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ABSTRACT

The Narrow Bipolar Event (NBE) is a unique lightning discharge that has a short (~10
us) overall duration, that lacks a prior leader phase, and that produces too little light
output to be visible by optical lightning detectors on satellites. NBEs thus have basic
differences from ordinary lightning discharges, which occur in flashes lasting up to a
fraction of a second, which carry significant current in a “stroke” only after a leader stage
which prepares the conductive channel, and which produce copious light that is
recordable from space. Thus we are motivated to determine whether the meteorogical
setting of NBEs differs from, or is similar to, that of ordinary lightning. A previous paper
started this project of comparing NBE/ordinary lightning, by comparing the placement of
either type of lightning within spatial structures of cloud depth, as revealed by infrared
cloud-top temperature. That previous study employed lightning data from the Los
Alamos Sferic Array (LASA) in Florida. The present paper extends this approach to
comparing LASA NBE/ordinary lightning events’ spatial relationships to radiometric
cloud imagery from the TRMM (Tropical Rainfall Measurment Mission) Microwave
Imager (TMI) 85-GHz channels. This form of radiometric imagery reveals the location of
deep, active convective cores with more acute spatial selectivity than does the infrared
cloud-top temperature. We find that the behaviors of NBEs and ordinary lighting are,
once again, indistinguishable, but with regard this time to proximity to deep convective

cores as revealed by TMI.



1. INTRODUCTION

The Narrow Bipolar Event (NBE) is a unique intracloud lightning discharge that has been
studied both with ground-based (Smith et al. 1999; Suszcynsky and Heavner 2003;
Jacobson and Heavner 2005) and satellite-based (Holden et al. 1995; Massey and
Holden 1995; Massey et al. 1998; Light and Jacobson 2002; Jacobson 2003b; 2003a;
Jacobson and Light 2003) radio and optical instruments. Observations (Gurevich et al.
1999; Light and Jacobson 2002; Jacobson 2003a; 2003b; Jacobson and Light 2003) and
conceptual models (Gurevich et al. 1999) suggest that NBEs arise from physical
processes different from those in ordinary lightning. First, NBEs are sudden, fast
(duration ~ 10 us) intracloud discharges that entirely lack the preliminary leader phase
seen in “ordinary” lightning (Smith et al. 1999; Jacobson 2003b). Second, NBEs lack
optical emissions of sufficient intensity to be visible from the same space-borne optical
lightning detectors (Light and Jacobson 2002) which routinely monitor ordinary
lightning. Obviously this indicates that NBEs are different from ordinary lightning,
whose very name (“lightning”) indicates optical visibility. Therefore it is important to test
whether NBEs occur in similar meteorological environments as do ordinary lightning
discharges. This paper is the final of a series describing such tests, using satellite remote-
sensing imagery to classify cloud conditions near NBEs, as compared with cloud

conditions near ordinary lightning in the same observing campaign.

Two previous papers (Suszcynsky and Heavner 2003; Jacobson and Heavner 2005)
studied the relationship of NBEs to ordinary lightning using the ground-based Los

Alamos Sferic Array (LASA) vertical-electric-field-change array in Florida (Smith et al.



2002; Jacobson 2003a). One of these papers (Jacobson and Heavner 2005) also
compared LASA-detected lightning to GOES-East infrared (IR; 10.7-micron) cloud
imagery. That study, subequently referred to as “JH2005”, showed a strong association
between lightning incidence (as seen by LASA) and high (and therefore cold) cloud tops
as inferred from IR blackbody brightness temperature. JH2005 showed that NBEs
behaved substantially the same as does ordinary lightning, in terms of spatial relationship

to 10.7-micron cloud-top temperature features.

The present paper extends the approach of JH2005 to comparing NBEs with spatial
features in microwave radiometric imagery of clouds. Satellite-based microwave
radiometry relies for its interpretation on complex radiative transfer and forward-
modeling calculations (Spencer et al. 1989; Smith et al. 1992; Kummerow and Giglio
1994a; 1994b; Prigent et al. 2001; Wiedner et al. 2004). Unlike the 10.8-micron cloud-
top brightness temperature, the microwave signal lacks a straightforward interpretation

and requires significant supporting theory and modeling.

However, one opportunistic product of microwave radiometry is used qualitatively to
indicate the presence of large ice water paths of precipitation-size ice: the “ice-scattering
signature”, based on 85-GHz channels in the case of TRMM. The ice-scattering
signature is so named because it is due to ice-hydrometeor scattering, from the radiometer
line-of-sight, of upwelling radiation emitted in the lower troposphere mainly by liquid
hydrometeors (Nesbitt et al. 2000). The ice-scattering signature is a depression in the

radiance reaching the radiometer, or, in terms of brightness temperature, as a brightness-



temperature depression. It is somewhat arbitrary which threshold to choose for an “ice-
scattering signature”. Criteria have been chosen by other investigators (Mohr and Zipser
1996) for identifying storm types and to define “intense ice scattering” thresholds in
microwave-radiometer imagery. In general, brightness-temperature depressions to the
region T < 170 K are associated with the active cores of significant, deep convection. We
stress that the depressed apparent temperature is not a kinetic temperature. Rather, the
cloud system is not optically thick, so the brightness temperature cannot be interpreted in
terms of the local cloud-top properties. The scattering out of the line-of-sight is due to
precipitation-sized ice, mainly graupel, in the upper portion of the thunderstorm. The ice-
scattering signature thus marks the presence of localized enhanced ice water path aloft. It
has recently been shown, also on the basis of TRMM, that the vertically-integrated ice-
water-path is the most robust column-integrated correlate of lightning (Petersen et al.

2005).

The correspondence between ordinary lightning and ice-scattering signatures has been
robustly demonstrated by several authors via comparison of TRMM-based LIS data and
TMI imagery (Nesbitt et al. 2000; Toracinta and Zipser 2001; Ushio et al. 2001;
Toracinta et al. 2002; Ushio et al. 2002). Those authors showed that high lightning flash
rates tend to occur in regions of deeply depressed polarization-corrected 85-GHz

apparent brightness temperature (PCT).

Because NBEs have been found to lack optical output sufficiently powerful to be

detectable from space (Light and Jacobson 2002), there has not been any satellite-optical



study of the relationship of NBEs to the ice-scattering signature, and nor is there likely to
be. To fill this void, we document the relationship of TMI ice-scattering signatures to

both ordinary and NBE lightning discharges observed by LASA.

2. METHOD

LASA’s key contribution to this study is its ability to detect and to identify NBE
discharges (Smith et al. 2002; Smith et al. 2004). This is done by detailed examination of
the archived waveform (see JH2005). The LASA Florida region, through the year 2002,
is shown in Figure 1. It is centered at 28 deg N and -81.5 deg E. (The array effective
center more recently changed slightly for 2004 ef seq.) Also shown is a 400-km-radius
circle, within which reliable lightning locations and characterizations are readily achieved
by LASA (Smith et al. 2002; Jacobson and Heavner 2005). In this study we will limit
our attention to lightning lying within this circle. The LASA stations used in this study
are listed in Table 1. The LASA detection efficiency within the 400-km study radius is
not precisely known, but is believed on the basis of previous studies to exceed 80% for

both cloud-to-ground and intracloud lightning discharges (Smith et al. 2002).

The TRMM satellite track controls the curved image swaths of the VIRS infrared imager
and the TMI microwave radiometer. These image swaths irregularly and usually only
partially overlap with the Florida study region. The VIRS 10.8-micron-wavelength (i.e.,
Channel 4) image is formed by the detector sweeping along a line orthogonal to the
satellite track, while the TMI image is formed by the detector swinging at constant nadir

angle around 360 degrees of azimuth (in the satellite frame) (Kummerow et al. 1998).



The VIRS image swath is 720 km wide, while the TMI image swath is 759 km wide
(with the original orbital altitude of 350 km). Obviously, neither the VIRS nor the TMI
native data pixels simply coincide with our Earth-fixed E-W/N-S axis system used by
LASA. Therefore we have chosen to resample both the VIRS and TMI data onto an
Earth-fixed pixel array whose axes coincide with Eastward and Northward, centered at
the LASA array center (28 N, -81.5 E). The resampling grid covers 8degX8deg, in 0.01-
deg steps. This step size is much smaller than the VIRS and TMI imager native pixel
sizes but is convenient for the graphical and correlation analysis to follow. Each time that
the narrower image swath, that of VIRS, even partially overlaps with the 400-km-radius
lightning-data circle (see Figure 1), we store the VIRS and TMI resampled pixel values
for comparison with lightning. We attempt to ensure that the lightning that spatially
overlaps a cloud feature is due to the same cloud configuration imaged by the satellite, by
requiring the lightning to occur no more than 15 minutes from the time that TRMM

passes over -81.5 deg E (the array-center meridian).

The native VIRS and TMI pixels are georeferenced to ground level, but we are concerned
with cloud phenomena occurring above ground height, i.e. in the height region of mixed-
phase microphysics. The TMI data, which are taken at constant incidence angle
(Kummerow et al. 1998), can be readily shifted so they are georeferenced to cloud height.
We choose 10-km altitude as a standard cloud height to which to georeference the TMI
data. The choice of 10 km is due to its proximity to the height of the ice-scattering

process.



Of the several TMI wavelengths, we use data only from 85-GHz. That channel is
recorded in two separate polarizations, horizontal and (quasi-)vertical. We use a linear
combination of the 85-GHz vertical and horizontal polarization signals, known as the
“polarization-corrected temperature” (PCT), that is empirically optimized to minimize
ground-emission contrast between land and sea under clear-sky conditions (Weinman and
Guetter 1977). Using PCT removes from the images most residual structure due to the
land/sea contrast in direct ground-level emission. However, use of PCT for the present
purpose- locating columns of precipitation-sze ice -is not strictly necessary, because in
the regions with deep cloud cover, the ground is occluded anyway, and the emission is
dominated by hydrometeors in the lower troposphere rather than by the ground (Spencer
et al. 1989; Smith et al. 1992; Kummerow and Giglio 1994b; Prigent et al. 2001;

Wiedner et al. 2004).

Figure 2 shows (a) resampled VIRS imagery and (b) resampled TMI PCT for a typical
TRMM pass. The brightness-temperature scales differ for the two instruments. For
VIRS, the brightness temperature approximates the cloud-top kinetic temperature,
because of the cloud’s great optical depth for 10.8-micron wavelength radiation. For
TMI, on the other hand, the PCT is not a simple blackbody emission but rather is due to
emission low in the atmosphere convolved with emission and, more importantly,
scattering (by precipitation-size ice) higher in the atmosphere (Mohr et al. 1999; Nesbitt
et al. 2000; Toracinta and Zipser 2001; Toracinta et al. 2002). Figure 2 also shows
overlayed lightning events occurring within 15 minutes of the satellite pass. The small

square symbols are non-NBEs, while the sole large triangle is an NBE. It can be seen that



the lightning events in this example tend to be clustered near the depressed-PCT ice-
scattering signatures. It is obvious that the TMI PCT is a far closer and more selective
correlate of the occurrence of lightning than is the VIRS cloud-top temperature. This is
not surprising, in view of the fact that thunderstorm electrification requires robust mixed-
phase microphysical processes that do not occur in, e.g., cirrus shields (another

contributor toVIRS cold cloud tops).

Because the LASA array is fixed on the ground, while the TRMM satellite is in low-
Earth orbit, we obtain only sporadic and transient TRMM coverage over portions of the
LASA lightning-location region. Consequently, this report includes much less cumulative
observation time than did JH2005, which employed data from geostationary-satellite
staring IR images that were (in principle) perenially available over the LASA location.
This results in there being approximately 30 times fewer lightning events seen by LASA
during TRMM overpasses than were available during the geostationary-imager campaign
described in JH2005, during the same overall study period (1999-2002). Moreover, the
requirement for temporal coincidence (within + 15 minutes) with TRMM overflights
effectively cut our study period down from four to three years, 2000-2002, because
LASA was not run as intensively during 1999 as during the subsequent three years. In
terms of lightning events for which we have supporting VIRS and TMI imagery, we have
a total of only 39,312 non-NBE lightning events, and only1769 NBEs. These are
distributed over 568 “scenes” of joint VIRS/TMI imagery. We include in this 568 only

those image scenes accompanied by at least one (1) LASA lightning event. We stress



that most of the 568 images (as in the example of Figure 2) only partially overlap with

the 400-km-radius circle of lightning observations.

In next section, we will compare non-NBE and NBE lightning statistics. The approach
will be to compare histograms of those lightning types’ behaviors with respect to cloud-
radiometric properties. We compute the standard Kolmogorov-Smirnov (K-S) test
statistic (Press et al. 1995) in case the reader would like use that statistic to determine
whether any two distributions are significantly similar or different. In each such case, we
compare distributions of brightness temperatures in the vicinity of non-NBEs and NBE:s.
Each native pixel is an independent radiometric measurement. The native pixels
(Kummerow et al. 1998) for either VIRS or TMI (85 GHz) are about 32 times the area of
the resampled pixels used here (see above). This article’s subdivision of a native pixel
into 32 resampled pixels does not produce any new statistical degrees of freedom. Thus,
in compiling the K-S statistic, we count the effective number of native, not resampled
pixels, in the vicinity of the lightning events. However, we work in resampled pixels.
Thus we correct to the effective number of native pixels by dividing the number of

resampled pixels by 32.

The K-S statistic is estimated as follows. Let M be the number of native pixel radiometric
measurements near non-NBE lightning. Let N be the number of native pixel radiometric
measurements near NBE lightning. Let H,, be the normalized, cumulative distribution of

brightness temperature near non-NBE lightning. Let Hy be the normalized, cumulative

10



distribution of brightness temperature near NBE lightning. Then the K-S statistic (Press
et al. 1995) is defined as

K = [2MN/(M+N)]"2 max(/H,-Hyl) Eq. (1)

The rest of this article will deal with overall statistics from the hundreds of image sets

similar to the example of Figure 2.

3. STATISTICAL RESULTS

3a. VIRS/LLASA comparison

These results regarding VIRS largely confirm the results reported earlier in JH2005,
which were based on comparison of GOES-East 10.7-micron imagery with LASA
lightning data. Therefore these VIRS results will be described only briefly and as an

introduction to the TMI results (Section 3b below).

Figure 3 shows distributions of VIRS 10.8-micron brightness temperature for the all the
scenes containing LASA lightning. The thin solid curve is the brightness-temperature
distribution for all scene pixels, regardless of whether lightning occurs in or near the
pixel. The two thick curves are also distributions of brightness temperatures, but
conditioned for lightning-proximal pixels only, within 30 km (solid curve), and 100 km
(dashed curve), of LASA non-NBE lightning. The VIRS-LASA comparison thus shows
that cloud-top temperature close to lightning is peaked near 205 K, which is very cold
compared to the all-scene distribution (thin solid curve.) These results are almost

identical to GOES/LASA results reported in JH2005’s Figure 9(a).
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Figure 4 is similar to Figure 3 but for LASA NBEs. Comparison of Figure 4 with Figure
3 above shows that NBEs are at least as selective for cold cloud-top temperatures as are
non-NBEs. As to whether NBEs differ from non-NBEs the K-S statistics (see Eq. 1) are
K =4.9 X10" and 1.2 X10? for 30-km and 100-km radii, respectively. Thus according to
the high value of K, the NBEs’ increased selectivity for cold cloud-top temperatures is
statistically significant. Figure 4 is almost identical to GOES/LASA results reported in
JH2005’s Figure 9(b). Apparently the cloud environment around NBEs is similar to the

cloud environment around non-NBEs, at least according to this measure.

Figures 5 and 6 are analogous, respectively, to Figures 3 and 4, except that the
distributions shown in heavy curves are for the minimum brightness temperatures within
30 km (solid curve) and 100 km (dashed curve) of LASA lightning events. The minimum
temperature is only rarely above 225 K, and the distribution peaks in the range 200 K or
even colder. As to whether NBEs differ from non-NBEs the K-S statistics (see Eq. 1) are
K =1.5and 1.7 for 30-km and 100-km radii, respectively. These values of K are less
clear-cut, so it is proper only to say that NBEs’ proximal minimum cloud-top
temperatures do not significantly differ from those of non-NBEs. The results of Figure 5

and 6 are almost identical to the GOES/LASA results reported in JH2005’s Figure 10.

The results so far (Figures 3-6) describe the cloud-top temperatures that are necessary for

the occurrence of lightning. On the basis of these results, we can state with some

confidence that lightning in Florida requires cloud-top temperatures that are low enough

12



(<225 K) to imply cloud-top heights exceeding 10 km (see JH2005’s Figure 7). This is
consistent with the necessary mixed-phase-microphysical conditions for cloud

electrification (Williams 1985; 2001; Petersen et al. 2005).

This question can be turned around: To what extent does lightning serve as a proxy for
cold cloud-top temperatures? The answer is expected to be that lightning is only a very
weak proxy, because cold cloud-top temperatures can be created not only by convective
cores, but also by anvil shields that are relatively free of lightning (Molinie and Jacobson

2004; Jacobson and Heavner 2005).

In Figure 7 we address this question with VIRS and lightning data. We take all pixels and
display their brightness temperature distribution (dashed curve). Next, we subtract, from
this overall set, any pixels that are within 30 km of at least one contemporaneous LASA
lightning event. Thus we are “cutting-out” those regions of the VIRS scenes that are close
to lightning. This “cut-out” distribution is shown as the solid curve in Figure 7. We do
not split this exercise into non-NBE and NBE lightning separately, because our small
number of lightning events does not provide sufficient sampling. Thus the cut-out
distribution, in the solid curve, is for proximity to all lightning, regardless of the type. At
warmer temperatures (> 245), the cut-out and overall distributions are almost
indistinguishable. This is because lightning does not occur at such elevated temperatures,
i.e., within clouds with such modest implied cloud-top heights. As the temperature
decreases below 245 K, the cut-out distribution is progressively depressed, relative to the

overall distribution. At the coldest temperature bin (194 K), Figure 7 shows that > 60%

13



of the pixels lie within 30 km of lightning, but this decreases to 50% at only 10 K or one
bin warmer, where most lightning occurs (see Figure 3 above). Thus, lightning does not
serve as a reliable proxy for the cloud regions having the coldest 10.8-micron brightness
temperatures. This is consistent with our expectations from prior experience (Molinie and

Jacobson 2004; Jacobson and Heavner 2005) based on GOES-East 10.7-micron imagery.

3b. TMI/LASA comparison

We now show analogous TMI/LASA comparisons as were just peformed for VIR/LASA.
Figure 8, which is analogous to Figure 3, shows the distribution of 85-GHz PCT over the
568 scenes in our archive. The thin solid curve is the background distribution, comprising
all pixels in the scenes. It is heavily peaked at the highest temperatures and
monotonically decreases toward low temperatures. This is due to the fact that the ice-
scattering signature is present in only the deep, active convection cores in which
precipitation-size ice is concentrated aloft (Petersen et al. 2005), and such cores cover
only a small fraction of the viewed area. The heavy curves show the PCT for pixels
within 30 km (solid curve) and within 100 km (dashed curve) of LASA non-NBEs. These
curves are enhanced at low temperatures compared to the background curve (more for the
30-km curve, less for the 100-km curve), but they still peak at high temperatures, and still
monotonically decrease as the temperature is lowered. This indicates that the PCT
depressions- that is, the ice-scattering signatures -occur over small areas that are localized
to the lightning, such that even the 30-km radius circle around each lightning event tends

to include a significant fraction of pixels that do not exhibit the ice-scattering signature.
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This is in marked contrast to the behavior of 10.8-micron brightness-temperature
distributions in the neighborhood of lightning, in which lightning occupies a small subset
of a relatively vast and undifferentiated cold cloud top. Indeed, the well-known spatial
selectivity of 85-GHz PCT for ice aloft is its key advantage in monitoring from space the
location and intensity of deep convective cores (Mohr et al. 1999; Nesbitt et al. 2000;

Toracinta and Zipser 2001; Toracinta et al. 2002).

Figure 9 is similar to Figure 8 but is for LASA NBEs. Comparing Figure 9 with Figure 8
indicates that the cloud environment around NBE:s is similar to the cloud environment
around non-NBEs, at least according to this measure. As to whether NBEs differ from
non-NBEs the K-S statistics (see Eq. 1) are K = 1.9 X10' and 3.2 X10' for 30-km and
100-km radii, respectively. These elevated values of K indicate that NBEs have

significantly increased selectivity for 85-GHz PCT depressions.

We now examine statistics on the coldest PCT in the vicinity of LASA lightning. Figures
10 and 11 present the 85-GHz/LLASA relationship for non-NBEs and for NBEs,
respectively, analogous to the 10.8-micron/LASA relationship from Figures 5 and 6. As
to whether NBEs differ from non-NBEs the K-S statistics (see Eq. 1) are K= 1.5 and 1.7
for 30-km and 100-km radii, respectively. This is not clear-cut evidence for a different
behavior between NBEs and non-NBEs. Figures 10 and 11 show that there is likely to be
an extremely depressed PCT in proximity to lightning, although the distribution of all
pixels in proximity to lightning (Figures 8 and 9) is far warmer. This PCT behavior is

qualitatively different from the 10.8-micron brightness-temperature behavior, in which
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the distribution of coldest pixel temperature (Figures 5 and 6) differs less radically from
the distribution of proximal pixels (Figures 3 and 4). With the PCT distributions, the
coldest-pixel behavior is almost reversed from the proximal-pixel behavior: The coldest-
pixel distribution peaks at lowest temperature and (more or less) monotonically decreases

as the temperature increases.

With regard to NBE versus non-NBE differences, Figures 8-11 indicate that NBEs are at
least as likely to be in proximity to an ice-scattering signature as are non-NBEs. Thus, in
a manner similar to what we saw with the 10.8-micron/LASA comparison, NBEs and
non-NBEs occur in similar cloud environments, at least according to each of these two

radiometric measures.

Finally, in Figure 12 we calculate the “cut-out” distribution for the TMI 85-GHz PCT.
The dashed curve, or background, is for all pixels, without reference to lightning. The
solid curve is similar, but after cutting-out the pixels within 30 km of any LASA
lightning. This cut-out curve is lower than the background curve, by an amount that
increases as the PCT is reduced. The cut-out depression at PCT < 145 K is approximately
80%. This means that for PCT < 145 K, LASA lightning in the epoch 2000-2002 serves
as a proxy for ice-scattering signatures with about 80% efficiency. That high efficiency is
obtained only by using all LASA lightning. The efficiency using only NBEs would be
very low, below 10%, because of NBEs’ low occurrence rate compared to overall

lightning. It is as yet undetermined how efficient a proxy will be provided by an NBE-
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related phenomenon, the strong very-high-frequency (VHF; 30-300 MHz) in-cloud

lightning emissions that can be observed from space (Suszcynsky et al. 2000).

The lightning/ice-scattering-signature efficiency will certainly be enhanced by use of a
more sensitive lightning-detection system, such as the planned staring lightning imager to
be deployed on a future GOES geostationary statellite (Christian et al. 1989). However,
that methodology will not include NBEs, as their luminosity is too weak to be detected

from space.

Even at 80%, however, the LASA lightning/PCT proxy efficiency is higher than is the
lightning/10.8-micron-cold-cloud-top proxy efficiency seen earlier in Figure 7. This is
due to the selectivity of the ice-scattering signature, relative to mere cold cloud tops, for
the microphysical environment required for thunderstorm electrification (Petersen et al.

2005).

4. CONCLUSIONS

We have presented statistical results relating LASA-detected lightning to spatial features
in TRMM/VIRS and TRMM/TMI radiometric cloud images. The VIRS results, in which
the image brightness temperature is a good measure of cloud-top height, largely recap

earlier results seen with GOES-East 10.7-micron images (JH2005).
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The TMI results, on the other hand, are the first results capable of comparing the
proximity of spatial features of the ice-scattering signature to both ordinary lightning and

NBESs. We find the following:

(a) Both ordinary lightning and NBEs have a similar affinity for depressed-PCT cloud

regions.

(b) Despite this affinity for low PCT, the 30-km-radius neighborhood around either an
ordinary or an NBE lightning event is a mixture of deeply depressed PCT (e.g, < 145 K)
and higher PCT. This is indicative of the smaller spatial scales (~10 km) of intense

convective cores compared to cold-cloud-top regions.

(c) Despite this mixture, the lowest PCT value within 30 km of either an ordinary or an
NBE lightning event is likely to be depressed below 145 K. This implies that NBEs, like
ordinary lightning, occur within, or closely neighboring, intense convective cores with

enhanced ice water path.

(d) LASA sees too few NBEs for NBE:s to provide a close spatial proxy of TMI ice-

scattering signatures. LASA sees enough overall lightning (ordinary plus NBE) to

provide an 80%-efficient proxy of ice-scattering signatures having a PCT < 145 K.
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Table 1: LASA stations in Florida (cumulative over 1999-2002).

station name (abbreviation) | longitude (deg E) latitude (deg N)
Boca Raton (br) -80.1015 26.3733
Cape Kennedy (kc) -80.6424 28.5386
Tampa (ta) -82.4145 28.0598
Fort Myers (fm) -82.0151 26.6346
Gainesville (gv) -82.3472 29.6424
near Fort Myers (fy) -81.8687 26.6441
Orlando (or) -81.1960 28.5860
Daytona (da) -81.0472 29.1891
Tallahassee (te) -84.2994 30.4461
Key West (kw) -81.6899 24.5816
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FIGURE CAPTIONS
Figure 1: The LASA study zone centered on 28 N, -81.5 E in central Florida. The 400-
km-radius circle marks the zone within which LASA lightning locations are accepted for

this study.

Figure 2: (a) VIRS 10.8-micron brightness temperature, and (b) TMI 85-GHz PCT (see
text), for a single satellite pass over the LASA study region. Lightning events are
overlayed in the images (small square symbols: ordinary lightning; large triangles:
NBEs). The extensive cold cloud top (in 2a) contains only a much smaller area of intense
convection as revealed in the PCT (in 2b). The lightning events of both type are localized

on the intense convection.

Figure 3: Statistical distributions of VIRS 10.8-micron cloud-top temperature. Each curve
is separately normalized to unity, for ease of comparison. Thin solid curve: All pixels,
regardless of lightning. Thick solid curve: Only those pixels within 30 km of each non-
NBE lightning event. Thick dashed curve: Only those pixels within 100 km of each non-

NBE lightning event.

Figure 4: Similar to Figure 3, but for NBEs.

Figure 5: Similar to Figure 3, but with the heavy curves showing the distribution of the

coldest pixel within 30 km (heavy solid curve) and within 100 km (heavy dashed curve)

of non-NBE lightning events.
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Figure 6: Similar to Figure 4, but with the heavy curves showing the distribution of the
coldest pixel within 30 km (heavy solid curve) and within 100 km (heavy dashed curve)

of NBEs.

Figure 7: Separately normalized distributions of VIRS 10.8-micron brightness
temperature. Dashed curve shows all pixels in all scenes. Solid curve shows the same

data, but after removing all pixels that are within 30 km of any LASA lightning event.

Figure 8: Statistical distributions of TMI 85-GHz PCT (see text). Each curve is separately
normalized to unity, for ease of comparison. Thin solid curve: All pixels, regardless of
lightning. Thick solid curve: Only those pixels within 30 km of each non-NBE lightning
event. Thick dashed curve: Only those pixels within 100 km of each non-NBE lightning

event.

Figure 9: Similar to Figure 8, but for NBEs.

Figure 10: Similar to Figure 8, but for the coldest 85-GHz PCT within 30 km (heavy

solid curve) and 100 km (heavy dashed curve) of non-NBEs. Light solid curve is for the

entire set of scene pixels.

Figure 11: Similar to Figure 10, but for NBEs.
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Figure 12: Separately normalized distributions of TMI 85-GHz PCT. Dashed curve
shows all pixels in all scenes. Solid curve shows the same data, but after removing all

pixels that are within 30 km of any LASA lightning event.
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Figure 2: (a) VIRS 10.8-micron brightness temperature, and (b) TMI 85-GHz
PCT (see text), for a single satellite pass over the LASA study region.
Lightning events are overlayed in the images (small square symbols: ordinary
lightning; large triangles: NBEs). The extensive cold cloud top (in 2a) contains
only a much smaller area of intense convection as revealed in the PCT (in 2b).

The lightning events of both type are localized on the intense convection.The
lightning events of both type are localized on the intense convective core.
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Figure 3: Statistical distributions of VIRS 10.8-micron cloud-top
temperature. Each curve is separately normalized to unity, for ease of
comparison. Thin solid curve: All pixels, regardless of lightning. Thick solid
curve: Only those pixels within 30 km of each non-NBE lightning event.

Thick dashed curve: Only those pixels within 100 km of each non-NBE
lightning event.
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Figure 4: Similar to Figure 3, but for NBEs.
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Figure 7: Separately normalized distributions of VIRS 10.8-micron
brightness temperature. Dashed curve shows all pixels in all scenes. Solid

curve shows the same data, but after removing all pixels that are within 30
km of any LASA lightning event.
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Figure 9: Similar to Figure 8, but for NBEs.
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(heavy solid curve) and 100 km (heavy dashed curve) of non-NBEs. Light
solid curve is for the entire set of scene pixels.
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Figure 11: Similar to Figure 10, but for NBEs.
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Figure 12: Separately normalized distributions of TMI 85-GHz PCT. Dashed
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