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Abstract Unique spaceborne measurements of the three-dimensional structure of convective

clouds producing terrestrial gamma ray flashes (TGFs) were performed using both active and passive
microwave sensors on board the Global Precipitation Measurement (GPM)-Core Observatory satellite,
finding coherent features for nine TGF-producing storms. The delineation of cloud structure using the
radar reflectivity factor shows convective cells with significant vertical development and thick layers with
high ice content. Compared to other cumulonimbus clouds in the tropics, the TGFs counterparts have
higher reflectivity values above 3 and 8 km altitude showing in all cases a cumulonimbus tower and the
TGFs locations are very close, or coincident, to these high Z columns, where reflectivity exceeds 50 dBz.
Using the GPM Microwave Imager radiometer, most thunderstorms show a very strong depression of
polarization corrected temperature (PCT) at channel 89 GHz, indicating a strong scattering signal by ice
in the upper cloud layers. At channel 166 GHZ, the difference between vertical and horizontal brightness
temperature signal always returns positive values, from 0.2 up to 13.7 K indicating a complex structure
with randomly/vertically oriented ice particles. The PCT was used to characterize the analyzed storms

in terms of hydrometeor types, confirming in 7/9 cases a high likelihood of hail/graupel presence. To
perform analysis on the TGFs parent flashes, radio atmospherics data from the Earth Networks Total
Lightning Network lightning network were used. Waveform data indicate that all cases are intra-cloud
events and TGFs typically take place during the peak of flash rate production. Finally, the analysis of the
most intense event is shown.

1. Introduction

Terrestrial gamma ray flashes (TGFs) are sub-millisecond bursts of high-energy photons that were first ob-
served from space in 1994 by the Compton Gamma Ray Observatory (Fishman et al., 1994) later associated
with positive intra-cloud (IC) discharges (Shao et al., 2010; Stanley et al., 2006; E. Williams et al., 2006)
and extensively observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI; Smith
et al., 2005), Astrorivelatore Gamma a Immagini LEggero (AGILE; Marisaldi et al., 2010; Tavani et al., 2009),
Fermi Gamma-ray Burst Monitor (GBM; Briggs et al., 2013) and the Atmosphere-Space Interactions Mon-
itor (@stgaard et al., 2019).

It remains still unknown why not all the thunderstorms produce gamma-ray bursts and if there are fa-
vorable characteristics and physical conditions that produce TGFs within thunderstorms. In order to un-
derstand which conditions are favorable to the development of these events several studies are focused
on the structures that mainly define the characteristics of clouds, both at macro and micro-scale (Splitt
et al., 2010). performed the first meteorological comparison of TGFs and associated thunderstorms using
Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) combined with geostationary sat-
ellite observations. They found that such TGFs Producing Thunderstorms (hereafter TPT) have cloud top
values ranging from 13.6 to 17.3 km, consistent with the theoretical estimates (source altitude between 15
and 21 km) previously found by Dwyer and Smith (2005). In a recent study Larkey et al. (2019) found that,
the interflash time interval prior to a TGF-producing flash was 24% longer than the mean interflash interval
suggesting that larger than average thunderstorm charging period, therefore higher large-scale electric field
are necessary for TGFs production.
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More recently, regions of frequent TGFs emissions are compared to lightning detections from the Lightning
Imaging Sensor (LIS; Christian et al., 1999) on board the TRMM. In Barnes et al. (2015), two samples were
created, storms with TGF and storms without TGF, based on whether RHESSI detected a TGF in the region.
The TRMM Microwave Instrument (TMI; Wentz et al., 2001) was used to compare the hydrometeor content
of the storms within the two samples. Despite the limitations due to the TGF location uncertainties, the
very likely presence of multiple cell storms in the field of view, and the evolution of the event in a such
large range of time, clear differences in the hydrometeor content of the two samples were found. The TGFs
regions contained higher concentrations of cloud water and ice and precipitation water and ice.

Detailed meteorological observations of TPT detected by Fermi were given by Chronis et al. (2016). They
analyzed 24 Fermi TGFs within the next generation weather radars weather radar network operational
range. By studying the Enhanced Echo Top radar product, they show how TGFs are more correlated with
high altitude regions in a storm. The Vertical Integrated Liquid Density, reflectivity (Z) and Convective
Available Potential Energy values, taken from the National Centers for Environmental Prediction North
American Regional Reanalysis, show that these TGFs originate from storms having a wide range of con-
vective strengths, without any clear common characteristics. These results are confirmed also by the recent
study of Ursi (2019) that linked TGFs production to cloud instantaneous and dynamical features as extract-
ed by visible-infrared geostationary satellite sensors. The present study takes advantage of the availability
of satellite borne radar data to perform analysis from a new perspective, overcoming most of the limitations
affecting ground based weather radar observation (e.g., attenuation, beam blocking, and anomalous propa-
gation), and extending the coverage to oceans and desert areas.

The launch of the NASA/JAXA Global Precipitation Measurement (GPM) mission (Hou et al., 2014), opens
a new era in cloud studies from space. The constellation of satellites has now reached an optimal con-
figuration, ensuring a 3-hourly global coverage of passive microwave sensors, and is now completed by
the GPM Core Observatory (GPM-CO), successfully launched in February 2014. The GPM core satellite
is equipped with the GPM Microwave Imager (GMI) and Dual-frequency Precipitation Radar (DPR). In
particular, respect to pre-existing sensors, they both bring a number of interesting new capabilities, such as,
for the GMI, the improved ground resolution and the additional high frequency channels (166 H/V). This
provides information on mid-tropospheric humidity and frozen hydrometeors. The double frequency of
the DPR, designed to improve knowledge of precipitation processes with higher sensitivity with respect to
the single-frequency (Ku-band) radar used in TRMM, is designed to provide greater dynamic range, more
detailed information on microphysics (D'Adderio et al., 2018, 2019; Marra et al., 2017), and better accuracies
in rainfall retrievals (Iguchi et al., 2002; Panegrossi et al., 2016; Petracca, 2018; Speirs et al., 2017).

The aim of this work is to provide information on the structure of the TPT by means of active and passive
microwave innovative sensors on board GPM-CO. The main characteristics of these storms are retrieved
and vertical profiles of reflectivity and the horizontal structure of Brightness Temperatures (TB) are stud-
ied around the site of the detected TGF. The acronym more frequently use in this study are reported in the
related list.

2. Instruments and Data Sets

In this study, the database was built by searching for GPM-CO overpasses over the area of TGFs occurrence,
finding nine cases of TPT observed by DPR and GMI. In particular, TGF data collected by AGILE and Fermi
and simultaneous observations by the Earth Networks Total Lightning Network (ENTLN; Liu & Heck-
man, 2011; Rudlosky, 2015) and by the GPM, are analyzed.

2.1. TGFs

The TGF events considered in this work were detected by the Mini CALorimeter (MCAL; Marisaldi
et al., 2014) on board the Astrorivelatore Gamma ad Immagini LEggero AGILE (Tavani et al., 2009) and
by the GBM aboard the Fermi Gamma-ray Space Telescope (Briggs et al., 2013). AGILE is a mission of the
Italian Space Agency (ASI) dedicated to gamma-ray astrophysics, operating since 2007 in a low inclination
(2.5°) and Low-Earth Orbit (LEO) at 540 km altitude. The MCAL (Fuschino et al., 2011; Labanti et al., 2009;
Marisaldi et al., 2010) is based on scintillating bars for the detection of gamma rays in the range 300 keV-
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100 MeV. Fermi detects TGFs from a nearly circular orbit of 565 km altitude with a 25.6° inclination. The
GBM, designed for astrophysical observations of gamma-ray transients, consists in 14 scintillation detectors
of two types to cover the energy range from 8 keV to 40 MeV (Meegan et al., 2009; Tierney et al., 2013). The
detectors are powered off during the spacecraft's transit through the South Atlantic Anomaly region due
to the high activity of charged particles. The data from AGILE, include 278 TGFs from the 3rd AGILE TGF
catalog (Lindanger et al., 2020; Maiorana et al., 2020) between March 23, 2015 and April 14, 2018. The first
Fermi catalog (Roberts et al., 2018) include 1,314 terrestrial gamma ray flashes, detected since launch in
July 11, 2008 through July 31, 2016.

We consider only events with associated lightning stroke detected by the World-Wide Lightning Location
Network (WWLLN) data set (WWLLN; http://wwlln.net).

The associated stroke provides an estimate of the source location with about 20 km spatial resolution.

2.2. Lightning

With its more than 70 sensors (Hutchins et al., 2012), WWLLN detects Very Low Frequency radio waves
over a range of about 3-30 kHz, emitted by Cloud-to-Ground (CG) and a non-negligible fraction of IC light-
ning strokes with a localization accuracy of about 20 km.

WWLLN is able to detect only strokes with peak current over 30 kA, and therefore, since CG strokes typi-
cally have higher peak currents than IC strikes, the network is biased toward CG strokes (Virts et al., 2013).
Given the known lower sensitivity of WWLLN to IC lightning and to the relatively low accuracy in the lo-
cation of the event, our analysis was completed using also the ENTLN, with the twofold aim to improve the
lightning location accuracy from 15-20 to less than 5 km and to validate the WWLLN observation.

The ENTLN with its 1,800 globally distributed sensors (frequency from 1 Hz to 12 MHz; Bui et al., 2015;
Zhu et al., 2017), has the privilege on detecting Total lightning (IC + CG) useful for applications of thunder-
storms monitoring, such as severe weather events and tornadoes (Liu & Heckman, 2011; Rudlosky, 2015).

ENTLN location accuracy is globally below 5 km (Bui et al., 2015), down to 215 m (Zhu et al., 2017) in most
favorable cases. The detection efficiency in Florida, the most sensitive area of the network, reaches 97% for
CG strokes (Zhu et al., 2017), and 100% for peak currents higher than 25 kA (Mallick et al., 2015).

Comparisons between ENTLN data and TRMM-LIS data are shown in (Rudlosky, 2015) and GLM data
are shown in (Marchand et al., 2019). Comparative performance study of the ENTLN and WWLLN can be
found in (Bui et al., 2015).

The ENTLN archives the raw waveforms from all its individual sensors, allowing an unprecedent in-depth
study of single events, when the characteristics of the lightning sferics is required.

The characteristics of the lightning recorded by ENTLN includes: time accurate to nanoseconds, location
in geographical coordinates, flash type classification (CG-IC), peak current, and polarity. Furthermore, it
is also possible to determine the maximum distance detected by sensors by manually inspecting the raw
waveform data. In case of IC events, the production altitude in the atmosphere can be additionally estimat-
ed directly from the time-of-arrival calculations.

2.3. Thunderclouds

Thunderstorms originate in the lower troposphere when moist and warm air is lifted by local thermody-
namic instability and becomes buoyant with respect to the surrounding air. Water vapor phase transitions
release a huge amount of latent heat within the rising air mass, increasing its upward speed and allowing
growth and vertical transport of a wide range of different hydrometeors. This strong vertical current (with
typical velocity around few tens of meters per second) lasts until the environment supplies water vapor, and
in the more intense cases, and is vertically limited by a strongly stable layer (the tropopause). Heavy rain-
fall, hailfall, lightning and strong and turbulent air fluxes are usually generated by such convective cloud
systems.
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Remote sensing instruments are of two primary types, active and passive. Radiometers are passive in-
struments capable of measuring the power emitted by a body with high accuracy. In particular, they are
designed to derive profiles of temperature and water vapor by sounding the atmosphere at multiple fre-
quencies around the absorption lines. The relatively high frequencies employed, make them sensitive to
scattering by liquid and frozen hydrometeors. On the other hand, for active remote sensing, radars provide
their own source of energy to illuminate the objects they observe, emitting radiation in the direction of the
target to be investigated. The signal returned to the receiver provides a measure of the interacting media
through the backscattering from that media. Depending on its design, radars can measure the distance from
the media and the amount and relative size of the particles in the media. The advantage is their ability to
sense information on the location and size distribution of cloud particles. Essentially, they provide a de-
tailed vertical distribution of the precipitation particles in the cloud. There is also sensitivity to the liquid
versus frozen particles in the cloud.

The platform from where we observed the storm structure and characteristics is the GPM-CO satellite that
operates in a circular, non-sun-synchronous orbit at 407 km altitude, with an inclination of 65° to monitor
the same geographic area about two times per day (Hou et al., 2014). The two instruments onboard (GMI
radiometer and DPR radar, passive and active instruments, respectively), and their main innovations are
presented.

2.3.1. Passive Sensor

The GMI onboard GPM-CO constellation is a state-of-the-art radiometer, with high spatial resolution and
a complete set of channels (from 10.6 to 183.7 GHz), over a wide scanning area of 931 km, co-aligned with
the swath of DPR (i.e., the strip of the earth's surface from which the data are collected). In particular, GMI
offers the most complete set of microwave frequencies available today from space, with 10 dual polarization
window channels at 10.6, 18.7, 36.5, 89, and 166 GHz, and three single polarization water vapor absorption
channels (one at 23.8 GHz and two at 183.31 GHz).

As a conical scanner, GMI provides passive microwave measurements with the highest available spatial
resolution among the GPM constellation of radiometers (i.e., up to roughly 4 X 7 km at 89 GHz and around
19 x 32 km at 10.6 GHz). Moreover, it is the only sensor with the double polarization (vertical and hori-
zontal) on the 166 GHz channel, specific for ice detection. Given the correlation between the ice content
and lightning production inside clouds (Jayaratne et al., 1983; Takahashi, 1978), the ability to provides
information on frozen hydrometeors presence and crystals orientation by this channel is particularly useful
for this analysis.

2.3.2. Active Sensor

The DPR onboard the GPM constellation is the second space-borne precipitation radar ever deployed, after
the Precipitation Radar (PR), launched on the TRMM satellite in November 1997. It consists of one Ku-band
(13.6 GHz) and one Ka-band (35.5 GHz) radar, designed to be operated for simultaneous observation.

One of the reasons for adding the Ka-band frequency channel is to provide a more accurate estimate of
the phase-transition height in precipitating systems and thus allowing a better description of solid precip-
itations (Iguchi et al., 2002). Since the Ku-band channel of the DPR is very similar to the TRMM PR, the
principal challenge in the development of the DPR algorithms is to combine the Ka-band and Ku-band data
to achieve the objectives mentioned above. The swath widths of Ka- and Ku-band radars: 120 and 245 km,
respectively, while both Ka- and Ku-band footprints are of 5.2 km diameter with a vertical resolution of
125 m (Iguchi et al., 2002). The DPR operates in three scanning modes: Normal scan (NS), matched scan
and high sensitivity scan. Outputs can be in single-frequency in the outer part of the swath, covered only
by Ku-band radar or double-frequency in the inner part of the swath, observed by both radars, depending
to the scanning mode: MS footprints collect simultaneous measurement at Ka- and Ku-band providing out-
puts from double-frequency based algorithm (Iguchi et al., 2002).
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Table 1
Resume of TGF and Lightning Features for the Data Set Considered

Local Lat Dist. foot d Height At
ID Data time (h) Counts Lon (deg) (deg) Type (km) i(kA) (km) (km) (min)

#1F  2014-07-01 17:33 11 —84.9585 7.4813 IC 403 +50 6,000 15 +11
#2F  2014-08-18 03:35 11 26.7369 1.3223 IC 39 = = = —06
#3F  2014-09-11 09:04 20 88.4148  25.5771 IC 216 +86 5,000 = +15
#4A  2015-04-18 16:18 9 120.1632 0.7408 IC 373 +30 5,800 = +0.5
#5A  2015-04-18 04:41 13 99.6043 —0.3693 IC 342 +30 6,600 18 —0.3
#6F  2015-05-10 21:47 9 —115.9827 7.0164 IC 431 173 9,000 = +24
#7A  2018-04-14 11:47 11 140.5061 —0.9805 IC 574 +420 8,000 = —-20
#8A  2018-06-16 02:32 9 131.0175 —1.6725 IC 417 +40 6,000 = +06
#9A  2018-07-19 05:11 10 —79.5522 6.7312 IC 516 +48 6,000 14 +03

From the left: TGFs features (Col. 1-4) ID, data, local time and number of counts observed from space detector. Parent
flash characteristics (Col. 5-11): Lat, Lon, type of lightning (intra-cloud/cloud to ground IC/CG flash), Distance
from the satellite footprint, peak current and polarity, distance between the flash and the farther sensor on ground
and altitude. In Col. 12 At is the temporal distance between the TGF event and the GPM observation over the area
(negative/positive for previous/consequent crossings in relation to the TGF time).

3. Methods
3.1. Events Selection

The total TGFs database of 1,592 geo-located events (278 detected by AGILE, and 1,314 detected by Fermi),
were crossed with GPM orbits. The main selection criteria beyond identification of the storms producing
TGFs was to consider a maximum temporal separation between spacecraft observations over a TGF event.
A reasonable time range must take into account storm features change (storm cells move rapidly changing
their shape, often merge with other storms or split in two or more daughter cells; Houze, 1993).

The choice of the observational time window was based on empirical observations of the average life (growth
and decay) on the convective time scale in tropics (~60 min) and fixed defining a At (difference between the
TGF time and the time when the GPM satellite passes over the same point on the Earth) of 25 min before
and after the event (negative and positive sign indicates an overpass before and after the event, respectively,
see Table 1). This time window was selected as a trade-off between the requirement to observe the cloud as
close as possible to the time of TGF occurrence, and the need to have a minimum number of cases, since
in the case of low-orbit satellites, the chances for quasi-simultaneous observations (here between the TGF
detector and the GPM-CO) on the same portion of the earth surface, are very low. The matching of TGF
catalogs (Fermi blue dots, AGILE green dots) with GPM-CO orbits provided nine TGFs cases observed by
both GMI and DPR, shown in bold in Figure 1 (Fermi black dots, AGILE pink dots. A/F for AGILE/Fermi
detection).

In Table 1, for the sample considered, the main TGFs (Col. 1-4) and ENTLN parent flash (Col. 5-11) char-
acteristics are reported. In particular, the TGF is described in terms of date, local time and counts (number
of photons observed by the detector). The parent flash is described in terms of geolocation and its distance
with respect to the AGILE/Fermi footprint. Furthermore, ENTLN, using a specific stroke classification al-
gorithm and looking at the waveforms data, is able to classify flashes in terms of type (intracloud/cloud
to ground IC/CG flash), peak current and polarity, distance between the flash and the farther sensor on
ground and altitude. In Col. 12 At is the temporal distance between the TGF event and the GPM observation
over the area before mentioned.

It is important to underline that many of these TGFs occurred in remote regions, where there are few EN-
TLN sensors. As such, some of these events were not reported in the ENTLN production system events.
However, in all but one case (#2F), enough sensors detected the event to allow for a location to be obtained
through a post processing of the raw waveform data. The location was performed using a time-of-arrival

TIBERIA ET AL.

50f 17

85U8017 SUOWWIOD dAIER.D 3|eoljdde aupy Ag peusenob a1e saoie VO ‘8N J0 S9INJ 10} Akeuq1 8UIIUO AB]1AA UO (SUORIPUOD-PUE-SLLBIALID"AB | 1M A eI 1[BuUO//Sty) SUORIPUOD pue SULB | 8y} 89S " [£202/20/v2] Uo Akeiqi auljuo A8|im uewnooq 3 Wedid IWesIS ealy Aq Zy9ee0aroz0z/620T 0T/10p/wod ks |im Are.qipuijuo sandnBey/sdny woj pepeojumoq ‘s ‘1202 ‘96686912



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD033647

Figure 1. Geographical distribution of the catalogs: Fermi blue dots, AGILE green dots. The nine TGFs-GPM crossed locations in bold (Fermi black dots,
AGILE pink dots). Specifics in Table 1. AGILE, Astrorivelatore Gamma a Immagini LEggero; GPM, Global Precipitation Measurement; TGFs, terrestrial gamma

ray flashes.

technique and the least squares method built in to Python's Scipy module (https://docs.scipy.org/doc/scipy/
reference/generated/scipy.optimize.least_squares.html). For these same events, the peak currents were post
processed using the same algorithm used in the ENTLN production system and the classifications were
determined by visual inspection.

3.2. Cloud Parameters Estimate

In the two TGF catalogs, each event is associated to the sferic of the related lightning (hereafter referred
as “parent flash”) starting from the time and position of TGFs. The basic principle to correlate TGFs and
lightning makes use of the mechanism under which lightning are able to radiate electromagnetic energy
from the Extremely Low Frequency (ELF; 3-30 Hz) to the Medium Frequency (MF; 30 kHz-3 MHz) radio
frequency range, commonly known as sferics. In particular, a TGF is assigned to a lightning if its sferic is
detected and takes place within a time frame of few hundreds microsecond and 800 km from the satellite
footprint (Connauthon et al., 2013).

The parent flash positions are retrieved in the GPM-CO data, selecting the events observed by the DPR in a
time interval of 25 min before and after the time of the flash (o TGF) occurrence. In the analysis we'll take
into account possible changes in the cloud structures within the time lag between TGF and DPR observa-
tions. Then, the TPTs are defined as the Moore 8-neighborhood (Espinola et al., 2015) with near surface
radar reflectivity map of the pixel where the parent flash is localized. In this section, we present parameters
and indicators we used to classify the TPT according to the characteristics of associated lightning and the
cloud structure as revealed by GMI and DPR on board the GPM-CO.

The parameter to classify cloud structures by microwave passive measurements are derived from the GMI
product 1C-R that includes radiometrically corrected, geolocated, and intercalibrated TB for all the 13 chan-
nels used. During the atmospheric TB estimation, a common problem is due to the land surface contri-
bution. Profiting from the GMI double polarization of window channels, we computed the Polarization
Corrected Temperature (PCT; Barrett & Kidd, 1990; Grody, 1984; Kidd, 1998; Spencer et al., 1989; Todd &
Bailey, 1995; Toracinta et al., 2002; Weinman & Guetter, 1977). The PCT estimation is the linear combina-
tion of TB in H and V polarization that removes much of the effect of varying land surface emissivity. As
suggested by Cecil and Chronis (2018), we computed the PCT between 10 and 89 GHz, as:

PCT; =(1+0©;)TBy, —©,TBy, (1)

where Oy is a coefficient that minimizes the effects due to the surface emissivity and TB indicates the TB at
frequency f measured for vertical (V) and horizontal (H) polarization (Cecil and Chronis, 2018)

The analysis takes into account different spatial resolutions on each channel (see Table 4) as the measure-
ment corresponding to the TGF could be anywhere within the geolocation uncertainty region.

For the TB at 166 GHz, being sensitive to the upper cloud particles for which no PCT coefficients are avail-
able, we considered the absolute difference between the two polarizations as parameter.
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For the radar analysis, we used the 2ADPR level 2 product (version 5) geolocated geophysical parameters
(Seto & Iguchi, 2015), to investigate the spatial variability of cloud properties and the cloud vertical struc-
ture around the TGF by means of different parameters using NS footprint.

According to the double frequency method developed by Colorado State University (Le & Chandrase-
kar, 2013a, 2013b), the NS footprint is divided into the inner swath (central 125 km), where the dual-fre-
quency (Ku- and Ka-only) data are unified, and the outer swath, where data type is the copy of the corre-
sponding of the Ku-only in a single frequency. The key variable from radar observations is the reflectivity
factor Z (dBZ) corrected for total attenuation due to atmospheric gases and precipitating particles (Seto &
Iguchi, 2015) to compute several parameters that characterize the cloud (the reflectivity factor, the sixth
moment of the cloud particle size distribution, is a measure of the power backscattered by the cloud).

To classify the intensity of convection inside clouds, according to Kumar and Bhat (2016), we considered
two types of convective cells. On one hand, the cumulonimbus tower (CbT), which contains a reflectivity
factor value of 20 dBZ at 12-km altitude and is at least 9-km deep. On the other hand, the intense convec-
tive cloud (ICC), which belongs to the top 5% of the population of the reflectivity factor distribution at a
prescribed reference height. In particular, the two reference heights chosen were 3 and 8 km (Kumar &
Bhat, 2016) (noting that a convective cell can both qualify as a CbT and an ICC satisfying both definitions).

The physical interpretation of CbT and ICC is as follows: in a cumulonimbus cloud, hydrometeors are
transported upwards and once the vertical current is weakened, larger hydrometeors change direction and
continue to grow along their descent trajectory. Due to this process the reflectivity assumes the maximum
value in the upper troposphere area (E. R. Williams et al., 1989). As hydrometeors descend below the freez-
ing level, Z increases rapidly because of the accretion processes and the transition from ice to liquid phase
(Houze, 1993).

These are the reasons why at about 3 and 8 km altitude we expect reflectivity peak (Stith et al., 2002). An
important feature of the cloud structure is the distribution of non-precipitating ice particles inside thun-
derstorms, mainly for two reasons: on one hand, to understand the interactions of photons with the matter
they cross, on the other one, to understand what is their link with charge separation in cloud and thus, with
lightning. However, Ice Water Content (IWC) in thunderstorms is very difficult to measure with remote
instruments: radar reflectivity is proportional to the sixth moment of the particle size distribution, while
the IWC is the third moment, and cannot be inferred by reflectivity measurement alone. Nevertheless, dif-
ferent properties of the radar reflectivity vertical structure such as echo top height (Ushio et al., 2001; Wil-
liams, 1985) or maximum radar reflectivity at different altitudes (Cecil et al., 2005; Pessi & Businger, 2009;
Zipser & Lutz, 1994) have been related to the flash rate (FR).

Several studies in the past have estimated the Z-IWC relationship. Petersen and Rutledge (2001) combine
both TRMM PR and LIS data to examine vertical structures and ice water contents, finding a largest system-
atic variability in precipitation vertical structure observed between all of the locations examined occurred
above the freezing level.

Rutledge et al. (2000) used data from the TRMM-LBA field campaign emphasizing the kinematic and mi-
crophysical characteristics observed in two specific convective systems utilizing ground based dual-Doppler
and S-band polarimetric radar data. Since the lightning production inside cloud is strongly related to the
presence of graupel (frozen particles with density lower than hailstone, characterized by Z values greater
than ~30 dBZ above the freezing level (Jayaratne et al., 1983; Lopez & Aubagnac, 1997; Saunders et al., 1991;
Takahashi, 1978), we here consider the graupel extension (km) as the maximum altitude with Z > 30 dBZ
above the freezing level (Graupel Top in Table 2). Other key variables extracted from DPR products are:
Surface type, height storm top, and flag anvil (a new item added in version 5 of the GPM algorithm to better
classify storm shape). The possible values of flag Anvil are as follows: Flag Anvil = 1: Anvil is detected, flag
Anvil = 0: Anvil is not detected (including the case of data missing; Iguchi et al., 2002).

As mentioned above, from the GMI observations we took advantage of the availability of dual polarization
channels from 10 to 166 GHz, and computed the Polarization Corrected Temperature (PCT) calculation in
the channels between 10 and 89 GHz from Cecil and Chronis (2018) (Col. 15-18). In the case of the TB at
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Table 2 166 GHz, for which no PCT coefficients are available, we considered the
DPR Cloud Features absolute difference between the two polarizations as parameter.
Cloud  Flag = Zmy ICC3 ICC8 Gr.Top  Tables 2 and 3 summarize the characteristics of the clouds related to all
W Semp fopQen) Aunll @) @) () e () the TGFs events considered, derived by the DPR and GMI instruments.
#1F (6] 15.7 54.4 54.4 39.3 1 0.1
#F L 16.0 0 530 530 397 1 2.2 . . L.
3.3. Comparison With Statistics
#3F L 15.9 1 60.3 54.6 43.3 1 7.0
#4A C 15.2 0 446 422 32.2 1 7.2 3.3.1. DPR
#5A C 16.0 0 53.0 53.0 397 1 6.4 Kumar and Bhat (2016) develop a model to classify the intensity of the
#6EF O 15.8 1 496 496 295 1 42 convective clouds based on the vertical profiles of radar reflectivity. Their
#TA O 14.5 0 518 518 394 1 5.6 model is based on the analysis of 10 years of reflectivity data as derived
G 16 L 03 83 443 L . from the TRMM PR measurements. They considered the cloud parame-
7 28 28 ’ > ters ICC3 and ICC8 (above described) derived from the vertical profiles
#9A © 16.5 0 56.3 56.3 39.8 1 7.6

From GPM products: Surface type (O/C/L for Ocean/Coast/Land), Cloud
top height (km), Flag Anvil, Maximum value for the reflectivity factor
(corrected for non-precipitating particles). Derived variables: ICC3-
8 reflectivity factor values for 3-8 km altitude, respectively, Flag Cloud

tower, Graupel top in its vertical extension.

of reflectivity measured in 18 locations distributed across the tropics and
two locations in the subtropics.

Table 5 shows ICC3,. and ICC8,s thresholds in different areas found by
Kumar and Bhat (2016) to label the cloud as intense convective, the ICC3

and ICC8 calculated for the nine case studies considered in this work,
while AICC3 and AICCS represents the respective differences derived
from the comparison between them.

It was observed that ICC8 and ICC3 thresholds are in the 28-35 and 40-43 dBZ ranges, with variance values
o of 0.5 and 1.8 units, respectively. For ICC3, in all nine cases, we have AICC3 > o, with a maximum differ-
ence with respect to the reference value of 17.3 dBZ (case #8A). ICC8 reflects this trend too, showing only
2/9 cases (#4A and #6F) with ICC values below the respective reference values. On the other hand, a CbT
is defined as a fixed Z threshold value of 20 dBZ at 12-km altitude, and its base is located below the 3-km
altitude (Kumar & Bhat, 2016). For our case studies 100% present these characteristics.

3.3.2. GMI

On the other hand, the GMI measurements are investigated in order to classify events in a more general
convection framework. The approach is based on the study from Cecil and Chronis (2018).

In their work, hydrometeor types are derived from dual polarization radar hydrometeor identifications in
the GPM Validation Network database of matchups between the GMI and dozens of ground radars mostly
in the U.S., and ranked in a hierarchy as: hail or large drops, high-density graupel, low-density graupel,
snow, ice crystals, rain, and drizzle. For any given GMI footprint, the brightness polarization corrected
temperatures (PCT) are assigned to the highest ranking hydrometeor category anywhere in that footprint,
with ranking based on the hierarchy above. Figure 2 shows for 89 GHz PCT the probability of a given hy-
drometeor type being present over the sample considered, showing a likelihood of hail/graupel exceeding
80% in 7/9 events. The exceptions (#1F and #6F) have a large time difference between TGF occurrence and
observation: during 11 and 24 min (respectively) the cloud could have moved and/or changed significantly
its structure.

We carried out a detailed analysis on the nine TPT and we will present the results related to a representative
event in which the cloud develops and was observed entirely in the radar field of view. Moreover, this case
represents the event with the highest TGF intensity (number of counts measured by the detector). It was
observed by Fermi and occurred on September 11, 2014 at 09:04 a.m. local time over Bangladesh (case #3F).

4. Case Study: Fermi TGF on 2014/09/11 Over Bangladesh

On September 11, 2014, at 03:04 UT (09:04 a.m. local time), Fermi GBM detected a TGF over Bangladesh.
The event has, in the corresponding catalog, WWLLN association. The ENTLN post processed location was
9.2 km from the WWLLN detection, indicating good agreement within errors (see Figure 3a).
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Table 3 The ENTLN system can discriminate IC from CG strokes, locate, and
GMI Cloud Features when possible, estimate the height of IC emission. The farther sensor that

ID PCT10 (K)

PCT19 (K) PCT37(K) PCT89(K) 166 V-H (K)

measured the event is distant 5,000 km, recording a very intense positive
IC flash with a peak current of 86 kA. Figure 3c shows the waveform

#1F
#2F
#3F
#4A
#5A
#6F
#TA
#8A
#9A

286
281
293
290
283
281
291
293
284

276
271
270
291
278
282
288
289
276

256 LS Gy from this event detected by the closest sensor. There are two pulses occur-

227 136 4.0 ring a few milliseconds apart, which are illustrated in separate panels to

225 117 2.5 allow for better temporal detail. This sensor is only 166 km away from the

284 151 13.7 parent flash, relatively close. Considering that there is no indication of a

o e 14 return stroke signature, which would manifest as a very fast rising edge,
typically lasting around 1 microsecond (Rakov & Uman, 2003). There-

276 276 0-2 fore, we can be confident that this event was in fact an IC. The number of

259 145 3.0 counts measured by Fermi GBM is 20.

282 188 11.3

246 133 43 We first analyze the temporal evolution of the CG and IC combined reg-

istered strokes using the ENTLN data. To determine the storm phase in

PCT values (K) for channels 10, 19, 37 and 89 GHz from (Cecil &  yyhich the TGF is generated, ENTLN lightning data in proximity of TGF

Chronis, 2018). For channel 166 GHz the absolute difference between
vertical and horizontal polarization.

are examined in terms of flash rate (FR) variation, over 1 h time window
and 40 km space ranges centered to the TGF time and location.

The timeline of the activity is as follow (Figure 3b): the cloud starts to

produce lightning at 02:40 local time, 18 min before the TGF emission.
The flash rate increases reaching its maximum during the TGF event at 03:04 local time, dropping down of
a factor of 5 in the following 10 min. The relation between the TGF occurrence and the flash rate trend is
consistent with what shown in Tiberia et al. (2019) and Ursi (2019), highlighting that a TGF often occurs
during the most active lightning phase of the storm.

GPM-CO captures the event 15 min after that Fermi GBM detected the TGF from space. Here the entire
convective system is captured by the DPR inner swath. Different features of the storms can be extracted
from TBs measured at different frequencies. We first focus on quantities derived from high frequencies on
GMI (e.g., 89 and 166 GHz), that can be directly related to the ice hydrometeor presence on cloud top. The
GMI dual polarization channels at 166 GHz makes it possible to observe the preferential orientation of ice
crystals in the cloud top layers (Defer et al., 2014).

The TGF emission area is identified by V-H value of 2.5 K (see Table 3) very close to 0 indicating that there
is no preferential direction of particles, denoting the presence of randomly oriented ice particles, which is
usually interpreted as strong updraft currents (Prigent et al., 2005).

To analyze events from a more quantitative point of view, vertical cross sections of the storm are rendered
in a parallel and perpendicular directions with respect to the satellite flight direction (along-track [AT] and
cross-track [CT] directions, respectively), shown as black solid lines on the near surface level (NSL) reflec-
tivity map (Figures 4b and 4c).

The two vertical cross sections are shown in Figures 4b and 4c where the columnar cloud structure is ren-
dered in color shades and the TGF location is indicated (black vertical line). Corresponding TB (in vertical
polarization, V-pol) profiles are plotted in the upper part of the panel (scale on the right y-axis). Moreover,
the horizontal bar on the top of the plot indicates the type of surface (blue for water and brown for land).

As can be seen from the NSL reflectivity map (Figure 4a), the TGF took place near the core area of the cloud
and well centered in the DPR swath, where the double frequency data were available. The maximum alti-
tude was about 16 km with maximum reflectivity values reached up in the core was about 60 dBZ.

CT and AT cross sections show a well-defined structure, including the anvil and the main deep convective
area. Moreover, Figure 4c shows the presence of a stratiform area at the edge of the main core, highlighted
by the presence of a bright band.

With the aim to evaluate the presence and the vertical distribution of graupel particles (Z > 30 dBZ over the
freezing level - blue line), Figure 5 maps vertical profiles of Z factor for the pixel where the TGF is geolocat-
ed (black curve), as well as for 3 x 3 neighborhood pixels around it (magenta curves).
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Table 4

Spatial Resolution (km) for GMI Channels From 10 to 89 GHz and
Coefficients for PCT Formulas (Cecil & Chronis, 2018)

f(GHz)

RBS.(km)

Oy

10
19
37
89

32x19
18 X 11
15%9
7X4

1.50
1.40
1.15
0.70

Table 5

Figure 5 shows, for this event, the presence of a very deep layer with like-
ly presence of graupel, reaching an altitude of 7 km.

5. Discussion and Conclusions

At the light of the state-of-the-art and knowledge gaps in the understand-
ing of correlation between TGFs and meteorological phenomena, the
present study aimed to explore thunderclouds producing TGFs, monitor-
ing on ground lightning rate combined with spaceborne sensors observa-

tions for cloud characterization.

The present study takes advantage of the availability of satellite radar data

to perform analysis of the vertical structure of TGFs producing thunder-
clouds from a new perspective, by exploiting storms observed simultaneously by a suite of sensors onboard
the GPM-CO. Moreover, ENTLN lightning network, with the possibility of performing several analyzes to
the TGFs parent flash are considered.

A total of 1,592 TGFs from the 3rd AGILE TGF catalog and the Fermi catalog were crossed with GPM orbits,
finding a subsample of nine events inside both the DPR and GMI swath within 25 min.

Table 3 shows that the events are mostly detected over coast and ocean, rather than land. Despite the limited
sample and the applied selection criteria, this is consistent with the general trend reported for TGFs detect-
ed by RHESSI, Fermi and AGILE, which are shown to cluster over coastal regions (Albrechtsen et al., 2019;
Lindanger et al., 2020; Roberts et al., 2018). In particular, Lindanger et al. (2020) showed that the geo-
graphical distribution of TGFs does not match exactly the geographical distribution of lightning detected by
WWLLN, TGFs occurring relatively more often 150 km from the coastline. This observation is still currently
matter of debate, possible explanations can be linked to the extended charging period prior to TGFs (Larkey
et al., 2019), and the role of CAPE and aerosol concentration suggested as responsible for the depletion of
the TGF to lightning ratio in Central Africa (Fabr¢ et al., 2019).

Looking at Table 1, spherics of the parent flashes to these events were detected by electric field sensors
6,000-9,000 km away, indicating that they are very powerful. Furthermore, visual inspection of the ENTLN
waveforms indicate that all of these events are high amplitude IC flashes. This confirm previous results that
found an association of TGF events to powerful positive IC flashes (Shao et al., 2010). In only three out of
nine cases, the altitude of the IC flash associated to the TGFs can be estimated, and it is found to be in the
upper cloud layers. GPM measurements allow for the delineation of cloud structure in a three-dimensional
view, with high spatial resolution.

Observations of cloud topography and clouds vertical development, show that not all cases are isolat-
ed thunderstorms but areas often experience multiple convective cells with high cloud top height. The

Reflectivity Thresholds for ICC3 and ICCS8 Cells for Selected Areas for Comparison (Adapted From Kumar & Bhat, 2016) and Reflectivity Values for Our Events

No. ICC3,¢ (dBZ) ICC8,.¢ (dBZ) ICC3 (dBZ) ICC8 (dBZ) AICC3 (dBZ) AICC8 (dBZ) CbT
#1F Equatorial South America (LAM) 42.5 34.0 54.4 39.3 +11.9 +5.3 N
#2F Equatorial Africa (AF) 43.0 35.0 53.0 39.7 +10.0 +4.7 y
#3F Indo-Gangetic Plain (IGP) 42.0 31.0 54.6 43.3 +12.6 +12.3 \
#4A Maritime Continent (MCw) 41.0 33.5 42.2 32.2 +1.2 —-1.3 \
#5A Indian Ocean east (IOEs) 41.0 28.5 53.0 39.7 +12.0 +11.2 \
#6F Equatorial South America (LAM) 42.5 34.0 49.6 29.5 +5.4 —4.5 N
#TA Maritime Continent (MCw) 41.0 33.5 51.8 39.4 +10.8 +4.9 \
#8A Maritime Continent (MCw) 41.0 33.5 58.3 44.3 +17.3 +10.8 \
#9A Equatorial South America (LAM) 42.5 34.0 56.3 39.8 +13.8 +5.8 \
AICC3 and AICC8 represent differences derived from the comparison in the same area.
TIBERIA ET AL. 10 of 17
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Probability of a given hydrometeor type presence - PCT 89 GHz
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Figure 2. The probability of a given hydrometeor type being present for channel 89 GHz, for individual cases.
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Figure 3. Case #3F (a): ENTLN Lightning flash map around the TGF satellite detection (red cross). The black star represents the associated parent flash.
Blue dots all lightning detected. (b): FR histogram in a 40 km radius area around the event Bin size 2 min. TGF in 0 (c) Parent flash waveform. ENTLN, Earth
Networks Total Lightning Network; TGF, terrestrial gamma ray flash.
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Figure 4. Case #3F (a): NSL reflectivity factor map. The black lines are the CT and AT cutting directions centered on the TGF location. (b), (c): DPR reflectivity
at CT and AT sections. The profiles of the corresponding TB (V pol) are plotted in the upper part of the panel (scale on the right axis). The bar at the top
indicates the type of the surface (blue for water/brown for land). TGF source location is the black line. AT, along-track; CT, cross-track; DPR, Dual-frequency
Precipitation Radar; NSL, near surface level; TB, Brightness Temperatures; TGF, terrestrial gamma ray flash.

maximum storm height values for every TGF in the sample are below 16.7 km, whereas the minimum can
range from ~14.5-15.2 km. Although the statistics are limited, we note that the available lightning altitude
estimate and the observed cloud top altitudes are not compatible with TGFs being produced at low altitudes,

Wl Freezing level

Figure 5. Vertical profiles of reflectivity factor values for pixel corresponding to the TGF location (black curve) and
for the 3 x 3 neighborhood pixels around (magenta curves). The blue line represents the freezing level. TGF, terrestrial
gamma ray flash.
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supporting the conclusions of Smith et al. (2016) that TGFs produced at low altitude can account only for a
very small fraction of the total number of TGFs. Despite it is well known that a higher flash density is found
over land, only two out of nine TPT occurred inland. In fact, this is in agreement with previous analysis
showing that coastal (or ocean) thunderstorms are more prone to produce TGF (Albrechtsen et al., 2019;
Lindanger et al., 2020; Roberts et al., 2018).

The radar reflectivity profile, and its variability within the cloud volume, are used to investigate vertical
cloud structure by means of space-borne radar. In all the case studies we notice the presence of an intense
updraft current in which the high reflectivity columns reach at least 7 km in height with Z above 30 dBz,
indicating the presence of ice well up in the cloud structure, with likely distribution of graupel and hail.
TGFs locations are very close, or coincident, to these high Z columns, where reflectivity exceeds 50 dBz.

In order to evaluate our findings with respect to other studies, we compare reflectivity features with respect
to literature. Features of convective clouds are extracted in line with ICC3, ICCS8, and CbT definitions by
Kumar and Bhat (2016), and compared with regional values across tropics. We find very intense values with
respect to reflectivity thresholds reference over tropics. The ICC parameter, calculated for two reference
heights (3 and 8 km), showed exceeding values for 100% of cases up to 17.3 dBZ for 3 km height and for 77%
of cases up to 12.3 dBZ for 8 km. On the other hand, 100% of cases present a CbT.

Most of these cloud structures present common and coherent features, contain at least one profile reaching
14 km a.s.1. or more, while the reflectivity reaches very high values (in the range 50-60 dBz) for most of the
profiles. Above the FL, all storms show rather thick layers with reflectivity exceeding 30 dBz, indicating the
presence of graupel.

However, graupel extension shows high variability in the range of 0.1-7.6 km over the freezing level.

This variability could depend on the spatial resolution of the measure: graupel distribution is not calculated
on the entire convective system, but on a neighborhood of 3 x 3 pixels (15 X 15 km) around the TGFs loca-
tion. In this perspective, considering the At between the lightning occurrence and the GPM observation, it
must be taken into account that in this time interval the cloud has moved and probably, the observation in
a narrow spatial range may be changed.

In a global vision of the entire clouds involved, parameters consistently show intense clouds with the pres-
ence of convective towers in all cases.

The analysis of the TB cross sections, high frequencies (89 and 166 GHz) show strong depression in cor-
respondence to the TGFs location, indicating the presence of a thick ice layer. PCT for lower frequencies,
more sensitive to the emission of radiation from raindrops, shows a moderate increase with respect to cold
ocean, in correspondence to the main updraft. At lower frequencies the signal is less evident, and very
small perturbation (few K) is shown in the TB profiles across the TGFs position. This could be due to the
small scale of the most intense rain shaft, since lower frequencies have coarser resolution, or to the limited
thickness of rain layer.

All thunderstorms show a very strong depression of PCT89, with the exception of case #6F. This indicates a
strong scattering signal by a thick ice layer in the upper cloud layers. For the lower frequencies (especially
10 and 19 GHz), the values are closer to each other and to the expected thermodynamic temperature of the
observed objects (clouds). Because the low density ice particles in the upper cloud layers have higher scat-
tering efficiency at the higher frequency (Defer et al., 2014; Marra et al., 2017), TB values can be related to
the orientation of the ice hydrometeors in the cloud (Defer et al., 2014; Spencer et al., 1989).

In that way, using the dual polarization feature of the GMI radiometer, it is possible to calculate the V-H
signal and thus the orientation of non-spherical ice crystals in the area around the TGFs emission. Here the
signal always returns positive values, from 0.2 K up to 13.7 K indicating a complex structure and different
hydrometeor characteristics in the upper cloud layers: randomly oriented ice particles (V-H values around
0) brought to the upper levels by the strong updraft in the convective core, and vertically oriented ice parti-
cles. An empirical use of PCT was used to characterize the analyzed storms in terms of hydrometeor types,
confirming in 7/9 cases a high likelihood of hail/graupel presence.
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Finally, in this observational analysis, both active and passive microwave views of the considered thunder-
storms agree in describing TGFs producing clouds as intense thunderstorms, with significant vertical de-
velopment and ice content. These results seems to be in contrast with examinations over 24 TGF-producing
storms conducted by Chronis et al. (2016), where a variety of convective strengths with no distinguishing
characteristics were found.

We note that both studies (Chronis et al., 2016, and the present one) use WWLLN and ENTLN for geolo-
cating TGFs. However, Chronis et al. (2016) limit the sample to events over the Continental United States,
where the WWLLN detection efficiency is larger, see Figure 4 in Hutchins et al. (2012). The sample present-
ed in this work is global, extended worldwide to regions with relatively low lightning detection efficiency,
therefore more prone to a bias toward large-scale convective systems with extensive lightning activity, more
easily detectable. We regard this as a viable explanation to the discrepancies between our work and Chronis
et al. (2016). We point out that this is an unavoidable bias affecting every global TGF sample requiring light-
ning association, which is in turn a mandatory requirement if a location of the source with accuracy below
tens of km is needed. We note that this bias affects also other studies on the meteorological characteristics
of TGF-producing thunderstorms, such as Smith et al. (2010), Splitt et al. (2010), and Ursi (2019). Here we
summarize the main results of the study:

1. We present a subset of nine geolocated TGFs with concurrent (within 25 min) observations from passive
(radiometers) and active (radar) sensors onboard the GPM core satellite

2. All events are associated to powerful positive intra-cloud (+IC) lightning flashes;

. In all cases the TGFs are produced within intense clouds with the presence of convective towers

. All TGF locations are very close or coincident with high reflectivity regions, indicating the presence of

ice, well up in the cloud structure

5. There is evidence for a complex structure of hydrometeors with different characteristics in the upper
cloud layers

6. An empirical classification of the hydrometeor type points to the presence of graupel and hail in seven
cases out of nine
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