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SPACECRAFT NADIRS WHEN TGFS ARE 
DETECTED

RHESSI:     Grefenstette et al. 2009

[14] 1. Time series data are collected into 1-ms time bins
over a range of 300ms, summing over all eight rear segments.
The background is defined as the average number of counts
per millisecond (N) over the current block of 300 ms. A
typical value for N is 2 cts

ms. Since we average over such a
long (300 ms) sample of the background, this number is
statistically well defined and not subject to large Poisson
fluctuations.
[15] 2. A millisecond is considered a TGF candidate if it

contains at least 12 s counts over the background, where s
is approximated by

!!!!!!!!!!!!

N ! 1
p

. If a candidate event is found,
the following second stage of screening is performed on the
individual counts (photons) in the event:
[16] 3. We define the event as a ‘‘run’’ of counts where the

gap between one count and the next is less than 300 binary
microseconds (286 ms).
[17] 4. The duration of the run, defined by taking the time

difference between the first and last counts in the run, is
longer than 100 binary microseconds (95 ms). This rejects
cosmic ray showers which have durations "100 ms, but
which may be observed in the electronics to last as long as
50 ms because of large energy deposits in the electronics.
[18] 5. Fewer than half of the counts in the run are

coincidence events between two detectors; this screen also
helps reject cosmic rays. A coincidence event occurs when

a photon interacts in one detector and then interacts in a
second detector, leaving a fraction of its energy in each
detector. This process occurs at the speed of light, so both
of these counts are recorded simultaneously. To recover the
initial photon energy, we sum together coincidence events
in a single count.
[19] 6. After coincidences are combined into single pho-

ton counts there are still more than 17 counts in the run.
[20] 7. Fewer than a quarter of the counts occur in a single

detector. This rejects false counts caused by high voltage
arcing in any one detector.
[21] 8. N is greater than 1 count per ms. This prevents a

false trigger from occurring when the background count rate
suddenly increases as the data stream is turned back on (for
example, when RHESSI exits the SAA).
[22] 9. The signal count rate, defined as the number of

counts in the run divided by the duration of the run, is greater
than 4 # N.
[23] We note that conditions 2, 5, and 8 are partly

redundant and that, for TGFs that contain the same number
of counts, this algorithm favors TGFs with durations of less
than a millisecond because of the size of the time bin used in
condition 1. We are in the process of developing new search
algorithms that will efficiently search the archival database
for TGFs on different time scales.
[24] During the preparation of this paper we have discov-

ered that our search algorithm does not catch a rare error in
the raw data packaging that can cause coincident events to
occur nonconsecutively. Several TGFs that were originally
published on the public list of TGFs (http://scipp. ucsc.edu/
$dsmith/tgf/) only triggered because the search algorithm
did not properly combine coincident counts. Once coincident
counts were properly combined, these events fell below our

Table 2. TGFs Near Threshold

Date Time of Occurrence

3 Apr 2002 0841:34.211
9 Feb 2006 2109:34.012
4 Dec 2006 1254:29.348

Figure 3. Map of the subsatellite location for all 820 RHESSI TGFs.
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Figure 2. TGF and lightning distributions comparison. Zoomed views of the continental regions marked with red contours in
the Figure 1c, corresponding respectively to (top to bottom): Africa, South–East Asia and South America. (left) Exposure‐
corrected lightning distribution and TGF (white crosses) scatter plot. (middle) longitude distribution, summed over all lati-
tudes, for both lightning (black) and TGF (red). (right) latitude distribution, summed over all longitudes, for both lightning
(black) and TGF (red). Lightning profiles in center and right columns are normalized to the total number of TGFs. Error bars
for TGFs are calculated assuming Poisson statistics.

Figure 1. Lightning and TGF maps. (a) LIS‐OTD high resolution full climatology flashes rate [flashes/km2/year] (0.5 !
0.5 deg per bin). (b) MCAL exposure map [sec/bin] (2.5 ! 1.0 deg per bin). (c) LIS‐ODT multiplied by MCAL exposure
[flashes/km2] (2.5 ! 1.0 deg per bin). The crosses indicate the AGILE‐TGF locations. The red borders indicate the continental
zones showed with more details in Figure 2. (d) Longitude distributions, summed over all latitudes, of the AGILE‐TGF map
(red) and LIS/OTD corrected map (black), corresponding to the maps showed in Figure 1c, normalized to the total number of
TGFs.

FUSCHINO ET AL.: AGILE TGFS AND GLOBAL LIGHTNING ACTIVITY L14806L14806
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GBM Latest Map!
See also Briggs et al. 2010,

Fishman et al. 2011

AGILE:  Fuschino et al. 2011
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A SHORT LIGHTNING PRIMER

August 2004 and from February to June 2005. Timing
comparisons have been made at the millisecond level.
[12] ELF observations by Tel Aviv University in the

Negev Desert of Israel [Price and Melnikov, 2004] for eight
RHESSI events have disclosed one case (26 April 2004;
15:05:12.337 UT) for which an ELF transient was detected
within 1 s (the time resolution of the ELF observations) of a
RHESSI event, and located consistently with the satellite
position. This lightning flash showed positive polarity, and a
charge moment of 150 C-km, well below the threshold
recognized for sprite occurrence [Huang et al., 1999; Hu et
al., 2002].
[13] ELF observations by Tohoku University [Sato and

Fukunishi, 2003] in Japan have been associated with thirty

RHESSI events. For about half of these cases, the ELF
signal is too small to make charge moment estimates. For
the other half of the events, the charge moments are less
than 100 C-km, and hence substantially smaller than the
sprite initiation threshold. All of these thirty events were
well timed (at the 10–20 ms level of accuracy) with
RHESSI cases, indicative of lightning events. They further-
more showed positive polarity, consistent with lightning
origins with ascending negative leaders.
[14] ELF observations at Moshiri, Hokkaido, Japan

(44.29!N, 142.2!W) [Hobara et al., 2001; Ando et al.,
2005] for 41 RHESSI events in the 3-month period No-
vember 2004 to January 2005 indicate no significant related
ELF transients. Event comparisons were made at the milli-
second level.
[15] Electromagnetic observations in West Greenwich,

Rhode Island at MIT’s Schumann resonance station showed
no triggered events, following procedures detailed by
Huang et al. [1999], for eight RHESSI events in January
2005. Event comparisons were made at the millisecond
level.
[16] VLF observations by the University of Connecticut

using a network of VLF receivers in the African continent
[Chronis and Anagnostou, 2003] have revealed three pos-
sible lightning events associated with RHESSI gamma rays,
among 54 satellite detections checked for 2003 and 78
events for 2004. Two of these events showed a timing
offset with RHESSI of less than one millisecond, as with
some comparisons of Cummer et al. [2005]. Unfortunately,
neither charge moment estimates nor polarities are available
for these events. The sparsity of the ‘‘finds’’ is however
indirect evidence that the source strengths for the parent
lightning events are not exceptional.
[17] These collective results from several different loca-

tions worldwide cast substantial doubt on Figure 2c as a
source for satellite-detected gamma rays.
[18] Given the substantial observational evidence against

the prevalence of Figure 2b in the literature, the only
remaining lightning candidate for gamma rays is
Figure 2d. This intracloud scenario is further substantiated
by observations with the Los Alamos Sferic Array (LASA)
[Stanley et al., 2006] that provide evidence for intracloud
flashes with source altitudes of 12–16 km. No ground
flashes have been identified in association with RHESSI
events in the latter study.
[19] The remainder of this paper is concerned with an

explanation for why intracloud flashes may be necessary for
the satellite-detected gamma rays.

4. Gamma Ray Survival From Thunderstorm
to Satellite

[20] The interaction of gamma rays with atmospheric air
and their attenuation with distance have been studied
extensively [Gray, 1972; Glasstone and Dolan, 1977].
Figure 3 summarizes the results on mass attenuation coef-
ficient over a range of energies appropriate to the problem at
hand. For gammas in the MeV range, Compton scattering
and the transfer of photon energy to kinetic energy of
electrons is the dominant loss mechanism. Multiplication
of the mass absorption coefficient by the density of air gives
the reciprocal e-folding distance for photon flux. These

Figure 2. Candidate lightning flashes in storm context:
(a) negative cloud-to-ground flash, (b) tilted positive ground
flash, (c) positive ground flash with ‘‘spider’’ lightning in
stratiform precipitation, and (d) intracloud flash. The height
scale is in kilometers.

D16209 WILLIAMS ET AL.: LIGHTNING FLASHES AND GAMMA RADIATION

3 of 7

D16209

Williams et al. 2006   

Inan et al. 1996 (2 BATSE TGFs)
Positive polarity

Cummer et al. 2005 (13 RHESSI TGFs)
Average charge moment 49 C km

Dwyer and Smith 2005
Source height 15-21 km

(RHESSI spectrum)

Stanley et al. 2006 (6 RHESSI TGFs)
Source heights 11-13 km

Radio detection of lightning through sferics.  
VLF 3 - 30 kHz,  ELF 3 - 3000 Hz  ULF < 3 Hz
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DO THE NADIRS FOLLOW THE GLOBAL 
LIGHTNING DISTRIBUTION?

Figure 5. Auxiliary maps for the comparison of the LIS/OTD lightning map with the RHESSI TGF
map. (a) RHESSI exposure/efficiency map. This is a relative measure, and the absolute values are arbi-
trary. (b) Sample monthly NCEP/NCAR tropopause height map (January). The scale is in g cm!2 of over-
lying air mass (see text). (c) Sample monthly gamma ray transmission map based on tropopause height
(January). The values on the scale have an arbitrary normalization but represent relative transmission
values for TGF photons, based on Monte Carlo simulations (see text). (d) Difference between the TGF
map (Figure 4d) and transmission‐corrected lightning map (Figure 4c).

SMITH ET AL.: TGF CORRELATIONS A00E49A00E49

6 of 10

TGF excesses/deficits
relative to LIS/OTD

Smith et al. 2010

LIS-OTD map

Not a one-to-one correspondence:  instrumental effects, or meteorology affects TGF-production  (Splitt et al. 2010)
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TGF CORRELATION WITH INDIVIDUAL 
LIGHTNING DISCHARGES: CHICKEN OR 

EGG?
polarity. After accounting for the speed of light propagation
delay in the gamma rays (1.7 ms, assuming they originate at
50 km altitude [Lehtinen et al., 1999] and propagate upward
to the satellite at 550–600 km altitude) and sferics, we find
that 13 of the 26 TGFs occur within !3/+1 ms of individual
lightning strokes that originate within 10! of the RHESSI
subsatellite point (11 of them are within 6!) and whose
polarity can be unambiguously determined from our data.
The precise event timing is not sensitive to the assumed
50 km TGF source altitude; ±30 km altitude changes
correspond to TGF time changes of only ±0.1 ms.
[7] Figure 1 shows one of the strongest examples of this

correlation. The top panel shows 0.5 s of VLF-ELF mag-
netic field data around the time of a TGF recorded
by RHESSI on 22 October 2004, 04:33:32.234 UT. The
magnetic field component shown is the azimuthal compo-
nent assuming a coordinate system origin at the RHESSI
subsatellite point at 15.09!N, !84.85!E (2390 km from the
sensors). There is a clear sferic at almost exactly the same
time as the TGF, as well as some much smaller signals
distributed throughout the period. The lower panel shows
the 10 ms around the lightning and TGF times, where the
speed of light propagation times of the gamma rays and
sferic have been subtracted, assuming that both originate at
the subsatellite point. In this case the TGF occurs 1.7 ms
before the lightning stroke. The detailed event timing and
implications are analyzed in more detail in Section 3.
[8] The downward initial polarity in Bf of the filtered

ELF waveform unambiguously implies that the stroke
contains net downward motion of positive charge as would
occur in a positive cloud-to-ground (+CG) lightning stroke.
The polarity of the lightning strokes in all 13 correlated
events are of this polarity. This is significant because the
anticipated mechanism for TGF generation is runaway
breakdown above the thunderstorm, which requires a down-
ward electric field that would only be produced by lightning
of this polarity.
[9] The average rate of distinguishable sferics arriving at

Duke from a ±10! window during these 13 events is 4.0 per
second. The probability of a sferic randomly occurring in a
4 ms window around a TGF time is thus 0.016. From this,
the probability of randomly finding 13 or more !3/+1 ms
time correlations in 26 trials is extremely small (3.8 "
10!17). We conclude that these 13 TGFs were produced by
a mechanism that is connected to the observed lightning
strokes.
[10] Two of the remaining 13 events could not be

analyzed because lightning strokes from other directions
arrived within a few ms of the TGF time. In 6 cases, very
weak sferics occur within !3/+1 ms of the TGF whose
polarity could not be determined. For the remaining 5 TGFs
there were no distinguishable sferics originating from within
20! of the RHESSI footprint in the entire 1 s interval
examined. The background noise and typical 3000–
4000 km range of these events bounds any vertical
charge moment change at the time of these 11 TGFs as
less than 5 C km. The data from our lower frequency
coils show that very slow (tens of ms and longer) but
strong vertical currents that sometimes occur in connection
with sprite-producing lightning [Cummer and Füllekrug,
2001] did not occur in these cases. The 5 TGFs not
connected to lightning were not distinctly different from

those that were clearly connected to a lightning stroke. In
fact, one of these is among the strongest and longest TGFs
observed by RHESSI.

3. Detailed Timing and Direction Analysis

[11] We now examine the event timing and direction-
finding to define the connection to individual lightning
processes and bound the distance between the source
lightning and TGFs. After subtraction of speed of light
delays, the distribution of time delays from the lightning
stroke to the recorded TGF time has a maximum of 0.7 ms,
a minimum of !3.0 ms, a mean of !1.24 ms, and a
standard deviation of 0.97 ms. Note that the predominantly
negative time delays mean that the TGFs occurred on
average 1.24 ms before the lightning stroke, assuming that
the lightning strokes all occurred at the RHESSI subsatellite
point.
[12] While the VLF-ELF data timing accuracy and pre-

cision are both in the tens of ms, the TGF event times are
currently thought to be accurate to ±1 ms. In light of this
there are 3 possible explanations of the unexpectedly early
TGFs. The 1.24 ms time advance could be a consistent
RHESSI timing offset, and the TGFs actually occur just
after the observed lightning strokes. This time advance
would also occur if the lightning is always #400 km
radially more distant from our sensors than the RHESSI
subsatellite point. This seems unlikely given the varying
geographic locations of the 13 analyzed TGFs. This would
also displace the lightning location consistently to the south
of the TGF, which is opposite the direction expected for
gamma rays produced runaway electron beams tied to
Earth’s magnetic field. Lastly, it remains possible that the
TGFs are produced by a process associated with the
development of the observed lightning strokes but that
actually occurs #1 ms before the stroke itself. Runaway

Figure 1. A lightning-TGF correlation example from 22
October 2004, 04:33:32.234 UT. (top) One-half second of
VLF-ELF data showing a clear large sferic near the TGF
time. (bottom) The precise timing relationship of the
lightning and TGF.

L08811 CUMMER ET AL.: LIGHTNING-TGF RELATIONSHIP L08811

2 of 5

Cummer et al. 2005 (13 RHESSI TGFs)
from -0.7 to 3 ms with average -1.24 ms

Inan et al. 2006 (88 RHESSI TGFs)
average +0.879 +/- 2.41

remain only a small number of cases (9 out of 158 analyzed)
for which an associated radio atmospheric cannot be ob-
served at Palmer Station under the criteria utilized by Inan
et al. [2006]. These few remaining cases, assuming they are
not statistical anomalies, possibly originate alternatively
from weak intracloud lightning discharges as opposed to
the existence of TGFs without sferics. The very high
percentage of TGFs whose radio atmospherics are observ-
able from many Mm away is consistent with the conclusion
by Inan et al. [2006] that TGFs are often associated with the
more powerful lightning activity in a given storm, or may
also be associated with narrow bipolar pulses [Stanley et al.,
2006] since weak IC lightning activity is not detectable with
VLF measurements at very long distances.
[27] The characteristics of TGF-associated sferics are

widely disparate, as shown in Figure 3, and are distin-
guished into at least two categories. Many observed sferics
show a single strong impulse, consistent with the signature
of a powerful CG lightning discharge. An example of this
single-impulse category is shown in the blue trace of Figure
3a, with the corresponding RHESSI gamma-ray data shown
with red bars. A second category of TGFs are associated
with a train of typically smaller sferics, separated by a few
ms, as exemplified in Figure 3b. The first category occurs
slightly more often among 158 cases examined.
[28] A small fraction of TGFs consist of multiple peaks

separated by 1–2 ms, with one remarkable event reported
by CGRO (BATSE trigger 8006 on 01-Mar-2000) consist-
ing of !12. Cohen et al. [2006] report one observation of a
triple-peak TGF (BATSE trigger 3925) associated with a
triple-peak sferic. However, the connection between sferic
peaks and TGF peaks is not one-to-one. Figure 3c shows a
dual-peak TGF detected by the RHESSI spacecraft, where
the ground VLF recordings show four small sferics between
0 and 5 ms, which are all determined (via direction finding)
to have come from the RHESSI nadir direction. The two

sferics that appear to correspond to the two TGF peaks are
neither the first two nor the strongest two. The inconsistency
in the sferic characteristics, as well as the aforementioned
timing variance, may indicate that the fields generating the
TGF are not directly connected to the fields generating the
sferic, though a TGF may nonetheless require the conditions
that usually lead to a sferic.

5. Conclusion

[29] We have provided the first catalog of precise TGF
locations, based on observations from the RHESSI space-
craft in coordination with ground-based VLF data. The
source-to-nadir distances are presented, whose statistical
distribution arises as a result of the increasing effects of
Compton scattering for increasing horizontal distances from
TGF source to RHESSI nadir. Table S1 showing TGF
distances for all 36 events discussed here is provided as
auxiliary material, along with the distance uncertainty and
sferic multiplicity.1

[30] We have analyzed the arrival times of the sferic
compared to the TGF (after removing the geographic
uncertainty). In addition, we have given examples of widely
disparate characteristics of TGF-associated sferic wave-
forms, classified them into two categories, and discussed
the inconsistent connection between multiple-peak TGFs
and separate VLF impulses.

[31] Acknowledgments. This work was supported by NSF grant
OPP-0233955 to Stanford University. We thank David Smith and Brian
Greffenstette for making RHESSI data available at http://scipp. ucsc.edu/
!dsmith/tgflib_public, and for helpful discussions. We thank Brant Carlson
for helpful discussions.

References
Burgess, W. C. (1993), Lightning-induced coupling of the radiation belts to
geomagnetically conjugate ionospheric regions, Ph.D. thesis, Stanford
Univ., Stanford, Calif.

Carlson, B. E., N. G. Lehtinen, and U. S. Inan (2007), Constraints on
terrestrial gamma ray flash production from satellite observation,
Geophys. Res. Lett., 34, L08809, doi:10.1029/2006GL029229.

Cohen, M. B., U. S. Inan, and G. R. Fishman (2006), Terrestrial gamma ray
flashes observed aboard CGRO/BATSE and ELF/VLF radio atmo-
spherics, J. Geophys. Res., 111, D24109, doi:10.1029/2005JD006987.

Cohen, M. B., U. S. Inan, and E. P. Paschal (2009), Sensitive broadband
ELF/VLF radio reception with the AWESOME instrument, IEEE Trans.
Geosci. Remote Sens., doi:10.1109/TGRS.2009.2028334, in press.

Cummer, S. A., Y. Zhai, W. Hu, D. M. Smith, L. I. Lopez, and
M. A. Stanley (2005), Measurements and implications of the relationship
between lightning and terrestrial gamma ray flashes, Geophys. Res. Lett.,
32, L08811, doi:10.1029/2005GL022778.

Dowden, R. L., J. B. Brundell, and C. J. Rodger (2002), VLF lightning
location by time of group arrival TOGA at multiple sites, J. Atmos. Sol.
Terr. Phys., 64, 817–830, doi:10.1016/S1364-6826(02)00085-8.

Dwyer, J. R., and D. M. Smith (2005), A comparison between Monte Carlo
simulations of runaway breakdown and terrestrial gamma-ray flash obser-
vations, Geophys. Res. Lett., 32, L22804, doi:10.1029/2005GL023848.

Fishman, G. J., et al. (1994), Discovery of intense gamma-ray flashes of
atmospheric origin, Science, 264, 1313–1316, doi:10.1126/science.264.
5163.1313.

Grefenstette, B. W., D. M. Smith, J. R. Dwyer, and G. J. Fishman (2008),
Time evolution of terrestrial gamma ray flashes, Geophys. Res. Lett., 35,
L06802, doi:10.1029/2007GL032922.

Grefenstette, B. W., D. M. Smith, B. J. Hazelton, and L. I. Lopez (2009),
First RHESSI terrestrial gamma ray flash catalog, J. Geophys. Res., 114,
A02314, doi:10.1029/2008JA013721.

Hazelton, B. J., et al. (2009), Spectral dependence of terrestrial gamma-ray
flashes on source distance, Geophys. Res. Lett., 36, L01108, doi:10.1029/
2008GL035906.

Inan, U. S., S. C. Reising, G. J. Fishman, and J. M. Horack (1996), On the
association of terrestrial gamma-ray bursts with lightning and implica-

Figure 3. Three examples of VLF sferics (blue) observed
at Palmer Station, in association with RHESSI gamma-ray
data (red).

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL041753.

L02801 COHEN ET AL.: TGF SOURCE GEOLOCATION L02801

4 of 5

Cohen et al. 2010 (36 RHESSI TGFs)
-0.5 ms +/- 2.4 ms

RHESSI clock is uncertain to ~ 2 ms
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GEOLOCATION OF TGFS USING RADIO 
NETWORKS

Cohen et al. 2010 (36 RHESSI TGFs)
2-3 pairs of antennae

Geolocation can also be 
done using gamma rays: 
AGILE (Marisaldi et al. 

2010)

which can be detected at global distances due to efficient
(few dB per Mm) attenuation in the Earth-ionosphere
waveguide, so that a set of globally spaced receivers can
geolocate lightning locations [Said, 2009]. Previous studies
of TGF-associated radio atmospherics [Inan et al., 1996;
Cummer et al., 2005; Inan et al., 2006; Cohen et al., 2006]
utilize only one VLF receiver, and therefore cannot accu-
rately determine the lightning location, or have discussed
only a few cases [Stanley et al., 2006].

2. Description of Data

[9] VLF data are acquired with the AWESOME receiver,
described by Cohen et al. [2009], which consists of two
orthogonal air-core loop antennas, sampling magnetic field
spectral densities as low as a few fT/rt-Hz with 16-bit
resolution at 100 kHz, and synchronized to GPS with
<100 ns timing error. The receivers utilized in this study
are shown with black dots in Figure 1a, along with the
location of all TGFs detected by RHESSI through January
2009 in orange dots.
[10] Geolocation of lightning events with VLF data can

be done with time-of-arrival (TOA) and/or magnetic direc-
tion finding. The precise arrival times of the sferics are
determined using a time of group arrival technique, similar
to that discussed by Dowden et al. [2002], but with an
additional bandwidth restriction and phase calculation
which takes into account the noise levels and which appears
to produce more accurate geolocation results when com-
pared with data from the National Lightning Detection
Network (NLDN). Although substantially more accurate
techniques have been developed for arrival time determina-
tion [Said, 2009], these techniques work best at distances
below !6000 km, whereas many of the TGF cases consid-
ered here occur as much as 10 Mm from the VLF receivers

utilized. The arrival azimuths of sferics are determined
using the direction finding technique described by Burgess
[1993]. Estimates of the error in calculating the arrival times
and azimuths of sferics are made using a comparison with
NLDN data, which very conservatively suggests an error no
worse than 0.05 ms in TOA determination, and 2! in arrival
azimuth determination. We examine data in a/pm15 ms
window from each TGF time. The probability of a sferic
occurring by chance within ±15 ms is extremely small [Inan
et al., 2006].
[11] Figure 2 shows an example of lightning geolocation

for a TGF detected on 11-Sep-2006, when RHESSI was 553
km above the location 17.17!N, 99.57!W, as shown in panel
(f). The VLF data are shown from four receivers, in panels
(a)–(d), from Palmer Station (PA, 64.77!S, 64.05!W),
Taylor University (TA, 40.49!N, 85.51!W), Stanford Uni-
versity (SU, 37.40!N, 122.15!W), and the Nathaniel B
Palmer vessel (NP, 50.65!S, 129.59!W). The gamma-ray
data from RHESSI are shown in panel (e).
[12] The propagation speeds are assumed to be c for the

gamma rays from RHESSI nadir (20 km altitude) to
RHESSI (!550 km altitude), and 0.991c for the sferic
propagation from RHESSI nadir to the VLF receiver as
by Dowden et al. [2002]. Accounting for these delays, all
four VLF receivers show arrival of a sferic within 1.5 ms of
this expected time.
[13] The arrival time differences between the four

receivers yield three independent TOA curves as shown in
Figure 2g. The red curve shows the locus of points
satisfying the observed sferic arrival times for PA and SU,
the blue curve for PA and TA, and the purple curve for PA
and NP. A minimum squared error point is found, near
where these TOA curves meet, which is the calculated
location of the TGF source.
[14] In some cases, only two VLF sites recorded the

sferic, in which case only one TOA curve is available. For
these cases, the arrival azimuth measured at Palmer Station
(shown in black) is used to determine the location of the

Figure 1. (a) VLF receivers used (black), and locations
of all RHESSI-observed TGFs (orange), (b) scatterplot of
TGF source locations with respect to RHESSI nadir,
separately for 2-site cases (red) and >=3-site cases (blue),
(c) distribution of distances from RHESSI nadir to TGF
source, (d) distribution of arrival times of VLF sferic with
respect to TGF time.

Figure 2. (a)–(d) VLF data at four receivers, correspond-
ing to the arrival time of TGF-associated activity, (e)
gamma-ray data from RHESSI, (f) the location of the four
VLF receivers, as well as RHESSI, (g) the geolocation
technique with time of arrival and arrival azimuth.

L02801 COHEN ET AL.: TGF SOURCE GEOLOCATION L02801
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WORLD WIDE LIGHTNING LOCATION 
NETWORK (WWLLN)

http://webflash.ess.washington.edu/
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GBM TGF PEAK TEMPORAL OFFSETS 
FROM WWLLN DISCHARGES FOR 15/50 

ASSOCIATIONS (5 MS, 300 KM)

13/15 WWLLN discharges
simultaneous with TGF peak.

... but 2 are ms away, either side
of TGF pulse

VC et al. (2010)
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BREMSSTRAHLUNG OF ELECTRONS ACCELERATED IN 
ELECTRIC FIELDS REPRESENTS WELL THE OBSERVED 

GAMMA-RAY EMISSION

Runaway Relativistic Electron Avalanche 
(Gurevich et al 92)

Source of electrons?  Need 1016 photons, or 1017 
electrons, with E > 20 MeV for observed flux

Source of electric field and potential difference?  

Thunderstorm ambient field - feedback 
produces more e’s  (Dwyer et al. 2007)

Alternative: Lightning leader tips - large 
potentials in tips.   (Carlson et al. 2009, 
Celestin & Pasko 2011)

E = 750 kV / m
for 150 m,
110 MV potential

Close temporal relation expected in leader tip model, not feedback model.  
10
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2 TYPES OF VLF RADIO PULSES 
ASSOCIATED WITH TGFS?

[24] The lightning signal associated with a TGF on 5
October 2009 (Figure 3b) contains a precursor sferic !5 ms
before the main VLF impulse, which was from a positive
lightning discharge registered by the NLDN with a 15 kA
peak current. The timing analysis indicates that the gamma
rays were produced within 0.5 ms after the onset of the
main VLF impulse, which actually exhibits the complexity

indicative of two fast discharges very close in time (<0.4 ms).
Even accounting for the RHESSI timing uncertainty it is
apparent the burst of gamma rays was not likely associated
with the precursor sferic.
[25] We identify precursor sferics with signal strength five

times the local noise for 22% of the database. This ratio is
up to 40% if we count sferics with smaller amplitude. Pre-
cursor sferics, when present, precede the TGF‐associated
ULF pulse by 2 to 10 ms, which further suggests that pre-
cursor sferics may not play a significant role in TGF pro-
duction. In most cases, the precursor sferic is small in
amplitude, but occasionally its equivalent peak current can
be as large as the TGF‐associated lightning discharge (see
an example in Figure 2c). It is conceivable that relatively
strong precursor sferics may affect the timing analysis
comparing the first VLF impulse with gamma ray detection
[e.g., Cohen et al., 2010a]. The previous work indicative of
TGFs occurring 4–8 ms after a lightning discharge might
be a consequence of large precursor sferics. Nevertheless,
the presence of a discernible slow pulse appears to be the
best indicator of TGF‐associated lightning processes.

3.2. Multiple VLF Impulses Associated With TGFs
[26] Some TGF sfeics contain multiple VLF impulses

over a few ms. The lightning emission associated with a

Figure 3. (a and b) TGF lightning signals with precursor
sferics. The burst of gamma rays was produced within
0.5 ms of the most significant lightning discharge, which
occurred at a time inferred from the onset (indicated by a
dotted‐dashed line) of the VLF impulse superposed on the
ULF pulse.

Figure 2. Classification of TGF lightning signals recorded
near Duke University: (a) a prototypical TGF sferic that con-
sists of one VLF impulse superposed on the ULF pulse
(Type I); (b and c) two variants to the prototypical with mul-
tiple VLF impulses during the ULF pulse (Type II) and with
a precursor sferic before the ULF pulse (Type III), respec-
tively; (d) the precursor sferic and multiple VLF impulses
during the ULF pulse (Type IV); and (e) a lightning signal
without a discernible ULF component (Type V). In all plots
the ULF data are multiplied and an offset is applied to avoid
the overlap with the VLF waveform.

LU ET AL.: TGF‐ASSOCIATED SFERICS A03316A03316

5 of 12

Lu et al (2010)  9 RHESSI TGFS

VLF and ULF pulses
Slow ULF pulse with VLF sferics

Fast VLF sferics occur too
Fast VLF sferics can occur ms away

11
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GBM OFFLINE SEARCH

Briggs et al. (2012)

BRIGGS ET AL.: IMPROVED FERMI TGF OBSERVATIONS X - 69

Figure 2. The green polygons show the boundaries of the ten regions that were used to

collect the continuous TTE data analyzed in this paper. The ten regions were not in place

simultaneously; their time intervals are listed in Table 1. The orange cross-hatched region denotes

the SAA. The dotted lines at ±25.6� latitude show the inclination of the orbit of Fermi. The

grey scale depicts the exposure time of the continuous TTE, totaling 1217.7 hours, accumulated

into approximately 1� square pixels (the pixel dimensions are slightly adjusted to maintain equal

areas). There is increased exposure at higher latitudes due to the orbit. The cyan circles show

the 385 candidates found by the o✏ine search of the continuous TTE according to the seven

requirements (section 2.2): 384 in the TGF-active regions and 1 in the control regions (Southeast

Pacific, Indian Ocean, and northern Africa).

-180. -120. -60. 0. 60. 120. 180.
Longitude

-30.

0.

30.

La
tit
ud
e

D R A F T September 25, 2012, 5:47pm D R A F T

TTE event data gathered over select parts of orbit (moving boxes)
>1000 hours gathered

TGFs sought on-ground
  Cosmic ray rejection critical factor

TGF rate 10x triggered rate in same region.  384 offline only vs 39 onboard.

Shaolin Xiong Tuesday Instrument session
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Triggered
TGFs

∼ 300 km

Offline search horizon
∼ 800 km

Briggs et al. (2012)

WHAT IS GBM’S FOOTPRINT FOR TGF 
DETECTION? 

13
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MORE ON THE TWO TYPES OF RADIO 
PULSES ASSOCIATED WITH TGFS

Using the Duke sensors in the US...   now within reach of Fermi

AGU Fall Meeting 2011 

September 5, 2010!
• Maximum%Fme%uncertainty%is%±17%µs%
•  “Fast”%process%pair%40%µs%a:er%TGF%start,%“slow”%process%overlaps%“fast”%processes%
•  Twice1Fme%integrated%signal%=%source%current%waveform%≈%gamma%flux%

December!6,!2011!Prof.!Steve!Cummer,!ECE!Dept.!!!!!
www.ee.duke.edu/~cummer!

8!

Could this slow varying component be
current from the TGF itself?

Cummer et al. (2011)
Dwyer (2012)

14
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WHAT IS THE GLOBAL TGF RATE? DOES 
IT FOLLOW GLOBAL LIGHTNING RATE?

Briggs et al. (2012)

400,000 per year!

cf. Ostgaard et al. 2012
Smith et al.  2011

Fuschino et al. 2011
Carlson et al. 2011

Region Ratio
Average (3.8±0.2) × 10-4

Americas (4.9±0.3) × 10-4

Africa (2.3±0.2) × 10-4

Asia (2.7±0.4) × 10-4

Australia (8.6±1.0) × 10-4

15
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DISTRIBUTION OF TGF POSITIONS 
USING WWLLN GEOLOCATIONS

Briggs et al. (2012)

Coastal regions
+

Intertropical Convergence Zone
(see Splitt et al. 2010)

Region Ratio
Average (3.8±0.2) × 10-4

Americas (4.9±0.3) × 10-4

Africa (2.3±0.2) × 10-4

Asia (2.7±0.4) × 10-4

Australia (8.6±1.0) × 10-4

16
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NEW GBM TGF-WWLLN DISCHARGE 
OFFSET DISTRIBUTION

83% WWLLN 
associated discharges

are simultaneous
with TGF peak.

186/594 TGFs
have WWLLN
associations.

VC et al. (2012)

17
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594 TGFs (triggered + offline)
154 TGFs with a simultaneous WWLLN discharge

Duration (T50) Distribution

WWLLN Match rate
as function of

TGF duration (T50)

VC et al. (2012)
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VLF SIGNALS FROM TGFS

Electrons in RREA generate current => for a given total charge, short TGFs 
will generate more current.

Short TGFs are more likely to have a detectable WWLLN signal

Non-simultaneous matches show no such dependence on TGF duration.

2 types of WWLLN signal: 1 is the TGF.  The other is +IC lightning. Clears 
up mystery of strongest vs weak discharges associated with TGFs, and why 
most are simultaneous but outliers exist.

Eq 3 of VC et al. 2012

19
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ARE THERE TWO TYPES OF WWLLN 
DISCHARGES ASSOCIATED WITH TGFS?

32 WWLLN discharges > 0.2 ms from TGF peak.   Mean Energy: 700 J +
154 WWLLN discharges simultaneous with TGF peak .  Mean Energy: 3.1 kJ

Connaughton et al. (2012)

Improvements to WWLLN reveal energy of discharge (Hutchins et al. 2012)

20
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THE FUTURE

Over 1000 TGFs from RHESSI and nearing 1000 with GBM.   AGILE TGF 
catalogs.  GBM online catalog:http://gammaray.nsstc.nasa.gov/gbm/
science/tgf/

Radio observations allow us to study relationship with lightning and to 
detect currents from electron avalanches, shedding light on TGF gamma-ray 
production mechanism.   We have found 2 types of VLF signal: the TGF 
itself and +IC lightning from the same flash.

ATTATT:  All-TTE-All-The-Time.  Imminent!   Shaolin Xiong (Tuesday)

The LAT sees TGFs!  And helps us reject CRs.  Eric Grove (Wednesday)

Lightning produces gamma rays on the ground!  Dwyer et al. (2012), and 
poster by Becky Ringuette.

21
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BACKUP

Backup

22
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594 TGFs (triggered + offline)
32 TGFs with a WWLLN discharge > 0.2 ms from peak 

Duration (T50) Distribution

WWLLN Match rate
as function of

TGF duration (t50)

23
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COLLIER AND GREFENSTETTE

Explain new large catalog, including fainter RHESSI TGFs.  Mention weaker 
ones appear more likely to have a WWLLN match.  Why should a TGF 
property affect detection of associated lightning by WWLLN?  

24
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THE DUKE-GBM TGF IN MORE DETAILAGU Fall Meeting 2011 

September 5, 2010 
02:37:08.082667 UT!

•  TGF%follows%IC%flash%onset%by%several%ms%[Shao)et)al.)2010;)Lu)et)al.)2010]%
• NLDN%and%WWLLN%report%different%discharges%
•  TGF%is%associated%with%yet%a%different%one%

December!6,!2011!Prof.!Steve!Cummer,!ECE!Dept.!!!!!
www.ee.duke.edu/~cummer!

7!
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GBM-RHESSI T50 DISTRIBUTION

170 RHESSI TGFs, 593 GBM TGFs

26
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