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Transient luminous events in the atmosphere, such as lighting-
induced sprites1–8 and upwardly discharging blue jets9–14, were
discovered recently in the region between thunderclouds and the
ionosphere. In the conventional picture, the main components of
Earth’s global electric circuit15,16 include thunderstorms, the
conducting ionosphere, the downward fair-weather currents
and the conducting Earth. Thunderstorms serve as one of the
generators that drive current upward from cloud tops to the
ionosphere, where the electric potential is hundreds of kilovolts
higher than Earth’s surface. It has not been clear, however,

whether all the important components of the global circuit
have even been identified. Here we report observations of
five gigantic jets that establish a direct link between a thunder-
cloud (altitude ,16 km) and the ionosphere at 90 km elevation.
Extremely-low-frequency radio waves in four events were
detected, while no cloud-to-ground lightning was observed to
trigger these events. Our result indicates that the extremely-low-
frequency waves were generated by negative cloud-to-ionosphere
discharges, which would reduce the electrical potential between
ionosphere and ground. Therefore, the conventional picture of
the global electric circuit needs to be modified to include the
contributions of gigantic jets and possibly sprites17,18.

On the evening of 22 July 2002, an oceanic thunderstorm system
was seen raging over the South China Sea near Luzon Island,
Philippines (Fig. 1). Low-light-level cameras were set up at Kenting,
which is located at the southern tip of Taiwan, to observe this
thunderstorm. Between 14:09 and 14:21 UT, five gigantic optical jets
were recorded above the thundercloud. At the fully developed stage,
events 1 (Fig. 2) and 5 had a tree-shaped upper part and a blue-jet-
like lower section, and hence are called ‘tree’ jets. For events 2, 3 4
(Fig. 3), the upper section looked like a carrot, the lower section
resembled a blue jet, and these are called ‘carrot’ jets.

Using the star field as a guide, the lines of sight of these events
were found to intercept the convective core of the thundercloud.
The obstructive low clouds (Figs 2 and 3) indicated that the gigantic
jets emerged from the convective core, not from the front edge of the
thundercloud. At this range, the corresponding heights of these jets
were 90 ^ 5 km (event 1), 89 ^ 5 km (event 2), 86 ^ 5 km (event
3), 91 ^ 5 km (event 4) and 91 ^ 5 km (event 5). All events reached
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Figure 1 Infrared cloud map near Taiwan taken by the GMS 5 satellite at 14:31 UT,

22 July 2002. The occurrence times of five gigantic jets were 14:09:18 UT (event 1),

14:11:59 UT (event 2), 14:15:15 UT (event 3), 14:20:01 UT (event 4) and 14:20:54 UT

(event 5). The two white lines represent the range of the line-of-sight extending from the

observation site (at Kenting, Taiwan) to the centre of a gigantic jet. The convective core of

the thunderstorm (red colour) is at a distance of 440 ^ 20 km from Kenting. The colours

on the infrared map represent the temperature and height of clouds, with red indicating

the coldest and highest region. The cloud top inferred from the temperature profile is

16 km for the convective core.
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the ionosphere, which has a night-time ionization starting at 80 km
height and reaching the first peak density at 110 km, based on the
International Reference Ionosphere (IRI-95) model19.

From the recorded images, the apparent emerging point of the
jets was at 18 km height for event 2, which is only 2 km higher than
the inferred cloud-top (16 km). For the jets shown in Figs 2 and 3,
the apparent emerging points were 22 km and 24 km. The variation
in emerging height was due to movement of the front cloud gap.
Thus, these gigantic jets originated at the top of the convective core,
and reached an elevation of 90 km in the ionosphere.

The images in Figs 2 and 3 are selected to illustrate the dynamical
behaviours of the gigantic jets. The luminous duration was ,417 ms
for event 1 (Fig. 2) and ,650 ms for event 4 (Fig. 3). The evolution
of gigantic jets consists of three stages: leading jet, fully developed
jet, and trailing jet. The propagating speed of the leading jets was
,1,000 km s21 for event 1 and ,1,200 km s21 for event 4. Both
leading jets lasted only for two fields (each field is 17 ms). The form
and evolution of the leading jets are similar to the blue jet recorded
by Pasko et al.14, but had a much shorter duration. The propagation
velocities of the leading jets reported here are an order of magnitude
higher than those of classical blue jets and Pasko’s jet, but are
comparable to the velocities of stepped leaders in conventional
cloud-to-ground lightning (CG)20,21.

The fully developed jets lasted for less than 17 ms (Fig. 2) and for
167 ms (Fig. 3). At this stage, each gigantic jet appears to be a hybrid
of sprite and blue jet, with its upper section, lower section, and
apparent emerging point brightening concurrently. This feature is

similar to the return stroke in a CG20,21, and the radio data, to be
presented later, seem to support this assessment.

In Fig. 2, the trailing jet (field 5 and onward) was seen to rush
upward with a speed of 26 km s21, and terminated at an elevation of
,60 km. The trailing jet lasted for 233 ms. After the trailing jet
disappeared, the apparent emerging point re-brightened 17 ms later
and lasted for two fields. The trailing jet in Fig. 3 propagated upward
with a velocity of 120 km s21. As the trailing jet approached 60 km in
elevation, its speed slowed down to 13 km s21 and it finally stopped
at ,68 km. The persisting time of the trailing jet was 367 ms. The
apparent emerging point also exhibited a re-brightening 167 ms
later, and lasted for only one field. The trailing jets in all five events
assume a conic shape with a ,258 conic angle, similar to the
turbulence jet emerging from a nozzle22.

During this observation, synchronization of the recorder clock to
global positioning system (GPS) time was done manually, and the
time accuracy of the events was about a second. The uncertainty in
time accuracy will not affect the results presented so far. But it did
impose some difficulties when trying to correlate these optical
events with CGs and extremely-low-frequency (ELF) transients.

From the ELF transients recorded by Onagawa station in Japan
(Fig. 4) and Syowa station in Antarctica, a one-to-one match of the
ELF event23 to the jet was found for events 1, 2, 4 and 5. The ELF
waves in all four cases have a polarization as generated by positive

Figure 2 Selected and cropped image fields of event 1. The monochrome images were

tinted to various shades of blue to bring out the salient structural features. The imaging

system consists of a Watec N-100 CCD, a 20 mm/f1.8 lens, and a digital video recorder.

Frame rate of the imaging system is 30 frames per second. Each frame was further

separated into even and odd image fields of ,17-ms resolution. The spectral sensitivity of

the CCD is from 400 to 1,000 nm, with 50% detection efficiency at 400 nm and at

780 nm. The persistent time of the Watec CCD’s phosphor is less than 0.01 ms. (The

cameras we used are intensified low light level cameras, which used a phosphor coating

as image intensifier.)

Figure 3 Selected and cropped image fields of event 4. The gigantic jet evolves in three

stages: the leading jet (a, b), the fully developed jet (c–g) and the trailing jet (e–i ).
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CG (þCG) lightning. To locate the causative ELF sources, we
performed triangulations17 using the data from the two ELF
stations. The uncertainty in the ELF geolocating method is approxi-
mately 1,500 km. The results put one of the ELF causative sources in
the general area of the jet-producing thunderstorm. However, the
ELF transient time lagged behind the time of the optical event at the
fully developed stage by 1.03, 1.01, 1.07 and 1.06 seconds. We believe
these consistent time lags indicate that the recorder clock led the
GPS clock of the ELF stations by about a second. Therefore, these
four tree and carrot jets have their associated ELF transients. The
charge moment changes18 inferred from ELF data were 1,700 and
2,000 C km for the two tree jets (events 1 and 5), and 1,000 C km for
the two carrot jets (events 2 and 4). The difference in the charge
moment change is consistent with the morphological difference of
tree and carrot jets. A possible ELF transient for event 3 was found
with a time lag of 0.59 seconds. Furthermore, the ELF geolocation
puts the causative sources near Africa or North America. Therefore,
no ELF was associated with this event.

Knowing the corrected times of optical jets, we can look for
possible triggering CGs. We found no discernible lightning flash
that preceded these gigantic jets. Next we examined data recorded
by the TOGA lightning detection network24, which operates in the
western Pacific Rim. The TOGA network has a 10,000-km detection
range and a 2-km positioning accuracy. We found no CGs that were
close in time and in position to the jets. However, CGs could
elude the detection of TOGA network when their current rise time
was longer than 22 ms. This feature is similar to classic blue-jet
events11–13, and it implies that CGs did not initiate these gigantic jets
as they did for red sprites. Therefore, the associated ELF transients
were probably generated at the fully developed stage of gigantic jets.
At this stage, an electric path was set up between thundercloud and
ionosphere, and current flowed through this conducting channel
from the ionosphere toward the thundercloud. In this scheme, the
fully developed stage behaved very similarly to the return stroke of
CG lightning20,21. A negative cloud-to-ionosphere (2CI) discharge
would generate ELF waves with the þCG polarization observed in
Japan and Antarctica. However, owing to the uncertainty in the
recorder clock and possible misses of the TOGA system, there is a
slight probability that some of the gigantic jets could be triggered by

þCG or aþCG occurred after the jets, and the observed ELF waves
were produced by þCG and the jets.

Transient luminous events such as sprites and blue jets in
the upper atmosphere have been studied extensively in the past
decade1–14. However, so far only six gigantic optical jets have been
observed, and all were from oceanic thunderstorms. It is likely that
the gigantic jets are a special feature of oceanic thunderstorms.

In a realistic model of global electric circuit16, the upper branch
should be the whole atmosphere, which carries ,2 £ 105 C of
charges. Most of the positive charges are confined to several tens
of kilometres near the ground, and most of the ,3 £ 105 volts
potential drop between the ionosphere and the ground15,16,20,21 also
occurs in the same elevation. The traditional role of thunderstorms
is to charge and to maintain the potential difference. In contrast, the
gigantic jets, and possibly sprites17,18, play a role in the global circuit
by discharging the ionosphere and reducing the potential difference,
with each jet removing ,30 C from the ionosphere. The charges
removed by each jet account for ,0.02% of the total charged in the
atmosphere but account for a substantial fraction of charges
residing in the lower ionosphere. A
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Figure 4 The H-component of ELF waves associated with the jets shown in Figs 2 and 3.

The ELF transients were recorded at Onagowa (38.48 N, 141.58 E), Japan, on 22 July

2002.
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