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Abstract In this study we analyze the discharge morphologies of ﬁve conﬁrmed negative sprite-parent
discharges and the associated charge structures of the thunderstorms that produced them. The negative
sprite-parent lightning took place in two thunderstorms that were associated with a tropical disturbance
in east central and south Florida. The ﬁrst thunderstorm, which moved onshore in east central Florida,
produced four of the ﬁve negative sprite-parent discharges within a period of 17 min, as it made landfall
from the Atlantic Ocean. These negative sprite-parents were composed of bolt-from-the-blue (BFB),
hybrid intracloud-negative cloud-to-ground (IC-NCG), and multicell IC-NCGs discharges. The second
thunderstorm, which occurred inland over south Florida, produced a negative sprite-parent that was a
probable hybrid IC-NCG discharge and two negative gigantic jets (GJs). Weakened upper positive
charge with very large midlevel negative charge was inferred for both convective cells that initiated the
negative-sprite-parent discharges. Our study suggests tall, intense convective systems with high wind shear
at the middle to upper regions of the cloud accompanied by low cloud-to-ground (CG) ﬂash rates promote
these charge structures. The excess amount of midlevel negative charge results in these CG discharges
transferring much more charge to ground than typical negative CG discharges. We ﬁnd that BFB discharges
prefer an asymmetrical charge structure that brings the negative leader exiting the upper positive charge
region closer to the lateral positive screening charge layer. This may be the main factor in determining
whether a negative leader exiting the upper positive region of the thundercloud forms a BFB or GJ.

1. Introduction
Brief, luminous electrical discharges that take place in the lower ionosphere between 40 and 90 km altitude
are known as sprites and are driven by powerful cloud-to-ground (CG) lightning [Pasko, 2010; Liu, 2014; Liu
et al., 2015a]. Sprites can be either of negative or positive polarity, which is determined by the polarity of the
parent discharge, with a positive parent discharge causing a positive sprite and vice versa. The meteorology
and details of positive sprite-parent lighting are well documented and will not be covered here [Lyons, 1996,
2006; Lang et al., 2010, 2011]. On the other hand, negative sprites are extremely rare when compared with
their positive counterparts, and many aspects of negative sprites and their parent CG lightning are not well
understood [Lang et al., 2010, 2013].
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Considering the common severe convective system produces CG discharges dominantly of negative polarity
[Carey et al., 2003], an interesting question arises: why do we see many more positive sprites than negative
sprites [Williams et al., 2006, 2007, 2012]? An important indicator in determining whether a CG discharge will
produce a sprite or not is the charge moment change (CMC). The CMC is the product of charge removed by a
CG discharge and the altitude from which it was removed [Cummer and Inan, 1997; Lang et al., 2011]. While the
common severe convective system is dominated by negative CG lightning, it produces few or no negative CG
discharges with large enough CMCs to initiate a negative sprite [Barrington-Leigh et al., 1999; Taylor et al., 2008;
Lu et al., 2012; Cummer et al., 2013], with the common CMC threshold for negative sprite initiation around −500
C km [Li et al., 2012; Cummer et al., 2013; Qin et al., 2013]. Positive CG discharges with large CMCs are much more
common in severe convective systems, especially in stratiform regions of large mesoscale convective systems
(MCS) [Lyons, 1996, 2006; Williams et al., 2006; Lang et al., 2010; Cummer et al., 2013]. The threshold for initiating
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positive sprites is also lower than that for negative sprites, around 300 C km [Lang et al., 2011; Cummer et al.,
2013; Qin et al., 2013], which results from the intrinsic diﬀerences between positive and negative streamers
[Qin et al., 2013]. For the remainder of this paper, the CMC values listed reﬂect the magnitude, not the polarity.
Lu et al. [2012] showed that negative-sprite-parent lightning is associated with discharges that have a large
impulsive charge moment change (iCMC), which is deﬁned as the charge moment change within 2 ms after
the return stroke. They did a comprehensive study of negative CG lightning with high peak estimated currents and found that ordinary negative CG lightning, which involves the midlevel negative and lower positive
charge, has a low iCMC and is unlikely to initiate negative sprites. CG discharges with high iCMCs (greater
than 200 C km) were uniquely constrained to two types of discharges, both of which involved the upper positive charge region of the thundercloud. The ﬁrst type of discharge, which was found as the most probable
negative sprite-parent, was a hybrid intracloud-negative cloud-to-ground (IC-NCG) discharge. This discharge
has an initial negative leader component moving upward toward the upper positive charge region followed
by a downward moving negative leader that connects with the ground. The second type of discharge was
a bolt-from-the-blue discharge (BFB) [Rison et al., 1999; Thomas et al., 2001; Edens, 2011], which begins as an
upward negative leader toward the upper positive charge region then exits the cloud sideways and connects
with the ground. The Lu et al. [2012] data set contained four measurements from conﬁrmed negative sprites,
but only one of them had associated lightning mapping array (LMA) data. The three sprites without LMA
data were labeled as hybrid IC-NCGs from the magnetic ﬁeld data, and all took place under the cloud regions
under deep convection. The LMA data were poor for the last sprite, as the discharge took place 260 km from
the LMA network. By looking at the altitude of the VHF source points and magnetic waveform, this negative
sprite-parent was also deduced as a hybrid IC-NCG. From Lu et al. [2012], it seems that negative sprite-parent
lightning is associated with intracloud (IC) discharges that involve the upper positive charge region.
The meteorology of negative sprite producing storms was analyzed in Lang et al. [2013]. They found that negative sprite-parent lightning developed near or within deep convection, primarily in convective systems very
large in size—on the scale of MCS size storms. These convective systems were very tall and intense, with the
30 dBZ radar reﬂectivity contour reaching on average 14.2 km above mean seal level during a 25 min time
window encapsulating the negative sprite class strokes. They found these thunderstorms to be normally electriﬁed and dominated by negative CG lightning, however with low overall CG ﬂash rates around 1–2 min−1 .
This study commented that the low negative CG ﬂash rate potentially allowed the main negative charge to
become very large. The LMA data for this study were very limited for the negative sprite-parent discharges,
and any pattern or unusual discharge types were not analyzed in detail. They did however have one instance
of a possible negative-sprite-parent that was initiated as an upward negative leader that was classiﬁed as a
hybrid IC-NCG discharge, which supports the ﬁnds of Lu et al. [2012].
Although Lang et al. [2013] studied the meteorological environment for negative sprite-parents and Lu et al.
[2012] investigated the morphology of negative sprite-class discharges, the charge structure of the convective
systems that contained these negative sprite-parents was largely unexplored or not theorized. Considering
BFB and hybrid discharges originate between the midlevel negative and upper positive charge regions, convective systems that produce BFB or negative jet-like discharges (in normally electriﬁed storms) provide a
good groundwork for the charge structures generating negative sprite-parents. The work of Krehbiel et al.
[2008] suggests that strong mixing of the upper positive charge and upper negative screening layer in normally electriﬁed thunderclouds aids in the formation of BFB or negative gigantic jet (GJ) discharges. This upper
mixing in the top of the thundercloud is necessary to provide a large charge imbalance in the upper region
of the thundercloud to allow the upward moving negative leader to escape the conﬁnement of the upper
positive charge region. The Krehbiel et al. [2008] study provided informative explanations of how the charge
structures in thunderstorms can initiate upward electrical discharges of all polarities and what charge imbalance conditions are necessary to promote these unusual discharges. Figure 4e of Krehbiel et al. [2008] shows
that BFB discharges prefer an asymmetrical charge structure about a vertical axis passing through the center
of the thunderstorm.
The dynamics of thunderstorm screening charges speciﬁcally related to jet initiation were modeled in detail
in Riousset et al. [2010]. In the numerical simulations for GJ initiation it was noted that the discharges
that produced negative GJs could have also produced BFBs, but the charge structures used were cylindrically symmetric and did not produce any BFB discharges in the fractal modeling simulations. According to
BOGGS ET AL.
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Table 1. Summary of the Five Negative Sprite-Parent Flashes on 12 September 2014, Including the NLDN Reported Peak
Current (Ipk ), Impulsive Charge Moment Change (iCMC), Flash Type, and Storm Location
Time

Ipk

iCMC

Storm

(UTC)

(kA)

(C km)

Flash Type

Location

00:58:10

−179

613

Hybrid IC-NCG

East central

01:04:31

−143

532

BFB

East central

01:12:33

−180

784

Multicell IC-NCG

East central

01:14:33

−175

609

Multicell IC-NCG

East central

06:18:21

−218

1302

Hybrid IC-NCG

Southern

that study, an asymmetrical screening charge accumulation or some additional positive charge placed
elsewhere in the thundercloud would be needed to produce BFB discharges.
The speciﬁc charge structures of BFB producing storms have not been studied in detail in the literature, but
Edens [2011] analyzed diﬀerent properties of a variety of BFB producing convective systems in New Mexico.
He noted that BFB discharges seem to prefer high wind shear environments that laterally displace the main
charge layers of the thundercloud. Edens [2011] found that BFB discharges were likely to connect with ground
on the upshear or downshear sides of thunderstorms, while avoiding the lateral areas. The amount of charge
transferred by these diﬀerent types of BFB discharges was not available. From this study, it seems that wind
shear at the middle to upper levels of the storm plays a role in BFB producing storms, but some questions still
remain about where the BFBs will connect with ground.
In this paper, we provide a detailed analysis of the parent thunderstorms and the parent lightning discharge
morphologies of ﬁve conﬁrmed negative sprites taking place in two diﬀerent thunderstorms that were associated with a tropical disturbance near central Florida. We utilized several lightning location networks, remote
magnetic ﬁeld measurements, dual polarization radar, and balloon-borne soundings in our analysis. The discharges found here support the ﬁndings of Lu et al. [2012] that BFB and hybrid IC-NCG discharges are the
primary discharges associated with negative sprite-parent lightning. However, our study reveals IC discharges
with a large negative leader progression through upper positive charge that involve multiple convective cells
and come to ground as a negative CG discharge (termed multicell IC-NCG) can also transfer more negative
charge to ground than typical negative CG discharges and are great candidates for negative sprite-parent
lightning. Our work suggests that all of these unique discharges form in thunderstorms that contain weakened upper positive charge and an excess of midlevel negative charge. Initial IC discharges between the
midlevel negative and upper positive charge regions tens to hundreds of milliseconds preceding these negative sprite-parents further reduced the upper positive charge. This either allowed a second upward negative
leader to escape the upper positive charge region of the parent cell (BFB and multicell IC-NCG) or encouraged
a downward negative leader to be initiated and connect with ground (hybrid IC-NCG). Due to this charge
structure, these unusual discharges transfer more charge to the ground than typical negative CG discharges.
Our study suggests that one of the key diﬀerences determining whether a discharge will turn into a BFB or GJ
is an asymmetric charge structure, which acts to bring the negative leader exiting the thundercloud closer to
the lateral positive screening layer, encouraging the negative leader to turn toward ground. From this work,
the charge structures mentioned above resulted from tall, intense convective cells with low CG ﬂash rates that
contained high wind shear in the middle to upper regions of the cloud. This acted to create a large reservoir
of midlevel negative charge and create a general asymmetry to the charge structure. The wind shear in the
upper regions also acted to weaken the upper positive charge by turbulent mixing with the upper negative
screening charge layer.

2. Data and Methods
Radar, lightning, magnetic ﬁeld, balloon, and video image data were used in the analysis of the sprite-parent
discharges, the thunderstorms that produced them, and the sprites themselves. A two-dimensional lightning
location network was used to infer the polarity of the parent CG discharges, to gain insight on ﬂash initiation by looking at IC events, and to gain information about the charge structure of the storm by looking at
the dominant types and polarities of ﬂashes. Information about the morphology of each parent discharge
was given by a three-dimensional lightning location network that maps very high frequency (VHF) electroBOGGS ET AL.
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Figure 1. The geometry of the Florida Institute of Technology camera system and the two thunderstorms producing
the ﬁve negative sprites on 12 September 2014. The red arrows represent the distances from the Florida Institute of
Technology camera to the respective storms. Black triangles denote where the sprite-parent lightning connected with
ground. The two thunderstorms are displayed using radar elevation angle scans of reﬂectivity through the lower regions
of the storm around the times of the events. The Kennedy Space Center LMA is marked by a black star and the FIT
camera by a blue circle. The two sounding stations are marked by green lettering.

magnetic pulses. Magnetic ﬁeld data provided estimates of the charge removed from each parent discharge.
Dual-polarization radars were used to analyze the storm structure and gain information about hydrometeor
location in the thunderstorms, while balloon-borne soundings provided vertical wind proﬁles of the local
environment. This section gives a discussion of each data source used in the analysis.
2.1. National Lightning Detection Network
The National Lightning Detection Network (NLDN) detects the electromagnetic radiation of lightning return
strokes and IC pulses, to monitor the lightning activity of the contiguous United States [Orville, 2008;
Cummins and Murphy, 2009]. NLDN data provide the two-dimensional location, polarity, and peak current
of each detected lightning event. A recent upgrade to the NLDN network and newly deployed localization
algorithms in 2013 provided a large improvement to the spatial resolution of IC pulses associated with each
lightning ﬂash [Murphy et al., 2014]. The upgrade allows for enhanced sensitivity to cloud discharges and
allows for multiple cloud pulses for each IC ﬂash to be detected with high spatial accuracy [Murphy et al., 2014].
NLDN data were used in this paper to assess the IC and CG event rates as well as to ﬁnd the location and peak
current of the negative sprite-parent discharges. The IC pulses of each portion of the parent discharges match
up well spatially with the VHF LMA data used in this study, and they provided information about the initiation
of each parent discharge.
BOGGS ET AL.
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Figure 2. Low-light-level images of the ﬁve negative sprites on 12 September 2014. The yellow vertical line denotes
where the negative sprite-parent discharge connected with ground from the NLDN data. The green vertical line in
Figure 2b denotes the center of the charge removed by the BFB event, as observed from the LMA VHF source points.
The times and uncertainties in the heights of the sprite events are: (a) 00:58:10 UTC, ±14 km (b) 01:04:32 UTC, ±14 km
(c) 01:12:33 UTC, ±13 km (d) 01:14:52 UTC, ±12 km, and (e) 06:18:23 UTC, ±6 km.

2.2. Lightning Mapping Array
The New Mexico Institute of Mining and Technology developed the Lightning Mapping Array (LMA) which
detects VHF radiation associated with each lightning discharge [Krehbiel et al., 2000]. Using a time of arrival
algorithm, the LMA network can accurately provide three-dimensional information about the morphology
and spatial extent of each lightning discharge. Using characteristics inherent to how the LMA detects leader
breakdown in positive or negative charge regions, positive and negative charge structures can be inferred
from the thunderstorm [Thomas et al., 2001; Wiens et al., 2005]. This analysis was used to aid in identifying the
charge structures related to four of the ﬁve negative sprite-parents analyzed in this study. The LMA network
used in this study is based at the Kennedy Space Center (KSC) and was newly established in 2013 and at the
time only contained six active stations. All of the sprite-parent discharges analyzed in this study were within
detection range of the KSC LMA, but one of the sprite-parents was suﬃciently far from the KSC LMA network
that little information could be gained about the parent discharge. The VHF LMA data were limited to values
with a chi-squared of 1 to eliminate error. The source points for each storm were systematically biased to
higher altitudes [Boccippio et al., 2001; Thomas et al., 2004] due to the large distance of the storms from the
center of the LMA and the small diameter of the KSC LMA at the time (the network has since been signiﬁcantly
expanded). Using Figure 3b from Thomas et al. [2004] as a guide, the VHF source points as reported by the
KSC LMA for the east central storm (about 140 km distance from the LMA network) were approximately 2 km
above the actual lightning sources. The south storm was much farther from the LMA network (about 270 km
distance from the network), and this eﬀect was ampliﬁed for that storm—the VHF source points were about
8 km above the actual lightning sources.
2.3. Radar and Sounding Data
The radar data used in this study were from the dual-polarization Weather Surveillance Radar 88-Doppler
(WSR-88D) network with data taken from the Melbourne, FL, USA, (KMLB) and Miami, FL, USA, (KAMX) radars.
From the simultaneous transmissions of horizontally and vertically polarized waves hydrometeor types can
be deduced from the combination of diﬀerent radar variables [Hall et al., 1984; Herzegh and Jameson, 1992;
Vivekanandan et al., 1999; Lim et al., 2005; Chandrasekar et al., 2013]. Information about the charge structure of the thunderstorm was aided by analyzing diﬀerent dual-polarization radar variables and using the
hydrometeor algorithm produced from NSSL’s Warning Decision Support System Integrated Information
BOGGS ET AL.
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Figure 3. Radar elevation angle scans of reﬂectivity at 2.24∘ elevation (middle region of the storm) from the KMLB radar
on 12 September 2014 showing NLDN reported BFB ﬂashes from the east central storm. The BFB discharges are marked
by the black circles, with the exception of the negative sprite-parent, which is marked by a black star. The 0037 and
0054 UTC panels contain two BFBs each. The storm motion and upper level winds are from the northeast. The legend
is in units of dBZ.

(WDSS-II) [Scharfenberg et al., 2005] to determine where prominent charge carriers like graupel and ice crystals
were located. Radar plots were created using WDSS-II, Interactive Data Language, and Gibson Ridge Analyst 2.0. Atmospheric sounding data were taken from the closest possible spatial location to each negative
sprite-parent thunderstorm. For the east central storm, the 0900 UTC KXMR sounding from Cape Canaveral
was used. Unfortunately, the KXMR station only sends up one balloon sounding per day. The 0000 UTC KMFL
sounding from Miami was closer in time to the events from the east central storm, but it was farther away
spatially. However, the 0000 UTC KMFL sounding provided very similar upper level wind data as the 0900 UTC
KXMR sounding. For the southern storm, the 1200 UTC KMFL sounding was used, as this was the closest in
time and space to the event of the south storm. The balloon data provided information about the vertical
wind proﬁles, which included information about vertical speed and directional shear of the local environment
and also gave vertical temperature proﬁles.
2.4. Charge Moment Change Network
The charge moment change network (CMCN) provides CMC estimates of CG discharges throughout the
contiguous United States and is operated by Duke University [Cummer et al., 2013]. The CMCN utilizes two
extremely low frequency sensors based in Fort Collins, CO, USA, and Durham, NC, USA, to capture ultralow
frequency and extremely low frequency magnetic ﬁeld data which can be used to derive the iCMC of a CG
stroke. In negative sprite-parent lightning the iCMC is of great importance, as much of the parent lightning
of negative sprites is very impulsive and happens very quickly. For this study, the iCMC of each negative
sprite-parent discharge was analyzed, and the iCMC values agree with other studies of negative sprites [Lu
et al., 2012; Lang et al., 2013].
2.5. Video Image Data
The images of the sprites were recorded by an automatic video observation system consisting of a Watec
120N+ camera installed on the campus of the Florida Institute of Technology. A few second video is recorded
when speciﬁc trigger criteria are met. The camera is time stamped by a GPS-synchronized video time inserter.
BOGGS ET AL.
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Figure 4. Radar images valid at 0104 UTC 12 September 2014 from the KMLB WSR-88D radar. (a and b) The elevation
angle scans of reﬂectivity (1.45∘ , 3–4 km altitude) and spectrum width (6∘ , 10–12 km altitude). The red squares in
Figures 4a and 4b denote the same location in each image, the diagonal white line is the coastline, and the horizontal
white lines denote where the vertical cross sections of (c) reﬂectivity, (d) spectrum width, (e) diﬀerential reﬂectivity, and
(f ) cross-correlation coeﬃcient were taken. The white “plus” oval and white “minus” circle denote areas of positive and
negative charge. The black ovals indicate areas of high spectrum width near the positive charge region associated with
the northern cell.

The altitude and its uncertainty were calculated using NLDN lightning location data and the background star
ﬁeld. This is the same video system that recorded the seven jet and gigantic jet events over Tropical Depression
Dorian in August 2013 [Liu et al., 2015a, 2015b; Lazarus et al., 2015].

3. Results
The ﬁve negative sprites took place in two diﬀerent storms in east central and south Florida on 12 September
2014. Each storm produced very little positive CG lightning, and only negative sprites were observed. The
thunderstorms were associated with a tropical disturbance that tracked westward across central FL. The ﬁrst
storm, which took place in east central Florida, produced four of the ﬁve negative sprites around the time of
0000 to 0200 UTC. The second storm took place in southern Florida and produced one negative sprite and
two negative gigantic jets in the time frame of 0600 to 0700 UTC. The GJs will not be covered in this paper. A
brief summary of the ﬁve negative sprite-parent ﬂashes are listed in Table 1. Figure 1 shows the geometry of
the two thunderstorms, where the sprite-parent lightning went to ground, and the distances of each storm
from the Florida Institute of Technology camera. Figure 2 shows low-light-level images of the ﬁve observed
negative sprites. The sprites were only visible for two video image ﬁelds (∼33 ms) with both ﬁelds showing
nearly identical images for each sprite, and thus, the evolution of the sprites could not be determined. The
sprite duration matches observations from Li et al. [2012], but there were no clearly visible halos in any of
the image ﬁelds. This may have been because the sprites (and parent lightning) were located close to the
camera. The uncertainties in altitude for Figure 2 were calculated by assuming the sprite elements may be
within ±20 km of where the parent discharge went to ground, along a radial path from the camera.
BOGGS ET AL.
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Figure 5. Vertical wind proﬁle from the KXMR sounding taken on 09 UTC 12 September 2014. The black arrows denote
the mean horizontal wind directions, which are both northeasterly, of the 6–8 km and 10–12 km layers of the
thunderstorm.

3.1. East Central Storm
The east central storm originated over the Atlantic ocean shortly before 0000 UTC and moved southwest,
reaching the shoreline around 0100 UTC. The storm gradually intensiﬁed and reached peak intensity approximately 15 min before the storm reached the shoreline, achieving its highest total ﬂash rate around 38 ﬂashes
min−1 . The thunderstorm intensity remained high during the time encapsulating the events but quickly
diminished after the last negative sprite (about 20 min after landfall). The storm was normally electriﬁed, with
upper positive charge and midlevel negative charge as indicated from the dominant positive IC (69%) and
negative CG (21%) NLDN events in a 30 min window surrounding the events. The remaining NLDN events
were classiﬁed as negative IC and positive CG lightning—which this storm produced very little of over its lifetime. When the storm was close to moving onshore, it was composed of two main convective regions: a thin,
northern cell that was elongated north and south and a more circular, wide southern cell. The northern cell
appeared to have a higher convective intensity as indicated by the maximum 30 dBZ reﬂectivity height in a
30 min time window surrounding the events, with the northern cell reaching around 14.0 km and the southern cell reaching 10.9 km. During the time window of 0015 to 0105 UTC, the northern cell produced at least
10 BFB discharges—one of those being a conﬁrmed negative sprite-parent, which is shown in Figure 3. This
storm produced four of the ﬁve conﬁrmed negative sprites, but more negative sprites likely existed. There
were at least two other hybrid IC-NCG discharges and one multicell IC-NCG discharge that produced iCMCs
greater than 600 C km near the time of the four conﬁrmed sprites. However, the camera was blinded by the
intense parent discharge, and the sprites could not be resolved; this probably happens frequently due to the
impulsive nature of negative sprite-parent discharges.
Figure 4 shows radar images of the east central storm. Vertical cross sections of reﬂectivity, diﬀerential
reﬂectivity, and cross-correlation coeﬃcient can be seen in Figures 4c, 4e, and 4f. Reﬂectivity is a measure of the power scattered back to the radar from the target. Ice particles typically have lower values
of reﬂectivity than liquid hydrometeors, due to ice having a lower dielectric constant [Straka et al., 2000].
Diﬀerential reﬂectivity is related to the axis ratio with respect to the radar direction and size of hydrometeors, with more oblate (short, wide) particles having larger values and prolate (tall, thin) particles having
BOGGS ET AL.
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Figure 6. Plots of EDR calculated from the KMLB radar at 6∘ elevation angle (10–12 km altitude) for the (a) 0058 UTC
event, (b) 0104 UTC event, (c) 0112 UTC event, and (d) 0114 UTC event. The black triangles denote where the
sprite-parent discharges were initiated. The units are m2∕3 s−1 .

Figure 7. WDSS-II hydrometeor classiﬁcation valid at 0102 UTC 12 September 2014. (a) Vertical cross section (altitude
and distance in kilometer) taken along the horizontal dashed line in Figure 7b. (b) Horizontal elevation angle scan
(3.35∘ ) showing middle regions of the storm. (c) Constant elevation of approximately 2 km altitude showing the lower
region of the storm. Hydrometeor categories include the following: NE: No echo (black), L/MR: Light to Medium Rain
(green), HR: Heavy Rain (dark green), R/HA: Rain/Hail (red), BD: Big Drops (yellow), AP: Ground Clutter (dark gray), UK:
Unknown (purple), GR: Graupel (pink), DS: Dry Snow (cyan).

BOGGS ET AL.
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Figure 8. 1.45∘ elevation scan valid 0058 UTC 12 September 2014 from the KMLB radar, showing the lower regions
(3–4 km) of the thunderstorm. The black diamonds are VHF source points, and the purple crosses (blue asterisk) are
positive IC (negative CG) NLDN events associated with the negative sprite-parent discharge. The red oval (blue oval)
denotes upper positive (middle negative) charge regions.

smaller (or negative) values. Cross-correlation coeﬃcient measures the decorrelation of hydrometeors in a
given volume, with a more diverse volume of hydrometeors having lower values of cross-correlation coefﬁcient. The vertical cross sections were taken along the white lines in Figures 4a and 4b. Using these three
polarimetric radar parameters and the environmental temperature proﬁle, hydrometeor types can be identiﬁed inside the thundercloud. In a normally electriﬁed thunderstorm, ice crystals at upper altitudes (8–12 km)
carry positive charge and rimed graupel at middle altitudes (6–8 km) carry negative charge [Saunders, 1993;
Saunders et al., 2006; Mansell et al., 2005; Emersic and Saunders, 2010]. When substantial thunderstorm charge
is present, ice crystals align with the direction of the electric ﬁeld inside the thundercloud, which is largely
vertical, and they typically have negative values of diﬀerential reﬂectivity [Krehbiel et al., 1996]. Combining
this with low reﬂectivity (<30 dBZ), high cross-correlation coeﬃcient (>0.95), and temperatures below freezing [Straka et al., 2000], ice crystals can be identiﬁed in the upper region of the thundercloud. Graupel pellets
are spherical ice particles typically located between −10∘ C and −20∘ C that have moderate reﬂectivity values
(30–50 dBZ), diﬀerential reﬂectivity values near 0 dB, and cross-correlation coeﬃcient values >0.95 [Straka
et al., 2000]. This information aided in the identiﬁcation of the upper positive and middle negative charge
regions seen in Figures 4c, 4e, and 4f. Note the upper positive charge is laterally displaced upshear (west) of
the midlevel negative charge.
A balloon-borne sounding launched from NASA KSC at 0900 UTC provided wind information about the
ambient environment, seen in Figure 5. When compared to typical convection throughout Florida and the surrounding coastlines, the wind shear associated with this storm was very high in the middle to upper regions
of the cloud—similar to Lazarus et al. [2015]. A strong, steady increase in wind speed was found around
the midlevel negative charge region (6–8 km), and a large spike in the wind speed was found in the upper
positive region (9–12 km). The large speed diﬀerential at altitudes of the upper positive and midlevel negative
charge regions caused a lateral displacement of the upper positive and midlevel negative charge (Figure 4) in
the northern cell. The lateral displacement of the upper positive and midlevel negative charge in the northern
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Figure 9. VHF source points, colored with respect to time. (a) Time series of VHF source points with altitude. The initial
IC ﬂash and impulsive CG are denoted. (b) VHF source points projected onto an east-west vertical pane. The upper
positive and middle negative charge regions are denoted by black ovals (note the lateral displacement). (c) Plan view of
VHF source points. (d) VHF source points projected onto a north-south vertical pane. Charge areas are marked similar to
Figure 9b. (e) VHF source points with altitude. Crosses denote positive IC NLDN events, and the triangle denotes a
negative CG NLDN event.

cell can be seen in Figures 4c, 4e, and 4f. The arrows in Figure 5 indicate the horizontal wind directions (largely
northeasterly) of each respective charge region showing this storm had dominantly speed shear and little
directional shear with height. The sharp spike in wind speed in the 9 to 12 km region (46 knots (23 ms−1 ) at
approximately 11 km) is ﬂanked by two local minimums in wind speed: 29 knots (15 ms−1 ) at 9.1 km and 31
knots (16 ms−1 ) at 11.8 km. This large vertical wind speed gradient likely contributed to large amounts of turbulent mixing in the upper region of the storm, causing the upper lateral negative screening layers to mix
with the upper positive charge region, reducing the upper positive charge. Figures 4b and 4d support this
mixing, as indicated by the high values of spectrum width in the upper region of the cloud. Spectrum width
is a measure of turbulence in a radar bin, with large spectrum width values being more turbulent. The strong
mixing is also seen in Figure 6, which shows the eddy dissipation rate (EDR) [Cohn, 1995; Meischner et al., 2001;
Lazarus et al., 2015] in the upper region of the thundercloud (10–12 km) during the four events of the east
central storm. EDR is a measure of turbulence [Meischner et al., 2001] and was calculated using the National
Center for Atmospheric Research Turbulence Detection Algorithm (NTDA). This algorithm uses the traditional
spectrum width estimator from the WSR-88D radars (discussed above) and two other spectrum width estimators in a combined product that is more accurate than the traditional spectrum width to measure turbulence.
The other two spectrum width estimators perform better than the traditional spectrum width for low Nyqvist
velocities and narrow spectrum widths. Using this enhanced spectrum width estimator as in input, the NTDA
attempts to minimize the other factors than can increase the value of spectrum width in a radar bin, which
commonly include broadening due to wind shear and radar antenna motion. Severe turbulence is recognized
within the aviation community by EDR values over 0.5 m2∕3 s−1 [Meymaris and Williams, 2007]. The black triangles in Figure 6 represent the sprite-parent initiation locations as found from the NLDN data. Notice that
all four of the sprite-parents are initiated near large values of EDR. However, Figure 6a has the largest amount
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Figure 10. Same as Figure 8 only for 0104 UTC 12 September 2014 (BFB event). Here the negative NLDN CG event is
marked by a red asterisk. The red arrow shows the direction of VHF source point propagation.

of turbulent mixing and contains the only sprite-parent that connected with ground in the northern cell, as
a hybrid IC-NCG. This could imply that if the turbulent mixing is too strong in the upper region of the cloud,
then the upper positive charge region may be reduced so much that negative CG strikes become the preferred method of discharge. However, the size and location of the lower positive charge region may play just
as important of a role. These extreme values of EDR at the upper positive charge altitude were well correlated
with negative CG locations earlier in the storms lifetime (not shown), and IC ﬂashes tended to be found in
small values of EDR.
Figure 7a shows tilting of the midlevel graupel, considered the dominant negative charge carrier. This was
likely caused by the steep increase in wind speed from 6 to 8 km altitude (consistent with the northeasterly
direction), although diﬀerences in updraft velocity could also contribute. The land-sea interface may have
played a role in increasing updraft speeds, as updraft speeds over land are usually higher [Williams, 1994;
Williams and Stanﬁll, 2002]. When comparing the positive IC (indicative of negative charge moving upward)
and negative CG (negative charge moving downward) NLDN events of each cell, the northern cell had a much
lower percentage of negative CG events than the southern cell during a 30 min time window encapsulating
the negative sprites, with values of 19% (111/597) and 50% (122/242), respectively. This small ratio of negative
CG events of the north cell supports a very small lower positive charge region, which would act to suppress
negative CG discharges. This supports a charge structure that can acquire an abundance of midlevel negative
charge. Since the south cell had a large negative CG ratio, this cell probably had a larger lower positive charge.
Finally, the long, north to south elongated structure of the northern cell oriented mainly perpendicular to the
wind direction likely allowed the northern cell to be greatly manipulated by the wind shear, which allowed
the negative charge region to be easily tilted and rearranged.
3.1.1. 00:58 UTC Event
The ﬁrst negative sprite-parent from the east central storm was initiated in the deep convection of the
northern cell at 00:58:10 UTC. Figure 8 shows the parent discharge conﬁned to the reﬂectivity core and the
surrounding areas of moderate reﬂectivity. The red and blue ovals show areas of positive and negative charge
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Figure 11. Same as Figure 9 except for the 0104 UTC event. The black arrow in Figure 11b shows the direction of VHF
source points associated with the initial stages of the BFB discharge.

as determined by the propagation of the leaders associated with the parent ﬂash. Note that the upper positive charge is laterally displaced downshear (southwest) of the middle negative charge. Figure 9 shows in
detail the parent discharge. Figure 9a shows this ﬂash was initiated between the midlevel negative and upper
positive charge regions, followed by a brief delay in lightning activity, after which a very impulsive negative
leader moved to ground. This negative sprite-parent had a peak current of −179 kA and an iCMC of 613 C
km. The impulsiveness of the discharge that connected with ground was reﬂected by the high velocity of the
downward propagating negative leader, with a speed of 1×106 ms−1 inferred from the LMA source points. This
parent discharge followed the description of the hybrid IC-NCG discharges of Lu et al. [2012]. Figure 9b shows
where areas of upper positive and middle negative charge are located, found by the propagation of negative
and positive leaders associated with the discharge. The upper positive charge is laterally displaced to the
downshear (west) side of the thunderstorm. These laterally displaced charge regions match up very well with
the charge regions indicated in Figure 4c–4f, minus the systematic height error from the LMA. The lateral
displacement of the upper positive and middle negative charge regions is seen again in Figure 9d. Considering
the wind direction at the altitude of the upper positive charge region was from the northeast, the displacement of the upper positive charge was to the southwest, and thus, the displacement has a component to the
west and south, as both observed in Figure 9b and 9d. The southwest displacement was consistent with the
northeast wind shear seen in Figure 5.
3.1.2. 01:04 UTC Event
The second negative sprite-parent produced from the east central storm began inside the deep convection
of the northern cell and traveled approximately 18 km west before connecting with the ground, as indicated
by Figure 10. This parent discharge can be labeled as a negative BFB considering the negative leader associated with the discharge connected with ground well outside any radar echoes. Upon examining the LMA data
from Figure 11, it can be seen that the BFB discharge was preceded by an IC ﬂash between the midlevel
negative and upper positive charge regions. Figure 11a shows that there was an approximately 220 ms
delay between the IC and BFB discharge, with the BFB discharge initiating from the altitude of the midlevel negative charge region. The peak current of the BFB discharge was −143 kA with an iCMC of 532 C km. A
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Figure 12. (top) Vertical cross section of reﬂectivity with VHF source points overlaid. The initial IC (BFB) discharge is
colored in magenta (white) dots. The red arrow shows the direction of propagation for the BFB discharge. (bottom)
0.5∘ elevation angle scan of reﬂectivity taken at 0104 UTC from KMLB with the same VHF source points as Figure 12 (top),
only with the initial IC discharge colored in black dots. The white line denotes where the vertical cross section in
Figure 12 (top) was taken.

Figure 13. Same as Figure 9 only showing storm charge during a 7 min time surrounding the 0112 and 0114 UTC
events. Red (blue) VHF source points denote positive (negative) storm charge. The black circle in Figure 13c shows a
large, diﬀuse reservoir of positive charge connecting the northern and southern cell, denoted by N and S, respectively.
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Figure 14. Same as Figure 8 only for 0112 UTC 12 September 2014. The white arrow shows the direction of the VHF
source points for the initial IC ﬂash, and the dotted purple arrow shows the direction of the VHF source points for the
remaining sprite-parent discharge.

second current pulse generated an additional CMC of 132 C km. Figure 12 shows the initial IC and BFB discharge overlaid on a vertical cross section and elevation angle scan of reﬂectivity. From Figure 12a, the initial
IC discharge (colored in magenta) propagated into upper positive charge directly above the midlevel negative charge. The subsequent BFB discharge (colored in white) then propagated into pristine upper positive
charge laterally displaced downshear. The initial IC ﬂash acted to enhance the lateral displacement of the
upper positive charge, encouraging the BFB to propagate to the downshear area of the storm. Without this
enhanced lateral displacement the BFB would have likely moved directly upward, as a negative jet or GJ. The
lateral displacement of the upper positive and midlevel negative charge regions, combined with the tilted
negative charge region, likely brought the exiting negative leader very close to the lateral positive screening
layer around the midlevel negative charge region. It is probable that this shortened separation between the
negative leader exiting the cloud and the lateral positive screening layer encouraged the discharge to turn
toward the ground.
3.1.3. 01:12 and 01:14 UTC Events
The last two events of the east central storm were very close in time, morphology, and spatial extent. During
this time period there existed a large reservoir of upper positive charge between the northern and southern
cells, as seen in Figure 13. Given that the local winds were from the northeast, this large, diﬀuse area of upper
positive charge was likely advected to the southwest from the northern cell. The black oval in Figure 13b shows
this large diﬀuse upper positive charge area, located between the northern and southern cell. This upper positive charge acted to electrically connect the northern and southern cells during this time allowing negative
leaders to propagate between the two cells. Figures 14 and 15 show that both negative sprite-parents were
initiated in deep convection inside the northern cell, followed by ground contact near the southern cell. The
positive NLDN IC pulses follow the LMA sources well in these ﬁgures, revealing the spatial accuracy of the 2013
NLDN upgrade. The peak currents and iCMCs of the 0112 and 0114 UTC events were −180 kA, 784 C km, and
−175 kA, 609 C km, respectively. Figures 16a and 17a show that the sprite-parent discharges were preceded
by an IC ﬂash. This initial IC ﬂash once again likely neutralized the upper positive charge in the northern cell
allowing the following negative leaders to escape the upper positive charge of the northern cell and extend
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southward. After this initial IC ﬂash (in both cases), a second negative leader progressed from the midlevel negative charge of the northern cell, traveled upward and southward through the diﬀuse upper positive charge
connecting the two cells (Figure 13), then came to ground near the southern cell. These discharges were very
long in spatial extent, both nearly 25 km in length.
The detail of the leader progression of the 0112 UTC event can be seen in Figures 16b–16d. The VHF source
points are colored with respect to time. Figure 16c shows the initial IC discharge (colored by blue and green
VHF source points) took place between the displaced midlevel negative and upper positive charge of the
northern cell, similar to the 0058 and 0104 UTC events. A negative leader then extended southward (colored
by yellow and orange VHF source points) reaching termination near the southern cell, marked by a triangle
in Figure 16c. Similar leader progression can be seen in Figures 17b–17d for the 0114 UTC event. The initial
IC discharge in Figure 17c (again colored by blue and green VHF source points) took place in nearly the same
location as for the 0112 UTC event. After this initial IC discharge, a negative leader moved southward (again
colored by yellow and orange VHF source points) toward the southern cell. As this negative leader approached
the southern cell, a negative leader formed north of the initial IC discharge and progressed southward toward
the southern cell. These leaders seem to connect and terminate near the southern cell, marked by the triangle
in Figure 17c.
Considering the northern cell had largely positive IC activity and the southern cell had dominant negative CG
activity for the time encapsulating these events, the negative sprite-parents of these two events were encouraged to come to ground near the southern cell, which likely had a larger lower positive charge presence. We
speculate that both the northern and southern cells for both events contributed to the overall negative charge
transfer to the ground. This is because positive leaders near the midlevel negative charge region from the
southern cell connected with the negative leaders that propagated from the northern cell immediately before
the negative leaders when to ground. These negative sprite-parents can be labeled as multicell IC-NCG discharges, as both ﬂashes involved multiple convective cells with a large negative leader progression through
upper positive charge and ﬁnally terminating as negative CGs.
3.2. Southern Storm
The south FL storm originated over south east FL around 0400 UTC, slowly intensifying into a large MCS-like
storm leading up to the observed negative sprite and GJs, which took place between 06 and 07 UTC. During
the time of the events, the storm was at peak intensity and was composed of two very intense convective cells,
both of which had 30 dBZ heights reaching around 14 km during the time of the negative sprite-parent. These
cells were on the southern periphery of the circulation center of the tropical disturbance, which was similar
to the GJ producing storm from Lazarus et al. [2015]. This storm was normally electriﬁed with mostly negative
CG and positive IC NLDN events. During the analysis period, the southern storm had a strong vortical nature
at middle altitudes with divergence at upper altitudes, shown in Figures 18a and 18b. A balloon sounding
from KMFL on 1200 UTC 12 September 2014 provided the vertical wind data in Figure 19. The vertical wind
proﬁle in Figure 19 indicates that the midlevel and upper positive charge regions were strongly sheared with
height, both with speed and directional shear. Figure 19 also has a large increase in the wind speed (46 knots
(24 ms−1 ) at 12.5 km) ﬂanked by two local minimums (15 knots (8 ms−1 ) at 14.2 km, 28 knots (14 ms−1 ) at
11.6 km) at the representative positive charge region altitude. The positive charge region was inferred from
similar techniques used for the east central storm. Figure 19 resembles the vertical wind speed plot of the
east central storm (Figure 5) and likely acted to reduce the upper positive charge by turbulent mixing with the
upper negative screening layer. Figure 18c shows large values of spectrum width at the altitude of the upper
positive charge region during the time of the 06:18 UTC negative sprite-parent and supports turbulent mixing
indicated by the vertical wind proﬁle at the upper altitudes of Figure 19. The divergence from Figure 18b also
likely played a role in reducing the upper positive charge. The divergence combined with large gradients in
horizontal wind speed (Figure 19) in the upper regions of the cloud likely caused turbulent eddies near the
storm top. The strong mixing at the storm top acted to reduce the upper positive charge region. The two
convective cells of the south FL storm both contained moderate CG event rates in a 30 min time window
surrounding this last event, but the southwest cell had a lull in CG activity approximately 5 min before the
negative sprite-parent of this storm was initiated.
3.2.1. 06:18 Event
The negative sprite-parent associated with the south FL storm connected with ground between two highly
convective cells as shown in Figure 20b. This discharge had a peak current of −218 kA and a particulary high
iCMC of 1302 C km, which is an unusually high iCMC for negative CG discharges [Cummer et al., 2013]. ConsidBOGGS ET AL.
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Figure 15. Same as Figure 14 only for 0114 UTC 12 September 2014 with a dotted cyan arrow showing the direction of
the VHF source points for the sprite-parent discharge.

ering the storm was approximately 270 km from the center of the LMA network, the LMA data for this event
were of poor quality, and the VHF source points were systematically shifted upward (by about 8 km) and also
included large radial errors. However, Figure 20a shows this discharge was initiated at high altitudes before
coming to ground. This discharge was most likely a classic hybrid IC-NCG discharge, as it was initiated at upper
altitudes and connected with ground in deep convection. But due to the large radial error of the LMA at this
distance, it is diﬃcult to identify the exact discharge morphology of this event. Since there was a lull in negative CG activity as reported by the NLDN in the southwest cell ﬁve minutes before this event, and the upper
positive charge was weakened, it is probable that a large amount of negative charge accumulated in this cell
just prior to the 06:18 UTC event which spawned the negative sprite-parent.

4. Discussion
In this paper we have presented an analysis of two diﬀerent storms producing ﬁve negative sprites on 12
September 2014. We used lightning, magnetic ﬁeld, radar, and balloon data to examine the storm characteristics, charge structures, and discharge morphologies of the negative sprite-parent lightning. All of the
negative sprite-parent discharges had a large IC portion of the ﬂash and were either a BFB, hybrid IC-NCG, or
multicell IC-NCG discharge. The four negative sprite-parents of the east central storm had an initial IC ﬂash
between the midlevel negative and upper positive charge region of the cloud that preceded the negative
leader that connected with ground. Both of the storms were heavily sheared either in a speed or directional
sense in the middle to upper regions of the cloud. The thunderstorm cell that produced the ﬁrst four negative sprite-parents had an asymmetrical charge structure, with inferred weakened upper positive charge and
abundance of midlevel negative charge. The thunderstorm cell that produced the last negative sprite-parent
contained a lull in negative CG activity before the event.
4.1. Convective Cells With Large Midlevel Negative Charge
It is interesting to note the lack of CG discharges in intense convective cells likely has a very important eﬀect
on the formation of BFBs and hybrid IC-NCGs. When negative CG discharges are suppressed, excess midlevel
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Figure 16. Same as Figure 9 only for 0112 UTC 12 September 2014.

Figure 17. Same as Figure 9 only for 0114 UTC 12 September 2014.
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negative charge can accumulate in the cloud. If
this is combined with a weakened upper positive charge region, the midlevel negative charge
can grow even larger, as IC ﬂashes neutralizing
both the middle negative and upper positive
charge will be less frequent. Thus, very large
amounts of midlevel negative charge can accumulate before the breakdown threshold is
reached within the thundercloud, triggering a
discharge. Determining why a convective cell
has a low CG ﬂash rate is a complex task, as many
factors can control the rate at which a convective cell produces CG discharges. The altitude of
the midlevel negative charge region, the vertical
separation of the upper positive and midlevel
negative charge, and the amounts of upper and
lower positive charge are all important factors
that can aﬀect the CG ﬂash rate.
Our study supports that intense, tall convective systems with turbulent mixing at upper altitudes are more favorable to have an abundance
of midlevel negative charge. Convective systems
with an intense updraft will have an elevated
negative charge region, which discourages CG
discharges. If the convective system is tall, as is
often the case at lower latitudes, then the vertical separation between the midlevel negative
and upper positive charge region can be very
large. This allows the amount of charge in either
of these regions to grow very large before a discharge is initiated, as the electric ﬁeld between
two charges decreases with increasing distance.
Tall convective systems also have a strong negative screening layer [Riousset et al., 2010] that
can mix with the upper positive charge causing a reduction in the upper positive charge
Figure 18. Radar elevation angle scans valid 0618 UTC from the [Krehbiel et al., 2008; Riousset et al., 2010]. From
several cloud electriﬁcation studies [Jayaratne
KAMX WSR-88D. The radar is located to the bottom center of
each plot. (a) Radial velocity from the 5.1∘ elevation angle scan,
and Saunders, 1984; Pereyra et al., 2000; Emersic
showing the middle regions (7–8 km) of the storm. (b) Radial
and Saunders, 2010], graupel charges positively
velocity from the 8.1∘ elevation angle scan, showing the upper
in warmer environments (approximately greater
regions (12–13 km) of the storm. (c) Same as Figure 18b only
than −10∘ C) and negatively in colder environfor spectrum width.
ments (approximately less than −10∘ C). Considering more intense updrafts have greater
hydrometeor ﬂux at higher altitudes (colder temperatures) and weaker updrafts the opposite, storms with
intense updrafts are more likely to have a smaller lower positive charge than storms with the opposite.
Environments in diﬀerent regions, such as land versus water, diﬀering latitudes, and varying freezing level
heights can also aﬀect the CG ﬂash rate. Considering the ocean is largely a ﬂat, planar surface, there exists
little corona current from objects near the surface in thunderstorm electric ﬁelds. This is a steep contrast from
land surfaces, which contain vegetation, buildings, and elevated objects near the surface from which strong
corona current can develop when a thunderstorm is overhead [Vonnegut, 1986]. Due to this, it may be more
diﬃcult to initiate CG discharges over the ocean when compared with land. Lower positive charge regions
have been found to be larger at higher latitudes when compared with lower latitudes [Nag and Rakov, 2009],
but few studies have compared lower positive charge amounts between oceanic and land thunderstorms.
BOGGS ET AL.

NEGATIVE SPRITES

19

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024188

Figure 19. Vertical wind proﬁle from the KMFL sounding taken on 12 UTC 12 September 2014. The black arrows denote
the mean horizontal wind directions of the 6–8 km (northeasterly) and 12–14 km (northwesterly) layers of the
thunderstorm.

Negative CGs from oceanic storms tend to be more energetic and have larger peak currents when compared
to negative CGs over land [Lyons et al., 1998; Füllekrug et al., 2002; Hutchins et al., 2013; Said et al., 2013], and
thus, oceanic storms may tend to have larger amounts of midlevel negative charge. Vonnegut [1986] illustrated
that electric ﬁelds over water can be as much as 10 times larger when compared with their land counterparts.
These high electric ﬁelds may support intense oceanic storms having much larger midlevel negative charge
regions during a longer time interval when compared with intense land storms. This would promote BFB, GJ,
and hybrid IC-NCG discharges due to the thundercloud needing to transfer excess midlevel negative charge
through means other than typical negative CG discharges. In Lu et al. [2011], the oceanic GJ taking place oﬀ
the east coast of FL transferred 5 times more charge than the GJ occurring over land would support intense
oceanic storms having a surplus of midlevel negative charge. An abundance of midlevel negative charge in
intense oceanic storms is again supported by the negative jet and GJ events from the 13 August 2013 storm
oﬀ the east coast of FL, in which at least 383 C of charge was transported upward during a 30 min time window
[Liu et al., 2015b].
4.2. Bolt-From-the-Blue Discharges
The formation of BFB discharges seems to strongly favor an asymmetrical charge structure, as was found in
Edens [2011] and this study. However, this study supports BFB discharges connect with the surface on the
downshear side of thunderstorms. This is supported by 10 BFB discharges (Figure 3) from the northern cell
of the east central storm, which all connected with the ocean/ground on the downshear side of the thunderstorm. This asymmetry results from a lateral displacement of the upper positive and midlevel negative
charge regions and/or a tilt of the midlevel negative charge region. This lateral displacement would, in theory,
encourage more positive CG discharges originating from the extended upper positive charge, but this was not
observed. This was likely due to a large charge imbalance that resulted from the upper positive charge mixing
with the upper negative screening charge. As discussed in Krehbiel et al. [2008], BFB discharges are similar
to GJs, as both BFBs and GJs are negative leaders that begin from the midlevel negative charge region and
escape a weakened upper positive charge region. The data in this study suggest that charge structures which
bring the exiting negative leader closer to the lateral positive screening layer are more favorable for producing BFBs. If the upper positive charge is laterally displaced from the midlevel negative charge as in Figure 21a,
then the exiting negative leader will be much closer to the downshear lateral positive screening layer than
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Figure 20. (a) Time series of VHF source points with altitude, colored with respect to time. Crosses denote positive IC
NLDN events, and triangles denote negative CG NLDN events (b) 5.1∘ elevation scan valid 0618 UTC 12 September 2014
from KAMX. The black diamonds are VHF source points, and the purple crosses (red asterisk) are positive IC (negative
CG) NLDN events associated with the negative sprite-parent discharge.

the upshear lateral positive screening layer. This would favor a BFB instead of a GJ discharge. When a tilt of
the midlevel negative charge region is introduced, as in Figure 21b, the exiting negative leader is brought
even closer to the downshear lateral positive screening layer. Figure 21b most closely represents the charge
structure associated with the 0104 UTC (BFB) event from this study. Figure 21b (supported by Figure 11b) supports that BFB discharges that transport large amounts of thunderstorm charge prefer connecting to ground
near the downshear side of thunderstorms. If the thunderstorm has a largely symmetric charge structure, as
in Figure 21c, then the negative leader escaping the upper positive region is not biased in any lateral direction and will likely travel upward toward the ionosphere as a GJ. The width of the storm (notice the diﬀerent
horizontal thicknesses of the storms in Figure 21) and vertical separation of midlevel negative and upper positive charge centers also have an eﬀect on the separation of an exiting negative leader to the lateral positive
screening layers, as GJ producing storms often are very tall, wide convective cells [Krehbiel et al., 2008; Riousset
et al., 2010]. Whether or not a storm with these characteristics would produce BFBs instead of GJs if the upper
positive and midlevel negative charge regions were laterally displaced and/or the midlevel negative charge
region was tilted remains to be veriﬁed. A tropical thunderstorm oﬀ the east coast of Florida on 13 August
2013 produced negative jets, GJs, and at least one conﬁrmed negative BFB [Liu et al., 2015b; Lazarus et al.,
2015]. From the investigation of Lazarus et al. [2015], it seems that the 13 August 2013 storm exhibited a tilt in
the midlevel negative charge structure, at least at some time interval during the events. However, a detailed
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Figure 21. Theorized charge structures of BFB and GJ producing thunderstorms. Altitude and horizontal distance scales
are in kilometer. Wind and updraft vectors are denoted as black arrows. (a) Lateral displacement of upper positive and
middle negative charge producing BFB. (b) Lateral displacement of the upper positive and middle negative charge
regions combined with a tilted mid negative charge region producing a BFB. (c) Very tall, wide storm with symmetric
charge structure producing a GJ. Note that the upper and lower positive charge regions are very small in all scenarios,
with an abundance of midlevel negative charge.

charge structure analysis remains to be completed to determine the eﬀect this tilt had on the negative leaders
exiting the upper region of the thunderstorm.
The role of the initial IC activity between the midlevel negative and upper positive charge regions immediately
before a BFB or GJ discharge seems to be important for the production of a BFB or GJ, as it is a common
feature for both events that is tracked in detail by VHF sources. In Lu et al. [2011], both of the GJs analyzed
were immediately (80–110 ms) preceded by a normal polarity IC ﬂash between the midlevel negative and
upper positive charge regions. The BFB from our study was also immediately (220 ms) preceded by an IC
ﬂash immediately between the midlevel negative and upper positive charge regions, as seen in Figure 11a.
This initial IC development likely acts to further reduce the already weakened upper positive charge (from
turbulent mixing) which allows the subsequent negative leader to escape the upper positive charge region
and transfer large amounts of charge. Where this IC discharge takes place is also of importance, as the initial IC
discharge that preceded the BFB in this study neutralized upper positive charge directly above the midlevel
negative charge. This further enhanced the lateral displacement of the upper positive charge, which aided in
the subsequent negative leader escaping the thunderstorm in a more lateral direction. Considering both BFBs
and GJs can transfer large amounts of charge from the thundercloud [Cummer et al., 2009; Lu et al., 2011, 2012;
Liu et al., 2015b], both should require a surplus of midlevel negative charge and weakened upper positive
charge. This should result from intense, tall convective cells with turbulent mixing near the upper positive
charge region. However, BFB discharges require a much more asymmetric charge structure.
4.3. Hybrid IC-NCG Discharges
It seems with the addition of our investigation that hybrid IC-NCG discharges discussed in Lu et al. [2012] are
a primary type of negative sprite-parent lightning, as the 0058 UTC event in this study was a hybrid IC-NCG.
There were probably at least two other hybrid IC-NCGs that produced negative sprites, as the iCMCs exceeded
the threshold for negative sprite initiation, but the image ﬁelds were blinded by the parent ﬂash. From this
study, it appears that an initial IC discharge between the midlevel negative and upper positive charge regions
reduces the upper positive charge by an amount that immediately creates an environment favorable for an
impulsive negative leader to be initiated and propagate downward. The initial IC discharge likely neutralizes
a very small amount of upper positive and midlevel negative charge because the upper positive charge is
weakened, still allowing a large amount of negative charge to be transported downward with the subsequent
negative leader. Considering the time scale between the initial IC and the subsequent CG discharge is very
small (approximately 80 ms for this study), the upper and lower regions of the cloud may have both exceeded
the electric ﬁeld threshold for lightning initiation. Lighting initiation is still not well understood [Marshall et al.,
1995; Dwyer, 2003; Liu et al., 2012; Sadighi et al., 2015], and the exact interplay between these two discharges
needs to be further researched.
Hybrid IC-NCG discharges should be prone to charge structures with reduced upper positive charge and a
surplus of midlevel negative charge, as was found from the storm that produced the 0618 UTC event. These
charge structures should be similar to charge structures initiating GJs, and indeed, two GJs were observed
from the south storm in this study. The storm that produced the hybrid IC-NCG negative sprite-parent in Lang
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et al. [2013] also produced two negative GJs [Meyer et al., 2013], which further supports that hybrid IC-NCGs
and GJs result from similar charge structures. Considering the upper and lower positive charge regions compete to initiate a negative leader after the initial IC ﬂash, a very weak upper positive region would allow the
initiation of a downward moving negative leader between the midlevel negative and lower positive charge.
Laterally displaced charge structures may support the formation of hybrid IC-NCG discharges, as the upper
positive and midlevel negative charge regions would not be centered over each other. This may result in the
upper positive charge region becoming less dominant.
4.4. Two-Step Discharge Process
It is important to note that with the addition of this study it seems BFB and hybrid IC-NCG discharges that
initiate negative sprites, along with GJs [Lu et al., 2011], all initially begin with a normal IC discharge that
reduces the upper positive charge. However, BFB and GJ discharges are composed of a subsequent negative
leader that moves toward the upper positive charge region, while hybrid IC-NCGs have a subsequent negative
leader that moves toward the lower positive charge region. The data we have suggest that the in situ amounts
of upper and lower positive charge in the thundercloud immediately following the initial IC discharge determine where the following negative leader will originate and move. This implies that whichever positive charge
region is more prominent (distances to the midlevel negative charge being equal and accounting for atmospheric density) immediately following the initial IC discharge will dictate where the following negative leader
will propagate. Thus, a larger upper positive would promote BFB and GJ discharges, and the opposite would
promote hybrid IC-NCG discharges.
Figures 6a–6d support that higher turbulence (smaller upper positive charge) in the upper regions of the
cloud promotes a negative leader to move to ground. Figure 6a shows extreme mixing in the upper region
of the cloud, which likely acted to signiﬁcantly reduce the upper positive charge during the 0058 UTC
(hybrid IC-NCG) event. Figure 6b shows moderate mixing, which implies the upper positive charge during the
0104 UTC event was more prominent when compared with the 0058 UTC (BFB) event. Our study suggests that
this intense mixing during the 0058 UTC event, which was a hybrid IC-NCG, acted to reduce the upper positive charge by an amount that after the initial IC ﬂash the lower positive charge region was more dominant.
This allowed the initiation of a downward moving negative leader. However the 0104 UTC event, which was
a BFB, had an upper positive charge amount large enough to prompt the initiation of an upward negative
leader between the midlevel negative charge and the upper positive charge but not suﬃcient to conﬁne the
leader inside the thundercloud.
4.5. Multicell IC-NCG Discharges
Discharges that involved at least two convective cells appeared in this study, speciﬁcally for the 0112 UTC
and 0114 UTC events. It is probable that more multicell IC-NCG discharges with large iCMCs took place but
were missed due to saturation of the image ﬁelds. This happened at least once, with another multicell IC-NCG
discharge (as observed from LMA data) that had an iCMC greater than 600 C km. We infer that these discharges were electrically connected to the negative charge regions of both convective cells (Figures 16 and
17) and thus transferred more charge to the ground than a typical negative CG discharge involving only one
convective cell. These discharges were made possible by the upper positive charge that acted to connect
each convective cell electrically at upper levels (as seen in Figure 13), which was not as developed during the
0058 UTC and 0104 UTC events. The strong vertical wind shear in the upper regions of the convective cells
likely provided the catalyst that allowed lightning leaders to propagate between the two cells. Both of the
negative sprite-parents associated with the 0112 UTC and 0114 UTC events were immediately preceded by
normal IC ﬂashes, similar to the BFB and hybrid IC-NCG cases. This likely helped the negative sprite-parents
of the 0112 UTC and 0114 UTC events to escape the northern cell and travel southward by further reducing
upper positive charge. Some of the upper positive charge from the northern convective cell was probably
advected to the southwest, which provided an electrical connection to the southern convective cell that
likely contained a stronger lower positive charge region, as inferred from NLDN events. Our study ﬁnds this
combination of two cells with diﬀering amounts of lower positive charge connected by upper positive charge
greatly supports CG discharges that can transfer large amounts of charge to ground.

5. Conclusions
From the analysis presented, we have provided evidence that BFB and hybrid like IC-NCG discharges are the
dominant ﬂash types associated with negative sprite-parent lightning, supporting Lu et al. [2012]. We have
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also provided evidence that multicell IC-NCG discharges have the capability of producing negative sprites.
Our study found that BFB and hybrid like IC-NCG discharges need both a weakened upper positive charge
region and a surplus of midlevel negative charge, similar to the storm charge structure favorable for GJ
production. Tall, intense convective cells with low CG ﬂash rates in high wind shear environments in the middle
to upper regions of the cloud promote the formation of these charge structures. The weakened upper positive
charge either acts to create a charge imbalance in the upper region of the thundercloud or aids in creating an
environment that promotes impulsive CG discharges. Initial IC discharges between the midlevel negative and
upper positive charge regions tens to hundreds of milliseconds before these negative sprite-parents further
reduce the upper positive charge, intensifying the eﬀects mentioned above. It appears that these discharges
transfer more charge to ground than typical negative CG discharges due to a surplus of midlevel negative charge. We found that BFB discharges prefer an asymmetrical charge structure with the upper positive
charge laterally displaced downshear from midlevel negative charge (and/or a tilted midlevel negative charge
region) to encourage the negative leader to turn toward ground on the downshear side of the thunderstorm.
Discharges that involve multiple convective cells also require a general asymmetry about them to encourage
leaders to propagate between cells. The asymmetrical charge structures that produced these unusual types
of discharges were driven by heavily sheared environments (when compared with ordinary FL convection)
in the middle to upper regions of the cloud. Initial IC discharges between the midlevel negative and upper positive charge regions are also important for these discharges involving multiple convective cells, as the initial
IC ﬂash further reduces the upper positive charge in the parent cell, which allows the following negative leader
to escape the parent cell and propagate to a neighboring cell.
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