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Fig. 6. Group of columns sprites with 33 ms duration produced by the third thunderstorm locate in Goiás State.

Fig. 7. A second sprite group that lasted one frame, i.e. 33 ms, observed above the same storm.

Region 7 initiated at 18:22 UT with a∼14 km diameter
convective core inside an area withT ≤−76◦C. During the
first 1.5 h the cloud tops warmed up and the Region decayed
in size. Then, Region 7 entered a growth phase, the general
cloud cover expanded at rate of∼83 km2/min, and the cloud
tops got colder showing up to 5 simultaneous active con-
vective cores at 21:22 UT. The convective cores were in an
area with meanTav of −76.8◦C and had overshoots of 1100–
2600 m. Region 7 reached a maximum extent of 18 670 km2

30 min later and started to decay afterwards having a total
lifetime of 4 h. The development of this Region also shows
a relationship with the number of active vigorous convective
cores and, consequently, the level of convective activity.

Region 8 initiated when Region 7 had its peak convective
activity, at 21:22 UT. It became attached to Region 7 after
30 min. Region 8 had between 2 and 3 simultaneous active

convective cores with diameters of 6–10 km and overshoots
of 1600–2600 m during the first 1.5 h of its lifetime, growing
∼80 km2/min. The general cloud cover continued to grow
due to anvil advection, even though the cloud tops started to
warm up. It was possible to identify three simultaneously
active convective cores of moderate intensity applying the
T ≤−70◦C threshold forTav before Region 8 decayed.

Region 9 was extremely small, with 1210 km2, and lasted
for only one hour. It was the one closest to the sprites and
halos produced by the first thunderstorm, which was com-
posed by Regions 7, 8 and 9, and produced intense light-
ning discharges registered by BrasilDAT network within a
few seconds from the sprites. Its coldest cloud top tempera-
ture reached−74.2◦C, and the region had a single moderate
convective core with∼10 km diameter.
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Table 3. Convective Regions’ temporal and spatial parameters, 25–26 October 2005.

Region Initiation Termination Lifetime Time of max. extent Max. extent Diameter

7 18:52 UT 22:52 UT 4.0 h 21:52 UT 18 686 km2 154 km
8 21:22 UT 23:22 UT 2.0 h 23:22 UT 13 859 km2 133 km
9 22:52 UT 23:22 UT 0.5 h 22:52 UT 1210 km2 39 km
10 22:22 UT 23:22 UT 1.0 h 22:22 UT 5904 km2 87 km
11 22:52 UT 01:52 UT 3.0 h 23:54 UT 4605 km2 77 km

Region 10 was a small region associated with sprite and
halo production of the second storm. It had 3 simultane-
ously active convective cores of moderate intensity and av-
erage 5 km diameter within its first hour of existence. The
convective cores were in an area with meanTav of −72.3◦C
and one of them was strong enough to overshoot∼200 m.
After that the region started to decay.

Region 11 belonged to the thunderstorm that produced
more sprites. This Region had only moderate convective
cores with overshoots of∼90 m. During its 3 h lifetime it had
an average of 2 simultaneous active convective cores each
with diameter between 5 and 10 km. The Region initiated at
22:52 UT and 2 h later produced 4 sprites within∼30 min.

4.2 Lightning activity

We performed an analysis of the Regions’ lightning activity
in relation with the cloud top temperatures. The parameters
investigated are number of positive and negative cloud-to-
ground (+/−CGs), and the average peak current associated
with a given temperature in time. Since cloud electrification
is also related to the convective activity, the objective was
to have another parameter to gauge the level of convection
inside the regions.

The locations of the sensors operating in the Brazil-
ian Lighting Detection Network, BrasilDAT, are shown on
Fig. 9. The figure also shows the modeled detection effi-
ciency of the network (Naccarato, 2006; Naccarato et al.,
2006) and approximate locations of the convective regions
at 23:53 UT for the first night and at 22:52 UT for the sec-
ond night. Due to the scale, the lowest detection efficiency
displayed on the figure is 30%, however, for locations fur-
ther than 600 km from the network the efficiency drops to
10% or less. In this case, one would expect to detect only
the strongest discharges and that is exactly what we observe
for Regions 2, 3, 7, 8, and 9, few discharges with very large
peak current (not shown). Region 11 was in an area with 40%
detection efficiency but presented the same pattern, showing
that 40% is still a low lightning detection. If the lightning
location is more than 400 km from the network, the sensors
detected both the ground wave and the low frequency (LF)
electromagnetic wave that undergoes reflections on the iono-
sphere, which makes the polarity determination uncertain.
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Fig. 8. Overall cloud cover (T <−66◦C) temporal evolution of 25–
26 October 2005 convective regions.

Regions 1, 4 and 10 were within this limitation range. Re-
gions 5 and 6 were the only ones close enough to the network
to have a detection efficiency≥70%.

For Regions 5 and 6 we could analyze the relationship
between lightning activity and the cloud top temperatures,
and relate that with convection. We expected a higher light-
ning rate, of both polarities, at the convective cores, repre-
sented by the lowestT , due to the stronger drafts respon-
sible for electrification. That is exactly what was observed
on Figs. 10a and 11a for Region 5 negative and positive CG
occurrence rates, respectively.

The highest−CG rates of Region 5 occurred in areas with
the lowest temperatures, where the convective cores were lo-
cated. There was a gradual temperature increase from−78◦C
to −72◦C and accompanying reduction of the lighting rate
were during the lifecycle of the region, which initiated with
very strong convection but quickly decayed. Figure 10b
shows that the discharges with high occurrence rates had
an average peak current of−30 kA, representing the bulk of
−CG peak current distribution, centered on−20 to−30 kA.
There is a clear gradient going from low peak currents as-
sociated with the coldest cloud tops, to high peak currents
associated with warm cloud tops (Tc≥−62◦C).
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Fig. 9. Location of BrasilDAT sensors on the left, and modeled detection efficiency showing approximated locations of the convective region
centers at 23:53 UT, on the right (adapted from Naccarato, 2006).

Figure 11 shows a strong +CG activity in areas with tem-
peratures∼2◦C warmer than the−CG areas, such that +CGs
seem to occur at the “outskirts” of the convective cores. Also,
a clear peak current gradient is not present showing a differ-
ent behavior between negative and positive discharges. Re-
gion 6 spectrograms (not shown) show a similar behavior for
discharges of both polarities. Outside the convective cores,
where the drafts are weaker and therefore the cloud tops are
warmer, the charged cloud material advected from convec-
tive cores do have a chance to form more extensive charge
layers that allow for high peak current discharges. Sprites
and other TLEs occur predominantly above these regions,
with stratiform characteristics. They tend to have a posi-
tive charge “reservoir” that favors the occurrence of +CGs
removing enough charge to produce the intense mesospheric
electric fields that generate sprites/TLEs.

5 Discussion

The dry to wet season transition that occurs between the
months of September and November in the central part of
Brazil provided for distinctive convective patterns on the two
nights of the campaign analyzed here. The first night was
characterized by more localized isolated convection, with the
presence of a few small convective systems. The second
night, however, was dominated by “popcorn” like convec-
tion, i.e. numerous small convective cells embebed in an ex-

tense cloud cover with higher temperatures. The main differ-
ence in the synoptic meteorological scenario was that there
was more preciptable water available to initiate convection
on the second night.

We developed a methodology to identify the convec-
tive cores active on the 11 convective regions present in
both nights analyzed, to estimate their horizontal scales,
Tropopause overshoot, and to quantify their intensity, de-
termined by the temperature difference (1T ) betweenTcore
andTav of surrounding anvils. Applying this methodology
the estimated diameters ranged from 5 to 20 km, in good
agreement with values available in the literature (Heymsfield
and Blackmer Jr., 1988; Cotton and Anthes, 1989). Higher
temperature deficits1T tended to produce larger convective
cores, and the size of the convective cores showed a 57% cor-
relation with1T (excluding one outlier), similar to what was
found by Heymsfield and Blackmer Jr. (1988). The convec-
tive cores average duration was 30 min.

All regions on the first night (except for Region 4) and Re-
gions 7 and 8 of the second night had cloud top areas with
T ≤−76◦C in their growth phase. That was the estimated
temperature for the Tropopause, which was at an altitude of
∼15 200 m. The meanTav for the cloud tops in this phase
was−75.6◦C for the first night and−76.7◦C for the second
night, such that the coldest cloud tops surrounding the con-
vective cores corresponded to average altitudes of 15 070 m
and 15 320 m. The negative deviations fromTav, between
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Fig. 10. Temporal spectrograms of CG occurrence rate(a) and peak current(b) as a function of cloud top temperature, 30 September–1
October 2005.
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Fig. 11. Temporal spectrograms of +CG occurrence rate(a) and peak current(b) as a function of cloud top temperature, 30 September–1
October 2005.

−2.0◦C and−8.0◦C, indicated the presence of strong con-
vective cores locating possible GW convective sources. The
coldest cloud tops of Region 4 from the first night and Re-
gions 9 to 11 had meanTav of −72.2◦C and−71.6◦C, re-
spectively, with1T between−1.9◦C and−5.3◦C showing
only moderate convective cores.

The vigorous convective cores, likely to produce gravity
waves, had cloud tops overshoots estimated at 200–3100 m,
and the moderate at 80–300 m, respectively. The overshoot
of vigorous convective cores on Fig. 12 shows that the con-
vective cores predominantly rose 1000–1200 m above the
Tropopause. The overshoot values presented here could be
over estimated but as first order approximations provide a

quantitative measure of the intensity of the convective cores
analyzed. The1T variation from the average cloud tops that
locate the convective cores and the estimated overshoot are
important parameters to determine the gravity wave spectra
generated by the convective cores and how far into the Ther-
mosphere the waves may propagate, since they are related to
the updraft velocities.

Three distinct types of convective Regions were identi-
fied. The first type was composed by Regions 1, 2, 5, 7
and 8, and was the dominant type. It presented a fast ini-
tial growth, with a growth rate that varied from∼83k̇m2/min
for the smaller Regions to∼276 km2/min for Region 1, the
largest one. This intense growth was associated with having
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Fig. 12. Convective overshoot distribution for vigorous convective
cores, i.e. convective cores in areas withT ≤−76◦C.

between 3 and 7 vigorous simultaneously active convective
cores with1T ≥−2.6◦C. These regions reached their max-
imum extent within 30 min to 1 h from the maximum con-
vective core activity and in most cases enter the decay phase
immediately after that.

The second type, formed by Regions 3 and 4, had a slow
growth and their general cloud cover did not developed ar-
eas larger than 9300 km2. Region 3 did not have more than
one vigorous convective core active at a given time and Re-
gion 4 only had one moderate convective core strong enough
to overshoot the Tropopause in 200 m.

The third type was formed by the small Regions associated
with TLE production, Regions 9, 10 and 11. All convective
cores were of moderate intensity and only three of them were
able to overshoot the Tropopause in∼90 m and∼200 m. The
lifetime of these regions varied between 30 min and 3 h and
the largest one reached∼1210 km2. Except for Regions 7
and 8, which belonged to the first type, the convective ac-
tivity of the TLE producing regions was weak, which possi-
bly accounts for the low number of events produced by each
thunderstorm. The sprites associated with Region 10 were
produced when the region had already dissipated and could
be an example of the end of storm oscillation (EOSO) ca-
pable of producing +CGs strong enough to generate sprites
(Lyons et al., 1996).

The spatial-temporal evolution of the Regions analyzed
suggests that their development was closely related to the
dynamics of the convective core activity. The dynamics was
defined by the number of convective cores active at a given
image, their size and intensity (1T ). A large number of si-
multaneously active convective cores and large1T in areas
with T ≤−76◦C were associated with quick vertical devel-
opment and high growth rates of the Region. Therefore the

number of convective cores, their size and1T may provide a
quantitative measure of the level of convection inside a thun-
derstorm.

Convection is also responsible for thunderstorm electrifi-
cation and the analysis of the relationship between the cloud
top temperatures and lightning activity of Regions 5 and
6 provided further parameters to evaluate the intensity of
the convective activity inside the thunderstorms. The areas
with lowestT , where the convective cores are located, had
the highest−CG occurrence rates, which were produced by
discharges with the lowest average peak currents (−30 kA)
composing the bulk of the peak current distribution. The
peak current averages gradually increased towards areas with
higherT , showing a clear gradient.

The high incidence of low peak current discharges at ar-
eas with cold cloud tops, representing the convective cores,
can be interpreted as a direct result of the intense convec-
tive activity in these areas (Nacarato, 2006; Nacarato et al.,
2006). The same strong drafts responsible for the creation of
large amounts of charges, through the continuous cloud par-
ticles collisions, also inhibit the charge accumulation neces-
sary for the occurrence of intense−CGs with high peak cur-
rent. Then, the convective cores are characterized by a high
incidence of low peak current−CGs and are at the same time
responsible for the bulk of−CG population. Consequently,
locating the “spots” where low peak current−CGs concen-
trate may be an alternative way to identify convective cores
within thunderstorms. The number of such spots and their
inherent lighting rate may also provide an independent pa-
rameter to gauge the level of convection inside a convective
core.

6 Conclusions

We characterize the spatial-temporal development of sprite
and gravity wave convective sources present on GOES IR
images of South America on the night of 30 September to
1 October and 25–26 October 2005, part of the SpreadFEx
campaign. We also developed a technique to identify con-
vective cores capable of exciting gravity waves and estimate
their size, duration, intensity and Tropopause overshoot. The
relationship between the +/−CG occurrence rate and peak
current and cloud top temperatures was also investigated to
help locating the convective cores. The resulting temporal,
spatial and intensity scales can be used as input empirical
parameters to simulate gravity waves excitation by convec-
tive cores and their propagation into the upper atmosphere.
A total of 11 thunderstorms convective Regions from both
nights were analyzed. Besides possible gravity wave sources
on 25–26 October 2005, Regions 7 to 11 were associated
with sprite and halo production by 3 different thunderstorms.
The main results are summarized below:

1. The SpreadFEx campaign in 2005 was conduced be-
tween the months of September and November, during
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the dry to wet season transition in central Brazil, where
deep convection capable of exciting gravity waves was
located. The synoptic scenario was characterized by
Large Scale Atmospheric Rossby Waves producing ex-
tra tropical cyclone genesis over Atlantic Ocean, which
advected moisture from the Amazon generating deep
convection in central Brazil, and by cold fronts prop-
agating inland.

2. The Tropopause estimated temperature was−76◦C and
the corresponding altitude was∼15 200 m, based on at-
mospheric soundings.

3. The vigorous convective cores capable of generating
strong gravity waves were located in areas with cloud
top temperatures≤−76◦C, with temperature deficits of
1T −2.0◦C to−8.0◦C from those areas averages. They
produced typical Tropopause overshoots in the range of
200–3100 m, with a distribution overshoot showing a
peak at 1000–1200 m.

4. Moderate convective cores were located in areas with
cloud top−76◦C≤T ≤−70◦C, had1T s of −1.9◦C to
−5.3◦C and overshoots between 80–300 m.

5. Most convective cores did not last longer than one satel-
lite image, taken in 30 min intervals, and had typical di-
ameters of 5–20 km. The convective cores sizes had a
57% correlation with their1T .

6. Fast vertical development and high horizontal growth
rates were associated with a large number of vigorous
simultaneously active convective cores with large1T s

showing that the vigorous convective cores dynamics
seemed to govern the spatial-temporal development of
thunderstorm convective Regions analyzed.

7. Convective cores were characterized by a high inci-
dence of low peak current−CGs that forms the bulk of
−CG population. An alternative way to identify convec-
tive cores within thunderstorms may be locating where
low peak current−CGs concentrate.

8. A total of 11 Transient Luminous Events, including 9
sprites and 2 halos were produced by three different
thunderstorms on the second night. Two sprites had
their causative +CGs recorded by the BrasilDAT net-
work. At the time of sprite production the first storm had
3 active convective Regions, two of which had fast ver-
tical and horizontal developments due to the presence
of vigorous convective cores, and one extremely small
Region with only moderate convection. The other two
storms had a single small convective Region with mod-
erate activity. The low TLE production could be due to
the low level of convection, i.e. small areas with deep
convection, and consequent low thunderstorm electrifi-
cation.
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