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ABSTRACT

RADAR AND LIGHTNING ANALYSES OF GIGANTIC

JET-PRODUCING STORMS

An analysis of the storm structure and evolution associated with six gigantic jets was
conducted. Three of these gigantic jets were observed within detection range of very high-
frequency lightning mapping networks. All six were within range of operational radars and two-
dimensional lightning network coverage: five within the National Lightning Detection Network
and one within the Global Lighting Detection network. Most of the storms producing the jets
formed in a high CAPE, low lifted index environments and had maximum reflectivity values of
54 to 62 dBZ and 10-dBZ echo tops reaching 14-17 km. Most storms were near the highest
lighting flash rate and peak storm intensity with an overshooting echo top just before or after the
time of the jet. The overshooting top and strong intensification may have indicated a convective
surge which allowed the upper positive charge to mix with a negatively charged screening layer
that became depleted. Intra-cloud lightning initiating in the mid-level negative region could have

exited upward through the recently depleted positive region, producing a gigantic jet.
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1. Introduction

1.1 Global Electric Circuit

The global electric circuit (GEC) describes an electrical current flowing between the highly
conducting ionosphere and the Earth’s surface forming a giant spherical condenser [Lakhina,
1993; Bering |11, 1995; Bering IlI et al., 1998; Rycroft et al., 2000; Siingh et al., 2005]. A
downward directed electric field exists in this cavity. This circuit is charged by thunderstorms to
a potential of several hundred thousand volts [Roble and Tzur 1986]. The downward electric
field on a clear day is 100 to 300 volts/meter at the Earth’s surface. William Thomson [1860]
purposed that the ionosphere is charged to a potential of about 260 kV as a positive plate
compared to the Earth’s surface, a negative plate. There are three quasi-direct current sources
that drive the global circuit: thunderstorms, the dynamo interaction between solar wind and
magnetosphere, and the dynamo effect of atmospheric tides in the thermosphere [Roble, 1991].
Roble suggests that thunderstorms are the most powerful of the three sources. The Wilson
current states the electric current flows upward through thunderstorms into the ionosphere where
it spreads out over the globe through the ionosphere and magnetosphere. The current returns to
the Earth as the fair-weather air-Earth current. Negative cloud-to-ground (CG) lightning returns
the charge to the thunderstorm and closes the global circuit [Bering Il et al., 1998]. Figure 1

shows the flow of the electric current in the global circuit.
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Figure 1. Flow of electric current in the global circuit. All of the unlabeled arrows represent current flow. The strongest batteries
in the circuit are the thunderstorms indicated on the right. They produce the Wilson current. The fair-weather currents are
indicated by downward-pointing arrows away from the thunderstorms. (Based on a diagram by Bering Il et. Al 1998).

1.2 Charge Structure

Lightning activity can give insight into storm charge structure. Traditionally the
conceptual model of the gross electrical structure of thunderstorms is that it can be described as
either dipolar or tripolar where the main charges are a middle-level negative charge and an
upper-level positive charge [Kulman et al.2006]. Sometimes a positive charge can be found
below the negative charge to form a tripole structure [Williams et al. 1989]. In the lower region
rain and water droplets make up this positive charge while the upper positive region is due to ice
crystals. Graupel and hail carry a negative charge and are located in the mid-level regions.

A screening layer of negative charge has also been found to form on the top boundary of
the cloud. The formation of this charge layer does not depend on hydrometeors being polarized

by the electric field, so it is classified as a noninductive, ion-particle mechanism. For the



thunderstorm to maintain a constant current across the boundary (equilibrium), the layer of
charge increases the thunderstorm electric field just inside the boundary and decreases it outside
the boundary to compensate for the discontinuity in conductivity. Since the layer of charge
reduces the electric field outside the storm, it is called a screening layer [MacGorman and Rust
1998].

While most storms are normal polarity, as explained above, so called “inverted storms do
occur. In these cases the upper region is dominated by negative charge and the middle region
dominated by positive charge. One main difference of the reversed or inverted polarity storms is
that the storms are usually dominated by flashes that lower positive charge to the ground instead
of the usual negative charge. [MacGorman et al., 2008]. Inverted storms are often severe [Carey

et al., 2003]

1.3 Previous GJ Studies

All lightning including the normal CG and intracloud (IC) lightning as well as the more
uncommon transient luminous events (TLES) play a role in the GEC. Gigantic jets (GJs) are part
of the TLE family. Like blue jets they are thought to initiate from intracloud (IC) lightning and
escape upward from cloud tops. GJs extend to higher altitude than blue jets, up to 70-90 km, and
have a different appearance [Pasko and George, 2002; Su et al. 2003; Lyons et al., 2003]. Blue
jets are thought of as a positive discharge resembling a continuous positive leader-like
propagation [Wescott et al., 2001; 1998]. Gigantic jets have an impulsive re-brightening
characteristic resembling negative leader processes [Krehbiel et al., 2008].

The first GJ was observed in 2001. On 14 September the Lidar Laboratory of Arecibo

Observatory, Puerto Rico observed a GJ reaching ~70 km off the northwest coast of Puerto Rico



from the main core of a relatively small thunderstorm that had a cloud top of about 16 km [Pasko
et al., 2002]. In July 2002 low-light-level cameras in Kenting, Taiwan recorded five GJs above a
16 km tall thunderstorm over the South China Sea ranging in height from 86-91 km [Su et al.,
2003]. Two years later, a GJ was recorded in a frontal system over Anhui province of China.
This observation proved gigantic jets could also occur over land. A few months later several jet-
like TLEs were recorded over a thunderstorm on the coast of Guandong province, China [Hsu et
al., 2004]. Two low-light cameras near Marfa, Texas recorded the first gigantic jet over North
America on 13 May 2005. The likely parent thunderstorm was a high-precipitation supercell
cluster with radar echo tops of at least 14 km. This was a negative GJ that was believed to have
occurred in an inverted tripole charge configuration due to a rapid rise of +CG flash rates and a
5-minute period with almost no —CG flashes just before the GJ. However, charge configurations
can be complex and are subject to intense study [Van der Velde et al., 2007a]. Since then, more
GJs have been recorded in North America [van der Velde et al., 2007a,b]. The first positive jet
was observed just west of Corsica (Europe) the night of 12 December 2009. A stationary
Mediterranean winter thunderstorm with a cloud top of only 6.5 km produced this GJ. The
positive polarity was confirmed by the electromagnetic waveforms of various radio receiver
stations [van der Velde et al., 2010]. In 2010, three GJs were optically detected in different
storms within detection range of ground-based, very high frequency (VHF) networks that resolve
three-dimensional (3D) lightning development. Lu et al. [2011b] examined two of these jets and
indicated that lightning development associated with these negative GJs is remarkably similar in
that both jets initiated from convective cells that were producing normal-polarity IC lightning
between mid-level negative and upper positive charge regions. The GJs were produced by

lightning flashes that developed as if there were a depleted upper positive charge region, as



suggest by Krehbiel et al. [2008]. Specifically one of the jets (from Florida) was initiated by a
narrow bipolar event (NBE). This initiating NBE radiated the largest low frequency (LF) impulse
of the flash and was detected by the National Lightning Detection Network as having a +56-kA
peak current. The jet ascended at a velocity of ~500 km/s to 80 km in altitude and had
accumulated a charge moment change of +8000 C-km, or removal of an estimated 110 C of
negative charge from a cloud region if all the charge was deposited at 80 km altitude. Charge
moment change is defined as the product of the charge amount and the altitude from which the
charge is lowered. Another of the jets (from Oklahoma) reached an overall upward propagation
speed of only ~270 km/s while reaching 90 km in altitude. Only 10-20 C of overall negative
charge was transferred to the ionosphere, five times less than the Florida GJ, but neither had
significantly discharged an extensive negative region of cloud [Lu et al., 2011b]. The Table 1
shows a list of ground-based GJs observed and some of the storm characteristics. Overall, 24 GJs
have been recorded in storms with deep convection, >14 km echo tops and ~55 dBZ reflectivity
cores. Continued observations are being taken to capture more GJs in hopes to better understand

them.



Table 1. Ground-based gigantic jet observations. Highlighted in grey are the cases looked at in this study.

Cloud Top  Jet Height
Date Place L/W Storm Type (km) (km) Reference Notes
15Sep 2001 200 km NW of Puerto  Water  Thunderstorm Cell 16 70 Pasko et al., 2002
Rico
22 Jul 2002 ~500 km SSW of Water  Thunderstorm Cell 16 86-91 Suetal., 2003 5 events between 1409 and 1421
Kenting, Taiwan uTC
18 Jun 2004  ~700 km from Anhui  Land Frontal System ? ? Hsu et al., 2004
province of China
3 Aug 2004 ~500 km from Coast  Thunderstorm Cell ? 70 Hsu et al., 2004 Possible gigantic jet
Guandong province,
China
13 May Northern Mexico Land HP Supercell 14 69-80 van der Velde et
2005 al., 2007a
20 Aug Missouri Land Quasi-supercell 15-16 ? van der Velde et  Produced 2 jets and a sprite
2007 al., 2007b
21 Jul 2008 Off coast near Duke ~ Water TS Cristobal 15 88 Cummer et al.,
2009
8 May 2009 Off coast near Duke ~ Water Isolated cell
12 Dec 2009 West of Corsica Land  Stationary winter 6.5 91 Van der Velde et First +GJ
thunderstorm al., 2009 produced ~50 TLEs
7 March East of Reunion Island ~ Water Isolated tropical ? 80-90 Soulaetal., 2011 5 events between 1740 and 1829
2010 storm uTC
9 Sep 2010 Eastern OK Land TS Hermine 15 90 Luetal., 2011b 2 events in 10 minutes
28 Sep 2010 205 km from Sebring, ~ Water Convective Cell 16.2 80 Luetal., 2011b First jet to ascend into daytime
FL (Remnants of TS) ionosphere
17 Apr 2011 NC Water Squall line 15 ? Luetal., 2011a Positive GJ
supercell
22 Sep 2011 Puerto Rico Land  Convective cell in 15 ? Lyons (2012)*
a tropical airmass URSI talk




1.4 Upward Lightning Formation

The formation of CG and IC lightning are reasonably well understood, however blue jet and
gigantic jet formation is still not fully understood. Krehbiel et al. [2008] offered a theory as to
how upward electrical discharges form from thunderstorms. In a normal electrified thunderstorm
the electrical structure consists of a mid-level negative region with upper and lower positive
charge regions and a negative screening layer around the upper cloud boundary [Krehbiel, 1986;
Williams, 1989]. As the storm charges and the electric fields build up from precipitation,
discharges occur producing different types of lightning. Normally electrified storms tend to
develop an overall negative charge imbalance with time as a result of the negative screening
charge flowing to the cloud top [Wilson, 1921]. A —CG discharge occurs when a breakdown is
triggered between the mid-level negative and lower positive charges and escapes out of the storm
downward [Marshall et al., 2005] charging the global electric circuit. After a —CG discharge the
storm’s net charge becomes positive and the electric field is enhanced in the upper part of the
storm [Wilson, 1956]. As the storm continues to charge, a discharge can be triggered in the upper
part of the storm that would be expected to escape upwards. The upward discharge would have
the same polarity as the storm, namely positive for a normally electrified storm. If mixing of the
screening layer and upper positive charge layer is weak or absent, upward discharges are
predicted to commonly occur; but since jets are not very common, this suggests the mixing of the
screening charge is normally strong [Krehbiel et al., 2008]. These upward discharges are known

as blue jets.
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Figure 2. lllustrative lightning simulations for normal- and inverted-polarity storms, showing the four possible types of upward
discharges, classified by initiation mechanism (blue jet and gigantic jet) and upward polarity (+ and \u2212). Blue and red
contours and numbers indicate negative and positive charge regions and charge amounts (in C), respectively, each assumed to
have a Gaussian spatial distribution. Blue jets will tend to be initiated by a precursor discharge (either CG or IC) that causes a
charge imbalance in the storm [Riousset et al., 2010; Krehbiel et al., 2008, Supplementary Information].

Krehbiel et al. [2008] suggest a secondary mechanism for the formation of upward
discharges which may explain their occurrence. For a negative GJ to be produced by a normally
electrified storm, it would need to originate in the mid-level negative storm charge. In the case of
a bolt-from-the-blue (BFB), discharges begin as regular, upward-developing IC flashes and a
breakdown occurs allowing the leader to be of negative polarity resulting in a CG stoke that
lowers negative charge to the ground. This leaves a charge imbalance where the upper positive
charge is depleted and is able to mix with the screening charge. As the BFB exits the cloud and
turns toward the ground it is “guided” by inferred positive screening charge attracted to the
lateral cloud boundaries by the mid-level negative charge [Krehbiel et al., 2008]. In the case of a
negative gigantic jet, there is no “guiding” so the preferred discharge mode of the IC flash with a

depleted upper positive charge is upward. Blue jets contribute to charging the global electric



circuit whereas negative GJs discharge the circuit by up to 30 C of charge [Su et al., 2003]. For
the case of an inverted electrified storm a negative blue jet or positive gigantic jet could be
produced. Figure 2 shows the cloud charge structure for the positive and negative cases of
upward lightning.
1.5 Overview

In this study six gigantic jets are looked at. Three negative GJs occurred within 3-D lightning
mapping arrays (LMAs): two in Oklahoma and one in Florida. Lu et al. [2011b] looked at one of
the Oklahoma jets and the Florida GJ. A fourth negative jet in Puerto Rico, a negative jet off the
coast of North Carolina and a positive jet also off the coast of North Carolina were analyzed.
This is only the second positive jet to be recorded. The last three jets were not within a 3D VHF
lightning mapping rang, but two-dimensional lightning data were analyzed. An analysis of the

meteorological environment and 3D storm structure was performed for all six GJs.



2. Data and Methodology

Lightning, radar, and sounding data was used to analyze the gigantic jets in this study. Two
different ground based lightning networks were used as well as two VHF LMAs. For each storm
data from the closest radar was obtained. For each case the sounding profile at the time just
before the jet and location closest to the location was analyzed. Since the jets can only be
recorded via low-light high-speed cameras they are only seen at night as a contrast to the dark
sky, therefore satellite data is not useful.
2.1 2-Dimensional Lightning Networks

2.1.1 National Lightning Detection Network

The National Lightning Detection Network (NLDN) has been detecting the electromagnetic
radiation from lightning return strokes and providing detailed lightning data for the entire
continental United States since 1989 [Orville, 2008]. Up until 2006, only CG lightning flashes
were detected by the NLDN, however previous studies had shown that severe storms produce
much higher rates of IC lightning than CG [MacGorman and Nielson,1991; Weins et al., 2005;
Williams et al., 1999]. In the early 2000’s Vaisala Inc. took over the NLDN and the 100+ sensors
were modified to allow the detection of large-amplitude very low frequency (VLF)/LF pulses in
the form of cloud flashes [Cummins and Murphy, 2009]. During this time the Improved
Accuracy from Combined Technology (IMPACT) sensor was developed to combine the time of
arrival and direction finder technologies [Orville, 2008]. Currently 47 sites have the IMPACT
sensor and 59 have the upgraded lightning position and tracking system (LPATS-III) sensors
[Cummins et al., 1998]. Lightning information on location, amplitude (peak current), and
polarity are recorded for each stroke within a flash. A flash is defined by Cummins and Murphy

[2009] as the ensemble of all CG strokes that strike within 10 km of each other within a 1-s

10



interval. NLDN is the most accurate and reliable large-scale detection network in the world with
a detection efficiency of 95% and location accuracy up to 500 m [Vaisala Inc., 2011]

2.1.2 Global Lightning Dataset 360

In 2009, Vaisala’s Global Lightning Dataset (GLD360) was launched as the first ground-

based lightning detection network capable of providing worldwide coverage. The network
consists of VLF long-range sensors. Lightning discharge produces an impulsive electromagnetic
wave that propagates through the Earth-ionosphere waveguide and geo-location is then achieved
by comparing measurements of radio atmospherics from multiple sensors. GLD360 data has a
70% CG flash detection efficiency and a 5-10 km median CG stroke location accuracy
[Demetriades et al., 2010]. NLDN was used as ground truth for the validation of these detection
efficiencies. The network reports peak current and polarity estimates but does not classify the
strokes as CG or IC [Said et al., 2010], however a classification of >|7 kA| and <|7 kA| for ICs
and CGs respectively [Holle, 2009] were used for identification in this study.
2.2 3-Dimensional Lightning Networks

2.2.1 Oklahoma Lightning Mapping Array

The Lightning Mapping Array (LMA) was developed at the New Mexico Institute of Mining
and Technology [Krehbiel et al., 2000] and was modeled after the Lightning Detection and
Ranging (LDAR) system developed for the Kennedy Space Center (KSC) [Maier et al., 1995].
The LMA detects lightning flash by receiving radiation produced in a locally unused television
channel (VHF channel 3) by a lightning channel segment as it propagates through space charge
[MacGorman et al., 2008]. The system is able to map total lightning activity, including I1C and

CG lightning, in all three spatial dimensions as a function of time.
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In June of 1998 the LMA became operational in central Oklahoma. After a successful testing
period the system was deployed in northwestern Kansas and Eastern Colorado as part of the
Severe Thunderstorm Electrification and Precipitation Study (STEPS) in 2000. After STEPS
2000, the LMA was reinstalled in Oklahoma and consists of 11 stations approximately 15-20 km
apart. Lightning can be mapped in three dimensions within 100 km of the center of the LMA
system and plan location can be mapped within a 200 km range [MacGorman et al., 2008].

2.2.2 Four-Dimensional Lightning Surveillance System

The Cape Canaveral Air Force Station (CCAFS) and NASA KSC is the busiest space launch
center in the United States. In addition, CCAFS/KSC has the highest lightning frequency in the
United States with a CG lightning flash density exceeding 9 flashes per km? per year [Orville
and Huffines, 2001]. The LDAR [Lennon and Maier, 1991] system and the Cloud-to-Ground
Lightning Surveillance System (CGLSS) [Boyd et al., 2005] were the original two lightning
sensing systems. The LDAR consists of 7 VHF antennas that sense impulsive emissions from
lighting in the frequency range of approximately 60-66 MHz. The LDAR system detects IC
lightning and produces a full 3-D spatial mapping of lightning discharge activity. The CGLSS
system uses the same IMPACT sensors as the NLDN [Biagi et al., 2007] to detect CG flashes
[Murphy et al., 2008].

The LDAR and CGLSS systems are limited in supportability and maintainability, so in 2008
these systems were upgraded and the network has been renamed the Four-Dimensional Lightning
Surveillance System (4DLSS). The 4DLSS currently consists of 9 sensors, 7 of which are from
the original LDAR network. With the two new sensors the spatial baseline extends about a factor

of 2.5 wider than the original LDAR [Murphy et al., 2008]. The lightning locations are
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calculated with a new CP-8000 processor for both the CGLSS CG lightning and LDAR IC
lightning [Roeder, 2010].
2.3 Analyzing Radar and Lightning Data

2.3.1 Tracking and Gridding

For each storm nearby NEXRAD Level 1l were obtained from the has.ncdc.noaa.gov
website. For all scans ranging from 30 minutes before to 30 minutes after the jet, the latitude and
longitude points of a polygon that surrounded the entire storm which produced the jet were
identified using the Warning Decision Support System-Il1 (WDSS-I1) software. The average size
of the cell that produced the jet was about 20 km x 20 km.

To grid the data two different methods were used. The first was using the NCAR SPRINT
Radar Data Interpolation Software. This software interpolates radar measurements taken in
spherical coordinate and coverts them to regularly-spaced latitude-longitude grids in height
[Mohr and Vaughn, 1979].

For two of the cases there were errors in the radar data that were not resolved with SPRINT.
Many algorithms can be written and used with the WDSS-I1 software which was developed by
NSSL to manipulate radar data [Lakshmanan et al., 2007; Hondl, 2003]. The w2merger
algorithm takes in Level 11 WSR-88D data and can create mosaic data from multiple radars by
transforming the data into latitude, longitude, height grids [Lakshmanan et al., 2006]. For these
two cases there was only one radar within range of the storms, but this algorithm can still be used
to create grids for a single radar. An option of BeamSpread was chosen since it does not take into
consideration the distance weighting options since there is only one radar to choose from. These
gridded data resolved the errors by interpolating the data points that were available to the

missing data points.
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The output for both of these methods was a netcdf file with reflectivity data at each .01° in
the horizontal and 1 km in the vertical. A script was written to convert this to a comma delimited
file with time, latitude, longitude, height, and reflectivity value. From here, the reflectivity and
lightning data within a polygon for each time period could easily be analyzed.

Satellite data was not able to be obtained for each case since most of the observations were
during the night. Sounding data was taken from the closest site. The temperature and dewpoint
vertical profiles were looked at as well as CAPE (convective available potential energy) and

lifted index (LI) values. CAPE is the maximum energy available to an ascending parcel and can

be represented by the following equation: CAPE = f;’f (ocp—oce)dp where ps is the pressure at

the level of free convection, p, is the pressure at the level of neutral buoyancy, oy is the specific
volume of a parcel moving upward moist-adiabatically from the level of free convection, and ae
is the environmental specific volume. In a thermodynamic diagram, CAPE is the positive area
between the lifted parcel process curve and the environmental sounding from the level of free
convection to its level of neutral buoyancy. There are other ways to calculate CAPE as well such
as surfaced based CAPE, most unstable CAPE, mean layer CAPE. These different CAPE
calculations are computed based on temperatures from different pressure levels. For this study
normal CAPE was used. Lifted Index can be defined as L =T, — Tsoo Where T_ is the
temperature of a parcel lifted from 850 mb to 500 mb and Tsqo is the temperature at 500 mb. L1 is
nominally identical to the Showalter index, except that the parcel being lifted (dry-adiabatically
to saturation and then moist-adiabatically to 500 mb) is defined by the dry adiabat running
through the predicted surface afternoon temperature maximum and the mean mixing ratio in the
lowest 900 m of the sounding. A positive LI indicates a stable environment while a negative LI

indicates an unstable environment. The more negative, the more unstable, increasing the
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likelihood of severe thunderstorms if a lifting mechanism is present. [Glossary of Meteorology,

2000]
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3. Gigantic Jet Cases

The GJs are summarized below by the geographic location in which they occurred. Two GJs
occurred in Oklahoma, one in Florida, one in Puerto Rico, and two offshore near North Carolina.
Each case is summarized by observations, environmental conditions, and discussion. These
include where and when the jet occurred, the atmospheric soundings around the time of the jet,
the formation of the storm, and radar and electric structure via cross sections, contoured
frequency altitude diagrams, and time series plots.
3.1 Oklahoma

3.1.1 Observations

Figure 3. Plan view of the KINX radar at 728:38 UTC, the location of the second jet is marked. The counties are outlined in
white and the background is black.

Two negative GJs were recorded in eastern Oklahoma on 9 September 2010 at 7:22 UTC and
7:28 UTC, respectively. The GJs were observed from Hawley, Texas (32.66°N, 99.84°W) from a
Watec 902H2 camera stamped with exact GPS time ~500 km away from the storm [Lu et al.,
2011b]. A negative sprite was also observed at 6:49 UTC in this storm. The GJs were within 225

km of the Oklahoma LMA [MacGorman et al., 2008]. This is a little far for accurate 3D mapping
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but the upper lightning structure can still be resolved. 2D NLDN data was also available for this
storm. Figure 3 shows the base, .5° tilt, reflectivity data from the KINX radar at the time of the
second GJ (7:28 UTC). The warmer the colors, the more intense the precipitation is. This storm
contained a significant warm rain process with the low CAPE and LI, but very moist vertical
profile.

3.1.2 Environment
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Figure 4. Souhding data from Norman, OK at VOO UTC (a) and 12 UTC (b). .'-I"he“vertical dashed Iihé is the déwpdini and solid Ii'ne'
is temperature. The solid black horizontal lines are the melting level and tropopause heights.

The storm producing the two negative jets was a strong thunderstorm embedded in the
remnants of tropical storm Hermine. Hermine developed off the coast of southeastern Mexico 5
days prior to the jet observations. Many tornado, wind, and flooding reports were recorded
throughout Texas and Oklahoma as Hermine made its way inland. Hermine was still considered
a tropical depression when the GJ-producing storm formed. The environment was very moist and
tropical-like. Two soundings from Norman, Oklahoma (KOUN) at 0 UTC and 12 UTC were
examined since the time of the jets were in the middle of both (Figure 4). The 0 UTC sounding
showed the temperature profile was completely saturated below 6 km indicating it was likely

raining, which was verified by radar. By 12 UTC the system had moved to the northwest and the
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upper levels, predominately above the melting level, had dried out. The first 2 km were still
fairly moist. Both soundings had very similar melting and tropopause heights of 5.1 km and 15.7
km respectively. The CAPE values were 45 J/kg and 18 J/kg, both of which are extremely low,
indicative of a tropical-like airmass. More shear and a lower LI, .27, was found in the 0 UTC
sounding, but significant thunderstorm conditions were not present.

3.1.3 Discussion
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Figure 5. Plan view of KINX radar reflectivity data at the time of the first GJ. The dotted line represents the area of the vertical
cross section. The GJ is marked by white * (top). The cross section with the melting level and tropopause height (horizontal
lines), jet location (vertical line), and overshooting top labeled (bottom). Contoured in black are the OK-LMA lightning sources.
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A vertical cross section through the area of the first GJ was produced. Also overlaid are the

LMA lightning source data contoured in one-km bins (Figure 5). A lightning source maximum

was located around the area of the first GJ. The bulge in reflectivity at the storm top was

identified as an overshooting top punching through the local tropopause. The maximum

reflectivity in this storm was 54-dBZ at 2 km, 8 minutes before the first jet formed. The 10-dBZ

echo top was ~15.5 km above mean sea level, indicating tall storms do form in low CAPE

environments, like the tropics
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Contoured frequency by altitude diagrams (CFADs) [Yuter and Houze, 1995] for the
Oklahoma storm were constructed and overlaid with LMA lightning data (Figure 6). Both
lightning source density and height of the peak lightning source increased leading up to the first
GJ. The lightning source density peak was just below the -50° C isotherm. Here, the sources are
a small burst of VHF radiation associated with lightning or local electrical breakdown; however -
50° C is too cold for supercooled water so this brings into question any role of non-inductive
charging. The frequency of sub-35-dBZ values increased with height, creating a bulge above 10
km and a 2% frequency maximum in ~15 dBZ at the time of the first jet. This increase in upper
level reflectivity frequency suggested a strong updraft lofting ice particles indicating the storm is
at an intense stage. After the first jet, the storm weakened which was indicated by a decrease in
lightning sources and the frequency of reflectivity at mid-levels. The frequency in low level, high
reflectivity increases at this point as well, indicating the large, precipitation sized particles are
falling out from the storm. According to Krehbiel et al. [2002], intensification in upper-level
lightning, an increase in the height of the LMA source density peak, and overshooting radar echo

tops indicate a convective surge.
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Time series plots of lightning and reflectivity frequency also show the presence of a
convective surge. Figure 7a showed a peak of >30-dBZ frequency just before the first jet,
flattened out until the second jet, and then dropped off. A time series of the VHF source density
from the LMA showed quite a few oscillating peaks. However, the two peaks a few minutes
before the first jet are the only peaks reaching above 17 km (Figure 7b). After the jets occurred
there was a dip in the lightning source density in the upper levels. The jets occurred just after the
storms peak intensity.
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Figure 8. A time series plot of NLDN for lightning strokes in five minute bins versus height (one km levels). Positive CGs
(green), negative CGs (red), IC (blue) are plotted with the time of the GJs (---).

The 2-dimensional NLDN lightning data time series plot shows the storm was predominately

producing negative CG lightning (Figure 8). Very little CG lightning was present the 20 minutes
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before the first GJ, suggesting a buildup of an overall net negative charge. The IC lightning
peaked just before the first GJ and the negative CG lightning picked up after the second jet, again
indicating the storm was still intensifying during the GJ time period

A relatively high-topped storm formed in tropical depression Hermine producing two
gigantic jets within 6 minutes of each other. The overshooting top and peak in upper level
lightning as well as the reflectivity characteristics indicated the storm had just reached its peak
intensity when the GJs were produced.
3.2 Florida

3.2.1 Observations

Figure 9. Plan view of reflectivity from the KMLB radar at 11:00:46 UTC, the location of the jet is marked.

On 28 September 2010, another negative GJ was recorded in Sebring, Florida (27.52°N,
81.52°W). A Watec 902H2 camera was used to capture the jet, the same type used in the
Oklahoma case. The GJ occurred off the east coast of Florida at 11:01 UTC ~70 km north of the

4ADLSS [Roeder, 2010]. Figure 9 shows the plan view of the Florida storm with the best
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estimated jet location. This storm was also well within detection range of the NLDN [Cummins
and Murphy, 2009].

3.2.2 Environment

The jet-producing storm formed within a cluster of other storms but it had the highest
reflectivity values of others in the area and stayed intense the longest, however it was never able
to become isolated. The sounding was taken from Tampa (KTWB) at 12 UTC, an hour after the
jet occurred (Figure 10). The melting level was similar to the Oklahoma case at 4.9 km with a
dry slot above the melting level. However, the tropopause was about one km higher at 16.7 km
and the CAPE values were ~2500 J/kg with a LI of -4.8. These parameters are much more

indicative of severe thunderstorms compared to tropical, warm-rain processes.
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Figure 10. Sounding data from Tampa at 12 UTC. The vertical dashed line is the dewpoint and solid line is temperature. The
solid black horizontal lines are the melting level and tropopause heights.
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3.2.3 Discussion
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Figure 11. Plan view of KMLB radar reflectivity data at the time of the GJ. The dotted line represents the area of the vertical
cross section. The GJ is marked by white * (top). The cross section with the melting level and tropopause height (horizontal
lines), jet location (vertical line), and overshooting top labeled (bottom). Contoured in black are the 4DLSS lightning sources.

A plan view of reflectivity data at the surface and a vertical cross section with 4DLSS
sources is shown in Figure 11. The storm structure was very similar to the Oklahoma case; the
lightning maximum is concentrated in an overshooting top region, however the overshooting top
in this case did not punch through the tropopause. This storm reached a peak reflectivity of 59
dBZ 20 minutes before the GJ. The maximum reflectivity was quite a bit higher than the

Oklahoma case, which then can be attributed to a more severe thunderstorm verses a tropical-like

24



thunderstorm as in the Oklahoma case. At the time of the jet there was a maximum reflectivity of
53-dBZ and 10-dBZ echo tops at 14.2 km.

The CFAD for the Florida case had very similar results with an intensification of the
storm leading up to the jet and a weakening of the storm after the jet (Figure 12). Reflectivity
values of 35-dBZ reached 14 km just before the time of the jet. The peak lightning sources were
around the -50° C isotherm with the strongest peak at 13 km five minutes after the GJ. Like in
the Oklahoma case, this brings into question any role of non-inductive charging. In the frames
leading up to the jet the higher frequency values are above 5 km indicating the storm was

strengthening. No lightning was detected in the last two frames.
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Figure 12. CFAD plots show the normalized distribution of reflectivity in 5 minute bins versus height for four time steps around
the time of the jets. “GJ” is labeled in the diagrams when the jet occurred. The lightning source frequency is plotted over one km
levels in orange. Isotherms are plotted in red dashed lines.
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A time series plot for reflectivity values over 30 dBZ was produced for 30 minutes before
and after the jet (Figure 13). Again, this plot shows what the CFADs did with a peak reflectivity
just before the time of the jet in the upper levels. At the 0-4 km region there is a minimum in
frequency around the time of the jet. This can be explained by a strong updraft lifting the
particles upwards. A lightning frequency time series plot was produced as well using the 4DLSS
data (Figure 13). A clear lightning maximum at 15 km was present at the time of the jet lasting
about 5 minutes. At this time there was also a minimum of lightning in the 7-11 km region.

Lightning intensity in the mid-levels picked up after the jet.
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Figure 13. Time series plots of the frequency of >30 dBZ versus height in one km levels with the jet time denoted by the black
vertical line (left). Time series of the normalized three-dimensional source frequency versus height (right). The vertical black
lines are the time of the jets.

The NLDN data was plotted as a function of time as well to distinguish the type of lightning
that was occurring (Figure 14). The storm was IC dominant but still had more negative CG’s
than positive CGs. Like the Oklahoma case, this storm had little to no CGs leading up to the jet
and an increase in negative CG after the GJ. The absence of CG lightning leading up to the storm

suggests the storm was intensifying.
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Figure 14. A time series plot of NLDN for lightning strokes in five minute bins versus height (one km levels). Positive CGs
(green), negative CGs (red), IC (blue) are plotted with the time of the GJs (---).

The environment the Florida storm formed in was more of a thunderstorm environment
compared to the tropical environment of the Oklahoma case, however both storms had very
similar features. The maximum height of reflectivity occurred about 5 minutes before the jet and
the peak lightning frequency occurred in the 5 minutes after the jet. NLDN data showed the
storm was negative CG dominant with the majority lightning being IC. A lull in CG lightning
leading up to the jet suggested storm intensification.

3.3 Puerto Rico
3.3.1 Observations
On 22 September 2011 another negative GJ was recorded with a Kodak Z749 digital
camera on a tripod with a time stamp of 5:27 UTC from eastern Puerto Rico (18.05°N,

67.11°W). The jet was in the middle of the island along a 68° azimuth from the camera location,
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but the exact location of the GJ could not be pinpointed. In Figure 15 the camera location was
labeled with the 68° azimuth drawn intersecting two possible cells for the Puerto Rico case.
Analysis was performed for the area in the red box, which included both cells since that were

LDN range, thus the GLD360 was analyzed.

only ~5 km apart. Puerto Rico is outside the N
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Figure 15. Plan view of the TJUA radar at 05:28:29 UTC, the two possible cells are marked along with the camera location and
azimuth. The red box is the area radar analysis was performed.

3.3.2 Environment

The two storms in the vicinity of the jet were the strongest cell in the area, like the previous
cases. All the convection was embedded with no isolated storms. The sounding was taken from
Puerto Rico (TJUA) at 0 UTC, about 5.5 hours before the jet (Figure 16). The melting level was
the same as the previous cases at 5 km and the tropopause height was a little bit lower and 14.6
km. The atmosphere was fairly moist but did not have a significant dry layer like the other cases.
The CAPE values were ~ 3500 J/kg with a LI of -5.95, indicative of a good environment for

thunderstorms to form in.
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Figure 16. Sounding data from Puerto Rico at 0 UTC. The vertical dashed line is the dewpoint and solid line is temperature. The
solid black horizontal lines are the melting level and tropopause heights.

3.3.3 Discussion

As stated before, the specific cell that produced the Puerto Rico jet could not be uniquely
identified and 3D lightning mapping observations were not available for analysis; however, the
storm structure can still be analyzed with radar observations. For the Puerto Rico case a cross
section was drawn through both possible cells (Figure 17) and the cell closer to the camera had a
small overshooting top similar to the other cases. The storm further from the camera did not have
an overshooting top. The maximum reflectivity was 57-dBZ 5 minutes prior to the jet, with an

echo top height of 15 km, again similar to the Oklahoma and Florida cases.
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Figure 17. Plan view of TJUA radar reflectivity data at the time of the GJ. The dotted line represents the area of the vertical cross
section. The GJ is marked by white * (top). The cross section with the melting level and tropopause height (horizontal lines)
(bottom).

Like the previous cases, CFADs were produced however only reflectivity frequency was
plotted since there were no 3D lightning data. Reflectivity data for both possible storms was
included in the analysis since they were less than 5 km apart. A bulge in 20-30 dBZ pushed
through the tropopause height leading up to the time of the jet. The 5 minutes after the jet
occurred was the peak frequency of 25-dBZ in the upper levels indicating the storm was at its

peak intensity. The next few scans showed the bulge in the upper reflectivity values start to
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decrease and the frequency of the 30-dBZ increase near the lower levels suggesting the heavy

precipitation was raining out (Figure 18).
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The time series reflectivity plot showed similar results to the CFAD. A peak height of

>30-dBZ frequencies occurred just a minute after the time of the jet. Similar to the Oklahoma

and Florida case there was a minimum frequency of >30-dBZ in the lower layers suggesting the

particles were being lofted by a strong updraft at the time (Figure 19).

As stated above, GLD360 stroke data was used for the Puerto Rico case. Figure 20 shows a

limited number of strokes detected. This is due to a lower CG flash detection efficiency and

greater location accuracy uncertainty than NLDN [Demetriades et al., 2010]. Overall the storm
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was negative CG dominant with a large peak density 5 minutes before the jet occurred. The lull
in CG lightning was not as apparent in this case since the total number of flashes were so limited.

The Puerto Rico case was fairly similar to the previous cases.
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Figure 19. Time series plot of the frequency of >30 dBZ versus height in one km levels with the jet time denoted by the black
vertical line for 20110922.
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Figure 20. A time series plot of NLDN for lightning strokes in five minute bins versus height (one km levels). Positive CGs
(green), negative CGs (red), IC (blue) are plotted with the time of the GJs (---).

3.4 North Carolina

3.4.1 Observations

Two GJs have been recorded off of the coast of North Carolina since 2009, one being
negative and another being positive. The negative jet was recorded on 8 May 2009 at 8:08 UTC.
The positive jet was observed on 17 April 2011 at 3:11 UTC. Both of these GJs were recorded
from a WATEC 902H2 ultimate low light charge device camera coupled to a triggered video
acquisition system that records approximately one second of video when specified trigger criteria
are met. This camera is located in a field near Duke University (35.975°N, 79.100°W) [Cummer
et al., 2009]. The exact point of the negative GJ could not be pinpointed, but it was seen along a

117°-118° azimuth. Figure 21a shows the plan view reflectivity with the azimuth range shaded.
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The exact location of the jet cannot be pinpointed, however it was apparent which cell produced
the jet. The positive GJ occurred at 34.23°N, 76.21°W, in a squall line off of the coast of North
Carolina (Figure 21b) [Lu et al., 2011a]. Like the Puerto Rico case there were no LMA’s in the
area, however both of these GJs were within NLDN range. The KMHX radar in Morehead,

North Carolina was used to analyze the reflectivity data.

Figure 21. (a) Plan view of the KMHX radar at 08:06:27 UTC, azimuth is shaded; the cell that produced the GJ is labeled.
(b)Plan view of the KMHX radar at 03:09:15 UTC. The jet location is labeled.

3.4.2 Environment
The storm that the negative GJ initiated from was an isolated storm, the largest in the area

with a few other fairly isolated cells in the area. The positive jet however occurred in the
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northern edge of a squall line moving off the coast. The soundings for both North Carolina cases
were taken from Morehead City, North Carolina. The 2009 negative GJ sounding at 0 UTC
shows a similar feature to the Oklahoma and Florida cases with a very dry layer above the
melting level. The melting level and tropopause heights were a few kilometers lower though, at
3.6 km and 12.5 km respectively (Figure 22a). The CAPE values were ~1200 J/kg and L1 of -2.8.
Similarly, the 2011 positive GJ case sounding at 0 UTC had a melting level and tropopause
height of 3.8 km and 12.9 km respectively (Figure 22b). The sounding for the positive jet had a
dry layer similar to the other cases, but it was below the melting level. CAPE values were 2300
J/kg and LI of -6.4. Both of the soundings suggested a good environment for thunderstorm

formation.
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Figure 22. Sounding data from Morehead, NC at 0 UTC on (a) 20090508 and (b) 20110417. The vertical dashed line is the
dewpoint and solid line is temperature. The solid black horizontal lines are the melting level and tropopause heights.

3.4.3 Discussion

A cross section of the 2009 negative GJ North Carolina case is shown in Figure 23. Again,
the exact location of the jet is unknown but initiated from this isolated cell. The cell was about
110 km away from the KMHX radar. The cross section does not show an overshooting top for
this case. There is a short wide area of elevated reflectivity maximum, but is questionable to be
called an overshooting top. The maximum reflectivity in this storm was 62-dBZ about 15
minutes before the jet. The 10-dBZ echo top height was about 14 km msl, the lowest of all the
cases examined in this thesis. The 2011 positive GJ North Carolina case is shown in Figure 24.

The squall line was about 90 km from the KMHX radar and the location of the jet is noted with
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the white star in the plan view and the vertical line in the cross section. This storm also did not
have a clear overshooting top however there is a small region of 15-20 dBZ above the
tropopause. This storm had a peak reflectivity value of 62 dBZ with 10-dBZ echo tops at 16 km
msl. Since there are no LMA networks in North Carolina we cannot address the relationships to

VHF source density for these two cases.
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Figure 23. Plan view of KMHX radar reflectivity data at the time of the GJ. The dotted line represents the area of the vertical
cross section. The GJ is marked by white * (top). The cross section with the melting level and tropopause height (horizontal
lines) (bottom).
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Figure 24. Plan view of KMHX radar reflectivity data at the time of the GJ. The dotted line represents the area of the vertical
cross section. The GJ is marked by white * (top). The cross section with the melting level and tropopause height (horizontal
lines) and jet location (vertical line) (bottom).

The CFAD plots for the negative jet showed different results compared to the previous cases.
There was a small bulge of 35-dBZ present between the -30° C and -50° C isotherms in the first
frame, but decreases leading up to the time of the jet suggesting the storm was weakening.
However the frequency of 10-20 dBZ values in the upper levels continued to increase throughout
the whole time period, possibly suggesting a strong updraft lofting particles (Figure 25). The

positive jet case was closer to the previous cases. A bulge of 30-40 dBZ became more prevalent
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leading up to the time of the jet. By the last frame the maximum frequency was in the lower 5

km indicating this was when the storm was raining out and weakening (Figure 26).
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Figure 25. CFAD plots show the normalized distribution of reflectivity in 5 minute bins versus height for four time steps around
the time of the jets. “GJ” is labeled in the diagrams when the jet occurred.
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Figure 26. CFAD plots show the normalized distribution of reflectivity in 5 minute bins versus height for four time steps around
the time of the jets. “GJ” is labeled in the diagrams when the jet occurred.
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Figure 27. Time series plots of the frequency of >30 dBZ versus height in one km levels with the jet time denoted by the black
vertical line for (a) 20090508 and (b) 20110417.

A time series of reflectivity for the 2009 negative GJ case shows similar results to the
CFADs (Figure 27a). Unlike all the other cases, the reflectivity frequency in the upper levels was

at a minimum at the time of the jet. There was also a minimum in lower level reflectivity
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frequency around the time of the jet which was similar to the previous cases. The time series
reflectivity for the 2011 positive GJ case shows a fairly flat reflectivity maximum except for a

small peak within the 5 minutes after the time of the jet (Figure 27D).
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Figure 28. A time series plot of NLDN for lightning strokes in five minute bins versus height (one km levels). Positive CGs
(green), negative CGs (red), IC (blue) are plotted with the time of the GJs (---).

The NLDN time series for the North Carolina cases are closer to the Puerto Rico case.
The majority of the strokes were negative CGs and overall very little IC and positive CG
lightning was noted. The 2009 negative GJ case had a lull in all lightning leading up to the time
of the jet and then the negative CG lightning picked up after (Figure 28). This negative CG
pattern is similar to that of the OK and FL cases. The positive jet case had peaks of negative CG
lightning in the beginning of the storm and decreased after the jet occurred (Figure 29). Previous
studies have suggested an inverted tripole established a vertical charge structure perhaps

conducive to development of a positive jet, however the storm was still negative CG dominated.
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There is simply not enough information to say that the structure was inverted or not, but the

negative CG dominance could suggest it was a normal tripole structure. If this was the case, a

new hypothesis would be needed to explain the formation of positive jets. There is simply not

enough data to make any full conclusions about this.
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Figure 299. A time series plot of NLDN for lightning strokes in five minute bins versus height (one km levels). Positive CGs

(green), negative CGs (red), IC (blue) are plotted with the time of the GJs (---).

The two North Carolina cases are outliers to the first 4 cases and previous studies. The

negative jet formed in a storm that was at one of its weakest points and the positive jet was

negative CG dominated. Both of these cases had lower melting level and tropopause heights as

well as no obvious overshooting top.
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4. Conclusions

The storm and lightning characteristics of six GJs have been examined. Table 2 shows a
summary of these six cases along with some of their storm characteristics. Three of them were
near very-high frequency LMAs. The Oklahoma case formed in remnants of Tropical Depression
Hermine and contained a significant warm rain process, which may indicate why the maximum
reflectivity was only 54-dBZ. The Florida, Puerto Rico, and North Carolina storms formed in
environments with high CAPE and negative LI values which are good conditions for
thunderstorm formation. The maximum reflectivity in the last four cases were 59-62 dBZ with
10-dBZ echo tops >14 km MSL. The Oklahoma and Puerto Rico GJs were located over land and
the Florida and North Carolina cases were over water. The Oklahoma and Florida cases were
marked by significant lightning-source frequency and upper-level reflectivity values associated
with an overshooting top, indicative of a convective surge just prior to the GJ. The convective
surge and normal polarity structure may have allowed the upper-positive charge to mix with the
screening layer and become depleted. The IC lightning initiating in the mid-level negative region
could have exited upward through the depleted positive charge region producing a negative jet
reaching 80-90 km [Lu et al. 2011b]. According to Krehbiel et al. [2008], for a negative GJ to
form from a normally electrified storm, it would need to originate in the mid-level negative
storm charge. A discharge begins as a regular, upward-developing IC flash that causes a
breakdown to occur allowing the leader to be of negative polarity resulting in a CG stroke that
lowers negative charge to the ground. This leaves a charge imbalance where the upper positive
charge is depleted. In the case of the GJ, the preferred discharge mode of the IC flash with a
depleted upper positive charge is upward. For the Florida and Oklahoma case, the 3D lightning

data can show that the storms are normally electrified along with the negative CG dominance.
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The overshooting top and intensity of the storm at the time of the jet also suggests that mixing
with the negatively charged screening layer may have also helped to further deplete the upper
positive region. The Puerto Rico and North Carolina cases did not have as obvious of
overshooting tops and the lightning data was limited to 2-D. However, it can be assumed they
were normally electrified with their —.CG dominance. Without an overshooting top, the
negatively charged screening layer may not have been able to mix out, but the upper level
positive region may have still been depleted enough. The negative North Carolina jet occurred as
the lightning and reflectivity decreased and the storm weakened suggesting very little mixing
aloft occurred. This is not consistent with the other cases and raises a question as to how the
upper level positive region became depleted enough for the jet to occur. The -CG dominant
storm was present in the positive North Carolina jet as well, suggesting a normal tripole structure
of positive charge aloft, negative charge in the mid levels, and positive charge below. However
this is puzzling for the positive GJ case since Krehbiel et al. [2008] suggests for a positive
gigantic jet to form, a storm would be inverted. If this was not an inverted electrified storm, a
new method would be needed to explain the formation. Since only 2-D lightning data were
available, it cannot be confirmed whether this was or was not an inverted charged storm. If it was
in fact normal polarity then a new method for gigantic jet formation would be needed to explain
this. At this time, no hypotheses have been suggested; more positive jet cases need to be looked
at to get a better understanding of the 3D lightning and storm structure.

Overall, the meteorological regime of six cases were looked to better understand the
formation of gigantic jets and to see what types of storms they occur in. GJs have been observed
in winter storms, squall lines, supercells, and tropical depressions. In order to make specific

conclusions about the meteorological context of how GJs form more cases need to be looked at
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within 3-D lightning arrays, but it is obvious the meteorological regimes here are distinctly
different from those associated with most sprite producing convective systems [Lyons et al.,
2009]. In more future work, with the new dual-polarized radars, it would be really interesting to

look at the hydrometer type in the different regions and see how that plays a role in the type of

lightning created.
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Jet Normal or  Overshooting Time of Max Refl Hghtof Max  CAPE Storm Top
Date Time Type Inverted Top? Max Refl (dB2) Refl (km) (J/kg) LI (km)
dSept2010 70 NSy Normal ves 1448 5375 1845  27-26 16
28 Sept 2010 110120 NGJ Normal Yes 104103 58.88 2 2473 -4.8 17
22 Sept 2011 52706 NGJ Normal Maybe 52332 57.39 3 3500 -5.95 15
8 May 2009 80802 NGJ Normal No 75341 61.85 2 1207-118 -2.8-.4 14
17 April 2011 31128 PGJ Normal? Maybe 23933 62.15 2 2298 -6.4 16
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