprite was produced)
are plotted in Figure 4b. Although the VLF signals of positive and negative CG strokes look very similar in the
general waveform except for the opposite polarities, the associated LF sferics recorded at the similar distance
show a signiﬁcant difference in the LF emissions shortly after the return stroke. As shown in the inset of
Figure 4a, the positive sprite-producing CG stroke is characterized by a trailing LF emission lasting ~1 ms,
which is linked to the negative breakdown (initiated by return stroke) horizontally spreading along existing
lightning channels in the cloud [Lu et al., 2009]; the negative CG strokes does not show this feature, and
the associated LF emissions (with timescales >100 μs) usually only reﬂect the propagation of return stroke
signal in the Earth-ionosphere waveguide.
Nevertheless, all the relevant sferic features suggest that the subsequent current pulse shown in Figure 3 is
more likely connected to a cloud-to-ground discharging event in the source region of negative spriteproducing lightning, rather than from the sprite streamers. The associated LF emissions could be attributed
to the in-cloud lightning activity related to the CG charge transfer. With the LF magnetic ﬁelds recorded at six
stations, we can independently locate the source stroke of the ﬁrst current pulse at a location (36.908°N,
!100.447°E), which is consistent with the NLDN-reported location within 800 m. The same data are used to
locate the source of LF emissions (open circle in Figure 2c), which is best constrained 9–17 km (using different
features of the sferic waveform shown in the inset of Figure 3b) northwest of the main stroke, placing the
origin of second current pulse further into the trailing stratiform.
Using the deconvolution method that has been applied extensively to estimate the iCMC of sprite-producing
strokes [Cummer and Inan, 1997; Hu et al., 2002; Cummer and Lyons, 2004], we reconstructed the current
moment waveform in the lightning source region based on the VLF sferics [Li et al., 2012] and the result is
shown in Figure 5. Overall, the cumulative charge moment change (!190 C km) within 1 ms after the onset
of stroke is in good agreement with the aforementioned CMCN estimate of iCMC (!189 C km) through an
automated procedure. The current pulse of the main stroke lasted about 0.5 ms, which is consistent with
LU ET AL.
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Figure 5. Current moment and cumulated charge moment (change) for
the sprite-producing negative stroke extracted from the broadband
(50 Hz to 30 kHz) magnetic ﬁelds recorded at 1908 km range near Duke
University [e.g., Li et al., 2012].
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previous analyses of sprite-producing
negative strokes [Li et al., 2012]. The
subsequent current pulse indicated in
Figure 3a lasted ~1.2 ms and contributed !290 C km charge moment change.
Consequently, by the end of second
impulse charge transfer, the total
charge moment change accumulated
to !480 C km, reaching the threshold
for producing sprites under normal
conditions [Qin et al., 2013].
3.3. Possible Source of Second
Current Pulse

Apparently, the subsequent current pulse
with 2 ms delay after the main stroke has
played a signiﬁcant role in the production of negative sprite reported in this paper. One possible source for this
subsequent current pulse is a weak (in term of peak current for the return stroke) negative CG stroke that was not
detected by the NLDN. Although the associated LF emissions are atypical for negative CG strokes, we cannot
exclude this likelihood since there is no dedicated study yet regarding the waveform feature of LF sferics radiated
by negative return strokes with small peak currents. For this reason, also because of the uncertainty in the
existence of a long in-cloud evolution prior to the negative stroke, it is possible that the second current pulse
was actually caused by a different negative CG stroke. If that is the case, the parent ﬂash of sprite produced
two strokes that were very close in time at two locations separated by at least 9 km, which is unusual.
In order to explore other plausible physical cause of the second current pulse, we refer to the work of Visacro
et al. [2013], who examined the channel base current of 15 negative CG ﬂashes, ﬁnding that a considerable
fraction (~50%) of ﬁrst negative strokes contained M component within 3 m after return stroke, rather than
superimposed on the continuing current. As a characteristic process commonly observed during the continuing current of negative CGs [Rakov et al., 1992; Rakov and Uman, 2003], the M component is usually attributed
to charge transfer to ground, while the lightning channel of preceding return stroke is still active [Rakov
et al., 1995].
Therefore, the burst of LF emissions linked to the subsequent current pulse was likely linked to the progression of retrograding negative breakdown (i.e., K process) occurring, while the positive leader extended into
negative cloud regions, which is actually similar to the mechanism for the LF emissions typically observed
in association with sprite-producing positive CG strokes (see the inset of Figure 4a). As mentioned above,
the parent ﬂash of negative sprite might undergo a long duration (0.68 s) of in-cloud evolution prior to the
ﬁrst negative stroke, and thus it is very likely during this interval one of the positive leaders progressed horizontally (at a mean speed of ~1–3 × 104 m/s) to a stratiform region >10 km from the ﬂash initiation region.
Upon the occurrence of the ﬁrst stroke, the potential difference between the stroke channel and the distant
negative cloud region might drive a subsequent current pulse that traverses the in-cloud lightning channel to
ground with appreciable delay (~2 ms) after the main stroke. With a horizontal displacement of 9–17 km from
the main stroke and 1.5 ms duration of progression, the propagation velocity of current-carrying negative
leader is estimated to be on the order of 106–107 m/s, which falls in the typical range for the velocity of
K-processes [Shao et al., 1995]. However, due to the lack of relevant observations in the literature, it remains
intriguing as what situation can make an M component to produce such an extraordinary vertical charge
moment change (!290 C km), which is also very unusual.

4. Simulation of High-Altitude Electric Transient
To further understand the mechanism of sprite production by the negative CG stroke with subcritical
iCMC followed by a second current pulse with substantial charge moment change, we applied the twodimensional (2-D) ﬁnite-difference time-domain model of Zhang et al. [2014] to simulate the lightninginduced electromagnetic transients at high altitudes. In this model, the self-consistent response of the upper
atmosphere to lightning E ﬁelds is taken into account. That is, while the lightning E ﬁeld decays in the
LU ET AL.
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conductive upper atmosphere, it will
alter the ambient conductivity (dominated by electrons above 60 km)
through attachment and ionization that
both depend on the strength of ambient electric ﬁeld [Pasko et al., 1997; Cho
and Rycroft, 1998]. In the simulation,
the time-resolved current moment
shown in Figure 4 is used as an input,
and the original height of depleted
charge source is set to be 6 km above
the ground level, which is a typical value
for multistroke negative CG ﬂashes conﬁned in the lower part of thunderstorms
[e.g., Lu et al., 2012].
Figure 6a shows the lightning-induced
vertical E ﬁeld change (ΔEz) at 80 km
altitude (the typical altitude for the
center of halo formation [Wescott
Figure 6. (a) Simulation of lightning-induced vertical E ﬁeld change at
et al., 2001] and the initiation of nega80 km altitude above the lightning stroke. (b) Normalized total lightning
tive sprites [Li et al., 2012]) directly
E ﬁeld between 40 and 90 km altitude, showing that the breakdown
above the stroke. The sprite occurrence
region is centered at about 80 km.
can be determined by comparing the
lightning-driven ΔEz with the critical E
ﬁeld of conventional breakdown (Ek ~ 48 V/m) at this altitude, where the relaxation time in the absence
of electric ﬁeld is about 0.1 ms. As shown in the ﬁgure, within 0.5 ms after the arrival of lightning perturbation when it is dominated by the electromagnetic effect of current pulse [Cho and Rycroft, 1998; Pasko et al.,
1999], the electric transient reaches a level ~75% of the threshold of conventional breakdown, and thereafter the lightning E ﬁeld caused by the main stroke decays slowly with a time scale substantially longer
than the original relaxation time. The variation in the electron density at high altitudes is caused by the
competition between attachment and ionization [Pasko et al., 1997]; in the subcritical E-ﬁeld, because
the attachment process dominates to reduce electron density and thus ambient conductivity, the lightning transient can retain a considerable level for several milliseconds.
About 2.5 ms after the onset of lightning return stroke, the E ﬁeld change due to the second current pulse is
superimposed on the residual electric perturbation of the main stroke, making the total E ﬁeld change
increase steadily to exceed the conventional breakdown threshold. The lightning-induced ΔEz stays on a
breakdown level for approximately 1.0 ms, which is sufﬁcient for the initiation of sprite streamers in the
breakdown region [Qin et al., 2013]. Therefore, although with subbreakdown strength, the charge transfer
prior to the second current pulse creates a favorable condition for sprite initiation by reducing the ambient
conductivity [e.g., Yashunin et al., 2007] and raising the background electric ﬁeld. Similar effect is profound
in the formation of long-delayed sprites that are often linked to the brief enhancement (either through M
component or through subsequent stroke) of long continuing current in positive CG strokes [Li et al., 2008;
Lu et al., 2012].
Figure 6b shows the time-resolved evolution of normalized total E ﬁeld change (ΔE/Ek) at different altitudes
(from 40 km to 90 km) above the negative CG stroke [e.g., Li et al., 2012]. We can see that the electromagnetic
effect of the main stroke played a major role above 76 km, while its associated ΔE is generally below the
threshold of conventional breakdown. The second current pulse causes the overall lightning electric ﬁeld
to exceed the critical E ﬁeld between 76 km and 82 km, roughly the altitude range of main halo emission
shown in Figure 2b. According to the analyses of Li et al. [2012], the streamers of negative sprites are typically
terminated at relatively high altitudes where the ambient electric ﬁeld (formed by lightning) is about
0.2–0.3Ek. In our simulation, the lightning E ﬁeld with strength in excess of 0.2Ek extends to an altitude as
low as 61 km, which is consistent with the observation that the streamer of the brightest sprite element (see
Figure 2b) could have descended to altitudes below 63 km.
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5. Conclusions
Sprites produced by negative CGs are extremely rare (<1%) among the family of transient luminous events
(TLEs) [Williams et al., 2007]. Here we examined the observation of a negative sprite whose appearance is
generally in line with previous reports (e.g., halo feature and relatively high termination altitude of sprite
streamers) [Li et al., 2012], but this particular event was unambiguously produced by a !103 kA negative
stroke detected by the National Lightning Detection Network (NLDN) that was followed by two consecutive impulse charge transfers (causing charge moment change of !190 C km and !290 C km, respectively)
separated by ~2 ms, which is not typical for negative sprite-producing CG strokes [Li et al., 2012; Boggs
et al., 2016].
The fact that other negative CG strokes with higher iCMC up to !282 C km in the same MCS did not produce
sprites captured within the ideal range suggests that the second impulse current in the parent stroke of
negative sprite was critical for the sprite production. Our numerical simulation using an electromagnetic code
indicates that although the E ﬁeld transient caused by the main stroke is insufﬁcient to cause conventional
breakdown, it creates a favorable condition for sprite production by reducing the ambient conductivity
so that the electric perturbation of main stroke will persist on a high level. As a consequence, the electric
transient of the second impulse current can be superimposed to readily exceed the critical ﬁeld for sprite
production. The role of the main stroke is therefore similar to the long continuing current preceding the
long-delayed sprites [Li et al., 2008]. Nevertheless, the analysis of this rare observation presents a new but
uncommon scenario for the mesospheric breakdown by CG strokes, namely, consecutive impulse currents
with subcritical strength for producing sprite could also cause conventional breakdown in the mesosphere
if their high-altitude electric transients are efﬁciently superposed so that the overall effect meets the condition for sprite formation [Asano et al., 2009].
The examination of data from NLDN, Oklahoma LMA (lack of relevant observations), and LF sferics recorded
at multiple stations provides more insights into the lightning morphology linked to this atypical spriteproducing charge transfer. The sprite-producing stroke was likely the ﬁrst stroke of a multistroke negative
CG ﬂash whose evolution was mainly conﬁned below 10 km in the trailing stratiform of a mesoscale convective system. Although the data we collected are not in favor of the progression of a negative leader in the
upper positive region of the thundercloud as typically observed for sprite-producing/class negative CG
strokes [Lu et al., 2012; Boggs et al., 2016], this ﬂash was indeed likely preceded by a long period (0.68 s) of
in-cloud activity prior to the sprite observation. During this considerable long prestroke interval, the negative
leader might have been trapped in a potential well of a large positive charge center on the bottom of trailing
stratiform, which also makes it possible for the positive leader to extend to another negative charge region in
the stratiform with considerable horizontal displacement from the ﬂash initiation region.
Therefore, although previous work seems to derive some common features on the morphology of negative
sprites as well as causative lightning, the complexity in the charge structure of parent thunderstorms and
lightning evolution might still cause some variability in the charge transfer of causative strokes. It has been
established that the sprites could be produced by very large impulse charge transfer during the return stroke
(i.e., prompt sprites) [Hu et al., 2002; Lu et al., 2013] or by brief enhancement of continuing current (i.e.,
delayed sprites) as surges linked to M components [Yashunin et al., 2007; Li et al., 2008; Asano et al., 2009].
The current surges, however, could also occur with short delays (a few milliseconds) after the major stroke,
leading to the occurrence of “prompt sprites” in a different manner.
Regarding the nature of the second current pulse, from the LF sferics recorded at six stations, it was likely an
M component caused by the interception of recoil leader with the existing stroke channel, and the origin of
this recoil leader was at least 9 km from the stroke. What is remarkable is the substantial charge moment
change (!290 C km) caused by the M component, which was rarely reported in the literature. Hence, it is
desirable to investigate the magnitude (in term of charge moment change) of M components on a statistical
basis, especially those with short delays after return stroke [e.g., Visacro et al., 2013]. On the other hand, we
cannot exclude the possibility that the second current pulse was caused by a negative CG not detected by
the NLDN due to a weak peak current for the return stroke. More insights into the nature of the subsequent
impulse charge transfer could be obtained by examining a sufﬁciently large dataset of broadband sferics with
similar waveform feature from negative CG strokes located within the ideal detection range of Lightning
Mapping Arrays.
LU ET AL.

NEGATIVE SPRITE BY CONSECUTIVE CURRENT PULSES

4090

Journal of Geophysical Research: Atmospheres
Acknowledgments
This work was supported by National
Key Basic Research and Development
Program (973) of China (2014CB441405),
Natural Science Foundation of China
(41574179), Open Research Program of
Key Laboratory of Meteorological
Disaster (Nanjing University of Information
Science and Technology) of Ministry of
Education (KLME1414), and “The Hundred
Talents Program” of Chinese Academy of
Sciences (2013068). Kevin Palivec is
acknowledged for running sprite observations from Hawley, Texas. We thank
Bill Rison (New Mexico Tech), William
Beasley (University of Oklahoma), and
Eric Brunning (Texas Tech University) for
inspiring discussions on the possible
detection of VHF sources from the spriteproducing ﬂash. The observations
reported in this paper were obtained with
support from the DARPA Nimbus program. The data are available from
Gaopeng Lu (gaopenglu@gmail.com).

LU ET AL.

10.1002/2015JD024644

References
Asano, T., T. Suzuki, Y. Hiraki, E. Mareev, M. G. Cho, and M. Hayakawa (2009), Computer simulations on sprite initiation for realistic lightning
models with higher-frequency surges, J. Geophys. Res., 114, A02310, doi:10.1029/2008JA013651.
Barrington-Leigh, C. P., U. S. Inan, M. Stanley, and S. A. Cummer (1999), Sprites triggered by negative lightning discharges, Geophys. Res. Lett.,
26, 3605–3608, doi:10.1029/1999GL010692.
Biagi, C. J., K. L. Cummins, K. E. Kehoe, and E. P. Krider (2007), National Lightning Detection Network (NLDN) performance in southern Arizona,
Texas, and Oklahoma in 2003–2004, J. Geophys. Res., 112, D05208, doi:10.1029/2006JD007341.
Boccippio, D. J., E. R. Williams, S. J. Heckman, W. A. Lyons, I. Baker, and R. Boldi (1995), Sprites, ELF transients and positive ground strokes,
Science, 269, 1088–1091.
Boggs, L. D., N. Liu, M. Splitt, S. Lazarus, C. Glenn, H. Rassoul, and S. A. Cummer (2016), An analysis of ﬁve negative sprite-parent discharges
and their associated thunderstorm charge structures, J. Geophys. Res. Atmos., 121, 759–784, doi:10.1002/2015JD024188.
Cho, M., and M. J. Rycroft (1998), Computer simulation of the electric ﬁeld structure and optical emission from cloud-top to the ionosphere,
J. Atmos. Sol. Terr. Phys., 60(7–9), 871–888.
Cummer, S. A., and U. S. Inan (1997), Measurement of charge transfer in sprite-producing lightning using ELF radio atmospherics, Geophys.
Res. Lett., 24(14), 1731–1734, doi:10.1029/97GL51791.
Cummer, S. A., and U. S. Inan (2000), Modeling ELF radio atmospheric propagation and extracting lightning currents from ELF observations,
Radio Sci., 35, 385–394, doi:10.1029/1999RS002184.
Cummer, S. A., and W. A. Lyons (2004), Lightning charge moment changes in U.S. High Plains thunderstorms, Geophys. Res. Lett., 31, L05114,
doi:10.1029/2003GL019043.
Cummer, S. A., U. S. Inan, T. F. Bell, and C. P. Barrington-Leigh (1998), ELF radiation produced by electrical currents in sprites, Geophys. Res.
Lett., 25(8), 1281–1284, doi:10.1029/98GL50937.
Cummer, S. A., W. A. Lyons, and M. A. Stanley (2013), Three years of lightning impulse charge moment change measurements in the
United States, J. Geophys. Res. Atmos, 118, 5176–5189, doi:10.1002/jgrd.50442.
Cummins, K. L., and M. J. Murphy (2009), An overview of lightning locating systems: History, techniques, and data uses, with an in-depth look
at the U.S. NLDN, IEEE Trans. EMC, 51, 499–518, doi:10.1109/TEMC.2009.2023450.
Cummins, K. L., M. J. Murphy, E. A. Bardo, W. L. Hiscox, R. B. Pyle, and A. E. Pifer (1998), A combined TOA/MDF technology upgrade of the U.S.
National Lightning Detection Network, J. Geophys. Res., 103, 9035–9044, doi:10.1029/98JD00153.
Hu, W., S. Cummer, W. A. Lyons, and T. Nelson (2002), Lightning charge moment changes for the initiation of sprites, Geophys. Res. Lett., 29(8),
1279, doi:10.1029/2001GL014593.
Lang, T. J., J. Li, W. A. Lyons, S. A. Cummer, S. A. Rutledge, and D. R. MacGorman (2011), Transient luminous events above two mesoscale
convective systems: Charge moment change analysis, J. Geophys. Res., 116, A10306, doi:10.1029/2011JA016758.
Lang, T. J., S. A. Cummer, S. A. Rutledge, and W. A. Lyons (2013), The meteorology of negative cloud-to-ground lightning strokes with large
charge moment changes: Implications for negative sprites, J. Geophys. Res. Atmos., 118, 7886–7896, doi:10.1002/jgrd.50595.
Li, J., S. A. Cummer, W. A. Lyons, and T. E. Nelson (2008), Coordinated analysis of delayed sprites with high-speed images and remote
electromagnetic ﬁelds, J. Geophys. Res., 113, D20206, doi:10.1029/2008JD010008.
Li, J., S. Cummer, G. Lu, and L. Zigoneanu (2012), Charge moment change and lightning-driven electric ﬁelds associated with negative sprites
and halos, J. Geophys. Res., 117, A09310, doi:10.1029/2012JA017731.
Liu, N., V. P. Pasko, H. U. Frey, S. B. Mende, H.-T. Su, A. B. Chen, R.-R. Hsu, and L.-C. Lee (2009), Assessment of sprite initiating electric ﬁelds and
1
quenching altitude of a Πg state of N2 using sprite streamer modeling and ISUAL spectrophotometric measurements, J. Geophys. Res.,
114, A00E02, doi:10.1029/2008JA013735.
Lu, G., S. A. Cummer, J. Li, F. Han, R. J. Blakeslee, and H. J. Christian (2009), Charge transfer and in-cloud structure of large-charge-moment
positive lightning strokes in a mesoscale convective system, Geophys. Res. Lett., 36, L15805, doi:10.1029/2009GL038880.
Lu, G., S. A. Cummer, R. J. Blakeslee, S. Weiss, and W. Beasley (2012), Lightning morphology and impulse charge moment changes of high
peak current negative strokes, J. Geophys. Res., 117, D04212, doi:10.1029/2011JD016890.
Lu, G., et al. (2013), Coordinated observations of sprites and in-cloud lightning ﬂash structure, J. Geophys. Res. Atmos., 118, 1–26, doi:10.1002/
jgrd.50459.
Lyons, W. A. (1996), Sprite observations above the U.S. High Plains in relation to their parent thunderstorm systems, J. Geophys. Res., 101,
29,641–29,652, doi:10.1029/96JD01866.
Mallick, S., et al. (2014), Performance characteristics of the NLDN for return strokes and pulses superimposed on steady currents, based on
rocket triggered lightning data acquired in Florida in 2004–2012, J. Geophys. Res. Atmos., 119, 3825–3856, doi:10.1002/2013JD021401.
Nag, A., and V. A. Rakov (2009), Some inferences on the role of lower positive charge region in facilitating different types of lightning,
Geophys. Res. Lett., 36, L05815, doi:10.1029/2008GL036783.
Nag, A., et al. (2011), Evaluation of U.S. National Lightning Detection Network performance characteristics using rocket-triggered lightning
data acquired in 2004–2009, J. Geophys. Res., 116, D02123, doi:10.1029/2010JD014929.
Pasko, V. P., U. S. Inan, T. F. Bell, and Y. N. Taranenko (1997), Sprites produced by quasi-electrostatic heating and ionization in the lower
ionosphere, J. Geophys. Res., 102(A3), 4529–4561, doi:10.1029/96JA03528.
Pasko, V. P., U. S. Inan, T. F. Bell, and S. C. Reising (1998), Mechanism of ELF radiation from sprites, Geophys. Res. Lett., 25(18), 3493–3496,
doi:10.1029/98GL02631.
Pasko, V. P., U. S. Inan, and T. F. Bell (1999), Mesospheric electric ﬁeld transients due to tropospheric lightning discharges, Geophys. Res. Lett.,
26(9), 1247–1250, doi:10.1029/1999GL900240.
Qin, J., S. Celestin, and V. P. Pasko (2012), Minimum charge moment change in positive and negative cloud to ground lightning discharges
producing sprites, Geophys. Res. Lett., 39, L22801, doi:10.1029/2012GL053951.
Qin, J., S. Celestin, and V. P. Pasko (2013), Dependence of positive and negative sprite morphology on lightning characteristics and upper
atmospheric ambient conditions, J. Geophys. Res. Space Physics, 118, 2623–2638, doi:10.1029/2012JA017908.
Rakov, V. A., and M. A. Uman (2003), Lightning-Physics and Effects, Cambridge Univ. Press, New York.
Rakov, V. A., R. Thottappillil, and M. A. Uman (1992), Electric ﬁeld pulses in K and M changes of lightning ground ﬂashes, J. Geophys. Res.,
97(D9), 9935–9950, doi:10.1029/92JD00797.
Rakov, V. A., R. Thottappillil, M. A. Uman, and P. P. Barker (1995), Mechanisms of the lightning M component, J. Geophys. Res., 100(D12),
25,701–25,710, doi:10.1029/95JD01924.
Shao, X. M., P. R. Krehbiel, R. Thomas, and W. Rison (1995), Radio interferometric observations of cloud-to-ground lightning phenomena in
Florida, J. Geophys. Res., 100(D2), 2749–2783, doi:10.1029/94JD01943.

NEGATIVE SPRITE BY CONSECUTIVE CURRENT PULSES

4091

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024644

Stanley, M., M. Brook, P. Krehbiel, and S. A. Cummer (2000), Detection of daytime sprites via a unique sprite ELF signature, Geophys. Res. Lett.,
27(6), 871–874, doi:10.1029/1999GL010769.
Stolzenburg, M., W. D. Rust, B. F. Smull, and T. C. Marshall (1998), Electrical structure in thunderstorm convective regions: 1. Mesoscale
convective systems, J. Geophys. Res., 103, 14,059–14,078, doi:10.1029/97JD03546.
Taylor, M. J., et al. (2008), Rare measurements of a sprite with halo event driven by a negative lightning discharge over Argentina,
Geophys. Res. Lett., 35, L14812, doi:10.1029/2008GL033984.
van der Velde, O. A., Á. Mika, S. Soula, C. Haldoupis, T. Neubert, and U. S. Inan (2006), Observations of the relationship between sprite
morphology and in-cloud lightning processes, J. Geophys. Res., 111, D15203, doi:10.1029/2005JD006879.
Visacro, S., L. Araujo, M. Guimarães, and M. H. M. Vale (2013), M-component currents of ﬁrst return strokes in natural negative cloud-toground lightning, J. Geophys. Res. Atmos., 118, 12,132–12,138, doi:10.1002/2013JD020026.
Wang, Z., J. Yang, G. Lu, D. Liu, X. Wang, X. Xiao, and X. Qie (2015), Sprites over a mesoscale convective system in North China
and the corresponding characteristics of radar echo and lightning [in Chinese], Chin. J. Atmos. Sci., 39(4), 839–848, doi:10.3878/
j.issn.1006-9895.1412.14232.
Wescott, E. M., H. C. Stenbaek-Nielsen, D. D. Sentman, M. J. Heavner, D. R. Moudry, and F. T. São Sabbas (2001), Triangulation of sprites,
associated halos and their possible relation to causative lightning and micrometeors, J. Geophys. Res., 106, 10,467–10,477, doi:10.1029/
2000JA000182.
Wiens, K. C., T. Hamlin, J. Harlin, and D. M. Suszcynsky (2008), Relationships among Narrow Bipolar Events, “total” lightning, and radar-inferred
convective strength in Great Plains thunderstorms, J. Geophys. Res., 113, D05201, doi:10.1029/2007JD009400.
Williams, E., E. Downes, R. Boldi, W. Lyons, and S. Heckman (2007), Polarity asymmetry of sprite-producing lightning: A paradox?, Radio Sci.,
42, RS2S17, doi:10.1029/2006RS003488.
Williams, E. R., et al. (2012), Resolution of the sprite polarity paradox: The role of halos, Radio Sci., 47, RS2002, doi:10.1029/2011RS004794.
Yashunin, S. A., E. A. Mareev, and V. A. Rakov (2007), Are lightning M components capable of initiating sprites and sprite halos?, J. Geophys.
Res., 112, D10109, doi:10.1029/2006JD007631.
Zhang, Q.,Y. Tian, and G. Lu (2014), Effects of the nonlinear atmospheric electric parameters at the high altitudes on the propagation of
lightning return stroke electromagnetic ﬁeld [in Chinese], Acta Meteorol. Sin., 72(4), 805–814.
Zoghzoghy, F. G., M. B. Cohen, R. K. Said, and U. S. Inan (2013), Statistical patterns in the location of natural lightning, J. Geophys. Res. Atmos.,
118, doi:10.1002/jgrd.50107.

LU ET AL.

NEGATIVE SPRITE BY CONSECUTIVE CURRENT PULSES

4092

