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Abstract Terrestrial gamma ray flashes (TGFs) are sub-millisecond bursts of high energetic gamma
radiation associated with intracloud flashes in thunderstorms. In this paper we use the simultaneity of
lightning detections by World Wide Lightning Location Network to find TGFs in the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) data that are too faint to be identified by standard search
algorithms. A similar approach has been used in an earlier paper, but here we expand the data set to include
all years of RHESSI + World Wide Lightning Location Network data and show that there is a population of
observationally weak TGFs all the way down to 0.22 of the RHESSI detection threshold (three counts in the
detector). One should note that the majority of these are “normal” TGFs that are produced further away from
the subsatellite point (and experience a 1∕r2 effect) or produced at higher latitudes with a lower tropoause
and thus experience increased atmospheric attenuation. This supports the idea that the TGF production rate
is higher than currently reported. We also show that compared to lightning flashes, TGFs are more partial to
ocean and coastal regions than over land.

1. Introduction

Terrestrial gamma ray flashes (TGFs) are sub-millisecond bursts of high-energy gamma radiation and are the
product of the bremsstrahlung process from relativistic electrons accelerated upward by the high electric
fields in thunderstorm clouds, associated with intracloud (IC) lightning. The process produces a number of
electrons typically in the order of 1017 –1019, which again produce a comparable number of photons (Dwyer
& Smith, 2005; Gjesteland et al., 2015; Mailyan et al., 2016).

+TGFs are the most energetic natural occurring photon phenomena in our atmosphere with photon energies
up to∼40 MeV (Marisaldi et al., 2010), and it may follow that they have the ability to contribute to a significant
energy deposition in the atmosphere. However, this is dependant on how frequently they occur; are they a
rare phenomenon or a common occurrence? Although improvements have been made in understanding this
phenomenon in recent years, there are still a lot of unknowns associated with TGFs.

The first detection of a TGF was obtained in 1991 with the Burst and Transient Source Experiment (BATSE),
a NaI detector onboard the Compton Gamma-ray Observatory. BATSE’s primary mission was to investigate
astrophysical gamma ray bursts, a phenomenon with a much longer time scale than TGFs. However, the BATSE
instrument managed to detect 12 TGFs in the first 2 years of its operation (Fishman et al., 1994). BATSE’s total
time of operation was 9 years, and it identified 78 TGFs during that time.

In 2002 the satellite Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) was launched, and
despite that its primary mission is to study solar flares (Smith et al., 2002), its instrument is also able to detect
TGFs. RHESSI consists of nine high resolution Germanium detectors (Smith et al., 2002). Although having a
smaller effective area for a typical TGF spectrum than BATSE, 239 cm2 versus 2,025 cm2, RHESSI has the abil-
ity to telemeter raw count data to ground where the data can be analyzed by search algorithms (Dwyer et al.,
2012; Grefenstette et al., 2008). In 2009, Grefenstette et al. (2009) published the details of the first search algo-
rithm performed on the raw RHESSI data. Using data between March 2002 and February 2008 they identified
820 TGFs, far more than BATSE did in its lifetime. In 2012, Gjesteland et al. (2012) presented another search
algorithm for the RHESSI data that more than doubled the number of identified TGFs. This was partly due to
the original search algorithm being deliberately conservative to get a clean (i.e., low number of false positives)
data set, as well as Gjesteland et al. (2012)’s more accurate use of Poisson statistics.
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Other notable satellites include the Italian satellite Astrorivelatore Gamma a Immagini LEggaro (AGILE), which
orbits the Earth with a very small inclination of 2.5∘, spending the majority of its time around equator, where
there is a very high lightning incidence. Launched in 2007, and with its original trigger configuration, AGILE
detected a total of 32 events in its first 9 months of operation, or approximately four per month (Marisaldi et al.,
2010). After a change in their trigger logic in March 2009, this almost doubled to approximately eight events
per month (Marisaldi et al., 2010). In 2015 the AGILE team removed the veto system for the anticoincidence
shield and thereby increased their TGF detection rate by almost an order of magnitude (Marisaldi et al., 2015).

In addition, the Fermi satellite’s Gamma-ray Burst Monitor (GBM) is also used for TGF studies. Fermi was
launched on 11 July 2008, and the GBM is a trigger instrument similar to BATSE, but with a 16-ms trigger time
instead of BATSE’s 64 ms. In its first year, GBM triggered on 12 TGFs (Briggs et al., 2010). Until 10 November
2009, GBM only used data from their NaI detectors to trigger the instrument. By changing their trigger algo-
rithm to include data from the bismuth germanate scintillators, which detect a much harder energy spectrum,
the trigger rate increased by a factor of∼8, from 1 every fourth week to about 2 per week (Fishman et al., 2011).

From 9 July 2009 a new data mode was introduced by the Fermi team where certain geographical areas with a
high incidence of lightning (and TGF production) would be subject to continuous telemetry. The implementa-
tion of the continuous time tagged event data mode and its subsequent offline TGF search have increased the
detection rate of TGFs about tenfold (Briggs et al., 2013). After November 2012 the Fermi team implemented
this change for the entire orbit, detecting ∼800 TGFs per year (Roberts et al., 2018).

One should note that the Airborne Detector for Energetic Lightning Emission (ADELE) passed by 1,213 light-
ning discharges within a 10-km horizontal distance (mostly flying at an ∼14-km altitude) and detected only
one TGF (Smith et al.,2011; it also passed 200 discharges within 4 km without detecting any TGF). Due to the
singular TGF found by ADELE, Smith et al. (2011) argued that the TGF-to-flash ratio would be in the order of
10−2 to 10−3. However, Østgaard et al. (2012) argued that based on RHESSI, Fermi, and ADELE measurements,
one could not rule out that all lightning produce TGFs.

The most recent instrumentation include the Atmosphere-Space Interactions Monitor instrument.
Atmosphere-Space Interactions Monitor was successfully launched in April 2018.

The general trend we are highlighting is that with more sophisticated search algorithms and better detectors,
the TGFs detection and identification rates have been ever increasing. This begs the question: How frequent
are TGFs?

In 2015, Østgaard et al. (2015) presented a method to further increase the detected frequency of TGFs in
RHESSI data. By using the simultaneity of World Wide Lightning Location Network (WWLLN) detections and
TGFs, they evaluated RHESSI data for every WWLLN detected lightning flash inside RHESSI’s field of view (FOV).
They found evidence that there exists a population of TGFs that is too faint at satellite altitude to be identified
as TGFs by the current search algorithms. By performing a statistical analysis of RHESSI lightcuves in 2006 and
2012 at the time of lightning, taking into account the systematic delay of the RHESSI clock and the travel time
from thundercloud tops to RHESSI’s position, they found a significant signal above the noise level, indicating
a population of weak TGFs. These weak TGFs are either intrinsically weak, or appearing weak in the detector
due to attenuation from traveling through the atmosphere, or by being very brief in time, so that they suffers
significant deadtime effects.

By fitting a power law to the data they found a fluence distribution with a power of𝜆 = 1.85 close to the roll-off
index of 1.7 as suggested by Østgaard et al. (2012). However, they noted that these have not been deadtime
corrected and that during the later stage of the RHESSI mission the instrument has been heavily degraded.

Smith et al. (2016) made an extended analysis of weak TGFs by using WWLLN data. Using RHESSI data from
1 January 2004 till 31 December 2012, they found a large statistical increase in gamma rays; however, their
average level of gamma ray emission per lightning discharge is fairly low, estimating that less than 1% of
lightning flashes produce TGFs.

In this paper we will extend the data set presented in Østgaard et al. (2015) for all years between 2002 and
2015 and investigate the TGFs’ conformity to a power law fluence distribution after being deadtime corrected.
Knowing the locations of TGF production, we also investigate in what areas the TGFs are detected, specifically
looking at land/coast/ocean.
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Figure 1. A histogram of the number of total counts in the 100-ms
datastrings corresponding with World Wide Lightning Location Network
detections. The vertical black lines represent the cutoff of events we discard.

2. Data and Method

It is currently believed that the TGF and Very Long Frequency (VLF) signals
are both produced during the propagation of the positive leader, moving
between the main negative and upper positive charge center in a positive
IC flash (Shao et al., 2010). It is currently undetermined if a TGF is pro-
duced just before, after, or simultaneous with the VLF signal, and the exact
mechanism by which it is produced is unknown. It has been suggested by
Connaughton et al. (2013) and Dwyer and Cummer (2013) that the TGFs
themselves can produce the VLF signal, and in other cases the VLF signal
is produced by related IC lightning strokes. The precise nature of this rela-
tionship is not addressed in this study, as we merely exploit the fact that
they occur nearly simultaneously (Connaughton et al., 2010, found Fermi
TGF-WWLLN pairs to be simultaneous to ∼40 μs). We use the World Wide
Lightning Location Network (WWLLN) for lightning location and use data
from August 2002 to December 2015.

WWLLN was reported to have a detection efficiency of 3.88% for cloud-to-ground (CG) and 1.78% for IC flashes
in 2006–2007, and for 2008–2009 this increased to 10.30% and 4.82%, respectively (Abarca et al., 2010).
Rudlosky and Shea (2013) reported the detection efficiency for IC and CG combined to be ∼10% in 2012 and
also pointed out that the detection efficiency is strongly dependent on geographical position. It also depends
on the strength of the flash, as Mallick et al. (2014) estimated that the detection efficiency is ∼30% for flashes
of 30 kA. If we assume that WWLLN has a 2:1 preference for detecting CG lightning and that∼75% of all flashes
are of the IC type (Boccippio et al., 2001), we can say that 3/5 WWLLN flashes in our data set are IC lightning,
and the remaining 2/5 represents CG flashes. As we do not expect any CG flash to be associated with any
counts in RHESSI, these datastrings will merely increase our background level.

As a rough search we evaluate every WWLLN detection in relation to RHESSI’s position and reject every
flash that occurs outside a 1,000-km radius from RHESSI’s footpoint, as it would seem unlikely that any TGF
produced that far from the subsatellite point would give a detectable signal in the instrument. In addition,
including events that far would most likely only contribute with more RHESSI background counts. For each
lightning detection we extract a 100-ms interval of data from RHESSI (±50 ms centered around the lightning
detection), which we refer to as datastrings.

Our assumption is that each of these lightning flashes could hypothetically produce a TGF, and for each
detection we take into account the travel time from their location and altitude (assumed to be 15 km for
each lightning flash) to the position of RHESSI. We also correct for the clock error on RHESSI’s internal clock.
This clock error is a constant offset that needs to be corrected, but on two separate occasions the offset
has changed due to updates in the RHESSI software. Mezentsev et al. (2016) did an analysis and found that
between RHESSI’s launch date and 5 August 2005 the offset was −2,359 ± 101 μs. From 5 August 2005 to 21
October 2013 it was −1,808 ± 50 μs, and from 21 October until the time of writing it is −2,003 ± 57 μs.

We also remove datastrings with unusually high or low background rates. Figure 1 shows the distribution of
number of counts in a datastring, and we remove events with less than 50 counts and more than 400 counts in
the 100-ms interval. This is to remove events where RHESSI is turned off due to transit over the South Atlantic
Anomaly, as well as RHESSI’s annealing process. It also removes datastrings that are only partially filled, for
example, events where RHESSI turns off/on during the 100-ms interval.

From Figure 1, it is clear that it does not follow a Poisson distribution, as we would expect from the random
nature of the events. The distribution we see is much wider, as a Poisson with an average of 110 ms should have
a 4𝜎 width of 42 ms. One of the reasons for larger width is the natural variation in background over magnetic
latitude as the satellite orbits the earth. Another reason for this effect is the onboard mechanism of RHESSI
called decimation. Decimation occurs when RHESSI’s onboard memory starts to fill, and the instrument will
reject all counts but one out of every N counts below a certain energy E, where N is typically 3 or 4 and E =
150 to 450 keV (Smith et al., 2002). This has tends to shift the peak of Figure 1 to the left.

However, the main reason for this widening is that RHESSI experience radiation damage over time; as time
goes on the RHESSI instrument experiences a degradation due to high-energy background. The brief expla-
nation is that high-energy protons (and to a lesser degree neutrons) interact with the germanium detector,
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Figure 2. The average number of counts in the collected Reuven Ramaty
High Energy Solar Spectroscopic Imager datastrings, binned at 10-day
intervals. We see the average count rate decreasing until an anneal is
performed (when there are no data), temporarily increasing the sensitivity.
The missing data in late 2002 are not due to an anneal, but missing World
Wide Lightning Location Network data.

producing defects and disordered regions. These disordered regions can
attract and trap holes resulting in a reduced energy measurement, and
potentially loss of particle detection (Owens et al., 2007). Over time this
degradation shifts the peak in Figure 1 to the left (as RHESSI detects fewer
counts). When RHESSI undergoes its annealing process, this again shifts it
to the right, as annealing temporarily increases the instrument sensitivity.
The change in instrument sensitivity can be seen in Figure 2, and one can
see that the average count rate decreases as time passes, and the anneals
in 2007, 2010, 2012, and 2014 temporarily restore the sensitivity (the drop
in data in 2002 is due to missing WWLLN data).

3. Results

By performing the travel time correction for each WWLLN detection (and
taking into account the RHESSI clock error), any potential gamma rays pro-
duced with any WWLLN detection should hit the satellite at t = 0. By
superposing all of these we can find the resultant signal deposited by all

detected lightning flashes within RHESSI’s FOV. We can test the validity of this approach by using only WWLLN
detections occurring within 1 ms of an already identified TGF. This should align all counts from previously
identified TGFs at t = 0 in a histogram. In Figure 3 we have superposed 383 datastrings where the WWLLN
detection occurred within 1 ms of an identified TGF, and we can see that counts from the already identified
TGFs fall at t = 0 as expected. We use a 250-μs bin, as this is the approximate duration of a typical TGF (Fish-
man et al., 2011; Gjesteland et al., 2010), and larger than the typical RHESSI clock uncertainty of ∼50 μs (∼100
μs before 5 August 2005) and the typical WWLLN timing uncertainty of 30–45 μs.

We can use the same method but only include WWLLN detections that are not associated with any identified
TGF: by removing all datastrings occurring within ±50 ms of a TGF identified by the Gjesteland et al. (2012)
algorithm. This ensures that no known TGFs are included in the datastrings.

We superpose (stack) RHESSI datastrings from 2002 till 2015 that correspond with a WWLLN detection, within
a 900-km radius of RHESSI’s footpoint, using 250 μs bins, and the result can be seen in Figure 4. Through
optimization we found that using a 900 km gave us the best signal-to-noise ratio (in terms of number of sigma
of the peak in Figure 4). This plot has all the TGFs found by the Gjesteland algorithm removed. Figure 4 shows
a 10.14 𝜎 increase in gamma ray counts above background level at the time of the lightning flash. The sigma,
𝜎, is the statistical variation of background. This indicates that there is a population of unidentified TGFs that
has not been identified by current search algorithms. The figure shows an excess of 13,554 counts on top
of a mean background of 2.084 million counts from 6.38 million lightning flashes (note that the x-axis does
not start at 0). Comparing this to Smith et al. (2016), we see that we get a lower counts/flash ratio, ∼2.1⋅10−3

compared to their 7.43 ⋅ 10−3. This can likely be attributed to the differences in search radius, as we use 900
km versus their 700 km.

Figure 3. A total of 383 superposed Reuven Ramaty High Energy Solar
Spectroscopic Imager (RHESSI) datastrings corresponding to World Wide
Lightning Location Network detections occurring within 1 ms of an
identified terrestrial gamma ray flash (TGF) in the Gjesteland et al. (2012)
catalog, and binned with 250 μs.

This leads to the question: Do we see many low fluence TGFs or fewer, high
fluence TGFs? In Figure 5 we show the fluence distribution of the center
250 μs bins versus the fluence distribution of the background. The back-
ground is averaged over all bins (excluding the peak bin± 5 bins). It is clear
that from five counts and up there is a notable increase compared to the
background level.

Furthermore, we can plot the difference of the count level in Figure 5,
meaning the black histogram minus the red histogram, to see the resul-
tant difference of the center bin fluence distribution compared to the
background fluence distribution. The result is seen in Figure 6.

In Figure 6 we see a clear population of weak TGFs going all the way down
to three counts in the detector (less than this is associated with some very
high uncertainties). This corresponds to 0.22 of the effective detection
threshold 13.625 (Smith et al., 2016, Appendix A). One should also note
that we do not see any signs of a cutoff (nor a steep change) in the TGF
distribution, as was presented as possible scenarios by Smith et al. (2016).
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Figure 4. Superposed histogram of RHESSI datastrings centered at t = 0.
The plot is made by summing the datastrings of 6,375,419 lightning flashes
occurring within 900 km of RHESSI’s subsatellite point between the years
2002 and 2015 binned at 250 μs. The peak is 10.15 𝜎 over the background
level. RHESSI = Reuven Ramaty High Energy Solar Spectroscopic Imager; TGF
= terrestrial gamma ray flash.

Summing up all net events from 3 to 20 counts we find ∼2,171 events.
Adding this to the number of TGF-WWLLN matches found with the pre-
vious search algorithm under the same conditions, 368, we could expect
there to be around 2,539 TGFs associated with WWLLN in the RHESSI data.
A factor of ∼6 more than TGFs identified by only the search algorithm.
If we look at all the TGFs identified in this period by the algorithm out-
lined in Gjesteland et al. (2012), we find 3,883 TGFs, meaning there could
be an additional 2.3 ⋅ 104 TGFs originating within the RHESSI FOV, too
faint to be identified, but able to deposit at least three counts into the
detector. However, this does assume that the brightness distribution of
the TGF population that triggers WWLLN is the same as the one that does
not, something that is not guaranteed. We can compare this to the total
number of lightning flashes we have in RHESSI’s FOV during this period,
6,375,419 (same as in Figure 4); however, this number includes both IC
flashes and CG flashes. As mentioned in section 2, WWLLN has a higher
detection efficiency for CG flashes, but IC flashes are more common, and
it follows that ∼60 % of WWLLN detections are IC flashes. Taking the total

number of TGFs, 2.7 ⋅104, divided by 3.83 ⋅106, we get the fraction of WWLLN detected IC flashes that produce
a TGF depositing 3+ counts in RHESSI; ≈ 0.0071, less than 1%. Keep in mind that this is with the instrument
degradation (seen in Figure 2) and that without it, we would expect to see even more weak TGFs. This is
comparable to Smith et al. (2016) where they estimated an upper bound of 1% of IC flashes producing TGFs
(although they used data from 2004–2012, and would also have the majority of their data from a degraded
RHESSI instrument). Østgaard et al. (2012) estimated a 2% TGF/IC flash ratio by fitting a power law to the flu-
ence distribution of TGFs; however, they pointed out that if the distribution had a roll-off under the RHESSI
detection threshold, they could not rule out that all IC flashes produce TGFs (they only used data from before
the RHESSI instrument degradation). Briggs et al. (2013) found a ratio of 1:2,600 between TGFs over Fermi
GBM’s intensity threshold and LIS-detected (Lightning Imager Sensor oboard the Tropical Rainfall Measuring
Mission) flashes.

One of the reasons many of these are observed fainter than the search algorithm TGFs is that they originate
further away from RHESSI’s subsatellite point. Referring to Figure 5, at six or more counts, we can reasonably
assume that most of the events are TGFs. We can then take all of these and plot how far away from RHESSI’s
subsatellite point they were produced and compare it with the TGFs in the second RHESSI catalog that has
WWLLN matches. This can be seen in Figure 7. Note that we have divided by the total area of each “shell” in
distance to account for bins further away having a larger area. We have also normalized each curve so the area
under it is equal to 1. We see that observationally weak TGFs are generally produced further away, meaning
that they have to traverse more atmosphere before they reach RHESSI, which could indicate they are “normal
fluence” TGFs that experience more attenuation as well as an 1∕r2 effect. The same conclusion was reached by
Smith et al. (2016) and could help explain why McTague et al. (2015) did not see any new TGFs in their study,
as they used a search radius of 400 km.

Figure 5. The registered counts by Reuven Ramaty High Energy Solar
Spectroscopic Imager in the central 250 μs bin corresponding with the
World Wide Lightning Location Network detection (black) and the average
background for each of the events (red). From years 2002–2015.

Another point that we would like to make is that we have to keep in mind
two different populations of these observationally weak TGFs when refer-
ring to Figures 5 and 6. We can see in Figure 6 that we have TGFs down
to three counts in the detector, but it would be impossible to actually
identify these events. All we can say is that they exist in the data. On the
other hand, we see from Figure 5 that above six counts, we have a much
lower rate of false positives and we can with some level of certainty claim
that these events are real TGFs. For example, above six counts, we have
966 total events, and we expect 100 of these to be false positives based
on the background level in Figure 5, about ∼10%. However, above seven
counts we have 649 events, and only∼16 of these would be false positives
(∼2.5%). This population above six counts marks not only a population
just existing in the data but also a population of observationally weak
TGFs where we can identify them with time and location. As part of the
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Figure 6. The distribution of counts in the peak bin minus the distribution
of the average background.

supplementary material we will upload a list of these, which could be used
for further exploration by the community.

3.1. Deadtime Correction And Power Law
It was first suggested by Collier et al. (2011) that the fluence distribution of
RHESSI TGFs is a power law of the form dN

dn
∝ n−𝜆, where N is the number

of TGFs with source photon counts of n, and 𝜆 is the spectral index. How-
ever, the power law must change at lower fluences to avoid a nonphysical
number of low fluence TGFs, as we can at most have as many TGFs as light-
ning flashes. The question then is where does this change or how far down
in fluence can we extrapolate this power law. Knowing the slope of the
curve, as well as how far back it extends, can give useful information of the
production rate of low fluence TGFs.

Several papers have looked into estimating the global production of TGFs rate based on the exponent of a
fitted power law (Marisaldi et al., 2014; Østgaard et al., 2012; Tierney et al., 2013) and have found consistent
results for the value of the exponent in such a power law, ranging from 2.2 to 2.4. Østgaard et al. (2012) sug-
gested that a power law with a roll-off at lower counts would better fit the data. As our data are mostly in this
lower count region, we will perform a fitting procedure to see if the observationally weak TGFs conform to
this prediction.

We perform a deadtime correction of our data similar to that presented in Østgaard et al. (2012). We also
include TGFs from the search algorithm that have a WWLLN detection, as they are also found with our method
and will increase our data set. The main difference (when it comes to deadtime correction) is that we use a
maximum likelihood estimation to find the duration of each event, instead of fitting a Gaussian to already
binned data. The reasoning is that many of the intrinsically weak TGFs have a very short duration, and pre-
binning them would affect the determined duration. As pointed out by Østgaard et al. (2012), RHESSI has a
roughly 1:1 relationship between incoming and measured counts up to around 15 counts; however, this is
very dependent on the duration of the event, as the same number of particles hitting the detector in a shorter
timespan will mean that they are closer together in time. As most of our weak events are brief in time, the
observationally weak TGFs are still subject to deadtime.

We take each event with at least six counts within the central 250 μs bin and run the potential TGF through a
maximum likelihood estimation to find the best fit of Gaussian, and hence its duration, assumed to be 4 𝜎 of
the fit. We then set the event to be of how many counts are detected within that 4 𝜎 (this can in some cases
be less than six). We run a Monte Carlo simulation for each event where we randomly distribute counts within
the duration of the event, and each of the counts hits a random detector segment. Each simulated event goes

Figure 7. The distance between WWLLN detections and RHESSI’s subsatellite point for TGF/WWLLN pairs. The black line
represents the second RHESSI catalog with WWLLN matches; the red represents observationally weak TGFs with at least
six counts. RHESSI = Reuven Ramaty High Energy Solar Spectroscopic Imager; TGF = terrestrial gamma ray flash; WWLLN
= World Wide Lightning Location Network.

ALBRECHTSEN ET AL. 292



Journal of Geophysical Research: Atmospheres 10.1029/2018JD029272

Figure 8. (a) Simulation of the terrestrial gamma ray flash associated with the World Wide Lightning Location Network
(WWLLN) flash detected on 6 May 2008 is shown and has a duration of 232 μs. The true fluence counts increase from 0
to 100, and the vertical lines represents the range of counts measured after taking into account deadtime effects. The
diagonal line represents a 1:1 relationship. The horizontal black line shows the number of counts detected by RHESSI in
this event. Where it intersects with the vertical lines represents the possible number of true counts that produced the
measured counts (13). Here we estimate the true event to be 18 ± 5 counts. (b) Simulation for a seven-count event,
illustrating that events with a low number of detected counts can have a large number of true counts.

from 0 to 100 incoming counts, and each of these is repeated 100 times to get an average of how many counts
are lost due to deadtime effects. Figure 8 shows two examples of a simulation of an event.

We see in Figure 8 that a large range of incoming photons can produce the number of counts we see in an
event (represented by the horizontal line). We have taken the middle point of the possible incoming counts to
be the incoming count number. This process has to be applied to each event, and each event gets associated
with its likely number for incoming counts. Doing so, we can plot how the fluence distribution changes due to
deadtime, seen in Figure 9. As expected the graph shifts to the right. The black histogram in Figure 9 should
represent the lower fluence end of TGFs discussed in Østgaard et al. (2012). Note that some events in Figure 9
have less than six counts. This is due to some counts being outside the 4 𝜎 duration found from maximum
likelihood estimation. In Figure 10 we attempt to fit a single power law to the distribution (black line); however,
this distribution also seems to be able to be fitted with another roll-off, shown by the red line. We note that
the values obtained from this process is very dependent on where we put the “break,” and what range we
include in the fit, as the power law exponent is very sensitive to small changes.

However, our data include all data from RHESSI from the years 2002–2015, which includes data after the instru-
ment had suffered degradation. Even though RHESSI has undergone four anneals between 2002 and the end
of 2015, the detection threshold has been steadily decreasing, and data from later years are not necessarily
compatible with data from earlier years. So to make a better comparison with the work done in Østgaard et al.
(2012), we include only data from the same time range. This can be seen in Figure 11 (data from 2002–2005),
where we have plotted data between 2002 and the end of 2005, and we can see that there is no apparent
roll-off of the power law at lower count rates. Using this limited data set, we only have 181 events, so there

Figure 9. The original fluence distribution (red) compared to the deadtime corrected fluence disrtibution (black). As we
can see, many of the events shift to higher fluences. Here we include TGFs from the Gjesteland et al. (2012) algorithm to
use all possible TGF + WWLLN events. TGF = terrestrial gamma ray flash; WWLLN = World Wide Lightning Location
Network.
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Figure 10. The fluence distribution of deadtime corrected terrestrial gamma
ray flashes found by having at least six counts in Reuven Ramaty High
Energy Solar Spectroscopic Imager in a 250 μs bin at the time of a World
Wide Lightning Location Network detection. Includes all events from 2002
to 2015. The black line represents a power law with exponent 𝜆 = 2.5, the
red line 𝜆 = 1.3, and the blue line 𝜆 = 3.2.

might not be enough data to give an adequate answer (Østgaard et al.,
2012, had 591 events, but with a 5% match rate with WWLLN at the time,
along with a six times increase of observationally weak events, we still only
have a third of their number).

This could indicate that accurately fitting a power law to RHESSI data from
2006 onward might not be possible, and due to the changing sensitivity of
the RHESSI instrument, consistent data over the years cannot be expected.

3.2. Land-Coastline-Ocean Dependency
Since we now have a large data set of TGFs (both observationally weak
and TGFs found by the Gjesteland algorithm), all with WWLLN matches,
we can use their location data to investigate if there exists any land/ocean
dependence in the TGF data.

It has already been shown that the characteristics of thunderstorms and
lightning activity are different over land and over ocean. Examples include
phenomena such as differences in flash rates (Christian et al., 2003), differ-
ences in the occurrences of Transient Luminous Events (Chen et al., 2008),

and differences in storm sizes (Bang & Zipser, 2015). Smith et al. (2010) showed that the TGF/lightning ratio is
suppressed inland (over Africa) and enhanced near the coastal regions of Middle America and South East Asia.
Splitt et al. (2010) stated that TGF occurrences are more frequent over/near coastlines and large islands and
noted that the distribution of RHESSI TGFs correlates well with the global lightning distribution. Roberts et al.
(2018) supports this by using Fermi and WWLLN data, showing that TGFs are more common near coastlines.

Exploring whether TGFs follow any land/coastline/ocean patterns could help give information to what kind of
processes are associated with them. We have defined a coastal zone of ±150 km from the coastline, taken as
the approximate dimension of a cloud system, which should remove any ambiguity in case a storm is partially
over ocean and partially on land. Again, we chose to include only WWLLN event that results in six counts in
RHESSI at the time of lightning (within a 250-μs bin). A visualization of this can be seen in Figure 12.

As we can see in Table 1, the coastal zones are overrepresented when it comes to TGF production compared
to WWLLN detections. It would appear that thunderstorms (or at least WWLLN detections) that occur over
ocean or coast (even more so for the coast) are more likely to produce a detectable TGF. We say detectable,
as it is unknown if different regions produce TGFs different altitudes. This is consistent with previous work
where the geographical region of Congo has a very high lightning incidence, but a lower TGF per lightning
ratio compared to the Caribbean and South East Asia, which consist of a lot more ocean and coastline.

Christian et al. (2003) show in their analysis that lightning by itself mainly occurs over land areas, with an aver-
age land/ocean ratio of ∼10:1. This indicates not only that TGFs themselves are preferential to ocean/coastal
storms but also that WWLLN detections are biased toward ocean/coastal detection compared to Christian et
al. (2003). Several papers have indicated that CG lightning over ocean achieve higher peak currents (Cooray

Figure 11. The fluence distribution of deadtime corrected terrestrial gamma ray flashes found by having at least six
counts in Reuven Ramaty High Energy Solar Spectroscopic Imager in a 250 μs bin at the time of a World Wide Lightning
Location Network detection. Includes all events from 2002 to the end of 2005 (including the terrestrial gamma ray
flashes from the Gjesteland et al., 2012, catalog) for a total of 181 datastrings. The black line represents a power law
fitting with 𝜆 = 1.5.
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Figure 12. The distribution of TGFs with WWLLN matches on a world map. Blue dots represents TGFs over ocean, red
over coast, and and green over land areas. These include both weak TGFs and TGFs from the Gjesteland et al. (2012)
catalog with a WWLLN match. TGF = terrestrial gamma ray flash; WWLLN = World Wide Lightning Location Network.

et al., 2014; Nag & Cummins, 2017; Said et al., 2013). The higher peak currents over ocean could indicate that
thunderstorms over oceans are able to build up higher potentials before discharging, thus having a greater
ability to produce TGFs and stronger sferics (which are detected by WWLLN).

3.3. Latitude Distribution Of Observationally Weak TGFs
Another point to look into is the latitude distribution of observationally weak TGFs to see if they conform
to any specific preference. Figure 13 shows the relative number of Gjesteland TGFs compared to the relative
number of observationally weak TGFs per latitude. It shows that we are able to detect more TGFs that are
produced at higher (absolute) latitudes, compared to those found by the search algorithm.

A reason for this could be the lower altitude of the tropopause at higher latitudes, which again means a lower
cloud top. This means that the TGFs would have to propagate through more air to reach RHESSI and thus be
attenuated more. This is consistent with the work done in Nisi et al. (2014), where they compared TGFs from
the first and second RHESSI catalogs (Gjesteland et al., 2012; Grefenstette et al., 2009). They find that TGFs from
the second catalog (and thus generally weaker observationally) have a larger portion originating at higher
tropopause pressure (which again translates to a higher absolute latitude, but lower cloud top altitude). This
is consistent with Smith et al. (2010) where they find that the majority of their TGFs are strongly biased toward
tropopause altitude. Comparing this to our results in Figure 7, it would seem that observationally weak TGFs
occur both further away from the RHESSI FOV and at higher latitudes. This could explain why McTague et
al. (2015) did not see any population of observationally weak TGFs, as they were searching within a 400-km
radius around Fermi.

Table 1
The Number and Subsequent Percentages of TGFs in Relation to Whether
They Occur Over Ocean, Coast, or Land

TGFs % TGFs % WWLLN

Ocean 467 36% 32 %
Coast 563 43% 35 %
Land 274 21% 33 %
Total 1,304 100 % 100 %

Note. RHESSI = Reuven Ramaty High Energy Solar Spectroscopic Imager;
TGF = terrestrial gamma ray flash; WWLLN = World Wide Lightning Loca-
tion Network. The third column shows the distribution of all WWLLN
detections inside RHESSI’s field of view (1,000-km radius from the foot-
point), regardless of their association with a TGF or not.
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Figure 13. Gjesteland terrestrial gamma ray flashes (TGFs; red) and observationally weak TGFs (black) by latitude. (a) The
combined numbers over land, ocean, and coast. (b) Only over the coast, (c) over land, and (d) over ocean.

This raises an interesting question about what the differences are in observationally weak TGFs at lower lat-
itudes and closer to the subsatellite point, compared with the population further out. Imagine if we were to
use a “cleaner” set of search parameters, using less than 20∘ latitude, as well as within 400 km of the sub-
satellite point. This should represent the subset of weak TGFs that are not dimmed due to their attenuation
(from originating far away at a distance) or 1∕r2 effect but might be intrinsically dimmer or just produced
deeper in the atmosphere. This is done in the same way as that in Figure 6, only we use a search radius of 400
km and latitude less than 20∘. We find a total of 415 weak TGF events compared to 221 events found by the
Gjesteland et al. (2012) algorithm under the same conditions (with WWLLN match). This means that instead
of the 1:6 ratio we found earlier, we now only have a 1:2 ratio. This again shows that the majority of weak TGFs
are coming from distances further away from the subsatellite point or higher latitudes.

4. Summary

We have shown that by going directly from lightning location data, one can find that there exist TGFs that
deposit as little as three counts in the RHESSI detector. Although these cannot be individually identified, once
the fluence gets to around 6–7 counts during a 250-μs bin, we can determine a specific event to be a TGF with
a fairly good certainty. We find that there could be as many as approximately six times more TGFs inside of
RHESSI’s FOV that are able to deposit at least three counts in the detector, but too faint in general to be able
to be identified as a TGF, and thus determine the location. Comparing the number of observationally weak
TGFs to the number of IC flashes in RHESSI’s FOV, we find that less than 1% (0.71%) of IC flashes (detected by
WWLLN) produce a TGF that deposits three or more counts in RHESSI.

Furthermore, we show that using a power law to fit TGF fluence distribution from RHESSI data might not be
appropriate from the start of 2006 and onward, due to the degradation of RHESSI. Even with RHESSI’s anneals,
which temporarily improve its sensitivity, the general trend is a worsening of the instrument sensitivity. The
result is that as WWLLN detection efficiency improves, the RHESSI instrument sensitivity worsens, making it
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difficult to compare the population year to year. The result of this is that the fluence distribution gets softened
over time (although it periodically improves, but not to its original sensitivity; see Figure 2), which makes any
power law fitting to the data unreliable. In addition, any power law exponent that is the result of fitting data
from before 2006 is extremely sensitive to the input parameters due to low statistics.

Lastly, we investigate the intrinsically weak TGFs locations in relation to land/coast/ocean. According to pre-
vious literature, although WWLLN is biased toward ocean and coastal lightning flashes, the intrinsically weak
TGFs and TGFs with WWLLN matches are far more likely to be produced over ocean or coast. This could mean
that thunderstorms in these areas are able to develop a higher potential difference before discharging, mak-
ing it more likely to produce a TGF. This would also explain the discrepancy between TGFs per lightning, as
the Congo basin has the highest incidence of lightning flashes, but produces less TGFs per lightning flash.

We also see that observationally weak TGFs are more likely produced at higher (absolute) latitudes compared
to those of the Gjesteland et al. (2012) catalog. We believe this is due to the lower altitude of the tropopause
(and thus cloud top) and that any TGF produced here will experience more attenuation from the denser atmo-
sphere before reaching the RHESSI instrument. We also find that they tend to be produced further away from
the subsatellite point. This means that seemingly a minority of weak TGFs originate from near the subsatellite
point at low latitudes.
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