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Abstract We present in this work the third catalog of terrestrial gamma-ray flashes (TGFs) by the
AGILE mission and the new search algorithm that was developed to produce it. We firstly introduce the
new selection criteria, designed from the characteristics of WWLLN-identified TGFs, and then applied on
all data from March 2015 to September 2018. Association with sferics was performed by an independent
search, described in a companion paper by Lindanger et al. (2020, https://doi.org/10.1029/2019JD031985).
This search showed that many TGFs were not recognized by the existing selection algorithm, hence the
need for this work. Several new selection criteria were tested and are compared in this paper. We then
present the chosen selection criteria and the obtained sample, which includes 2,780 events and represents
the most extensive TGF catalog available for the equatorial regions. Finally, we discuss the characteristics
of this sample, including geographic distribution, intensity and duration, and seasonal variations.

1. Introduction

Terrestrial gamma-ray flashes (TGFs) are bursts of gamma photons produced inside thunderstorms and
associated to lightning. They typically last for less than 1 ms, have energies up to a few tens of megaelectron
volt, and are bright enough to be detected by particle detectors on spacecrafts. They were first recorded by
the Burst and Transient Source Experiment (BATSE) instrument onboard the Compton Gamma Ray Obser-
vatory (CGRO) mission (Fishman et al., 1994), then by the Reuven Ramaty High Energy Solar Spectroscopic
Imager (RHESSI) (Smith et al., 2005). They are now regularly observed by Fermi (Briggs et al., 2013), the
Astro-rivelatore Gamma a Immagini Leggero (AGILE) (Marisaldi et al., 2010), and the Atmosphere-Space
Interactions Monitor (ASIM) (Neubert et al., 2019), which MXGS instrument is specifically designed for the
detection of TGFs. Many thousands of TGFs have been detected over the course of the years and catalogs
have become an important tool available to the scientific community for general purposes: for popula-
tion studies and to correlate TGF observations with other data, mainly ground-based lightning detection
networks. Several TGF catalogs have been published so far: by RHESSI (Grefenstette et al., 2009), further
improved in the work by Gjesteland et al. (2012); by Fermi (Roberts et al., 2018); and by AGILE (Marisaldi
et al., 2014, 2015). Each of these missions are observing a slightly different population, due to the intrinsic
differences in the detectors and orbits.

The AGILE mission is run by the Italian Space Agency (ASI) and is devoted to high-energy astrophysics
(Tavani et al., 2009); it combines gamma- and hard X-ray imaging, for the simultaneous detection of pho-
tons in several energy bands. The primary goal of the mission is the study of the gamma-ray sky, but it
was soon clear that also TGFs were detected by the Minicalorimeter (MCAL) instrument (Marisaldi et al.,
2010). However, the dead time introduced by the anti-coincidence shield prevented the detection of events
shorter than about 100ps, thus biasing the sample towards longer duration. Moreover, since the probability
of association with the lightning sferic is inversely proportional to the duration of the TGF (Connaughton
et al., 2013; Dwyer & Cummer, 2013) and is low for TGFs lasting more than about 150ps, no simultaneous
association with lightning sferics were obtained. In March 2015, the anticoincidence shield was switched
off for MCAL and the detection rate increased by almost one order of magnitude (Marisaldi et al., 2015).
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The subsequent comparison with data from the World Wide Lightning Location Network (WWLLN) allowed
the selection of a sample of TGFs simultaneously associated to lightning sferics, of which about half were
not recognized by the offline selection, performed on ground. It was then clear that AGILE could benefit
from a redesign of the TGF selection criteria and that this would lead to a substantial increase in the TGF
detection rate. Here, we consider the AGILE 1st TGF catalog as the sample of 308 TGFs detected by MCAL
between March 2009 and July 2012, prior to the inhibition of the anticoincidence shield, and published in
Marisaldi et al. (2014) (available at https://www.ssdc.asi.it/mcaltgfcat/). We consider the AGILE 2nd cata-
log as the sample of 279 TGFs detected by MCAL between March and June 2015, following the inhibition
of the anticoincidence shield, and published in Marisaldi et al. (2015) (available at https://www.ssdc.asi.it/
mcaletgfcat/). The data set presented here include 2,780 events detected during the period between March
2015 and September 2018 and will be hereafter considered the 3rd AGILE TGF catalog.

We describe the data sets from AGILE in section 2. We then explain the method we have followed to design
the new criteria in sections 3 and 4, a description of the old and new selection criteria and a description of
the validation methods. In section 5, we present the obtained, new sample and we discuss the characteris-
tics of said sample in terms of geographic and seasonal properties, compliance with theory and with other
missions, limitations and improvements with respect to the older catalogs. An independent analysis of TGFs
associated to lightning sferics detected by WWLLN is presented in the companion paper by Lindanger et al.
(2020), hereafter referred to as L20.

2. Instruments and Data Sets

The AGILE payload includes several instruments, of which the MCAL is the main detector for TGFs. It is
made of 30 scintillator bars arranged in two superimposed planes, with orthogonal orientation of the bars;
see Labanti et al. (2009) for a detailed instrument description and (Tavani et al., 2009) for a complete descrip-
tion of the AGILE payload. Data collection takes place when a trigger is issued by the onboard trigger logic.
The onboard trigger logic works on several timescales, from 293ps to 8 s. The most relevant timescale for
TGF science is the shortest one, 293ps, for which a constant threshold of eight counts is set. Following each
trigger, between about 6 and 10 s of data (depending on configuration setting) around the trigger time are
then saved and downlinked. Since the trigger will include cosmic rays, statistical fluctuations and legitimate
events (TGFs or cosmic Gamma-Ray Burst, GRB), those files are analyzed on ground to distinguish between
the cases and identify TGF candidates.

One of the most relevant parameters to describe the sensitivity of an instrument is its effective area. This
parameter depends both on photon energy and incoming direction; therefore, the total effective area depends
on the spectrum of the source and the viewing angle. TGFs are known to exhibit spectral diversity (Mailyan
etal., 2016). Moreover, the same source spectrum will result in different observed spectra at satellite altitude,
depending on production altitude and distance between the source and the subsatellite point, because of
photon propagation through the atmosphere. To assess the MCAL average total effective area for TGFs, we
proceeded as follows. A TGF source spectrum consistent with a fully developed relativistic runaway electron
avalanche (RREA) process is simulated. Photons are produced at 15-km altitude with angular distribution
uniform on a cone with vertical axis and a half-cone angle of 40°. We chose a 15-km altitude because it is
an adequate value for cloud top altitude in equatorial thunderstorms, as well as a value compatible with the
analysis reported in Dwyer and Smith (2005) and Hazelton et al. (2009), although lower altitudes have been
reported for the lightning leaders involved in TGF production (Cummer et al., 2015) and from radar observa-
tions associated to TGFs (Chronis et al., 2016). A 40° half opening angle at source is a value compatible with
a large set of independent analysis (Carlson et al., 2007; Gjesteland et al., 2012; Hazelton et al., 2009). Pho-
tons are then propagated through the atmosphere, parameterized by the NRLMSISE model (Picone et al.,
2002), up to satellite altitude by means of the GEANT4 toolkit (Agostinelli, 2003). Spectra for different dis-
tances between source and subsatellite point in the range between zero and 800 km have been simulated.
These spectra were then used as input for the MCAL mass-model for different angles between the incom-
ing photons direction and the normal to the detector plane. We call this angle 6. A large number of photons
randomly extracted from the source spectrum was simulated. The total number of counts detected in MCAL
was then divided by the number of incoming photons passing through the detector, and then multiplied by
the detector geometrical area for the corresponding viewing angle. The obtained results are summarized
in Figure 1, which shows the MCAL total effective area for a typical TGF as a function of the distance
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Figure 1. Total MCAL effective area for a typical TGF spectrum produced
at 15-km altitude, as a function of the offset distance to the subsatellite
point and the angle between the satellite pointing and the source location.
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TGF distance to footprint (km) effects described in Marisaldi et al. (2019).

The general data set is divided into four data sets, summarized in Table 1,
based on absolute timing accuracy and effectiveness of the anticoinci-
dence shield (AC). More detailed information on those periods is in
Lindanger et al. (2020). AC-ON refers to the first years of AGILE opera-
tions, with the onboard software configuration optimized for the detection of GRBs. We did not consider
it for this work, as the presence of the anticoincidence shield poses some biases in the characteristics of
the detected TGFs, which disrupt the homogeneity of the sample. Moreover, in this period, the TGF detec-
tion rate was about one tenth of that of the following periods and there are no WWLLN-associated events.
The properties of the TGF sample collected in this period are described in (Marisaldi et al., 2014). A search
for WWLLN associations in this period was carried out and discussed in L20. The reference (REF) period
covers three months with optimal absolute timing accuracy after the inhibition of the AC for MCAL. The
REF period presented here includes more data than the same period in Marisaldi et al. (2015), because we
extended the REF period by two additional weeks for this study. The DRIFT period covers the span between
July 2015 and December 2018. It is characterized by a failure in AGILE's internal clock, which caused a total
loss of data for a few weeks at the beginning of the period, and a timing uncertainty on subsequent data of
up to several tens of ms. A change in the onboard software configuration was implemented at the end of
July 2016, motivated by the need for improved sensitivity to short electromagnetic counterparts associated
with gravitational waves detected by LIGO-VIRGO (Ursi et al., 2019). Data from the first part of the period
were taken with the same onboard configuration that was active during REF, and so they are safely compa-
rable to data from the latter; in the following period AGILE can switch between two different configurations
to accommodate telemetry necessities, at a single orbit level. The second configuration is more permissive,
therefore allowing more triggers, which in turn increases the probability of recording a TGF. Finally, the
3D-FIX period starts in January 2018 and is characterized by a recovery of the internal clock precision. The
software configuration flexibility is still ongoing as in the second half of the DRIFT period. Absolute timing
accuracy at the microsecond level is a key requirement for the association of TGFs to lightning sferics, as
discussed in details in L20.

Throughout the rest of this paper we call WWLLN-identified TGFs (WI) all those TGFs that are found by
virtue of their association with a lightning sferic only; between the REF and 3D-FIX periods they form a

Table 1

Summary of the Data Sets

Name Span AC shield Timing accuracy
AC-ON 28 February 2009 to 23 March 2015 On ~2us

REF 23 March 2015 to 30 June 2015 Off ~ 2us
DRIFT 01 July 2015 to 31 December 2017 Off Several tens of ms
3D-Fix 17 January 2018 to 30 September 2018 Off ~ 2us
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Figure 2. Venn diagram of the data sets used in this paper. SC: data set
obtained with selection criteria. WI: WWLLN-identified data set. SW: SC

subset with WWLLN identification.

sample of 278 events. We used the WI events as a starting point of our
work: we analyzed their characteristics in order to model our selection
criteria on them, with the purpose of refining those criteria and maxi-
mize the number of TGFs recognized, while at the same time rejecting
as many false events as possible. Those events, and the method used to
select them, are described in L20. L20 reports 282 WI events, as four
additional TGFs were found after a refinement in their search algorithm;
however, this happened when our analysis was already concluded; there-
fore, we decided against redoing it. We call selection criteria identified
TGFs (SC) all those TGFs found based on the newly designed selection
criteria, regardless of their association to lightning sferics. SC TGFs are
the target of this paper, while WI TGFs are the target of the companion
paper. A fraction of the SC data set is associated to sferics and therefore included also in the W1 data set. We
refer to this intersection between the two data sets as selection criteria and WWLLN identified TGFs (SW).
Figure 2 shows a schematic representation of the TGF data sets used in this paper.

3. Observables and Original Selection Criteria

As mentioned in section 2, triggered data still need to be processed in order to distinguish TGFs from other
types of events. We start our search by scanning all the available data streams in search for clusters of counts,
irrespective of the onboard trigger. We call a “cluster” a streak of at least 6 counts in the detector occurring
within 300ps. We then consider related counts all those that come no later than 300ps from the previous one.
This may cause the cluster to continue outside of the original trigger window, which is not a problem since
we have at least six seconds of data around each trigger. All count groups that originate from an onboard
trigger in the 293ps time window must be selected as clusters by the onground analysis (threshold is either
8 or 7 counts for the onboard logic); however, the ground search can identify many more clusters in the
data stream that did not give rise to an onboard trigger. It is possible to calculate several parameters for each
cluster, which are then used to determine whether the cluster is classified as a TGF or not. The parameters
that we chose to evaluate are the following:

Maximum energy (E
Mean energy (E,,)
Median energy (E,.q)

Hardness ratio (HR)

Number of counts (N)

Uniformity (number of detector segments hit)
Duration (Af)

Count rate (F = N/At)

max)

® N A WD

Given the intrinsic spectral hardness of TGFs, energy-related observables are key parameters to disentangle
TGF candidates from other, softer events. Maximum energy (E,,,,) is the largest energy measured among the
single counts in the cluster. Mean and median energy are cluster-wide quantities; median energy is favored
over mean because it is less sensitive to statistic fluctuations. HR is the ratio between counts of energy above
1.4 MeV and the ones below. The threshold value of 1.4 MeV was chosen for historical, hardware-related
reasons and could in principle be adjusted.

We define the duration of the cluster (Af) as the time difference between the first and last event. This is a
very coarse measure of duration and will be refined for those clusters subsequently labeled as TGFs. Unifor-
mity, or detector occupation, is a measure of the spreading of the events belonging to a single cluster across
the detector planes: Since TGFs at satellite altitude can be approximated to a plane wave, we expect them to
involve the whole detector, thus having counts in all of its sectors. Uniformity is related to the spatial sym-
metry of the cluster counts over the detection planes and is a very efficient way to discard electronic noise
and cosmic rays, which both tend to show counts clustered in localized parts of the detector. Uniformity can
be measured in several ways. Here, we divide the two MCAL planes in four parts each, for a total of eight
segments, and count how many segments are hit by at least one count.
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Table 2
The Number of WI TGFs Failing on Any of the Selection Criteria
Criterion TGFs failing
Any 146
Max E 70
HR 21
n counts 64
Uniformity 14

The original selection criteria (CO, Marisaldi et al., 2014, 2015) were defined by setting thresholds and cuts
on four of these parameters, as follows:

E,.x < 30MeV

HR > 0.5

N > 10

Uniformity criterion: at least one count in each of the four quadrants of MCAL, where a quadrant is
defined as half a detection plane, that is, two adjacent segments

AN

4. Methods

In order to improve the original criteria, we developed and tested several, new sets of selection criteria (each
labeled CN, in the following) considering more observables and adjusting the threshold according to the
characteristics of the WI data set, following the subsequent steps:

1. Identify which of the original criteria failed most often on the WI data set.

2. Definition of a set of new selection criteria based on the previous diagnostics and application to the full
data sets.

3. Validation of the TGF candidates obtained with each selection set.

4. Refinement of the new selection criteria based on validation results.

These steps are detailed in the following paragraphs.

4.1. Original Criteria Diagnostic on WI Data Set

TGFs are considered to have a WWLLN association when there is a sferic no more than 0.5 ms apart; we
found 111 events in the REF period and 167 in the 3D-FIX, for a total of 278 (1.20). The characteristics of
those events are independent from any selection criteria, except for the fact that short TGFs are more likely
to have an association (Connaughton et al., 2013) (more on this in paragraph 5.3). We then applied the CO
to WI events to see where they failed. The results are shown in Table 2. Criteria on HR and uniformity are
the ones working best. We manually examined the events rejected by these criteria and they all were very
weak events that would not be recognized as TGFs if not for the WWLLN association. The most problematic
criterion appeared to be the cut in maximum energy. The limit value of 30 MeV was set to reject not only
cosmic rays but also high-energy candidates of uncertain origin, as described in Marisaldi et al. (2014);
however, results shown in Table 2 indicate that many real TGFs exhibit counts with reconstructed energy
above 30 MeV, although this energy estimate is most likely due to pileup effects. (Marisaldi et al., 2019)
reports a model of the electronic front-end responsible of pileup and deadtime. The problem is complex,
as it originates from the behavior of both analog and digital electronics, and cannot be determined by one
parameter only. Therefore, we decided to set a higher upper limit to maximum energy and explore other
possible ways of rejecting cosmic rays. The criterion on number of counts is also too strict, but allowing for
a too low number of counts means increasing the number of false events greatly.

4.2. Definition of a Set of New Selection Criteria

Starting from the CO and according to the value ranges of the WI, we designed several new variations of the
selection criteria, shown in Table 3. All these criteria were applied to the full data set, each resulting in a set
of candidate TGFs, which need to be assessed for reliability.
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Table 3
The Different Sets of Selection Criteria
Name Uniformity HR J— B n counts
CcO Yes >0.5 - <30 > 10
CN, Yes > 0.5 - <120 > 10
CN, Yes > 0.5 - <30 >9
CN3 Yes > 0.5 - <120 >9
CN, Yes = > 0.5 <30 > 10
CNs Yes = > 0.5 <120 > 10
CNg Yes = > 0.5 <30 >9
CN; Yes = > 0.5 <120 >9

200

4.3. Validation

After applying a set of selection criteria to the whole data set, we need a way of evaluating the
true-versus-false events ratio and, more generally, the goodness (reliability) of the obtained TGF candidate
set. We applied three methods, of which two qualitative and one quantitative:

1. Longitude distribution of the sample
2. Local time distribution of the sample
3. Quality factor

The two qualitative and most straightforward ways take advantage of the fact that we know where and when
to expect TGFs. Being produced by thunderstorms, they are more frequent above equatorial mainland and
during early morning or late afternoon. We then expect our candidates to be clustered at longitude values
corresponding to land and to follow a modulation with local time. Background cosmic particles events, i.e.
events uncorrelated to thunderstorm activity, on the other hand, would appear as a constant baseline, at
best slightly modulated by magnetic latitude in the case of the geographic distribution. As a quantitative
measure, we compared the average detection rate with the one in a region with scarcity of storms. This
method was first used by Briggs et al. (2013) and then in Marisaldi et al. (2015). The control regions extends
from -110 to -140 degrees of longitude. The high-density region is the sum of the three “lightning chimneys”:
the African one from —10° to 30°, the South-East Asian one from 100° to 150°, and the Central American
one from —90° to —60°. Hereafter, we call Quality Factor (QF) the ratio between the number of events in
the control region and the high-density region. The QF is not normalized for the different span of those two
regions, as there is no objective way to estimate how many of the control region events are actually noise:
being AGILE on an equatorial orbit, we still expect a small number of thunderstorms even above the open

ocean. As another quality flag we consider also the fraction of the WI data

Count rate vs MaxEnergy set identified by the new selection criteria. The results of the validation

will be presented in section 5.

—_
o]
o
[T
e

Chimney regions
Control region . .
i{ Wieverts 4.4. Criteria Refinement

None of the CN gave satisfactory results in the control region; we then

100F proceeded to analyze those events more closely to understand their

S 140;_ origin.

[0} -

S 1201 We considered the ratio between the number of counts and the dura-
§ 100 [~ tion, which represents a rough estimate of the count rate of the event. In
é o Figure 3, we show this for events from the control region and events from
g E the three chimneys, and we assume for this purpose that all events in the
60 control region are false events, while all the others are TGFs. The figure
40 shows that false events tend to cluster at low count rate and high energy.
20 o TGFs, on the other hand, are mostly low count rate and lower energy. We
Eoos . 38 o can verify this by plotting the geographic distribution of events accord-
0 20 agT 60 80 100 120 140 160 180 200 ing to count rate and energy: low-count rate, lower-energy events follow
Count rate (#counts/duration) (s™) the expected longitude distribution for TGFs, peaking above equatorial
Figure 3. The count rate versus max energy for events occurring in the mainland, while low-count rate, high-energy events are uniformly dis-

chimney regions and in the control region.

tributed. High-count rate events also follow the three-chimney structure,
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Table 4
Efficiency of Each Set of Selection Criteria
Name Number WI selected Total events selected Quality factor
CO 121 2,354 18/1966
CN, 166 2,686 0.011 (26/2,221)
CN, 158 2,930 0.023 (52/2,276)
CN3 199 3,531 0.029 (78/2,659)
CN, 146 2,505 0.009 (20/2,082)
CN;s 177 2,834 0.012 (28/2,335)
CNg 172 2,962 0.016 (37/2,369)
CN; 213 3,439 0.019 (52/2,703)

although the pattern is slightly less clean, possibly because of the lower statistics. Remarkably, WI TGFs tend
to have higher values of count rate: This is explained by the shorter duration of WI events, as explained in
Connaughton et al. (2013) and L20. Energies greater than 30 MeV can be either due to real photons, pileup
(Marisaldi et al., 2019) or the presence of counts from cosmic rays, and confirm the need of relaxing the
criteria on maximum energy. This led to the introduction of an additional, empirical criterion, as a way to
remove even more false events: for count rate below 50 kHz, we only allow events with maximum energy up
to 30 MeV. For higher values of count rate, we allow energies up to 120 MeV. We justify this by considering
that the probability of pile-up increases for higher values of count rate. All of those thresholds were found
empirically, from the values of the studied events, in order to optimize the ratio of events in the active and
control regions. The 30-MeV cut on energy also happens to be consistent with the energy cut in the CO. We
then reapplied the set of refined criteria to the full data set. This added criterion affects only the CN where
the cut on maximum energy was previously set to 120 MeV.

5. Results and Discussion

5.1. Choice of Selection Criteria

Table 4 shows an overview of all the different selections we tested concerning number of WI events selected,
total number of TGF events, and the quality factor discussed in section 4.3. Here, we count each cluster
as a single event, regardless of its possible association with a multipulse event, as we are considering the
efficiency of the criteria in selecting clusters. The multipulse events are discussed in section 5.5. None of the
chosen set of criteria optimizes all three parameters reported in Table 4; therefore, a trade-off is necessary.
We decided to give more weight to the cleanliness of the sample (a low quality factor), first, and the total
number of WI events selected as a second requirement. In this regard, the selection set that proved to offer
the best balance is CN;:

1. Number of counts > 10

2. Epeq > 0.5MeV

3. At least one count in each quadrant

4. Ifcountrate < 50 kHz, E,,, < 30 MeV
5. If count rate > 50 kHz, E < 120 MeV

max

This is the set of selection criteria adopted for the 3rd AGILE TGF catalog. All results shown in the rest of
this paper correspond to the TGF sample obtained with these criteria. The actual number of events selected
is 2,780, as some of the 2,834 turned out to be part of a multipeak event. The sample obtained from this
selection represents the largest TGF data set over equator currently available.

5.2. Improvement of the New Sample

As stated in section 1, one goal of this study was to include in the sample those events that were recognized
as TGFs by their association with WWLLN, but not from the offline selection algorithm. The old catalog
included 279 TGFs in the REF period; in contrast, the new one has 457 TGFs in the REF period and 2,780
in total. Of these 2,780, 177 are associated with a WWLLN sferic. The new criteria have improved the inclu-
sion of high-energy events in particular, thus allowing for a maximum energy of up to 120 MeV. Those
high energy counts are however a product of pileup, which affects short and high-fluence events. The anal-
ysis reported in Marisaldi et al. (2019) shows that these events are still compatible with a standard RREA
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Figure 4. The detection rate of AGILE over the course of the 3 years covered by the catalog. The dip around July 2015
is due to the clock failure, the one at January 2018 corresponds to another period of noisy data.

spectrum, with maximum energy of few tens of MeV, provided that the instrumental effects are carefully
accounted for. However, the events affected by pileup are real TGFs and reliable in all other aspects; they
should just be considered carefully when calculating the energy spectra. We also found one Terrestrial Elec-
tron Beam event, which is described in details in L20. We decided to keep the threshold on the total number
of counts relatively high. Lowering the threshold on number of counts, while greatly increasing the num-
ber of selected TGFs (see Table 4), was also introducing a large number of false events, as evidenced by the
worsening of the quality factor. Those noise events appeared unrelated to the thunderstorm peaks in the
longitude plot and had different distributions of their parameters, namely, the energy (i.e., homogeneous
instead of Gaussian-like). The additional criterion on count rate alone was not sufficient to completely elim-
inate them in CN; and CN,, but we would have needed more complex, probability-based algorithms; we
preferred discarding those sets. Figure 4 shows the global detection rate for the period covered by the catalog:
March 2015 to September 2018. The average detection rate does not change over the years, showing that the
behavior of the selection criteria remains consistent along the seasons. The empty period around July 2015
corresponds to the clock failure between the REF and the DRIFT periods. The periodic variation is mostly
due to the seasonal variability. The seasonal behavior of the TGF rate is further discussed in section 5.6

5.3. Limitations of the New Sample

While our aim was to be as inclusive as possible with the TGF selection, the new sample is likely affected by
limitations and bias. The most obvious one is that we based our criteria on the characteristics of relatively few
WWLLN-identified TGFs, detected over a period of twelve months (three in the REF period and nine in the
3D-FIX). It has already been proved that the probability of association with sferics decreases as the duration
of the TGF increases, which means that our sample may be biased towards shorter TGFs. We avoided using
the duration as a selection criteria for this reason, and also for the difficulty in defining it in an objective
way, but shorter TGFs may be different from longer ones also in other ways. Moreover, all reference TGFs
were detected during the spring and summer months (REF and 3D-FIX periods; see Table 1) and may, in
principle, have specific characteristics different from the ones of TGFs produced by thunderstorm systems
developing in other seasons, that is, in different atmospheric conditions. Seasonal behavior is discussed in
more detail in section 5.6. Finally, as mentioned in section 5.2, we refrained from including the faintest
TGFs, to avoid introducing more false events in our sample; however, this led to the loss of some valid TGFs.
It is still possible to recover those events, but it will require a much more sophisticated approach, which was
outside the scope of this work. Very faint TGFs, due to the very low number of counts, do not allow robust
estimate of the global parameters and a reliable spectral analysis.
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Figure 5. (a) Longitude and (b) local time distribution of the whole data set obtained with the CNj criteria set.
(c) Duration (t5,) distribution of the sample. (d) Intensity (from maximum likelihood fit) distribution of the sample.

5.4. Impact of the Onboard Trigger Logic Configuration

As already stated, the TGF search was applied to the full data stream collected which includes, for every
onboard trigger, a span of about 6 to 10 s of data (depending on the configuration of the onboard trigger
logic) around the trigger time. Therefore, although the search was not based on the triggers, it was unavoid-
ably affected by the trigger logic configuration, just because the data availability relies on the issuing of an
onboard trigger. This, together with the fact that the onboard trigger configuration has changed significantly
during the time period considered in this work, made us consider whether the trigger logic configuration is
somehow biasing our sample and the associated results. We therefore carried out a retrospective analysis to
understand, given the selected TGF sample, which of the trigger time windows was responsible for the data
span in which the TGF was found, and the time separation between the TGF and the trigger. The results show
that in 96% of the cases the trigger has fired on the 293ps time scale, the sub-millisecond trigger; moreover,
in 94% of the cases, the time separation between the TGF time and the trigger time is < 16 ms, indicat-
ing that the TGF itself was the cause of the trigger. This is an important result because the sub-millisecond
trigger logic configuration has been kept constant during the full time span considered in this work. The
static threshold was lowered from 8 to 7 counts from September 2016, but this is not significantly affecting
the results since only events with at least ten counts are considered by the chosen selection criteria. These
considerations indicate that the AGILE sensitivity for TGFs is uniform along the orbit and during the full
time span considered in this work. This is a relevant information to consider when attempting quantitative
comparisons with other data sets or when addressing the seasonal variability of the sample.

The 16-ms time window, the one most heavily affected by the introduced configuration changes, is responsi-
ble alone for only 2% of the TGFs. Of these, 95% is detected far from the trigger time, meaning that the TGF
did not cause the trigger on such a long time scale, but was indeed detected by chance within the available
data span.
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Figure 6. A global map of the catalog sample. The empty area over South America corresponds to the SAA.

5.5. Global Characteristics of the Sample

Figure 5 shows the global distributions of longitude (a), local time (b), duration (t,) (c), and number of
counts (d) for the full data set. The duration and intensity shown in panels (c) and (d) are the ones obtained
from the maximum likelihood procedure described in 120, not the ones used in the criteria development
phase and listed in section 3. The quantities from fit are consistent with the previous catalogs (Marisaldi
et al., 2015), but were only calculated on the final sample, to avoid influencing the selection criteria. The
initial, operational definition of duration was only used during the development of the criteria and is not
included in the publicly available database. We note that in some cases the number of counts shown in
panel (d) is lower than 10, which is apparently in contrast with the threshold for TGF identification. This is
because the plotted parameter is the TGF intensity resulting from the integral of the maximum likelihood
Gaussian fit; therefore, it accounts for both the model and background subtraction. The catalog also includes
95 multipulse events (3.4% of the sample), but only the first peak of each event was considered for this plot.
Each multipulse event was analyzed manually, as some peaks were not recognized as independent clusters
by the automatic selection and had to be retrieved from the raw data. As a consequence, many of such trailing
peaks have properties that do not satisfy the selection criteria (specifically, many of them had fewer than
10 counts) and were therefore excluded from the plots, to avoid confusion. The catalog includes all pulses
as single entries, appropriately flagged to distinguish between first and trailing pulses, bringing the total
number of entries to 2,903. The fraction of multipulse events is in accordance with Mezentsev et al. (2016),
for RHESSI, and also with the previous results for AGILE (Marisaldi et al., 2014), although less strictly. It is
not, however, compatible with Foley et al. (2014), which reports for Fermi a much higher occurrence rate; an
explanation for this discrepancy is yet to be found. The multipulse TGFs have different shapes and a number
of peaks which ranges from two to five. The catalog also includes 128 potential multipulse, that is, events
with an irregular light curve that was nonetheless not univocally classifiable as multiple. Those events are
also labeled in the catalog, but were treated as normal events.

Finally, Figure 5a also shows a fourth lightning enhancement between -180 and -150 degrees of longitude.
This feature is visible in the LIS/OTD lightning maps (Albrecht et al., 2016) and was already reported by
Fabré et al. (2015) but the characteristics of TGFs occurring in this area are yet to be studied.

5.6. Geographic and Seasonal Variability

The high number of events detected in a small latitude span result in a high density of events, which in turn
allows a fine binning for a study of seasonal and geographical variability. In order to perform this study,
we selected the events occurring in the high-density regions (Central Africa, Oceania and Central America,
as defined in section 4.3). All the following plots include the complete data set, without distinction of the
periods and excluding the trailing peaks of multipulse events.

Figure 6 is a world map with all the events in the catalog. TGFs clearly prefer coastal and inland areas, but
there are also several events over the ocean: lightnings over ocean are in fact more frequent at equatorial
latitudes than they are elsewhere. The completely empty area over South America corresponds to the South
Atlantic Anomaly (SAA), where the MCAL trigger logic is not active. This also explains the smaller number
of events observed over South America, as it is noticeable in all following plots. Figure 7 (right panels) shows
the local time distribution of the events in the three regions. Africa shows a higher rate of events occurring
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Figure 7. The geographic and local time distributions of all events in the catalog divided by season; the local time
plot also divides the events by geographical region. The differences in both distributions follow local and seasonal
weather patterns. Seasons are defined as three winter months (DJF), three spring months (MAM), there summer
months (JJA) and three fall months (SON).
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Figure 8. The trend of three characteristic parameters of TGFs: median energy (left panels), duration (center) and
number of counts (right), for the three high-density regions and the four seasons. The top and bottom of the boxes
represent the upper and lower quartiles of the distribution (75% and 25% of the data points). The end of the lower bar
marks 5% of the data points and the end of the upper one marks 95%. The circle is the mean and the line in the box is

the median of the distribution.
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in the late afternoon compared to the other regions; this is consistent with the observed climatology of the
area. Figure 7 presents an overview of all the events divided by the season in which they occur. As can be
seen, a clear influence of seasons emerged with maximum at equinox and minimum in solstice. In terms of
geographic distribution (panels on the left), we see that the peak over Africa is consistently the highest; this
effect is explained by the equatorial orbit of AGILE (see also section 5.7), which covers the Congo basin, a
very prolific area for thunderstorms. The number of events is particularly high in spring (March-May) and
lowest in winter (December-February). However, during spring the Asian peak grows to almost the same
level. The peak over Borneo is very visible in summer and fall (June-August and September-November),
however, it is not a seasonal phenomenon: in the spring and fall months a small “bump” on the right of
the Indonesian peak is visible. This bump has the same value as the Borneo peak in summer and winter,
suggesting that the rate over Borneo is constant and is overpowered by the activity over Java and Sumatra in
winter and spring. The fact that the local-time curve for Oceania has the same shape of the one for the other
regions indicates that this peak over Borneo is not related to a specific kind of events. Another seasonal small
peak is visible over the pacific in winter. This fourth lightning region was already reported in Fabro et al.
(2015), but the scarcity of events in that region makes it difficult to draw any conclusions. Our findings are in
accordance with the observations of the Optical Transient Detector, as reported in Christian et al. (2003) (see
figure 6). The reported maximum of lightning activity in the period September-November over the Amazon
basin is visible in our data also, even considering the low number of detected events. Christian et al. (2003)
also report that the maximum of activity in Africa shifts from —20° latitude in December—February to +20° in
June-August, following the Inter-Tropical Convergence Zone. However, such latitudes are outside the field
of view of AGILE, and as a result we see our maximum of activity in March-May and September-November
instead. Finally, in their figure 7, panel c, they also report a bimodal structure for the yearly activity rate, with
maxima over April and October for the latitude band covered by AGILE; this is very well visible in Figure 4.
The local time distributions (Figure 7, panels on the right) also show variations according to the time of the
year. In particular, the imbalance between the rate in mornings and in evenings over Africa occurs in spring
and fall, and a similar behavior is observed over Central America during fall; this trend seems to be reversed
in summer over America. On the other hand, the detection rate in the mornings as opposed to the evenings
seems to be comparable all year round in Oceania. Figure 8 shows a set of summary box plots for median
energy (left), duration (center) and number of counts (right), divided for the four seasons and for the three
lightning chimneys. There is no trend of such parameters with longitude or season; the small differences for
the American peak are most likely due to the small number of events recorded there. Therefore, from this
analysis, we conclude that there is no statistical evidence for variability of TGF properties such as median
energy, duration and intensity with season and longitude, at least in the equatorial band. Therefore, we
consider unlikely that our WI events, selected over spring and summer, are introducing a bias related to
season in our sample.

5.7. Comparison With the Fermi Catalog

One of the distinct features of the AGILE sample is the dominance of the African peak, which is not observed
by other missions; however, we interpret this feature as a product of the very narrow inclination of AGILE
(2.5°). As a result, AGILE covers all the equatorial regions, particularly the Congo basin, while at the same
time misses out other active regions, such as the Caribbean sea.

To show this, we plot the events from the Fermi catalog (Roberts et al., 2018) which occurred within +2.5° of
latitude and we see that their geographic and local time distributions are compatible with the ones obtained
for the AGILE data set (Figure 9). Fermi data are available at https://fermi.gsfc.nasa.gov/ssc/data/access/
gbm/tgf/; we used the Offline Search Table for this comparison. The latitude-based selection includes 454
out of 4,135 events detected within the period July 2008 to July 2016. There is thus only partial time overlap
between AGILE and Fermi data sets. The African and Asian peaks are comparable between the two sets;
so is the American one, but the data from AGILE show a little peak over the Pacific that is not present in
the sample from Fermi, possibly due to the lower number of events in the sample. The differences in the
local-time distributions are not significant.
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6. Conclusions

The new catalog presented here contains 2,780 TGFs detected by AGILE over a 3-years span, and represents
the largest data set of TGFs detected over the equatorial region (+2.5° of latitude) so far. The association with
WWLLN showed that the selection criteria used for the previous catalogs were inadequate and the charac-
teristics of WI TGFs were the base for the design of new criteria. After testing several sets of new criteria
we selected the one that included the highest number of WI TGFs while at the same time maintaining the
sample as clean as possible of false events. The reliability of the new sample was tested with the geographic
and local-time distributions of the events and with the ratio between events occurring in stormy regions and
events occurring in a selected control region. The characteristics of the new sample are consistent with pre-
vious observations, namely the Fermi catalog. The seasonal behavior for the various regions is consistent
with the global annual lightning activity, reported by Christian et al. (2003); the TGF rate peaks at different
times of the year in the different regions, according to local climate. Local weather patterns also influence
the shape of the longitude distribution; in particular, the peak over Borneo was not visible in the previous
catalogs, and it thus represents an additional improvement. Another active region that was previously unde-
tected is the Pacific chimney. However, no trend related to location or season was found in energy, intensity
or duration of the TGFs.

This catalog is openly accessible at this link: https://www.ssdc.asi.it/mcal3tgfcat, and it includes also the
lightcurves of all events. The association of TGFs to lightning sferics detected by WWLLN is addressed
in L20.
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