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Abstract. We developed a technique to identify and esti-
mate the size, intensity, and Tropopause overshoot of thun-
derstorm convective cores expected to be significant sources
of gravity waves. The work was based on GOES IR images
of South America on the night of 30 September to 1 Octo-
ber and 25-26 October 2005, as part of the Spread F Ex-
periment (SpreadFEx) in Brazil in 2005. We also character-
ized, for the first time, the convective activity of three small
TLE producing thunderstorms that yielded 11 TLEs on 25—
26 October 2005. The campaign occurred during the dry to
wet season transition in central Brazil, marked by the pres-
ence of extra-tropical cyclogenesis over the Atlantic Ocean,
and cold fronts penetrating inland. The Tropopause temper-
ature was typically —76°C with a corresponding altitude of
~15200m. Vigorous convective cores capable of generat-
ing strong gravity waves were located in convective regions
having areas with cloud top temperatures <—76°C. They
had typical cloud-top temperature deficits of AT —2.0°C to
—8.0°C from the average surroundings, implying overshoot
heights of 200 to 3100 m, which are within the typical range.
Fast vertical development and high horizontal growth rates
were associated with a large number of simultaneously ac-
tive vigorous convective cores, indicating that their dynamics
may have determined the spatial-temporal development of
the thunderstorms analyzed. Moderate convective cores were
also present in areas with cloud top —76°C<T<—70°C.
They had AT of —1.9°C to —5.3°C producing overshoots
between 80-300m. All convective cores had typical diame-
ters of 5—-20km and their size tended to increase with AT,
there was a 57% correlation between the two parameters.
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Analysis of the relationship of cloud top T with positive and
negative cloud-to-ground lightning (+/—CG) occurrence rate
and with peak current showed that lighting activity may pro-
vide an independent way to identify convective cores and
measure their intensity, since they were characterized by a
high incidence of low peak current —CGs that forms the bulk
of the —CG population.

Keywords. Atmospheric composition and structure (Air-
glow and aurora) — Meteorology and atmospheric dynamics
(Atmospheric electricity; Convective processes)

1 Introduction

Between September and November 2005, the Spread F Ex-
periment (SpreadFEx) was performed in Brazil with the
main goal of investigating the potential role of gravity waves
(GWs) in seeding ionospheric irregularities. The premise be-
ing tested was whether GWs generated by deep tropical con-
vection could penetrate from the troposphere to the bottom-
side F layer and cause sufficient perturbations of the winds
and plasma densities to impact the growth rates of insta-
bilities triggering plasma bubbles extending to much higher
altitudes. To address these questions, SpreadFEx measure-
ments were designed to provide sensitivity to GWs arising
from strong convective sources, to their propagation, and ob-
served characteristics in the mesosphere and lower thermo-
sphere (MLT). The measurements were also planed to ad-
dress their attainment of the bottomside F layer and their ap-
parent scales and amplitudes at this region.

A secondary objective of the SpreadFEx campaign was re-
lated to the potential impact of GW neutral density perturba-
tions at mesospheric altitudes on sprite initiation processes.
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Sprites are one of several optical observable components of
electrical energy deposition in the middle/upper atmosphere
by lightning, generally dubbed Transient Luminous Events
(TLEs). They are excited by the transient quasi-electrostatic
electric fields established in the mesosphere (Pasko et al.,
1997b) after some cloud-to-ground discharges, generally of
positive polarity (+CGs), occur. GW density modulations
may lower the electric breakdown threshold that trigger
sprites at multiple locations offset from the causative light-
ing discharge (Pasko et al., 1997a; Sao Sabbas, 2003), in
agreement with observations (Wescott etal., 1998, 2001; Sao
Sabbas et al., 2003a).

In order to perform experimental investigations of both ob-
jectives, a large set of instruments, including airglow and
sprite imagers, ionosondes, radars, and GPS receivers con-
centrated in strategic sites from the magnetic equatorto 11° S
magnetic longitude, and at an INPE facility at ~17° S, were
operated during the campaign. The observational compo-
nents of SpreadFEx were augmented with modeling and the-
oretical efforts intended to further quantify potential GW
penetration to high altitudes and their ionospheric effects. A
more complete discussion of the motivations for SpreadFEx,
the two campaign measurement sequences, and a summary
of SpreadFEx results is provided in the overview by Fritts et
al. (2009a, b).

Deep convection is now known to be a significant source
of GWs expected to penetrate to high altitudes, and is also
the main mechanism of thunderstorm electrification. Nu-
merical studies indicate that convection excites GWs on a
wide range of spatial and temporal scales (Piani et al., 2000;
Lane et al, 2001), while airglow measurements have pro-
vided clear evidence of circular GW perturbations arising
from deep convection in the MLT in close proximity to the
convective sources (Taylor and Hapgood, 1988; Sentman et
al., 2003). Sprites and other upper atmospheric TLEs have
also been observed together with GWs demonstrating that
electrically active thunderstorms can be sources of both phe-
nomena (Sentman et al., 2003).

On several nights during the campaign the zenith sky was
predominately clear and GW's and ionospheric plasma bub-
bles were recorded by the airglow equipment at the optical
site located at Sao Joao do Cariri — SJIC (7.4° S, 36.5° W),
in Paraiba State at the Northeast Region, and Sao Joao
d’Alianca — SJA (—14.7°8 , —47.5° W), in Goids over cen-
tral Brazil. Taylor et al. (2009) identified GW structures in
the MLT airglow measurements from SJA during the Spread-
FEx campaign that were reverse ray traced by Vadas et
al. (2009) and Wrasse et al. (2009). The extensive data set
collected by the ionospheric diagnostic instruments spread
over Brazil recorded the presence of plasma bubbles on co-
incident nights permitting several studies assessing the GW
and tidal impacts on plasma instability processes at the bot-
tomside F layer (Abdu et al., 2009; Kherani et al., 2009;
Takahashi et al., 2009) by the large wavelength and high
intrinsic frequency GWs expected to penetrate well into
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the thermosphere (Vadas and Fritts, 2004, 2006; Fritts and
Vadas, 2008; Vargas et al., 2009).

Sprite observations require a special combination of at-
mospheric conditions, including electrically active thunder-
storms in the clear sky horizon, which were satisfied on a
single night, 25-26 October 2005. A total of 11 events were
detected from Sdo Joao d’Alianca, where the sprite imagers
were located. However, on this night the zenith was predomi-
nantly cloudy which limited GWs detection, so further obser-
vations will be required to address the possible GW seeding
of sprites.

In this paper we describe the general meteorological sce-
nario and convective activity during the SpreadFEx cam-
paign. Wereport the sprite observations obtained on the night
of 25-26 October 2005, and characterize the spatial and tem-
poral development of strong convective regions present in
GOES IR satellite images of South America on this night
and on the night of 30 September to 1 October, one of the
4 nights when Taylor et al. (2009) observed 6 medium-scale
GWs, with horizontal wavelengths of A gy=60-160km, over
central Brazil.

In order to further gauge the level of convection inside
those regions we analyzed their electrical activity using CG
lightning data from the BrasilDAT network. We developed
a technique to identify the convective cores within thunder-
storms convective regions capable of exciting GWs. We also
determined convective core locations, i.e. latitude and longi-
tude, and estimated their spatial scales and intensities based
on the satellite imagery. Results from this study provide real-
istic parameterization of GW characteristic spatial and tem-
poral scales arising from individual deep convective sources.

2 Meteorological scenario and general convective pat-
tern during the campaign

The SpreadFEx had two periods of observations during
“moon down” phase starting on 25 September and ending
on 8 November 2005. The central region of Brazil, where
most of the deep convection capable of exciting gravity wave
was located, was undergoing a typical transition between a
dry and wet season during the campaign. This transition is
marked by altemating dry and extremely hot periods with
periods of strong convective rain. The spring season in the
Southern Hemisphere started on 22 September at 19:23 UTC.
Convection and rain fall registered for Mato Grosso and Mato
Grosso do Sul States were above the average during Septem-
ber. In October the northern-central portion of Brazil rainfall
was scanty and the monthly totals of precipitation were be-
low the climatological values. The convective activity was
mainly due to Large Scale Atmospheric Rossby Waves that
produced extra tropical cyclone genesis over the Atlantic
Ocean, and cold fronts that propagated over the Brazilian ter-
ritory.
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Fig. 1. Sea level pressure (hPa — contour), precipitable water (mm — colored), 850 hPa wind (m/s — vector) for 00:00Z, 1 October 2005, on

the left (a). and 00:00 Z. 26 October 2005, on the right (b).

On the night of 30 September to 1 October 2005, convec-
tion was dominated by wide spread late afternoon small thun-
derstorms, that dissipated before local midnight, with the
presence of a few longer lived Mesoscale Convective Sys-
tems (MCS). On the night when sprites were observed, 25 to
26 October 2005, convection was also wide spread however
itwas disorganized and started to intensify around noon. The
small short lived convective cells initiated and decayed con-
tinuously without forming MCS, and advected anvil material
got mixed up forming extense cloud covers. This type of con-
vection was a consequence of the association of high pres-
sure on higher tropical levels (250 hPa), which favors wind
divergence on high levels, and an extra-tropical cyclone over
the Atlantic ocean, which creates a moisture transport south-
wards from the Amazon Basin towards Southem Brazil. The
warm moist air from the Amazon is forced upwards by the
cyclonic circulation giving rise to deep convection over cen-
tral Brazil.

On the night of 30 September to 1 October 2005, convec-
tion was somewhat more localized than on the sprite night
(25-26 October 2005). Nevertheless the synoptic scenario
was very similar to 25-26 October 2005, there was also an
extra-tropical cyclone over the Atlantic and a low level jet

www.ann-geophys.net/27/1279/2009/

pattern over central South America advecting moisture for
desp convection, typical of this dry to wet transition sea-
son. The significant difference between these nights was the
location of the cyclone center. On 1 October 2005, it was
positioned at higher latitudes transporting moisture down to
those latitudes, as shown in Fig. 1a, and on 26 October 2005,
the cyclone was located at the Southeastern Brazilian coast,
making greater amounts of precipitable water available in
Northern and Central Brazil (Fig. 1b).

3 Data set

To study the convective activity on the two SpreadFEx se-
lected nights we examined South America images of the
GOES 12 satellite 10-12 pum IR channel. The data were pro-
vided by the Brazilian Center of Weather Forecast and Cli-
mate Studies, CPTEC/INPE. GOES 12 scans South Amer-
ica every 30min, producing an image file covering approx-
imately 27.5° to —47.8° latitude and —26.7° to —106.1°
longitude, and two other files holding the latitude and
longitude of each pixel in the image. CPTEC provided
pre-processed temperature data, ie. the count values were
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Fig. 2. Grayscale GOES 12 IR image of Brazil’s Central-West, part
of Southeast regions and neighboring countries (Bolivia, Paraguay
and Argentina) of the night of 30 September—1 October 2005. It
shows the locations of the cloud top regions with T <—66°C color
enhanced in 2°C intervals. The 6 selected convective regions are
indicated with circles.

already converted into temperature by automated satellite
ground station software. The temperatures are accurate to
0.4K and the spatial resolution of the images is approxi-
mately 4km at the equator. The part of the image corre-
sponding to the central region of Brazil was isolated and
remapped from satellite projection to an isometric latitude
and longitude grid.

We also analyzed the lighting activity of the convective
regions relative to the cloud top temperature in order to bet-
ter understand the convection intensity at different parts of
the thunderstorms. The lightning data were collected by the
Brazilian Lightning Detection Network — BrasilDAT (Pinto
et al., 2007), a network similar to the American National
Lightning Detection Network — NLDN (Cummins et al.,
1998). BrasilDAT provides the latitude, longitude, peak cur-
rent and polarity of cloud-to-ground lightning discharges. In
order to minimize the error due to the thunderstorm displace-
ment and feature development we considered lightning that
had occurred up to 15 min before or after the image (Sao Sab-
bas et al., 2003b, 2007).

On the night of 25-26 October 2005, TLEs were observed
using two Gen IIT intensified Xybion ISG780 cameras from
Utah State University. The cameras were installed at the SJTA
optical observation site about 250 km north of Brasilia. The
cameras were fitted with lenses that provided a horizontal
field of view (FOV) of ~20° and were positioned side by
side in order to have overlapping fov. The data were recorded
in digital video tapes and the sprite locations were estimated
by an image analysis method that uses the star field appear-
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Fig. 3. Grayscale GOES 12 IR image showing the locations of the 5
convective regions of the TLE producing thunderstorms of the night
of 25-26 October 2005. The location of the observation site, SJTA,
is also shown for reference.

ing on the digitized images. The latitude and longitude of
the sprites were estimated assuming that their tops were at
80 km altitude. The accuracy of this method depends on the
distance between the site and the TLE, and the error in the
altitude assumption, e.g. a 5 km error on the altitude assump-
tion translates into an error of ~5% on the measured range.

4 Characterization of convective regions and identifica-
tion of convective cores

Strong convective regions were identified based on the IR
cloud top temperatures obtained from GOES 12 IR satellite
images. To focus on the most vigorous convection we only
selected areas with temperatures <—66°C. The analysis of
the structures and dynamics of these areas was performed by
color coding the pixels with T <—66°C to —76°C in 2°C in-
tervals, and leaving the warmer areas in grayscale, as shown
in Fig. 2, for 30 September 2005, and in Fig. 3, for 25 Octo-
ber 2005.

The coldest spots and the immediately adjacent areas show
regions where there were strong convective cores, since when
energetic convective cores overshoot the Tropopause, the air
is much colder than the surrounding air. Oscillating updrafts
and down drafts impacting the Tropopause are the main con-
vective forcing in the “mechanic oscillator” mechanism to
generate gravity waves demonstrated by Fovell et al. (1989).
Because the excited gravity wave amplitudes are propor-
tional to the convective core updraft velocity, stronger up-
drafts lead to larger-amplitude gravity waves. Thus, those
coldest areas denote those convective cores with the poten-
tial to generate gravity waves which can propagate to the
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thermosphere. The Tropopause temperature was estimated
at —76°C, corresponding to an altitude of ~15 200 m, based
on atmospheric temperature profiles of 30 September and 1
October 2005, from balloon soundings at Brasilia (15.86 S,
47.93 W), shown in Fig. 4.

For computational purposes, we defined the general
area of the convective regions as being the regions with
T <—66°C. We calculated the area of each Region, the light-
ning rate, and average peak current associated with their
cloud top temperatures. Throughout the lifetimes of some
Regions, there were times when they were attached to other
regions forming small convective complexes. When this was
the case, we imposed artificial boundaries at the locations
they connected, in order to calculate the area of the specific
Region of interest.

In order to identify the convective cores of a given con-
vective region, we calculated the average temperature (Tgy)
of the coldest cloud tops and their surroundings. The
strongest convective cores were located at areas with cloud
tops T<—76°C, so when these areas were present we used
T<—74°C as a threshold and the convective cores were clas-
sified as vigorous, otherwise the threshold was T<—70°C
and the convective cores were considered to be moderate.
To calculate the Ty we added the temperature of all pix-
els whose values were lower than the threshold and divided
by the total number of pixels. Then we calculated the dif-
ference between the temperature of the pixel and the aver-
age, AT=Tpixel—Ty. The pixels with the lowest AT were
selected as the “center” of the convective cores (Teore) and
their area was estimated by adding the area of surrounding
pixels until AT=Toe/2.

In most cases the temperature gradient around the convec-
tive core center was rather sharp, the number of pixels with
AT <T.4/2 was small, and all of them were included. For
the few convective cores that extended to larger areas and/or
merged with other convective cores, only a few pixels out-
ward in each direction from the coldest spot were included.
To get the convective core approximate diameters from the
estimated areas we assumed that the convective cores had
a circular shape. We also estimated the Tropopause over-
shoot of the convective cores by subtracting the altitude of
the convective core, obtained making a simple comparison
between T.o. and the balloon soundings (Fig. 4), from the
Tropopause altitude (Adler and Fenn, 1979; Heymsfield and
Blackmer, 1988). The AT and resulting overshoot are im-
portant parameters to gauge the convective core convective
intensity since they are a direct consequence of the updraft
velocity inside them. Owershoot areas were confirmed by
positive differences between the water vapor and IR bright-
ness temperature, which indicate penetration of deep convec-
tive clouds into the Tropopause, moistening the Stratosphere
(Schmetz et al., 1997; Machado et al., 2009).
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Fig. 4. Temperature profile of the atmosphere at Braslia (15.86 S,
47.93 W) showing an average tropopause temperature of —76°C.

4.1 Description of the spatial-temporal development of
each convective region

4.1.1 The first night: 30 September—1 October 2005

On this night we identified 6 regions with strong convection
that were active between 23:22UT, 30 September 2005, and
01:22UT, 1 October 2005. This time interval was chosen to
cover the excitation times estimated by Vadas et al. (2009)
via reverse ray tracing of the single medium-scale gravity
wave observed on this night by Taylor et al. (2009), which
had a horizontal wavelength of Ag=145.1km. Vadas et
al. (2009) estimated that this wave propagated eastward from
two sources located 400—500 km southwest from the obser-
vation site and was excited at 00:40UT and 01:20UT, us-
ing modeled winds, or at 00:30UT and 01:00 UT using zero
winds in the ray tracing model.

Starting at the time interval 23:22-01:22 UT when the 6 re-
gions were selected, we tracked them back in time until their
initiation and forward until they were no longer present in
the IR data. Table 1 shows the lifetime, initiation and termi-
nation times, and maximum extent of the convective regions,
and Fig. 5 shows the temporal evolution of the Regions total
cloud cover.

From the moment of its initiation, at 17:52UT, until
19:22UT Region 1 experienced its maximum growth rate.
Within this 1.5h period the general cloud cover grew by
a factor of 7 and the cloud tops quickly cooled down
indicating vigorous updrafts, with a grow rate estimated
in ~276km?/min (Fig. 5). The number of areas with
T<—76°C per satellite image grew from one to seven, each
one of them holding a convective core. The convective cores
had a AT between —2.0°C and —8.0°C, from a mean T,
of —75.4°C, which corresponded to tropopause overshoots
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Table 1. Convective Regions’ temporal and spatial parameters, 30 September—1 October 2005.

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

1 17:53U0T 01:22U0T 75h 20:22UT 34198 km? 209 km

2 20:33U0T 02:220T 55h 23:.220T 22655km? 170km

3 22:22U0T 02:220T 4.0h 01:52UT 9279 km* 109km

4 21:52UT 01:220T 35h 23:53UT 9102 km? 108km

5 21:52U0T 23:530T 20h 23:53UT 14819 km? 137km

6 22:22U0T 23:530T 15h 23:530T 6134 km? 88km

Table 2. Convective core characteristics for Region 1, 30 September—1 October 2005.

Time Area (kmz] Diameter (km) Lat/Lon (°) AT(K) Tgy (K) Tegre (K)  Overshoot (m)
19:52 62.7 8.9 —20.55/—56.52 —8.0 —752 —832 31275
20:22 Q2.7 10.9 —20.66/—57.06 —22 —75.3 —774 333.1
20:22 46.4 7.7 —20.58/—57.05 —22 —75.3 —774 3331
20:53 62.8 8.9 —20.70/—56.96 —24 —75.0 —774 3331
21:52 1253 12.6 —21.05/—55.72 —4. —75.5 —80.2 1826.8
22:22 266.3 18.4 —20.86/—55.46 —3.7 —754 —70.1 13355
22:22 02.6 10.9 —20.98/—55.49 —3.7 —754 —79.1 13355
22:52 Q2.7 10.9 —20.74/—55.21 —4.1 =755 —79.6 1579.2
22:52 83.3 10.3 —21.06/—55.28 —3.0 —755 —785 1096.4
23:22 69.4 94 —21.07/-55.10 —2.8 —75.7 —785 1096.4
23:22 69.4 9.4 —21.07/—55.03 —2.8 —75.7 —785 1096.4
23:53 232 54 —20.58/—54.94 21 —74.8 —76.9 2007

between 200m and 3100m. The growth of Region 1 ap-
parently followed the dynamics of convective core activity;
it reached its maximum extent of 34 198 km? at 20:22UT,
one hour after the peak in convection. It remained convec-
tively active until 23:22 UT, with 1-3 simultaneous convec-
tive cores, entering the decay phase afterwards. Each con-
vective core lasted in average one image (taken at 30 min -
tervals) and their diameter varied between 5 and 18 km. Re-
gion 1 was the longest lasting, 8 h, the most active and com-
plex Region. Table 2 shows several parameters of convective
cores identified for Region 1.

Region 2 initiated at 20:53 UT and after 30 min merged
with another convective region, undergoing intense growth
with 2-3 simultaneously active convective cores until
22:52 UT. During this phase the region grew by a factor of
6.6 and the growth rate was estimated in ~159 km?/min. The
mean T, of Region 2 was —75.7°C. The convective cores
ATs varied between —2.3°C and —4.9°C, and the conse-
quent overshoots were ~300m and 1800 m. After 23:53UT
there was a one hour gap in the satellite data (00:22—
00:52UT) and the next available image was at 01:22UT,
when the region was already dissipating. Region 2 had a
lifetime of 5.5h and its development also tended to follow
the convective core dynamics reaching its maximum extent

Ann. Geophys., 27, 1279-1293, 2009

30min after the peak convective core activity. This Region
was the second most active of the night, its convective cores,
with 9-20 km diameter, were slightly larger than the ones in
Region 1.

Region 3 started at 22:22UT and, differently from the
first two, had a very slow growth rate (Fig. 5). The 00:22-
00:52 UT satellite data gap did not allow the determination
of the total number of convective cores of this Region. Sin-
gle vigorous convective cores with an average diameter of
7km occurred at 01:22UT and 01:52 and Region 3 entered
dissipation phase immediately afterwards.

Region 4 had no significant area with T <—76°C through-
out its 3.5h lifetime and all convective cores were of mod-
erate intensity. It initiated attached to Region 1 at 21:52UT
and lasted until 01:22UT, reaching its maximum extent of
9102km? at 23:53UT. The strongest convective core oc-
curred in an area with Ty, of —72.6°C, and had a AT of
—4.3°C, producing an estimate overshoot of ~200m. The
weakest had a Tropopause overshoot of 30 m.

Region 5 first showed at 21:52UT with an already well
developed area with T<—76°C that lasted for one hour
It had a sequence of three new vigorous 7-13km diam-
eter convective cores within 30 min intervals during 1.5h.
The Tropopause overshoots of the convective cores were

www.ann-geophys.net/27/1279/2009/
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estimated at 1100-2800m. Meanwhile, Region 5 grew by
a factor of 4.6 with a growth rate of ~138 km/min, then the
cloud tops start to warm up. At 23:53 UT it reached its maxi-
mum extent of 14 819 km?, after the one hour gap in the data
the convective core had already dissipated. The general cloud
cover of Region 5 also seemed to follow the convective core
dynamics since it maximized 1.5h after having two simulta-
neously active convective cores in areas with T<—76°C.

Region 6 initiated at 22:22 UT, attached to Region 5, with
a slow growth during the first hour. It had only two small
convective cores, with ~7km diameter that followed each
other with a 30 min interval.

4.1.2 The sprite night: 2526 October 2005

On this night convection was characterized by small short
lived convective cells, constantly forming and dissipating
at isolated locations in a disorganized fashion. The ac-
tive regions were connected by extensive warm cloud cov-
ers (T<—50°C) formed by advected anvil material left be-
hind from dying cells. Three typical thunderstorms produced
TLEs that were observed from 22:56UT to 01:54 UT. A to-
tal of 11 events were recorded, 9 were sprites and 2 were
halos. In the beginning of the night 2 sprites and one halo
occurred over the State of Mato Grosso, above a thunder-
storm ~480 km west of the optical site. BrasilDAT detected
one —CG of —65.7kA preceding one of the sprites in 193 ms
and at ~77 km distance from it. Since negative sprites are
rare and the network had low detection efficiency for this
thunderstorm, it was not possible to determine if this was
the causative discharge. A warm cloud band connected the
southern portion of the first storm to the thunderstorm that
produced the second halo and another 4 sprites.

The third sprite producing storm of the evening was closer
to the observation site. It was east of the second thunder-
storm, over the State of Goias, and produced the remaining
sprites during the last hour of the observation period. The
sprites, much closer to the optical site, ~300km, were of-
ten groups of columns that lasted at least 33 ms, as shown on
Figs. 6 and 7. Two sprites from the third thunderstorm did
have their causative +CGs detected by BrasilDAT, the first
+CG had a peak current of 77.1kA and occurred 2 ms before
the sprite at ~21km from it. The second +CG, with 47.8 kKA
peak current, stroke the ground at ~57km from the sprite
preceding it in 18 ms.

All three TLE producing storms on the night of 25-26 Oc-
tober 2005 were small and produced few events. Several
observations in different locations of the world, e.g. Europe
(Neubert et al., 2001; Taylor et al., 2000, Japan (Fukunishi
et al., 2001), and Peru (Sentman et al., 1995; Moudry et al.,
1997), had already shown that small thunderstorms can also
produce sprites in modest number. Several years of obser-
vations in the central US and a few observations in South
America show that sprites and other TLEs are more com-
monly observed above large mesoscale systems, which can

www.ann-geophys.net/27/1279/2009/
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Fig. 5. Overall cloud cover (T <—66°C) temporal evolution of 30
September—1 October 2005 convective Regions.

produce hundreds of events (Lyons et al., 1996; Thomas et
al., 2007; Sao Sabbas et al., 2007).

In this study we describe for the first time the convective
characteristics of three small TLE producing thunderstorms
present in satellite IR images on 25-26 October 2005. We
identified 5 active convective Regions (T<—66°C) during
sprite and halo observation, between 22:52-01:52 UT. They
were tracked backward in time until their initiation and for-
ward until their termination. and numbered 7-11, to follow
the sequence from the first night. The Regions lifetime, initi-
ation and termination times, and maximum extent are shown
on Table 3. Figure 8 shows the Regions general cloud cover
temporal evolution.

The first storm had three convective Regions that were ac-
tive at the time sprites were observed, Region 7, 8 and 9.
The second storm had a single convective region, Region 10,
which had already decayed when TLEs were observed. The
TLEs were possibly produced by end of storm oscillation
(EOSO) strong CGs (Lyons et al., 1996). Region 11 formed
the third storm. Figure 3 shows the Regions locations at
22:52UT. As typical of this night, they emerged from left
over cloud material from dying convective cells, and were
succeeded by new cells “born™ within their remaining clouds.
This continuous cell renewal kept the thunderstorms active
for several hours longer than the lifetime of the individual
convective regions. Only Regions 7 and 8 from the first
thunderstorm had cloud tops areas with T<—76°C and de-
veloped vigorous convective cores during their growth. Re-
gion 9, also from the first storm, and the Regions forming
the other two TLE producing storms did not have cloud tops
with T<—=76°C, such that all convective cores were of mod-
erate intensity and T, was calculated using a threshold of
T<-70°C.

Ann. Geophys., 27, 1279-1293, 2009
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Fig. 6. Group of columns sprites with 33 ms duration produced by the third thunderstorm locate in Goias State.
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Fig. 7. A second sprite group that lasted one frame, 1.e. 33 ms, observed above the same storm.

Region 7 initiated at 18:22UT with a ~14km diameter
convective core inside an area with T<—76°C. During the
first 1.5h 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 km?/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 mean T, of —76.8°C and had overshoots of 1100—
2600m. Region 7 reached a maximum extent of 18 670 km?
30min later and started to decay afterwards having a total
lifetime of 4h. 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
30min. Region 8 had between 2 and 3 simultaneous active

Ann. Geophys., 27, 1279-1293, 2009

convective cores with diameters of 6-10km and overshoots
of 1600-2600m during the first 1.5h of its lifetime, growing
~80km2/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 for T, before Region 8 decayed.

Region 9 was extremely small, with 1210 km?, and lasted
tor 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 ~10km diameter.

www.ann-geophys.net/27/1279/2009/

26/3/2013 11:09



viewcontent.cgi

9de 15

http://digitalcommons.usu.edu/cgi/viewcontent.cgi?article=2167&conte...

F. T. Sao Sabbas et al.: SpreadFEx2005 sprite and gravity wave convective sources 1287
Table 3. Convective Regions’ temporal and spatial parameters, 25-26 October 2005.
Region Initiation Termination Lifetime Time of max. extent Max. extent Diameter
7 18:52UT 22:52U0T 4.0h 21:52U0T 18 686 km? 154km
8 21:22UT 23:22U0T 2.0h 23:22U0T 13 859 km? 133km
9 22:52U0T 23:22U0T 05h 22:52U0T 1210 km? 39km
10 22:22U0T 23:22U0T 1.0h 22:220T 5904 km? 87km
11 22:52UT 01:52U0T 30h 23:54U0T 4605 km? 77km
Region 10 was a small region associated with sprite and 20000 —
halo proc.luction of t.he second storm. It Illad 3 .simultane- 18000 Py 2 %g:ggg;
ously active convective cores of moderate intensity and av- e Region09
erage Skm diameter within its first hour of existence. The | = E‘:g:gm?
convective cores were in an area with mean T, of —72.3°C < 14000 \ o
O | A
and one of them was strong enough to overshoot ~200m. © 12000 .
5 ]
After that the region started to decay. " g 2
- \J /
Region 11 belonged to the thunderstorm that produced = a S ,
more sprites. This Region had only moderate convective = &g \\_ 4 2
cores with overshoots of ~90 m. During its 3 h lifetime it had g 6000} ad o
an average of 2 simultaneous active convective cores each g Aok ‘ &N
with diameter between 5 and 10km. The Region initiated at ]
22:52UT and 2 h later produced 4 sprites within ~30min. 2000
i i i i i h 4 i i
. . . RET 20 21 22 23 0o 01 02
4.2 Lightning activity TimeUT)

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 22:52UT 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.

www.ann-geophys.net/27/1279/2009/

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 lowest T, 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 occurrad in areas with
the lowest tem peratures, 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 —30kA, representing the bulk of
—CG peak current distribution, centered on —20 to —30kA.
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 (T,.>—62°C).

Ann. Geophys., 27, 1279-1293, 2009
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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-

Ann. Geophys., 27, 1279-1293, 2009
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tense cloud cover with higher temperatures. The main differ-
ence in the synoptic meteorological scenario was that there
was more preciptable water available to mitiate 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 (AT ) between Toqre
and Ty, of swrounding anvils. Applying this methodology
the estimated diameters ranged from 5 to 20km, in good
agreement with values available in the literature (Heymsfield
and Blackmer Jr., 1988; Cotton and Anthes, 1989). Higher
temperature deficits AT tended to produce larger convective
cores, and the size of the convective cores showed a 57% cor-
relation with AT (excluding one outlier), similar to what was
found by Heymsfield and Blackmer Jr. (1988). The convec-
tive cores average duration was 30min.

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
~15200m. The mean T, 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 15070m
and 15320m. The negative deviations from T, between

www.ann-geophys.net/27/1279/2009/
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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,

Region 05 30/09/035 - 01/10/05 Number of +CGs

-100

20

18
16

|
ca
(=]

14
12
10

Temperature { C)
2
o

3

18 19 20 21 22 23 00 01 02 03
() Time (UT)

Region 05 30/09/05- 01/10/05

+C G Peak Current Av.

-100 120

.- 100
& -80
o
=
F -70
w
(=8
E
o
b

_4018 19 20 21 22 23 0 01 02 03

(h) Time (UT)

Fig. 11. Temporal spectrograms of +CG occurrence rate (a) and peak current (b) as a function of cloud top temperature, 30 September—1

QOctober 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 mean T,, of —72.2°C and —71.6°C, re-
spectively, with AT 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 2003100 m,
and the moderate at 80-300m, respectively. The overshoot
of vigorous convective cores on Fig. 12 shows that the con-
vective cores predominantly rose 1000-1200m above the
Tropopause. The overshoot values presented here could be
over estimated but as first order approximations provide a

www.ann-geophys.net/27/1279/2009/

quantitative measure of the intensity of the convective cores
analyzed. The AT 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 ~83km?/min
for the smaller Regions to ~276 km*/min for Region 1. the
largest one. This intense growth was associated with having

Ann. Geophys., 27, 1279-1293, 2009
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Fig. 12. Convective overshoot distribution for vigorous convective
cores, 1.e. convective cores in areas with T<—76°C.

between 3 and 7 vigorous simultaneously active convective
cores with AT>—2.6°C. These regions reached their max-
imum extent within 30min to 1h 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 9300km=. 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 ~90m and ~200 m. The
lifetime of these regions varied between 30min and 3h and
the largest one reached ~1210 km?. 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 (AT). A large mumber of si-
multaneously active convective cores and large AT in areas
with T<—76°C were associated with quick vertical devel-
opment and high growth rates of the Region. Therefore the

Ann. Geophys., 27, 1279-1293, 2009
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number of convective cores, their size and AT 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 lowest T, where the convective cores are located, had
the highest —CG occurrence rates, which were produced by
discharges with the lowest average peak currents (—30kA)
composing the bulk of the peak cumrent distribution. The
peak current averages gradually increased towards areas with
higher T, 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 altemative 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 20035, 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 tem poral,
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

www.ann-geophys.net/27/1279/2009/
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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.

3]

The Tropopause estimated temperature was —76°C and
the corresponding altitude was ~15200m, 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
AT—2.0°C to —8.0°C from those areas averages. They
produced typical Tropopause overshoots in the range of
200-3100m, with a distribution overshoot showing a
peak at 1000-1200m.

4. Moderate convective cores were located in areas with
cloud top —76°C<T<—70°C, had ATs of —1.9°C to
—5.3°C and overshoots between 80-300m.

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 their AT.

6. Fast vertical development and high horizontal growth
rates were associated with a large number of vigorous
simultaneously active convective cores with large AT'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 altermnative 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. Atthetime 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.

www.ann-geophys.net/27/1279/2009/
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