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Abstract

We present a statistical analysis of thunderstorm radiofrequency and
optical data from the FORTE satellite to examine the relationship of
strong radiofrequency pulsed emissions to more conventional signals
from lightning. The study is built on a FORTE database of intracloud,
pulsed radio signals from storms whose geolocation is provided either by
coincidence with the FORTE optical imager or by coincidence with
ground-based lightning-detection arrays. We show statistically that
intracloud radio emissions with peak power > 40 kW in the FORTE low
band (26-48 MHz) have unique characteristics compared to weaker
emissions, including: Occurring either in isolation or at the start of leader
progression, but never within a progressing leader; occurring without light
emission detectable by FORTE; occurring in frequent association with a
rapid (10 wus) relaxation of the electric charge; and being followed by an
upward-progressing leader, in the cases where a leader is initiated. These
strong intracloud radio pulses appear to be associated with an intracloud
discharge process that is physically distinct from conventional leader
progression.



1. Introduction

Both legacy [Le Vine, 1980; Willett et al., 1989] and recent [Jacobson, 2003; Jacobson
and Light, 2003; Light and Jacobson, 2003; Smith et al., 1999; Thomas et al., 2001]
studies of radiofrequency (RF) emissions from thunderstorms have noted a distinct class
of very powerful pulses emitted from the upper troposphere. This pulse can be
accompanied by a “Narrow Bipolar Event” or NBE [Smith et al., 1999], which is a large
scale discharge (tens of coulomb-km) of intracloud (IC) charge structures occurring in
~10 us. It has also been observed that these strong RF pulses are less likely to be
accompanied by detectable light output than are weaker RF pulses [Light and Jacobson,
2003]. These strong RF pulses are routinely recorded by radiofrequency sensors aboard
the GPS constellation [Suszcynsky et al., 2000a] and are thus a candidate signature for
global, near-real-time monitoring of thunderstorm activity using that constellation. As a
remote-sensing signature, these strong RF pulses offer a new view of thunderstorm
electrification which is complementary to the view provided by satellite optical imagers
[Boccippio et al., 2000; Boccippio et al., 1999; Christian et al., 1999a; Christian et al.,
1999b; Light et al., 2001; Suszcynsky et al., 2000b; Suszcynsky et al., 2000c].

Because of their possible utility for remotely monitoring thunderstorm processes, we
would like to determine how these strong RF pulses relate to the usual unit of
thunderstorm activity, which is the “flash”. A flash is a series of sequential signals from
a progressing or recurring atmospheric electrical breakdown, usually lasting less than ~1
sec and usually involving either progressive development of an ionized channel, or
rapidly repeated large-scale currents on the same channel. Flashes are the basic unit to
describe lightning occurrence, and a given storm’s flash rate is often a correlate of severe
convective weather [Williams, 2001]. Flashes can be identified in low-frequency
electromagnetic, RF, and optical signals from lightning.

This article uses RF and optical data from the FORTE satellite [Jacobson et al., 1999] to
determine statistically the relationship of strong IC radio pulses to flashes. We build on
recent case studies [Jacobson, 2003; Jacobson and Light, 2003; Light and Jacobson,
2003] and establish a statistical confirmation of several ideas initially offered in those
studies. We will show that the strong RF pulses observed by FORTE are likely to arise
from an electrical air-breakdown process that must differ fundamentally from the
progressive leader discharge usually invoked to allow air breakdown in sub-threshold
electric fields. It will be speculated at the end that a cosmic-ray-instigated breakdown
theory [Gurevich et al., 1999] might have relevance to our recent findings on strong RF
pulse characteristics and on their relationship to flashes, insofar as the predictions of that
model are clear at this time. This speculation is offered in order to instigate more work on
these enigmatic radio emissions, rather than to label the cosmic ray model as the unique
valid explanation at this early phase in our understanding.

2. FORTE data used in this study



The FORTE satellite carries an RF payload that receives, digitizes, stores, and downlinks
discrete records of Very High Frequency (30-300 MHz; VHF) lightning time-series
waveforms of the RF electric field, E. The RF receiver whose data are used in much of
this study comprises dual, simultaneous 50-Megasample-per-second passbands that are
simultaneously digitized, after each is analog-filtered to 22-MHz bandwidth. In the data
to follow, we always operated the RF payload with at least one of the 22-MHz-bandwidth
channels placed in the range 26-48 MHz, with a nominal 38-MHz center (“low band”).
During some of the study, the other 22-MHz-bandwidth channel was tuned to “high
band” (118-140 MHz), with a nominal 130-MHz center. Otherwise, the other 22-MHz
channel was tuned to low band also, so that both channels were on low-band, but on
orthogonal antennas. The trigger for both channels was common and was always derived
from the low band. The performance of the FORTE RF payload, plus some of the initial
characteristics of the lightning observations, have been described in detail elsewhere
[Jacobson et al., 1999]. All data for the present study are from the FORTE low band.

From its launch in August 1997 through December 1999, FORTE operated in a
consistent data-taking mode and gathered over 3-million RF records of lightning with the
22-MHz-bandwidth receiver channels. This data will be used in the present study. Details
on the data-taking mode during 1997-1999, and on the characteristics of that period’s RF
data, have been presented elsewhere [Jacobson, 2003; Jacobson and Light, 2003;
Jacobson and Shao, 2002a]. RF signals from intracloud discharges are recognizable by
the presence of a time-delayed ground-reflection echo [Jacobson et al., 1999]. By
contrast, RF signals associated with near-the-ground discharge processes lack a time-
resolved ground echo [Jacobson and Shao, 2002a]. The present study will include only
intracloud-discharge signals and will exclude all RF signals lacking a recognizable
ground-reflection echo. Thus, we will consider only those intracloud-discharge RF pulses
that are sufficiently narrow (<10 us) to allow clear resolution of the range of time delays
(10-150 ps) associated with the delayed echo. In this manner we can deduce the
discharge height for each pulse whose origin’s latitude and longitude are known
[Jacobson et al., 2000; Jacobson et al., 1999].

For the case of narrow RF pulses having clear ground-reflection echoes, it has been
shown [Jacobson and Light, 2003] that these pulses tend to belong to one of two general
classes. The first class (“strong pulses”) are the brightest RF signals recorded by FORTE.
They have somewhat extended width (typically 2-4 us), have random amplitude
variations within the pulse at sub-microsecond timescales, and usually have a several-
microsecond coda of weak emission extending after the main pulse. The strong pulses
have been shown sometimes, but not always, to be associated with NBEs [Smith et al.,
1999]. The second class (“‘coherent pulses™), by contrast, are two to three orders-of-
magnitude weaker, are narrow (on the order of 0.1 us when suitably measured), are
coherent (that is, they consist of a simple pulse with no random amplitude variations
versus either time or frequency within the pulse), and are perfectly linearly polarized.
These coherent/polarized pulses are associated with steps in a progressive leader
breakdown [Jacobson, 2003; Jacobson and Light, 2003].
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Figure 1: Spectrograms of (a) strong intracloud pulse, and (b) polarized/coherent
intracloud pulse. The ground echo is seen at a delay of ~50-60 us relative to the main
pulse in each case. The spectrogram is computed with a sliding short-period Fourier
transform having ~ 1-us width. Grey-scale key is shown at right and is common to the

two examples.




Figure 1 [after Jacobson and Light, 2003] shows examples of the two classes of pulses in
moving-window-spectrogram form. The top signal (Figure 1a) is from the strong-pulse
class. The bottom signal (Figure 1b) is from the coherent/polarized-pulse class. The
logarithm of the spectral density is coded in grey-scale; the same scale is common to both
signals. The spectrograms’ sliding Fourier window is about 1 us wide, so the
coherent/polarized pulse’s 0.1-us intrinsic width is artificially broadened by the Fourier
windowing in Figure 1. The strong pulse shows extended width compared to the
coherent/polarized pulse. The strong pulse also shows a low-power coda that is lacking in
the coherent/polarized pulse. Finally, the strong pulse has irregularly varying spectral
amplitude but is much more intense overall, compared to the coherent/polarized pulse.
In addition to lightning in these signals, there is some interference (horizontal bands)
from anthropogenic narrow-bandwidth radio transmissions. In each spectrogram, the
ground-reflection echo is delayed ~50 us from the primary pulse. This implies that the
echo has propagated ~50 us/c ~17 km further than the primary pulse. If the satellite were
at zenith relative to the lightning, this would imply a height above ground of ~8.5 km.
This height is a lower estimate; if the satellite is not at zenith, the implied RF-emission
height must be greater [Jacobson et al., 1999]. Each signal exhibits obvious spectral
dispersion from ionospheric propagation [Jacobson et al., 1999; Roussel-Dupré et al.,
2001], with most of the group delay due varying as ~TEC/f*>, where TEC is total electron
content, that is, the path integral of the electron density along the line-of-sight, and
where f is the radio frequency. (The TEC is inferred to be 5.36X10" m™ in Figure 1a and
3.43X10" m? in Figure 1b, using the automatic data reduction described elsewhere
[Jacobson et al., 1999]). In addition, each signal shows pulse splitting at finer time-scales
due to ionospheric birefringence in the geomagnetic field [Jacobson and Shao, 2001;
Massey et al., 1998].

3. Flashes versus isolated discharges

FORTE is visible to a given storm for typically 100-500 s, during which FORTE might
record from just a few, to hundreds, of signals from that storm. The overall duration of
the FORTE visibility, divided into the number of signals that are recorded, gives the
random rate of triggers from that storm. Sometimes the triggers indeed appear to occur at
random times, with little clustering into groups. For other storms, the FORTE-recorded
events occur in clusters that correspond to the several recurrent steps of an IC “flash”, or
temporally-clustered group of IC discharge steps that emit detectable RF radiation. We
will develop a quantitative measure of this difference in order to highlight certain key
properties of strong-pulse events and of those events’ relationship to other lightning
processes.

Figure 2 shows the square of the recorded low-band peak RF electric field (Figure 2a),
and the line-of-sight TEC (Figure 2b), during FORTE’s pass near a storm. The values of
E’ span three orders-of-magnitude in this storm. Let us divide events according to four
subranges of log,,(E* ((v/m)?). For each of these subranges, Figure 3 shows the
probability that any given event (considered as a key event) from this storm will have
neighbors in a time differential relative to the key event. The key event is associated with
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Figure 2: (a) Square of received electric field in the FORTE low band (26-48 MHz),
and (b) TEC versus time, during a FORTE pass in view of a storm producing RF
pulses recorded by FORTE. As for this entire study, only IC pulses meeting pulse-
quality criteria (see text) are included.
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Figure 3: Probability of neighbor events per unit time, versus offset of neighbor time
relative to key-event time. Each key event is within one of four selected E* subranges,
while the neighbor events can be of any E*. The four subranges of log,(E* ((v/m)?) are (a)
—7.83 to —=7.09, (b) =7.09 to —6.35, (c) —6.35 to -5.62, and (d) —5.62 to —4.88. The dot-dash
horizontal line in each plot is the expected random rate of triggers based on the overall
duration and number of events in the visibility pass.




the selected E* subrange, while the neighbor events can be of any E*. The four subranges
of key-event log,,(E* ((v/m)?) are (a) —7.83 to —7.09, (b) —7.09 to —6.35, (c) —6.35 to
—=5.62, and (d) —5.62 to —4.88. The dot-dash horizontal line in each plot is the expected
random rate of triggers based on the overall duration and number of events in the
visibility pass. There is a very slight surplus of neighbors, relative to the random rate, for
key events in the lowest class of E*, and essentially no surplus in the three other key-
event classes of E*. Figure 3 shows that the storm’s RF emissions recorded by FORTE
are mainly isolated from each other; that is, their clustering into flashes is hardly
enhanced over the rate from random occurrence within the storm pass.

By contrast, Figure 4 shows the square of the recorded low-band peak RF electric field
(Figure 4a), and the line-of-sight TEC (Figure 4b), during FORTE’s pass near a storm in
which all the 127 FORTE-detected RF records are tightly clustered into five high-
occupancy flashes. Each flash has a distinct high-intensity pulse and many more pulses at
orders-of-magnitude lower intensity. Again, we divide events according to the storm’s
own four subranges of log,,(E* ((v/m)?). Figure 5 is like Figure 3 but for the flash-
dominated storm introduced in Figure 4. For this second storm, the four subranges of
log,,(E* ((v/m)?) are (a) —8.1 to —7.4, (b) —7.4 to —6.7, (c) —6.7 to 6.0, and (d) —6.0 to
—5.28. Again, as in Figure 3 above, Figure 5 shows the probability of any given event
(considered as a key event) having neighbors in a time differential relative to the key
event. The key event is associated with the selected E* subrange, while the neighbor
events can be of any E*. The dot-dash horizontal line again shows the random expectation
of neighbors. This random level is now very small compared to the flash peaks in all four
classes of key-event E*. This is because the second storm has pulses that are highly
clustered into discrete, high-occupancy flashes. Another feature evident from Figure 5 is
that the more intense key events tend to precede their neighbor events in the same flash,
as noted elsewhere [Jacobson, 2003; Jacobson and Light, 2003]. Whereas the neighbor-
event timing distribution is almost symmetric in the less-intense categories of key events
(Figure 5a and 5b), the distribution is entirely skewed to retarded times in the more-
intense categories of key events (Figure 5c and 5d).

Figures 3 and 5 suggest a simple statistic for characterizing the “flashiness” of storms:
We shall evaluate the random expectation of flash neighbors in the relative-time range +
50 millisec for any given storm pass by FORTE, and divide this random rate into the
actual number of neighbors observed in the relative-time range + 50 millisec, using all
events as key events in developing the statistic. This statistic will be called “flash-
enhancement factor”, or FEF. The case of purely random neighbors (i.e., isolated events
with no evidence of grouping into flashes) will be indicated by FEF ~ 1. For example,
the case of Figures 2 and 3 has FEF < 2. The case of significant grouping into flashes,
with long voids in between the flashes, will be indicated by FEF>>1. For example, the
case of Figures 4 and 5 has FEF > 100. It is important to note that FEF characterizes a
storm, or more precisely the storm as recorded by all the FORTE RF data records for that
storm, and is not defined by an individual FORTE RF data record itself.
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Figure 4: Similar in format to Figure 2, except for a storm with all 127 events
concentrated into just 5 flashes.
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Figure 5: Similar in format to Figure 3, except for the storm of Figure 4 and
containing five flashes. The four subranges of log,,(E* ((v/m)?) are (a) —8.1 to —7.4,
(b) =7.4 to -6.7, (c) =6.7 to —6.0, and (d) —6.0 to —5.28.
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4. Study of FORTE data with geolocated sources

4.1 Methods of geolocation

The FORTE 1998-9 archive of RF data has been used to identify a total of 4603 storm
passes that are relatively isolated, so that the data in each pass can be confidently
attributed to one storm and not to an overlay of more than one storm. These 4603 storms
contain 386,444 1C pulses overall meeting the standard quality criteria. We shall now
choose a subset of these 4603 storms.

For IC events whose signal-source horizontal locations (latitude, longitude) are known,
we can calculate the RF emission height, which is proportional to the product of (1) the
time delay of the ground-reflection echo and (2) a geometrical factor related to the
separation of the emission from the subsatellite point [Jacobson et al., 1999]. We can
also use the source location to calculate the effective radiated power (ERP) referenced to
the source, which is more physically significant than E* at the satellite. Henceforth in this
paper, “ERP” will imply ERP in the FORTE low band (26-48 MHz).

RF signals recorded by FORTE do not by themselves reveal the signal-source location,
other than being in the portion of Earth viewed by FORTE at that instant. However, the
horizontal location of sources of RF signals recorded by FORTE is in may cases
ascertainable by time-correlation of the RF trigger time with the times of other signals
from sensor systems that provide location through either time-difference-of-arrival
(TDOA) or imaging approaches. The original work of this type used the low-frequency
and very-low-frequency (LF and VLF) National Lightning Detection Network to provide
horizontal locations of sources for FORTE REF signals [Jacobson et al., 2000]. Soon
thereafter, FORTE RF signal sources were successfully located by time correlation with
signals from FORTE’s own Lightning Location System (LLS) [Light et al., 2001;
Suszcynsky et al., 2000b]. That instrument is based on NASA’s OTD and LIS instruments
[Christian et al., 1999b]. We have also studied locations for RF signals via joint
correlation with both LLS and PDD, the “Photodiode Detector’” on FORTE [Kirkland et
al., 2001]. This triple-coincidence requirement provides a smaller but more reliable
geolocation set than does coincidence with LLS alone, as the PDD, unlike the LLS, is
insensitive to energetic particles. Finally, some FORTE signal sources have been
identified by correlation with two other LF/VLF arrays using TDOA to infer location:
The “Edot array” [Heavner et al., 2002; Smith et al., 2002] based largely in Florida but
with some coverage of the New Mexico region, and the United Kingdom Meteorological
Office (UKMet) array of VLF DTOA detectors [Lee, 1986].

The distribution of ERP in FORTE’s geolocated RF events is partly biased by our
methods of geolocation. This is not only a limitation, though, but also a source of insight.
Figure 6 shows the distribution of log,,(ERP(W)) with a bin size of 0.2, for each of five
geolocation methods. Each curve has been separately normalized for easy comparison.
The curve in Figure 6 labeled “LLS” refers to the LLS imager, and the curve labeled
“PDD/LLS” refers to a further requirement that not only the LLS imager but also
FORTE’s PDD photometer be in temporal coincidence with the RF record. Otherwise,
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Figure 6: Relative histograms of log,,(ERP(W)) for those intracloud RF events
that are directly geolocated via time-coincidence with other detection systems.
The passband is the FORTE low-band, 26-48 MHz. The source of geolocation is
marked as FORTE’s Lightning Location System (LLS), LLS plus FORTE’s
Photo Diode Detector (PDD), the United Kingdom Meteorological Office TDOA
array (UKMet), the National Lightning Detection Network (NLDN), and Los
Alamos sferic-waveform array (Edot). The binsize is 0.2.
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both LLS and PDD/LLS are alike, in that the RF event is accompanied by a detectable
optical event. Both optical-concurrence curves are biased toward low RF ERP.

Besides the two curves for optical concurrence, all three other curves in Figure 6 are for
RF events located through concurrence with LF/VLF TDOA sensor arrays. All of these
classes of RF events have higher-ERP distributions than do the optically-concurrent
events. The Edot-concurrent events have slightly higher ERP than do the NLDN-
concurrent events, while the UKMet-concurrent events are shifted to weaker ERP relative
to either the Edot- or NLDN-concurrent distributions.

4.2 Borrowed geolocations for entire storms

Of the FORTE RF pulses whose source locations have been directly determined by
correlation with other systems, many of these pulses can be clearly associated with other
FORTE RF pulses, either in the same flash or in at least the same storm. It is then
possible for the clearly associated pulses to “borrow” the source location of a pulse
whose source is known. In this manner we can calculate both an IC-discharge height and
an at-source ERP for every event in the storm. This borrowing procedure has been
described in detail elsewhere [Jacobson, 2003; Tierney et al., 2001]. Using this
borrowing procedure, as well as standard pulse-quality selection criteria [Jacobson, 2003]
we arrive at a total of 71,323 quality RF records of pulsed IC signals for which we can
reliably know the source horizontal location and which lie in storms containing at least 20
events. (We disregard storms containing fewer than 20 events.) These RF signals are
distributed amongst 636 different storms surviving this selection, for an average of about
110 recorded events per geolocated storm. These 71,323 events and their 636 storms
provide the data for the rest of this study. Each of these 636 storms is characterized with
an FEF parameter determined for that storm.

4.3 ERP-dependent flash characteristics

Figure 7 shows the 71,323 events’ distribution of log,,(ERP(W)) in the FORTE low band
(26-48 MHz), with a bin size of 0.1, over a five-decade range of ERP. We divide this
ERP range into four classes as shown by the vertical dashed lines: (a) ERP =100 W to 2
kW, (b) ERP =2 kW to 5 kW, (c) ERP =5 kW to 40 kW, and (d) ERP =40 kW to 10
MW. These ERP classes will now be used to determine ERP-dependent trends in other
characteristics of the RF pulses.

The flash-enhancement factor (FEF), introduced above in Section 3, characterizes the
degree of temporal association of different recorded RF signal records from the same
storm. Figure 8 shows the probability distribution of FEF for each of the four ERP classes
(introduced above in Figure 7). The distribution uses all 71,323 selected IC signals, split
into the ERP classes. Of course there are only 636 independent storms and hence only
636 independent values of FEF. The distribution is of the FEF for the IC signal’s parent
storm, since FEF characterizes a storm and not a single record. The left-most bin is for
FEF in the range O to 5. Storm passes with such a low FEF parameter consist of quasi-
isolated, randomly timed pulses, typefied by the storm illustrated in Figures 2 and 3
above. We see from Figure 8 that over 55% of RF records in the highest-ERP class (d)
have FEF <5, while the percentage in this class steadily declines for lower-ERP (c, b, and
a in order of decreasing ERP) classes. Overall, Figure 8 shows that the highest-ERP IC

14



5000 6000

4000

2000

hist(log10(ERP(W))) with bin=0.1
3000

1000

10g o(ERP(W))

Figure 7: Histogram of log,,(ERP(W)) for all 71,323 IC RF pulses. These
events are from 636 storms that are geolocated. The binsize is 0.1. The four
defined ranges of ERP (a through d) are separated by vertical dashed lines.
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Figure 8: Parent-storm flash-enhancement factor FEF, defined as the factor by
which the number of neighbor events in + 50 millisec exceeds the number
expected if the events were randomly placed within the storm pass. The FEF is
computed for each storm. The four curves are for the four defined ranges of key-
event ERP: (a) ERP =100 W to 2 kW, (b) ERP =2 kW to 5 kW, (c) ERP =5 kW
to 40 kW, and (d) ERP =40 kW to 10 MW, see Figure 7 above.
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records tend to occur in storms that have less concentrated flashes and more isolated
emissions, while the lowest-ERP records tend to occur relatively more often in storms
with concentrated flashes. This is consistent with the original finding on Narrow Bipolar
Events [Smith et al., 1999], that NBEs tended to be isolated in time. The present
observations with FORTE permit us to look with high dynamic range and to observe
some flashes with which high-ERP signals are associated, however. This is responsible
for the high-FEF extension of curve (d) in Figure 8.

We now examine intraflash characteristics as a function of event ERP. To do this we
need to restrict our attention to storms having flashes, not just (or even primarily) isolated
RF emissions. The next three figures in this section are thus further restricted to storms
having at least a moderate concentration of the recorded events into flashes: FEF>10.
This cuts the pool of qualifying events from 71,323 down to 35,429, and cuts the pool of
parent storms from 636 down to 294.

The most basic trend controlled by ERP is the number and relative timing of neighbor
events. Figure 9 shows the probable number of neighbor events in a 50-millisec-wide bin
versus bin delay (=neighbor time minus key-event time). The four ERP classes of key
events are labeled as for Figure 7 above. As key-event ERP increases, going from class
(a) to class (d), the overall number of neighbors decreases. (Note that curve (d) is scaled
upward by a factor of 5 for easy comparison with the others.) For the three lowest-ERP
classes of key events (a, b, and c: cumulatively, ERP =100 W to 40 kW), the neighbor
events are roughly as likely to precede (0t < 0) as to follow (dt > 0) a key event. By
contrast, for the highest-ERP class of key events (d: ERP =40 kW to 10 MW), the
neighbor events preferentially follow the key event (8t > 0). This provides statistical
confirmation of previous case studies which found that high-power RF emissions
accompany a process serving to initiate certain intracloud flashes but not occurring in the
midst of a flash [Jacobson, 2003; Jacobson and Light, 2003; Rison et al., 1999; Thomas
etal.,2001].

Another requirement will now be imposed on the definition of flashes for the final two
figures of this section: In addition to requiring the parent storm to have FEF > 10, we
now furthermore require a valid flash not to have temporal gaps (between flash members)
greater than 200 millisec. If a gap exceeds 200 millisec, then the algorithm terminates one
flash and counts a new flash as having begun.

We now examine the emission height of subsequent (i.e, not initial) events within a flash,
scaled by the emission height of the initial event of the flash. This ratio indicates whether
the subsequent events within a flash have a preferred altitude relationship to the initial
event of the flash. Figure 10 shows this ratio for all four classes of initial-event ERP. For
initial events in the three lowest-ERP classes (a, b, and c: cumulatively, ERP =100 W to
40 kW), the subsequent events are only slightly more likely to occur above, rather than
below, the initial event. However, for initial events in the highest-ERP class (d: ERP =
40 kW to 10 MW), the neighbor events preferentially occur higher in altitude than the
initial event. This statistically confirms the case-study examples presented elsewhere
[Jacobson, 2003; Jacobson and Light, 2003; Thomas et al., 2001]. The explanation for
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Figure 9: Probable number of neighbors per 50-millisec bin, versus offset of neighbor
time relative to key-event time. The key events lie in four defined ranges of key-event
ERP: (a) ERP =100 W to 2 kW, (b) ERP =2 kW to 5 kW, (c) ERP =5 kW to 40 kW,
and (d) ERP =40 kW to 10 MW. Curve (d) has been scaled up by a factor of 5 for easy
comparison with the other curves.
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Figure 10: Histogram of subsequent-event height, divided by initial-event height,
for flashes with initial event in four ranges of initial-event ERP: (a) ERP = 100 W
to 2 kW, (b) ERP =2 kW to 5 kW, (c) ERP =5 kW to 40 kW, and (d) ERP =40
kW to 10 MW. Curve (d) has been scaled up by a factor of 6 for easy comparison
with the other curves. Flashes are included only for parent-storm FEF > 10.
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this may be that the energetic initiator event occurs in the high electric field between an
underlying negative charge layer and an overlying positive charge layer, and that the
subsequent lower-power events are part of a negative leader progressing within the
positive charge layer [Thomas et al., 2001].

As noted earlier in connection with Figure 1, the strong RF pulses are broader (typically
2-4 us) than are the coherent/polarized pulses. The latter’s width is on the order of 100 ns
when appropriately determined [Jacobson and Light, 2003], but is instrumentally
broadened to ~1.4 us when determined robotically for the FORTE RF database generator.
Figure 11 shows the ratio of the pulsewidth in subsequent events within a flash to the
pulsewidth of that flash’s initial event, for each of the four classes of initial-event ERP.
The highest-ERP class (d: ERP =40 kW to 10 MW) of initial events are usually followed
by subsequent events that tend to be less wide, by a factor typically of 1/2. This is
consistent with the previous findings that the highest-ERP events are wider pulses (Figure
1) and that they mostly initiate, but do not occur later within, flashes with which they are
associated (Figure 9).

5. Relationship of strong RF events to Narrow Bipolar Events

5.1 Background

Some of the earliest observations on Narrow Bipolar events [Le Vine, 1980] used
simultaneous recording at VHF and Very Low/Low/Medium Frequency (VLF/LF/MF).
The VHF signal in Le Vine’s ground-based recordings corresponds to FORTE’s RF
signal, while the VLF/LF/MF “field change” signals in Le Vine’s ground-based
recordings correspond to today’s Edot array signals [Smith et al., 2002]. Comparing the
RF and field-change amplitudes for the same discharge events, Le Vine stated “There
was no apparent correlation between the strength of the RF radiation and the size of the
associated field change.” Later, Willett et al [1989] showed evidence that the RF signal is
not just a higher-frequency manifestation of the NBE field-change process. Rather, their
Figure 2 indicates that the RF signal is an additive noise superimposed upon the slower
field-change waveform. Thus it is not surprising that earlier observations revealed no
proportionality between RF and field-change amplitudes; there appear to be two
processes at work.

The Edot array [Smith et al., 2002] routinely detects and locates, and also is used to infer
the peak current, charge-moment change, and (in many cases) the emission heights of
NBEs. Figure 12 shows typical waveforms for the electric-field change (high-pass-
filtered with a 1-millisec time constant) for (a) a positive NBE, (b) a negative NBE, and
(c) a non-NBE lightning transient for comparison. The data is digitized at 1
Megasample/s after being analog-low-pass-filtered at the Nyquist frequency (0.5 MHz),
so Edot recordings do not provide any information on the higher frequencies (RF) that
have been observed by other ground-based observations. The two NBEs in Figure 12 are
followed first by ionosphere, and second by ground plus ionosphere, reflections of the
main pulse. NBEs have been shown to imply large-scale charge-moment changes on the
order of tens of Coulomb-km [Smith et al., 1999].
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Figure 11: Histogram of subsequent-event pulsewidth, divided by initial-event
pulsewidth, for flashes with initial event in four ranges of initial-event ERP:
(a) ERP =100 W to 2 kW, (b) ERP =2 kW to 5 kW, (c) ERP =5 kW to 40
kW, and (d) ERP =40 kW to 10 MW. Curve (c) has been scaled up by a factor
of 2, and curve (d) by 4, for easy comparison with the other curves. Flashes are
included only for parent-storm FEF > 10.
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Figure 12: Three waveforms of vertical-electric-field—change signals from the Los
Alamos sferic-waveform array (Edot): (a) positive NBE; (b) negative NBE; (c¢) non-
NBE signal. The sensor performs an analog high-pass filtering with time constant ~1
millisec.
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5.2 FORTE/Edot common storm observations

Altogether, we have identified 53 FORTE-observed, geolocated storms during 1998-1999
in each of which at least one FORTE event coincides with an Edot NBE. These 53 storms
contain a total of 3281 FORTE quality IC pulses. During orbit passes in which FORTE’s
RF receivers are recording triggered data within view of storms also covered by Edot,
there is a possibility of correlating the RF signal (from FORTE) and the field-change
signal (from Edot) signals via time coincidence. Figure 13 shows data from a typical
joint observation by FORTE and Edot. The format is the same as for Figures 2 and 4
earlier: The TEC is shown in the bottom panel, and the square of the peak pulse electric
field, E*, is shown in the top panel. Only one of the RF events, circumscribed by a thick
diamond symbol, is correlated with an Edot field-change waveform that is an NBE.

The storm shown in Figure 13 is quite typical of these 53 storms in two key behaviors:

First, the number of FORTE strong-pulse RF events usually greatly exceeds the
number of NBEs; see Section 5.2.1 below.

Second, these storms are always practically devoid of flashes, that is, these
storms have low values of FEF; see Section 5.2.2 below.

5.2.1 RF strong pulses without large-scale charge transfer

On the basis of the 53 storms having common Edot and FORTE coverage, and
containing at least one FORTE-coincident Edot NBE, we find that most strong RF events
are unaccompanied by Edot NBEs, and that as a group these unaccompanied RF events
are no less intense than are the Edot-accompanied strong RF events from the same
storms. The FORTE RF strong pulses that are accompanied by Edot NBEs are a subset of
the FORTE RF strong pulses, and are not a higher-ERP subset. We have also checked to
ensure that trigger-threshold limitations on the Edot observations are not artificially
creating a lack of Edot NBE recordings for the majority of the FORTE strong RF pulses.
After performing these checks on our 53 commonly observed storms, we conclude that
the majority of FORTE strong RF pulses are simply unaccompanied by large-scale
charge transfers. Moreover, the RF pulses lacking large-scale charge transfers are as
intense as the minority of pulses that are accompanied by large-scale charge transfers.

We have looked for distinguishing characteristics (e.g, peak ERP, pulse duration, pulse
shape, and emission height) which might discriminate a FORTE RF strong pulse which
is accompanied by an NBE from another FORTE RF strong pulse in the same storm
which is unaccompanied by an NBE. We can find no obvious discriminant in the RF
data. Therefore it appears that the RF-emission process is necessary for, but does not
require, the completion of the large-scale charge-transfer event giving rise to the NBE.
This inference goes a step beyond the implication in the original papers [Le Vine, 1980;
Willett et al., 1989] that the RF and field-change processes are different. The
FORTE/Edot coordinated results imply further that the RF-generating process is
necessary for a NBE to be radiated, but that the RF-generating process can occur without
an NBE being radiated.
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Figure 13: FORTE-observed storm containing one event (marked with a heavy
diamond symbol) that is coincident with an NBE observed by Edot. Format
same as Figure 2.
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5.2.2 Low incidence of flashes in storms containing NBE charge-transfer events

We now compare statistically the likelihood of flashes in the 53 storms having at least
one Edot-observed NBE, compared with all 4603 identified storms in the 1998-9 FORTE
RF archive. These 4603 identified storms include, but are not limited to, the 636
geolocated storms. The likelihood of flashes is reflected in the FEF parameter. Figure 14
shows the FEF distribution in the 53 NBE-containing storms (dashed curve, after scale-
up by fagor of (a) 40 and (b) 27) and in all 4603 identified storms (solid curve). The two
panels in Figure 14 show (a) the entire FEF range 0-150 and (b) a close-in look at the
restricted FEF range 0-30. Both panels show that the NBE-associated storms peak more
strongly at the lowest FEF values and achieve almost no high values of FEF, compared to
the overall set of identified storms. Statistically the NBE-associated storms almost never
contain flashes. The FORTE-recorded RF events in these NBE-associated storms tend
instead to occur randomly in time and to lack subsequent leader development.

6. Luminous and dark processes within the same flash

Compared with other research satellites observing lightning, FORTE has the unique
ability to observe both optical and RF emissions from the same platform. It is interesting
to compare the likelihood of optical concurrence as a function of RF pulse strength.
Elsewhere it has been shown that IC pulses in the FORTE RF records become more
likely to have optical concurrence as E* increases, up to a threshold on the order of 10
(v/m)?, above which the optical concurrence rate decreases as E* increases further [Light
and Jacobson, 2003]. This indicates that the RF signals at the highest range of E* tend to
be generated in a relatively “dark” process, compared to other lightning processes which
can trigger FORTE’s optical sensors. Here “dark” is meant not as an absolute but only to
indicate that the light output is too weak to trigger FORTE’s optical sensors. That study
had the drawback of using emissions that were not geolocated, and thus had to settle for
the blurred measure of emission strength afforded by E” at the satellite rather than the
more relevant measure of ERP at the source. Nonetheless, the finding was new and
significant, that the strongest RF IC discharges tend not to have optical concurrence.

The present study uses a smaller dataset, for which however we have the parent storms’
geolocations. In the present study we have already seen (see Figure 6 above) that the RF
IC events having direct optical concurrence (“LLS” and “PDD/LLS” in Figure 6) tend
also to have the lowest radio powers at the source as measured by ERP. This is not a
subtle difference; the ERP of optically-concurrent RF IC pulses is about two orders-of-
magnitude weaker than the ERP of Edot-concurrent RF IC pulses. The robustness of this
result suggests that the underlying atmospheric process giving rise to high-ERP RF pulses
must differ fundamentally from the progressive air-discharge process (leader growth) that
gives rise to the low-ERP RF pulses but also to copious light.

In order to test this idea on different processes in the same storm and indeed in common
flashes, so that observing biases may be discounted, we have examined by eye several of
the storms whose geolocation is by optical concurrence. The optical concurrence
preferentially occurs in storms having flashes, that is, having FEF>>1. We have seen
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Figure 14: Histogram of flash-enhancement factor FEF for (a) entire FEF range
with binsize of 5 and (b) restricted FEF range with binsize of 1. Solid curve is for
all 4603 identified storms (not necessarily geolocated storms) in FORTE 1998-9
storm archive, while dashed curve is just for the 53 storms that contain pulses
coincident with NBEs observed by Edot. The dashed curve has been scaled up by
a factor of (a) 40 and (b) 27 for easy comparison with the solid curve.
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very few examples of optical concurrence in storms lacking distinct flashes. This
behavior is exactly complementary to the behavior storms whose geolocation is from
coincidence with Edot NBE:s.

Figure 15 shows a typical optically-geolocated storm pass. The top panel shows ERP,
and the bottom panel shows TEC. The storm has distinct flashes, many initiated by
megawatt-class pulses. The large, thick symbols circumscribe ERP data points for events
having detailed optical concurrence (direct, not just borrowed). The optically-coincident
RF signals have two to three orders-of-magnitude less ERP than do the storm’s
megawatt-class RF pulses. None of the megawatt-class RF pulses have direct optical
concurrence. Some of the same flashes in Figure 15 that contain an optically-coincident
RF pulse are initiated by an optically-dark, megawatt-class RF pulse. We have examined
the optically coincident pulses and confirmed that they are similar to the
coherent/polarized pulse shown in Figure 1(b) above.

The transition in optical brightness, between the RF strong and weak pulses in various
flashes of Figure 15, can be quantified in terms of a ratio of optical-to-RF outputs. The
RF weak pulses in Figure 15 having optical concurrence apparently have a factor of 10° —
10° higher optical-to-RF ratio than do the strong pulses. Presumably any differential
cloud attenuation of the optical signal from these two pulse types is unlikely to account
for this discrepancy in optical/RF ratio. Instead, we infer that the atmospheric processes
responsible for the strong and weak RF pulses differ in a physical way from each other,
and are not just instances of the same physical process differing in overall amplitude or in
cloud attenuation of the optical signal.

7. Limiting amplitude for strong pulses?

The peak-power or ERP distribution of atmospheric RF pulses has been noted in some
cases to follow a (power)" distribution. The Lightning Mapping Array (LMA) [Rison et
al., 1999] has observed such distributions on single storms for the bulk of the observed
pulses, though the “tail” of exceptionally bright strong pulses, corresponding to FORTE’s
megawatt-class RF pulses, does not conform to a (power)™ distribution in any particular
LMA storm [Thomas et al., 2001]. FORTE does not collect enough pulses in any given
storm pass to attempt a meaningful ERP distribution in any given storm, but has been
used to assemble a multi-storm composite ERP distribution. This distribution also rolls
off roughly as (power)" on the high-power side of the distribution [Jacobson, 2003],
where its membership is dominated by the strong IC pulses such as those in Figure 1(a)
of the present article. However, in view of the biases introduced by FORTE’s reliance on
storm geolocation from various supplementary sources (either FORTE optical, or
ground-based field-change data), it is questionable whether FORTE’s multi-storm
composite ERP distribution tells anything useful about the underlying, unbiased ERP
distribution of RF pulses.

Evidence from individual storms observed by FORTE suggests instead a truncated rather
than a (power)™ distribution. The truncation appears at the high-power end. We have
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Figure 16: (a) Square of received electric field in the FORTE low band (26-48 MHz)
and (b) TEC versus time during a FORTE pass in view of a storm producing RF
pulses recorded by FORTE. Illustrates tendency of strong RF pulses to lie below a
capping level of E” that varies slowly with changing satellite position relative to the
storm.
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checked on the possibility of FORTE receiver or digitizer saturation as a cause of this
truncation, and have found that saturation has never occurred in these geolocated storm
observations. The presence of a naturally truncated emission-amplitude distribution can
be seen even with storms that are not geolocated, insofar as r varies slowly and
smoothly during a FORTE pass in view of a storm, and only r”> and the smoothly
varying antenna lobe [Jacobson and Shao, 2002b] are expected to relate at-satellite E* to
at-source ERP. For example, Figure 16 shows data on (a) E and (b) TEC in the same
format as Figure 2. The slow increase of TEC versus time indicates that the satellite is
descending in elevation angle as seen from the source storm, and thus that 1 is
decreasing. The events seem to be truncated at an E* top level. The E* top level appears
also to be slowly descending versus satellite passage. The E* top level is remarkably
distinct, except for this slow downward trend (presumably controlled by r” and the
antenna lobe) and a possible oscillation at ~70-s periodicity. The important finding from
this example, though, is that there is a clear (albeit slowly varying) capping level of E?,
above which pulses are not observed. The E’ capping-level behavior of the storm in
Figure 16 is very commonly seen in storms observed by FORTE in which strong RF
pulses are present. When we observe such a capping level in ERP for geolocated storms,
the level is often at or somewhat above 1 megawatt (referenced to the FORTE low band,
26-48 MHz). The capping level varies somewhat from storm to storm. In any given storm
there can be some strong events below the capping level of either ERP or E?, but there are
none above the level for that storm.

8. Summary of findings

Previous studies showed that FORTE observes RF signals from intracloud processes that
are distributed between two extremes: Weak, polarized, narrow, and coherent pulses are
one extreme, and are related to progressive leader breakdown. Strong, incoherent, and
broader pulses are the other extreme, and to the extent that they can be associated with
any other process, that process leads in some cases to Narrow Bipolar Events.

Here we have presented a statistical analysis of FORTE RF recordings of IC lightning
activity, focusing on the relationship between strong RF emissions and other RF signals
in either the same flash or the same storm. We have found:

(a) ERP ~ 40 kW (referenced to the FORTE low band 26-48 MHz) appears to be
an approximate dividing region, on different sides of which FORTE IC pulses
have distinctive behaviors. Those on the lower side with ERP << 40 kW are the
weak, polarized, narrow, and coherent pulses, while those on the higher side with
ERP > 40 kW are the broader and incoherent “strong IC pulses”.

(b) Strong IC pulses either occur singly (not in flashes), or initiate flashes. Strong
IC pulses never occur within the interior of flashes.

(c) The ERP of strong IC pulses exceeds the ERP of weak, polarized, narrow,
and coherent pulses by 10° to 10°.
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(d) Strong IC pulses tend not to have optical concurrence. Almost all optical
concurrence of RF IC pulses occurs for lower ERP pulses that are weak,
polarized, narrow, and coherent.

(e) Strong RF pulses can be concurrent with Narrow Bipolar Events seen by the
Edot field-change array.

(f) In storms that produce both strong RF pulses recorded by FORTE and NBE
field changes recorded by Edot, there are always more strong RF pulses than
NBEs. It appears that strong RF pulses can occur without an NBE, but not vice
versa.

(g) In storms containing both strong RF pulses recorded by FORTE and NBE
field changes recorded by Edot, there are few if any flashes.

(h) In storms containing flashes that are initiated by strong RF pulses, there are
almost never NBEs.

(1) In flashes that are initiated by strong RF pulses, the subsequent leader-like
pulses in the flash tend to occur at higher altitude than where the flash is initiated.
(j) In flashes that are initiated by strong RF pulses, optical concurrence (if it
occurs at all) tends to occur only for subsequent pulses, and tends not to occur for
the initiator strong RF pulse.

(k) The optical::RF power ratio for weak, polarized, narrow, and coherent pulses
exceeds the optical::RF output ratio for strong RF pulses by a factor of 10* or
greater.

(1) The strong RF pulses in a given storm appear to have a truncated ERP
distribution, staying below a limiting ERP. For most storms this ERP limit is on
the order of 1 MW in the FORTE low band 26-48 MHz.

9. Discussion

The behavior of strong RF IC pulses is no less enigmatic than the behavior of Narrow
Bipolar Events [Smith et al., 1999], and the two are related. We now speculate on a
physical scenario that could underly both of these phenomena. The speculation is purely
heuristic.

We infer from this study that strong RF emissions could not generated by a thermalized
gas/plasma equilibrium as occurs in leader segments [Gallimberti, 1979]. If the strong RF
emissions came from a leader-like process, we would not expect such a gross disparity in
the optical::RF power ratio. If on the other hand the strong RF emissions were associated
with a discharge carried by superthermal electrons moving through a cold background
gas, then the fluorescence would be much weaker than a leader’s thermal line radiation.

Therefore we hypothesize that the strong RF emissions are related to a discharge carried
by superthermal electrons which are somehow seeded and amplified in just a few
microseconds. Since all known leader processes are much too slow to accomplish this
[Gallimberti, 1979] over a relevant kilometer-scale E-field region, we hypothesize that
the superthermal electron population must be seeded and amplified by a process unrelated
to leaders.
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We note that the large-scale charge transfer marked by an NBE field-change signal does
not always accompany a strong RF pulse. This suggests that the RF pulse is a detail of the
process of seeding and amplifying the superthermal electron population, and but that the
final closure of the gap between charge regions does not always succeed. If the gap is not
closed, then the charge distribution is not much changed, and the electric field iremains
largely unrelaxed.

We note that the strong RF pulse, when it does not result in an NBE, can nonetheless
serve as the initiator of what appears to be a negative leader. We note further that the
negative leader never occurs when the strong RF pulse is accompanied by an NBE. We
know that a leader can occur only in a high external electric field. These facts are
consistent with the notion that the strong RF pulse is emitted by a process which is
necessary, but not sufficient, for the electric field to be subsequently relaxed as indicated
by the NBE field-change. These facts are also consistent with the logic that if a leader is
initiated by a strong RF event, then the electric field has not been effectively relaxed.

Gurevich, Zybin, and Roussel-Dupré [1999] have sketched a multi-step mechanism
whereby a peta-eV (10" eV) cosmic ray can instigate a large-scale IC discharge in
microseconds rather than at leader timescales. The GZR process combines (a) a pre-
existing, “external” thunderstorm electric field, (b) the massive infusion of secondary
electrons, with a front advancing at the speed of light, in a PeV primary’s atmospheric
shower, (c) the prior discovery of lowered-electric-field-threshold, electron-avalanche
breakdown for relativistic electrons [Roussel-Dupré and Gurevich, 1996], and (d) a
polarization of the conducting ionization structure and subsequent field enhancement at
its tip. There is a ready supply (>1 /km?/s) of incident cosmic rays of sufficient energy for
the GZR scenario, if its physics is valid, to occur. If we assume that a typical
thunderstorm charge region is ~5 km in width, then the number of cosmic rays of
sufficient energy striking this charge region is ~25/s, which is much higher than the rate
at which FORTE observes strong RF IC pulses in any given storm (typically on the order
of 1-3 /s). The FORTE-observed rates of occurrence of strong RF IC pulses therefore do
not contravene the upper limit that would be imposed by the available flux of suitable
cosmic rays.
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