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[11 At2336:56 UTC on 12 December 2009, a bright gigantic jet (GJ) was recorded by an
observer in Italy. Forty-nine additional sprites, elves, halos and two cases of upward
lightning were observed that night. The location of the GJ corresponded to a distinct
cloud top (—34°C) west of Ajaccio, Corsica. The GJ reached approximately 91 km
altitude, with a “trailing jet” reaching 49-59 km, matching with earlier reported GJs.
The duration was short at 120—160 ms. This is the first documented GJ which emerged
from a maritime winter thunderstorm only 6.5 km tall, showing high cloud tops are

not required for initiation of GJs. In the presence of strong vertical wind shear, the
meteorological situation was different from typical outbreaks of fall and winter
thunderstorms in the Mediterranean. During the trailing jet phase of the GJ, a sprite
with halo triggered by a nearby cloud-to-ground lightning flash occurred at a relatively
low altitude (<72 km). At the same time, the trailing jet and beads were reilluminated.
Electromagnetic waveforms from Hungary, Poland, and the USA revealed this GJ is

the first reported to transfer negative charge (approximately 136 C) from the ionosphere
to the positively charged origins in the cloud (i.e., a positive cloud-to-ionosphere
discharge, +CI), with a large total charge moment change of 11600 C km and a maximum
current of 3.3 kA. Early VLF transmitter amplitude perturbations detected concurrently
with the GJ confirm the production of large conductivity changes due to electron density

enhancements in the D-region of the ionosphere.
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1. Introduction

[2] Gigantic jets (or giant jets) in short GJs are the most
recently discovered member in the family of transient lumi-
nous events (TLEs). Transient luminous events constitute
mesospheric streamer discharges (sprites) and diffuse optical
emissions (halos and elves) [Neubert, 2003], as well as

"Electrical Engineering Department, Technical University of Catalonia,
Terrassa, Spain.

2Geodetic and Geophysical Research Institute of the Hungarian Academy
of Sciences, Sopron, Hungary.

3Department of Electrical and Computer Engineering, Duke University,
Durham, North Carolina, USA.

“Dipartimento di Chimica Fisica e Inorganica, University of Bologna,
Bologna, Italy.

SItalian Meteor and TLE Network, Italy.

®Centre for Space, Atmospheric and Oceanic Science, Department of
Electronic and Electrical Engineering, University of Bath, Bath, UK.

"Physics Department, University of Crete, Heraklion, Crete, Greece.

SCentre de Recherche en Astronomie Astrophysique & Géophysique,
Algiers, Algeria.

°Commissariat 4 I’Energie Atomique, Arpajon, France.

Copyright 2010 by the American Geophysical Union.
0148-0227/10/2010JD014442

D24301

electrical discharges growing out of thunderclouds toward
higher altitudes (jets). In 2001 and 2002, Pasko et al. [2002]
and Su et al. [2003] independently observed the new GJ phe-
nomenon in the form of a large jet shooting from a thunder-
cloud top all the way to the ionosphere with terminal altitudes
~86-91 + 5 km in the latter case (five events). Subsequent
observations [Hsu et al., 2004; van der Velde et al., 2007a,
2007b; Kuo et al., 2009; Cummer et al., 2009; Chou et al.,
2007] confirmed previously observed characteristics of the
phenomenon: an initial fast development of the full extent of
the jet (top altitudes in the range of 70-95 km), a trailing jet,
topped by a brighter, long-lasting and slowly rising transi-
tion zone (between 45-65 km altitude), and, in some cases, a
final rebrightening of the jet. The transition region feature
was used for distinguishing a GJ from shorter-lasting sprites
at large distances or through less ideal atmospheric condi-
tions [Hsu et al., 2004; Cummer et al., 2009], conditions
that may have led to mistake GJs for large carrot sprites or
large blue jets in past observations. The upward velocity of
the leading jet has been most often reported to be of the
order of 107 m s, but lower velocities, resolved by stan-
dard video cameras, have also been reported (~10° m s ! by
Pasko et al. [2002]; 10° m s~ by Su et al. [2003]). The smaller
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sibling of the GJ, the blue jet, reaches significantly lower
altitudes (40 km, Wescott et al. [1995, 1998, 2001]; 46 km,
Kanamori et al. [2004]) and exhibits a distinct diverging
cone shape, fading with altitude. Its velocity is noticeably
slower at ~10° m s ! [Wescott et al., 1995]. Wescott [1996]
noted a bimodal distribution of the terminal altitude of jets,
and termed the smaller events (<25.5 km) “blue starters.”

[3] Gigantic jets are a long-lasting type of transient lumi-
nous event. The duration of GJs mostly depends on the trailing
jet stage and whether another “return stroke” occurs (a sudden
brightening, or rebrightening, along the entire extent of the
discharge). The longest total durations reported were 800 ms
[Pasko et al., 2002] and 650 ms [Su et al., 2003]. Kuo et al.
[2009] presented an analysis of spectral emissions and pro-
vided a first conceptual model of the GJ process, explaining
the trailing jet feature with a locally lowered ionosphere after
the completed GJ stage.

[4] Both gigantic jets and blue jets are rarely observed
during ground-based observing campaigns, but in a study of
events recorded by the ISUAL instrument in an orbit around
Earth covering the latitudes between 45°S and 45°N, sprites
occur only a factor of ~60 more frequently than GJs [Chen
et al., 2008a]. Given that thunderstorms are most frequent
over land, the 0.7:1 land-ocean ratio they found suggests
maritime storms are somehow more favorable for GJs. In
contrast, global sprite occurrence follows the distribution of
thunderstorms. While sprites occur typically over stratiform
precipitation regions of mesoscale convective systems [e.g.,
Lyons, 1996; Williams, 1998; Soula et al., 2009] as well as
clustered winter time convective cells over sea [Hayakawa
et al., 2004; Adachi et al., 2005; Yair et al., 2008], the GJ-
producing storms reported in aforementioned studies were
intense tropical or midlatitude multicell clusters with tops
of 14 km or higher. The magnitude of the vertical differ-
ence in horizontal wind vectors (vertical wind shear) sup-
ported supercells in some cases [van der Velde et al., 2007a].
Supercells are well-organized, long-lived, rotating thunder-
storms and have occasionally also been reported to produce
sprites [Lyons et al., 2008]. Several observers have taken
note that gigantic jets or blue jets occurred over storms in
rainbands of hurricanes or typhoons [Chen et al., 2008b; Tsai
et al., 2009; Cummer et al., 2009]. Such bands often con-
tain embedded miniature supercells [Eastin and Link, 2009].

[5s] Gigantic jets can be considered the upward-directed
equivalent to a cloud-to-ground (CG) discharge: a cloud-to-
ionosphere (CI) discharge. Petrov and Petrova [1999] were
the first to suggest that a jet could be the continuation of
regular lightning leaders into the air above. Raizer et al.
[2007] showed that development of an upward streamer
from the cloud is much facilitated when started by a bidi-
rectional leader tree inside the cloud, which brings the cloud
potential to higher altitudes. In their model, however, it was
not explained how the discharge could initiate above the
upper charge layer. Krehbiel et al. [2008] presented a uni-
fying mechanism by which lightning discharges can prop-
agate out of a cloud, including sideward and upward,
bearing similarities to the work of Mazur and Ruhnke [1998]
and Mansell et al. [2002] with respect to the development of
bidirectional lightning channels in response to distributions
of charge in a thunderstorm. The charge relaxation model of
Krehbiel et al. [2008], and its recent expansion by Riousset
et al. [2010], were used to study discharge processes induced

VAN DER VELDE ET AL.: POSITIVE GIGANTIC JET IN EUROPE

D24301

by major charge centers within the cloud and screening
layers at the cloud boundaries. It was shown that when one
branch of the bidirectional discharge roots in the region
containing the largest quantity of charge, the other branch
can pass through an adjacent region of opposite weaker
charge and proceed beyond the edges of the cloud, either to
ground as a CG or into the sky above as a blue jet or GJ,
depending on the location of initiation relative to the char-
ges. In the process, GJs may create a significant atmospheric
impact through chemistry in their plasma channels [Sentman
et al., 2008] or as source of terrestrial gamma ray emissions
[Pasko, 2008].

[6] The most common type of thunderstorm has the main
positive charge region situated above the main negative charge
region, often with a smaller low level positive charge, i.e. a
tripolar charge configuration as reviewed by Williams [1989].
Rust and Marshall [1996] concluded that only about half of
measured vertical electric field profiles in the convective
part of storms can be interpreted to fit the tripole model.
However, Stolzenburg et al. [1998] inferred from a large
sample of profiles that updraft regions in storms tend to
contain four layers of charge, which can be interpreted as the
classic tripole plus a negative charge layer on top. Coleman
et al. [2003] suggested that the complex structure found from
balloon measurements through some thunderclouds may be
due to a misqualification of charges deposited by previous
discharges as charge centers, and reaffirmed that the tripole
structure is a good electrical equivalent of the thundercloud.

[7] The discussed tripolar charge configuration would
produce negative GJs (—CI) just as it would produce pre-
dominantly —CG lightning flashes. Indeed, the polarity of
several GJs observed so far has been confirmed to be neg-
ative [Cummer et al., 2009; Su et al., 2003; Krehbiel et al.,
2008 about Pasko’s event] but the transferred quantity of
charge varies considerably, from very large 10,800 C km
integrated over 900 ms [Cummer et al., 2009], 1,000-2,000 C
km [Su et al., 2003] to moderate 630 C km [Hsu et al., 2004],
and small <50 C km [van der Velde et al., 2007a]. Note that
these values are expressed as charge moment changes, which
were inferred from remote electromagnetic field recordings.
The net charge involved is found by division by the vertical
distance over which it was transferred.

[s] While sprites are observed regularly in the Mediter-
ranean region in all seasons, no GJ had been recorded during
several years of EuroSprite campaigns (mainly since 2005)
or by other observers. Blue jet observations also have been
very scarce so far. The reasons are likely both of observa-
tional nature (blue events need to be observed from a short
distance because their brightness drops rapidly with distance,
and the view to the cloud top must be clear) and meteoro-
logical nature (charge distributions and upper level storm
characteristics). Taking great advantage of the research infra-
structure and coordination developed by EuroSprite partners
[Neubert et al., 2008] the analysis of this unique observation
shows that this new case is substantially different from all
the previously reported cases of GJs.

2. Observations

2.1.

[9] Optical observations were taken with a portable cam-
era system set up for observations of transient luminous

Optical Observations
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Figure 1. Sequence of video images of the gigantic jet, with frame numbers and azimuth/elevation grid.
Each frame lasted 40 ms. The large image on the left is a composite combining the brightest pixels of the
video sequence. The bottom row are inverse-brightness images which show better the halo features and
beads (annotated) and the diffuse light from the lightning flash. Only a part of the original wide-angle
image is displayed. The azimuth-elevation grid spacing is 5°. Images courtesy of co-author Ferruccio

Zanotti.

events in Montignoso in the Tuscany region in Italy (44.01°N,
10.15°E). The system is part of the Italian Meteor and TLE
Network, which involves amateur observers across Italy and
Switzerland (http://www.imtn.it/). The equipment consisted
of a Mintron MTV-62V6HP-EX (PAL) 1/2" color charge-
coupled device (CCD) video camera with a 6mm F0.8 wide
angle lens (56° field of view). Unlike a typical color camera,
the camera did not employ an infrared-blocking filter. The
video stream was analyzed by a computer running UFO-
Capture event detection software. The software also provided
a time stamp and frame numbers for convenience. The PC
clock was synchronized every hour to a time server, resulting
in an accuracy better than 1 second. The camera was set to 2x
accumulation mode (40 ms integration). The camera does this
by merging two subsequent odd and even video fields of
20 ms. The interlaced output frames consist of one old image
and one new image every 40 ms. This means that either the
odd or the even fields can be discarded as all information is
contained in each set.

[10] During the night of 12—13 December, a gigantic jet
(GJ), displayed in Figure 1, was captured by the camera sys-
tem at 2336:56 UTC. Between 2226 and 0305 UTC, 37 other
transient luminous events, a mix of sprites, elves and halos,
were captured in approximately the same direction. 10 tran-
sient luminous events were additionally captured over a dif-
ferent storm to the north. A closer convective cloud produced
two peculiar upward lightning events from the cloud top.
These events reached a top altitude of 7-9.5 km and con-
sisted of multiple simultaneous bright channel stubs, not
fading with height, in contrast to blue jets.

[11] The geometrical calculations in this work assume a
spherical Earth, adopting the term great circle path (or great
circle distance) which refers to the shortest path over the
surface of a sphere between two points.

2.2. Lightning and Meteorological Data

[12] Data of two lightning detection networks, the LINET
Lightning Location Network [Betz et al., 2004] and the
regional networks joined in the European Cooperation for
Lightning Detection (hereafter EUCLID), were available to
help determine a more precise time interval for the GJ and
other transient luminous events. These networks locate light-
ning by a combination of time-of-arrival and magnetic direc-
tion finding techniques in the Very Low Frequency to Low
Frequency (VLF to LF, 3-300 kHz) radio range. The detec-
tion efficiency is not perfect for either system [van der
Velde et al., 2010], between 75% and 90%, and it is lower
over the Mediterranean Sea where the event happened. Even
strokes with very intense peak currents (e.g., 400 kA) are
occasionally missed, and/or wrong polarities are reported
as a result of the complexity of intense lightning dis-
charges which do not fit the detection criteria of opera-
tional lightning detection services. The differences in peak
currents between the systems for the same flashes can range
up to 15%, so, the listed values we quote from the systems
have to be considered only a rough indication (empha-
sized also by Orville [1999]). 80% of flashes of this night
could be geolocated with differences up to 2 km between
the locations of corresponding flashes between the two net-
works for this area of interest (northern Mediterranean Sea),
leading to an average location error of about 1 km.

[13] Time series of the east-west and north-south compo-
nents of the horizontal magnetic field and in some cases the
vertical (radial) component of the electric field have been
recorded at several receiver stations in Europe and the United
States which recorded radio signals in different bands of
the Ultra Low to Very Low Frequency range (ULF-VLF,
0.1 Hz-25 kHz). One 1-500 kHz vertical electric field receiver

3of 17



D24301

Figure 2. Great circle path from the camera in Montigno-
so, Italy, to the gigantic jet at a distance of 305 km. The
background is the Meteosat cloud top temperature map of
2330 UTC. Cloud tops colder than —30°C have been shaded
in color with 1° intervals down to —40°C. Circles are posi-
tive (red) and negative (blue) lightning detections by LINET
during 2336:56-58 UTC. Their peak current values (kA) are
indicated. The field of view of the camera is indicated by
green lines. The box is the area of interest used for cloud
top and lightning flash rate evolution (Figures 11 and 12).

located in central France was also used. Further details about
the stations are included in the Appendix A.

[14] Data from VLF receivers in the Stanford University
AWESOME Collaboration (Atmospheric Weather Electro-
magnetic System for Observation, Modeling, and Education,
http://nova.stanford.edu/~vlf/awesome/) have been used to
verify ionospheric conductivity disturbances related to the
event. These receivers sample the signals of VLF transmit-
ters scattered over the world at 20 ms intervals.

[15] For analysis of the meteorological context of the event,
cloud top temperatures were obtained from the 11-13 um
infrared channel of the geostationary Meteosat weather sat-
ellite (of EUMETSAT) at 0° longitude, available every
15 minutes. The region of interest is scanned about 2 min-
utes after the given times. The gridded data provided a reso-
lution of 3.5 km x 4.6 km (16 km? per pixel). Radar images
from Monte Rasu (Sardinia, 40°25'N, 9°0'E) were obtained
and supplied by the Specialistic Hydro-Meteorological and
Climatological Department of the Regional Agency for Envi-
ronmental Protection of Sardinia (IMC-ARPAS). The base
scan images covered a range of 250 km, one reflectivity
image was available every 30 minutes. Output from the
Global Forecast System (GFS) numerical weather prediction
model, at 0.5° grid resolution, was available at 3-hour inter-
vals from the United States National Centers for Environ-
mental Prediction. We used the runs of 18 UTC 12 December
2009 and 00 UTC of 13 December 2009 for the general
description of the weather pattern and derived convective
parameters. A representative radiosonde balloon measurement
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(sounding) from the station at Ajaccio, Corsica (World Mete-
orological Organization identifier 07761 LFKJ) was avail-
able for 00 UTC on 13 December 2009, containing wind,
temperature and dewpoint profile information with altitude.
[16] No additional satellite observations were found in
coincidence with this event for studying its chemical impact
(e.g., from the ENVISAT satellite, Arnone et al. [2009]) or
possible gamma-ray emissions [e.g., Pasko, 2008].

3. Location and Timing of the Gigantic Jet

[17] A star matching procedure was used to calculate the
apparent position of the GJ against the background sky. The
lower visible section of the GJ was found to be located at an
azimuth of 223°26' + 10’ and the diffuse top of the GJ at an
elevation angle of about 15°10". The view was obstructed
by clouds below an elevation angle of 2°45'. A first-guess
location could be provided by assuming a top altitude of 80—
100 km similar to what was found for previous GJ cases
[Pasko et al., 2002; Su et al., 2003; van der Velde et al.,
2007a, 2007b], placing this GJ west of Corsica at 275—
325 km distance from the camera. Note that the Pasko GJ
was reported to reach only 70 km altitude, but our reanalysis
using the provided data showed this to be based on the
distance to the edge of the storm, hence it is a lower bound.
The position of their GJ centered on the storm top yielded an
altitude estimate of 80-88 km (i.e., 20% taller).

[18] We performed a calibration of the timing of the optical
observations. Initial comparison of time stamps in the video
frames with sprite-, halo- or elve-triggering +CG flashes,
accurately time-stamped by lightning detection networks,
indicated that the event time stamp digit was lower by only
0.1 to 0.2 seconds. It was fortunate that the video clip of the
GJ also contained a sprite with a halo and some other light-
ning flashes. The detection listed by LINET of a 198 kA +CG
at 2336:56.652 is the trigger of the sprite and halo (41.80°N,
7.46°E) which follows the GJ in video frame 29 which also
shows the bright flash. Using this +CG as the main anchor,
the beginning and end of video frame 29 (duration 40 ms)
surround the +CG time. Two detections at 2336:57.159 and
2336:57.191 of 35 kA and —23 kA correspond to a visual
flash later in the video. Since the time interval between
detected CGs can fit only in one certain way in the time
interval between video frames with flashes, this puts the
sprite-producing +CG no further from the beginning of its
frame than 13 ms, in other words, frame 29 starts between
56.639 and 56.652 s. This implies that the best estimation of
the time of the first frame (26) with the GJ was
2336:56.525.5-565.5 + 6.5 ms.

[19] LINET presented a first detection at 2336:56.556
(—15 kA) at 41.97°N, 7.63°E, a mere 2.5 km lateral displace-
ment from the great circle path to the GJ. As we will see in the
following, it occurred during the leading GJ stage (frame 26),
and is therefore likely to have come directly from either the
(intracloud or CQG) lightning process associated with the GJ,
or the GJ itself, so that we could assume its distance (305 km)
as the best guess of the GJ location, corresponding to the
location 41.99°N, 7.61°E. This location coincides with the
coldest cloud top of —34°C. Figure 2 shows the great circle
path to the GJ up to 305 km distance and the lightning loca-
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