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Key Points:

* TGF related thunderstorms present bimodal precipitation distributions above -
20°C while the Climatology shows a unimodal distribution.

* TGF thunderstorms, in relation to the Climatology thunderstorms, have greater
distance between the electrical opposite charging layers.

« African TGF thunderstorms have more positive charges close to the negative
charging layer.
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Abstract

The Terrestrial Gamma-ray Flash (TGF) to lightning ratio, computed over the 3 tropical
chimneys, presents a paradox: African thunderstorms produce the most lightning but
yield the lowest fraction of TGFs when compared to American and Southeast Asian
thunderstorms. To understand the physical insights into this asymmetry, TRMM
Precipitation Radar measurements are used to depict the vertical precipitation structure
and infer the vertical electrical charge fraction distribution of the observed
thunderstorms in the 3 regions and the thunderstorms during TGF occurrences
detected by the AGILE, Fermi-GBM and RHESSI sensors. Regional differences show
that African thunderstorms are taller, smaller, and have a higher concentration of
dense ice particles above the freezing level in addition to having more lightning flashes
per thunderstorm. The overall TGF related thunderstorms are taller, more intense (0.5-
1.5 dBZ) and present similar radar reflectivity decay with height independent of the
region. The two dimensional precipitation vertical distribution diagrams indicate
bimodal distribution above -20°C for TGF thunderstorms (developing stage
characteristic), while the overall thunderstorm population, here defined as Climatology,
showed a unimodal distribution (mature phase). Independent of the region,
thunderstorms show a midlevel negative charge center varying from 4.6 to 8.1 km in
height and an upper level positive charge center ranging from 7.4 to 14.6 km. TGF
thunderstorms have thicker positive charging layer and present larger vertical
distances between the opposite charging layers in comparison with the Climatology.
African TGF thunderstorms have higher fraction of positive charges near the negative
layer, helping to produce more and shorter lightning discharges.

Plain Language Summary

Terrestrial Gamma-ray Flashes (TGFs) have been detected in space above
thunderstorms worldwide, but their main triggering mechanism has not yet been fully
understood. In the last two decades, several measurements from ground and satellite
instruments have provided information to help our understanding. For instance, TGF
emissions are concentrated in the tropics and one of possible theories suggests to be
related to intense intra-cloud lightning processes produced by thunderstorms that have
considerable vertical charge center separations. Although African thunderstorms have
the highest lightning activity in the world, they produce fewer TGFs per number of
lightning flashes than thunderstorms in America and the Southeast Asia tropical
regions, posing a paradox. To explore this asymmetry, this study employed 3D
measurements from the Precipitation Radar on board the Tropical Rainfall Measuring
Mission (TRMM) satellite to describe the main precipitation vertical structure observed
in the 3 most important tropical thunderstorm regions in the world (Climatology) and in
the thunderstorms that produced TGFs. African thunderstorms are taller and smaller, in
addition to having more ice aloft and lightning discharges. The TGF-producing
thunderstorms, however, show similar precipitation variation decay with height
independent of the region, in addition to being taller, slightly more intense, having a
different vertical cloud charge structure and a larger distance between the opposite
charge layers.
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1 Introduction

Almost 20 years since the discovery of Terrestrial Gamma-ray Flashes (TGFs) by
Fishman et al. (1994), the environment of the source of these sub-millisecond pulse-
like emissions of MeV energetic gamma ray photons (Briggs et al., 2010; Marisaldi et
al., 2019 and dstgaard et al., 2019) is still not well understood. It is accepted that these
emissions are related to intra-cloud lightning processes (e.g. Cummer et al., 2005 and
2015), and the identification of those thunderstorms that lead to the production of TGFs
is a subject of great interest (e.g. Fabr6 et al., 2019).

In the last decade, up to 2014, several space-based missions (e.g. Burst and Transient
Source Experiment — BATSE [Fishman et al.,, 1994], Reuven Ramaty High Energy
Solar Spectroscopic Imager - RHESSI [Smith et al. 2005], Astrorivelatore Gamma a
Immagini Leggero - AGILE [Marisaldi et al., 2010], Fermi Gamma-ray Burst Monitor -
Fermi-GBM [Briggs et al., 2010] and Atmosphere-Space Interactions Monitor — ASIM
[Dstgaard et al., 2019]) observed 5,420 TGFs worldwide (Figure 1), which revealed an
asymmetric behavior between the 3 tropical “chimneys” (America, Africa and Southeast
Asia). Namely, the most prolific lightning producer, the African continent, produces
fewer TGFs per flash rate than the American and Southeast Asian regions (Smith et al.
2010, Splitt et al. 2011, Fuschino et al. 2011, Briggs et al. 2013, Fabré et al. 2019).
This last study proposed that the higher intra-cloud (IC) flash rates observed in the
African thunderstorms may explain this paradox if these thunderstorms present shorter
distances between the main opposite polarity electrical charge centers, in addition to
having higher altitude charge layers when compared to American and Southeast Asian
thunderstorms. Consequently, African thunderstorms provide convenient conditions for
high IC flash rates, which result in IC discharges with shorter horizontal/vertical
extension, less energy and shorter time duration in contrast to the more energetic
lightning flashes observed with TGF (Cummer et al., 2015, Smith et al., 2018), and a
longer time interval between the strokes just prior to the TGF occurrence (Larkey et al.,
2019). These features might be an effect of the partitioning of water and ice particles
that control the electrification processes within thunderstorms (Saunders et al., 2006).
For instance, Barnes et al. (2015) found more ice and water particles (cloud and
precipitating) in TGF related thunderstorms than non-TGF storms. With a different
methodology, Ursi et al. (2019) found ice phase clouds related to TGF thunderstorms
which had large ice particles at higher levels.

To evaluate the relationship between thunderstorms in the tropical chimney regions
and TGF production and its association with the precipitation vertical structure that
control the electrification processes, the following two questions will be addressed:
Does the vertical distance between the electrical charge centers dictate the production
of TGF? Does the vertical structure of thunderstorms explain the TGF to lightning flash
rate asymmetry observed in the 3 chimneys?

2 Methodology and Data

As mention in the introduction, this study seeks to improve the understanding of the
observed TGF to lightning flash rate asymmetry observed in the 3 tropical lightning
chimneys, i.e., America (90-70W & 0-20N), Africa (15-35E & 10S-10N), and Southeast
Asia 95-115E & 10S-10N). The definition of these regions is based on the study of
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Fabro et al (2019) that identified the areas with maximum TGF activity as illustrated in
Figure 1. Along the year, the weather patterns in each of these three regions do not
change considerably to produce different types of thunderstorms. Thus, seasonal
variations would not affect the mean characterization of the observed thunderstorms
because the acting precipitating and convective systems are almost de same [for more
detailed information about the meteorological weather systems acting in these 3
regions see Philander, 1989].

To understand and explore the cloud microphysical properties observed in this TGF
paradox and seek physical explanations, this study uses measurements from the
Precipitation Radar (PR) (Iguchi et al., 2000) and Lightning Imaging Sensor (LIS)
(Christian et al., 1999) on board the Tropical Rainfall Measuring Mission (TRMM)
satellite (Kummerow et al., 1998) to initially characterize the main vertical precipitation
structure observed in all scanned thunderstorms of the 3 tropical chimneys (Table 1).
As these precipitation features represent the overall characteristic for each region, we
refer to this climatological data population as the Climatology. Secondly, the AGILE,
Fermi-GBM and RHESSI TGF subsatellite point locations with coincident TRMM PR
measurements are used to evaluate the mean vertical precipitation structure of
thunderstorms associated with the occurrence of TGFs in each chimney, and for
simplicity they will be denoted as TGF thunderstorms. Lastly, the vertical precipitation
profiles (Climatology and TGF) are augmented to infer the thunderstorm electrical
charge distributions based on the non-inductive process (Takahashi, 1978) to diagnose
how the charge layer separation contributes to the development of TGFs.

Table 1. Number of TRMM orbits and the respective number of thunderstorms
observed in each tropical chimney during the 1998-2014 period and the number
of TRMM orbits associated with TGFs detected by the AGILE, Fermi-GBM and
RHESSI satellite missions during their period of observation.

TRMM
Region Orbits | Thunderstorms | Number of Orbits
with coincident
TGF
America (90-70W & 0-20N) 3,690 11,391 35
Africa (15-35E & 10S-10N) 4,089 23,656 43
SE Asia (95-115E & 10S-10N) 1,993 6,117 46

2.1 Precipitation Vertical Structure

A total of 9,772 TRMM-PR and LIS orbits observed during the period between 1998
and 2014 have been employed to compute the mean thunderstorm vertical structure
observed in the 3 chimney regions (America, African and SE Asia) with maximum TGF
activity defined by areas of 20 x 20 degrees (Table 1), Figure 1.
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For this study, thunderstorms are defined as contiguous rain area with more than 2
TRMM PR pixels (~ a footprint size of 5 x 5 km? with 250 m vertical resolution) with at
least one LIS lightning flash within the field of view (Morales Rodriguez, 2019).
Moreover, only TRMM-PR convective rain type profiles (Awaka et al., 1997) are used in
the analysis since more than 90% of the lightning flashes fall into the convective rain
category and where it is expected to have significant vertical velocities. In these
convective cores, the accretion process predominates and leads to the formation of
graupel and hail. These patrticles are essential hydrometeor ingredients for the non-
inductive electrification mechanism (Takahashi, 1978, Saunders et al., 2006). Based
on this procedure, a total of 41,164 thunderstorms have been identified in the TRMM
orbits over the 3 tropical chimney regions, Table 1.

The 3D precipitation structure is based on the mean vertical profile of radar reflectivity
factor (Z2) with 1 km vertical resolution. Z is proportional to the diameter of the particle
to the power of six multipied by the particle size concentration

(Ze[mm—"f] = fOOON(D)DGdD) (Battan, 1973), and it is expressed in decibels of Z (dBZ)
(Z[dBZ] = 10logqyZ. [mm—"f]) Therefore, to evaluate the mean radar reflectivity value it
Z[dBZ

6 1
= ] =10 10 ) first. Then, we compute the

m3

is necessary to linearize Z to mm®m?3 (z, [

mean Z. value for each vertical layer and convert back to dBZ. The profiles are
computed from surface up to 20 km with 1 km altitude resolution. Furthermore, the
altitude levels are also converted to air temperature by means of the NOAA National
Center for Environmental Prediction (NCEP) and the National Center of Atmospheric
Research (NCAR) reanalysis (Reanalysis-1) (Kalnay et al., 1996). Basically, TRMM PR
heights are transformed into air temperature by employing the vertical air temperature
and geopotential height observed in the location and date of TRMM overpasses using
the same procedure shown by Morales Rodriguez (2019). By using temperature
profiles instead of height it is possible to explore the mechanisms of microphysical
growth and electrification between the isotherms of 0 and -40°C. The corresponding
radar reflectivity profiles as a function of temperature are presented in Appendix A.

To complement the 3D precipitation structure analysis, two-dimensional histogram
distributions of radar reflectivity with height, known as contoured frequency altitude
distributions (CFAD) after Yuter and Houze Jr (1995) and temperature (CFTD) are
computed. The radar reflectivity distributions are binned with an interval of 1 dBZ every
1 km vertical resolution. For the CFTD, the temperature vertical resolution value
corresponds to the mean temperature of all profiles in each 1 km binned layer. These
diagrams help to interpret the mean vertical profile by complementing the mean and
standard deviation values retrieved. Secondly, they provide a better understanding of
the hydrometeor growth mechanisms active in the cloud and its relation with the life
cycle stage (Yuter and Houze Jr, 1995). Additionally, they show how the partitioning of
water and ice particles is changing above the freezing level. Lastly, to illustrate how
different the radar reflectivity distributions with height and temperature are, the CFAD
or CFTD differences will be computed between the regions and against Climatology
and TGF thunderstorms of the same chimney. Such representations show the relative
frequency difference between two probability distributions and help to interpret how
strong/weak those thunderstorms in respect to each other are. The CFADs are shown
in the manuscript while the correspondent CFTD will be shown in the Appendix B.
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Finally, the 30 dBZ echo-top height and temperature, in addition to the variation of Z
with altitude (dz/dh) or temperature (dZ/dT) are computed for each extracted
thunderstorm. The 30 dBZ echo-top is correlated with the lightning activity and the
convection strength (Liu et al., 2012) and can be used to explain the differences
between the lightning activity in each chimney. The vertical Z gradient can be used to
explain how cloud droplets, rain drops and ice particles grow in the thunderstorm, in
addition to identifying which growth mechanism is active or predominating (Rosenfeld
and Ulbrich, 2003; Yuter and Houze Jr, 1995).

2.2 Thunderstorms associated with TGF

To infer the vertical precipitation structure of thunderstorms that are associated with
TGF observations, we extracted thunderstorms from TRMM PR and LIS
measurements that are close in space and time to TGF observations of the AGILE
(2009-03-02 to 2012-07-30), Fermi-GBM (2008-08-07 to 2014-12-31), and RHESSI
(2002-03-04 to 2010-09-06) using a methodology similar to Barnes et al. (2015).

Basically, as the AGILE, Fermi-GBM and RHESI missions could not detect the precise
TGF location, and simultaneous TRMM overpasses are unlikely due to the different
orbital characteristics of the all above satellites, we seek the nearest active
thunderstorm, an approach similar to Barnes et al. (2015), who used the TRMM
Microwave Imager (TMI) overpasses within £ 1 hour and up to 500 km from the
RHESSI TGF reported locations to characterize the microphysical properties of the
TGF and non-TGF storms. For this study, though, we are more time conservative and
select the closest thunderstorm observed by TRMM-PR and LIS within +/- 30 minutes
of the TGF detection and up to 600 km from the TGF triggered location (subsatellite
points of AGILE, Fermi-GBM and RHESSI) provided. By doing this, while unrelated
storms are also included within these criteria, we are assuming that this method may
capture a signal of the closest microphysical characteristics observed during the
lifecycle of TGF related storms.

Based on this approach, it was possible to identify 124 TRMM coincident orbits with
active thunderstorms that had coincident TGF observations from AGILE, Fermi-GBM or
RHESSI satellite missions that met the distance and time criteria defined before, listed
in Table 1. (A detailed description of the TGF occurrence and correspondent TRMM
matches is presented in Appendix C). In terms of the continental regions, 35 orbits with
active thunderstorms were found in America, 43 in Africa and 46 in SE Asia, Table 1.
Note that Africa has the lowest number of detected TGF compared to the number of
observed thunderstorms.

2.3 Electrical charge structure

To infer the vertical electric charge structure observed in the extracted thunderstorms,
we employed the Takahashi (1978) study that experimentally retrieved the charge
gained by graupel during the collision with ice particles growing in an environment with
super cooled water droplets. In this approach, the polarity and charge gained by the ice
particles is a function of liquid water content (LWC) and air temperature. In this way,
we need to convert the vertical profiles of radar reflectivity into profiles of liquid water
content as a function of temperature. For this conversion we employed Musunaga et al.
(2002) work that derived LWC-Z relationships based on TRMM-PR 2A25 drop size
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distribution model (Iguchi et al.,2000). Therefore, we could label “TRMM-PR LWC
product”. The equations are dependent on the height of 0°C isotherm and precipitation
type, i.e., convective, stratiform or others. For this, we use only convective rain type
profiles and the charge transfer is limited to the altitudes above the freezing level. As a
result we inferred the LWC profiles using the following equations:

For altitude levels with temperature lower than 0°C and 750 m above the freezing level:
LWC(g/m3) = 0.006Z.>°®°

For altitude levels within + 750 m of the freezing level (T=0°C),

LWC(g/m3) = 0.003Z.>°"®

where Z. is in mm®m3.

For each thunderstorm we compute the vertical profiles of positive and negative
charges gained based on the vertical profiles of temperature and liquid water content
using Takahashi (1978) results. Basically, for each LWC and temperature pair at
temperatures below 0 °C, we check if the charge gained is either positive or negative
and assign a value of +1 and -1 respectively. As a result, for each thunderstorm we
have several correspondent charge gained profiles that have +1 or -1 every level below
the isotherm of 0°C. Next, for each thunderstorm we create two profiles with 1 km
vertical resolution, i.e., one for positive charges and the other for negative charges.
Next, we count the number of times that each altitude level has been assigned with +1
(positive charges profile) and -1 (negative charges profile) value and store in the
respective polarity profile. Then, we normalize these positive and negative vertical
profiles in respect to the total number of charges gained for each polarity. Lastly we
compute the respective charge fraction for each polarity, which will represent a total of
50% fraction for each polarity. Therefore, for every profile we guarantee that the net
charge is zero. By applying this procedure, we avoid the uncertainties related to the
charge transfer process that is dependent as well on the type, size and concentration
of ice particles (Saunders et al., 2006) and focus on the vertical distribution of the
charge centers.

2.4 Statistical tests

In order to evaluate the thunderstorm statistical representativeness difference
observed between the three chimneys or between the overall profiles against TGF
associated thunderstorms we have employed Student’s t-test (Wilks, 2011). In
addition, we have computed the Welch variant of the Student’s t-test (Ruxton, 2006) to
confirm the representativeness of the statistical test due to the small number of
TGF/TRMM matches, Table 1.

In this study, both Student's t-test and Welch variant of the Student’s t-test are used to
evaluate the difference of means of two distributions, i.e., the probability that the two
means are equal. For this test, the null hypothesis assumes that the two means are
equal. The Welch variant of the Student’s t-test uses the same hypothesis but is more
robust for unequal variances as well for unequal sample sizes.
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As the mean values evaluated could be either higher or lower in respect to another
sample, we apply the two-tailed test. The confidence level, statistical significance of the
difference of means, is based on the p-level (area under the standardized normal
distribution) obtained by the Z-score (distance from the mean value in standard
deviations of radar reflectivity) and could be expressed as (1-p-level)x100%. Z-score is
valid for both Student’s t-test and Welch variant and can be expressed as:

X1 — X
Zscore =

of 03

Ny N,

Where ¥ is the mean value of the distribution, o2 is the variance of the distribution and
N is the number of samples. The subscripts 1 and 2 represent the distributions tested.

However, the degrees of freedom (df) are different for the two statistical tests and can
be expressed as follows:

Student’s t-test Welch Variant
df:N1+N2 [%12_4_%2:.]2
df — vy ivaz

[ 2 )
(Ny — DN © (N — 1N

For this study, we choose the 95% and 99% confidence levels to state the statistical
representativeness of the mean differences for both Student’s t-test and the Welch
variant. The p-values and the correspondent confidence levels computed for both
Student’s t-test and Welch variant are available in the repository files.

Finally, to evaluate the statistical representativeness of the precipitation profiles and
the respective vertical electrical charge structure derived from the TRMM and TGF
observation matches in comparison to the Climatological database, we have conducted
a Bootstrap analysis that is shown in Appendix D.

3 The structure of the thunderstorms
3.1 Climatology

Table 1 shows that the African continent presents the highest frequency of
thunderstorms, followed by America and Southeast Asia, consistent with the
climatologies presented by Boccippio et al. (2000), Cecil et al. (2014) and Albrecht et
al. (2016). With respect to size and lightning flash rates observed during the TRMM-PR
and LIS overpasses, African thunderstorms are smaller (15-20%) but produce much
more lightning (1.3-1.9 times more) than the other two areas (see Table 2 and
Supplementary Figure S1). It is interesting to note that despite the fact that the
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differences between the thunderstorm sizes are statistically different, American and
Southeast Asian thunderstorms show similar lightning flash rates.

Table 2. Climatological median values [25-75% percentiles in brackets] for
thunderstorm radius, number of flashes per thunderstorm and flash density over
the 3 regions. LIS flashes correspond to a maximum of 90 seconds of TRMM-LIS
view time observation (Christian et al., 1999).

Region Radius (km) LIS Flashes per 10° x LIS Flashes per
thunderstorm thunderstorm per km?
America | 29.0[17.8-52.0] 3[1-7] 1.2[0.5-3.0]
Africa 22.0 [14.1-38.9] 4 [2-13] 3.0[1.3-6.7]
SE Asia | 27.5[17.6-47.2] 3[1-7] 1.3[0.5-3.0]

In terms of precipitation vertical structure, the vertical profiles of radar reflectivity factor
(2) in Figure 2a (Figure Al) and the computed echo top height/temperature (Table 3)
confirm that African thunderstorms are indeed taller and more vigorous than American
and Southeast Asian thunderstorms. For instance, African thunderstorms are up to 1.5-
2.8 dBZ more intense between 5 and 15 km height (0 and -72°C), in addition to Z
diminishing faster (-2.2 to -1.5 dBZ/km) with altitude than in the other thunderstorms
from -15 to -60°C and decrease slower (-2.8 dBzZ/km) from 0 to -15°C, Table 4.
Moreover, African thunderstorms show as much as 1.2 km higher 30 dBZ echo top
height or levels 8-9°C colder than the American and Southeast Asian thunderstorms,
Table 3.

The higher Z values and 30 dBZ echo top in addition to the lower dz/dh values
between 0 and -15°C indicate that African thunderstorms present stronger updrafts that
produce more super-cooled water droplets and denser ice particles aloft in the entire
column, resulting in a deeper and thicker ice layer, thus producing more ice efficiently
(Liu et al.,, 2012). In fact, intense vertical velocity helps to produce higher super-
saturation, which activates more cloud condensation nuclei and therefore produces
more super-cooled water droplets and ice particles (Korolev, 2007). Additionally, Z
decreases around 1.7 and 3 dBZ/km between 0 and -15 °C in all three regions, Table 4
and Figure Al, indicating that riming and accretion is active and very effective (Zipser
and Lutz, 1994; Yuter and Houze Jr, 1995; Heiblum et al, 2017). Therefore, the charge
electrification processes become more efficient (Takahashi, 1978; Saunders et al.,
2006). Below the freezing level (Figure Al), Z decreases slightly for African
thunderstorms, which may imply that evaporation dominates the collision and breakup
processes (Liu and Zipser, 2013), while in Southeast Asia and America it is balanced.
According to Fabro et al. (2019), the African region is drier than the other two areas,
consistent with the presented Z profiles.
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Table 3. Statistical parameters (mean and confidence level from Student’s t-test)
for the 30 dBZ echo top height [temperature] for coincident measurements of
TRMM-PR and LIS over the 3 chimneys (Climatology) and for the thunderstorms
associated with AGILE, Fermi-GBM and RHESSI TGF detections (TGF
Thunderstorms). The statistical test evaluates whether the Climatology and TGF
echo top height [temperature]mean differences are significant.

Region Climatology TGF Thunderstorms | Confidence Level (%)

America 8.1 km [-19.8°C] 8.7 km [-24.2°C] 88.9 [88.3]
Africa 9.2 km [-27.7°C] 9.1 km [-26.9°C] 12.7 [18.6]

SE Asia 8.0 km [-18.8°C] 8.7 km [-22.4°C] 90.5 [83.3]

In the CFAD panels in Figure 3, it is evident that African (Fig. 3b) thunderstorms
present a broader radar reflectivity distribution from surface up to 16 km height in
comparison with the other 2 regions. American (Fig. 3a) and SE Asian (Fig. 3c)
thunderstorms show narrower Z distributions from 7 to 16 km (-20°C to -60°C, see
Figure B1). Using the 5% and 95% percentile to represent the radar reflectivity
distribution, it is possible to observe that 30 dBZ is frequent until 14 km height in
African and up to 9 km in American and SE Asian thunderstorms. The observed
narrower and unimodal (gradient scale with one frequency maximum, see
Supplementary Figure S2) radar reflectivity distribution with height (temperature, Figure
B1) is characteristic of the mature stage (Yuter and Houze Jr., 1995). The radar
reflectivity decay with height above the 0°C isotherm indicates the glaciation process
activation and disappearance of the super-cooled water droplets either by freezing or
by accretion made by graupel and/or hail particles (Yuter and Houze Jr., 1995)

The CFAD difference plots (Figure 3d and 3f) clearly indicate the vigor of African
thunderstorms as these storms have higher reflectivity values with greater frequency of
occurrence at all height levels (red scale at Figure 3d and Figure 3f). These features
reinforce the fact that African thunderstorms may present a larger variety of size and
type of ice crystals, in addition of more super-cooled water droplets between 0°C and -
40°C (Figure B1), which helps the electrical charging process, thus producing more
lightning. Also, by inspecting the height of 30 dBZ above the freezing level, it is
possible to identify the regions in the storm with denser ice particles that are
responsible to transfer electrical charges more efficiently (Takahashi, 1978; Saunders
et al., 2006) and correlate with the production of ice particles and lightning flashes
(Zipser, 1994; Petersen et al., 1996). Taking into account these features, African
thunderstorms clearly show higher frequency of occurrence of 30 dBZ with height,
indicating the presence of more and denser ice particles. This particular characteristic
can explain the higher lightning activity in comparison with the other 2 chimneys.
Moreover, American (Figure 3a) and SE Asian (Figure 3c) thunderstorms show a
higher frequency for lower Z values, indicating that they do not form large ice particles,
which may explain the lower lightning activity as compared to the African
thunderstorms. In addition, the vertical thunderstorm structure observed in these two
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regions (Figure 3b) is very similar and explains the results shown in Tables 2, 3 and 4,
i.e., similar vertical development and lightning activity.

Table 4. Mean [standard deviation] variation of Z with altitude from 0 to -60°C
(with 15°C interval) for both Climatology and TGF thunderstorms. The confidence
levels represent the statistical significance between the differences of the means
of dzZ/dh computed for Climatology and TGF thunderstorms using Student’s t-
test.

dz/dh (dBZ/km)

Levels America Africa SE Asia
Climatology -2.94 [3.26] -2.88[3.60] -3.03[3.36]
0to -15°C TGF -2.29[4.62] -2.25[4.90] -2.00[4.56]
Confidence Level (%) 99.98 99.99 100.00

America Africa SE Asia
Climatology -1.73[3.65] -2.21[4.04] -1.77[3.80]
-15 to -30°C TGF -2.47[4.12] -2.87[4.98] -2.34[ 4.38]
Confidence Level (%) 100.00 99.95 99.96

America Africa SE Asia
Climatology -1.24[4.37]| -1.52[ 4.48] -1.27[4.59]
-30 to -45°C TGF -2.26[4.15]| -2.45[ 4.84] -1.91[3.30]
Confidence Level (%) 100.00 100.00 100.00
America Africa SE Asia
Climatological -1.35[4.92] -1.63[4.93] -1.38[5.02]
-45 to -60°C TGF -2.36[4.32] -2.29[4.49] -1.64[4.11]
Confidence Level (%) 100.00 99.90 83.75

The increased radar reflectivity in the mixed-phase zone (0 and -40°C) and the echo
top height/temperature found between the thunderstorms are clearly factors as to why
African thunderstorms present higher lightning activity and probably more IC
discharges as these features help to produce smaller and less energetic lightning
flashes that in principle would not favor TGF as it will be discussed later. These
features led African thunderstorms to produce more ice particles and super cooled
water droplets aloft that enhances the charge electrification transferring processes.
Consequently, opposite polarity charge centers are created at upper levels with short
distances of separation. This effect results in more IC discharges with shorter length,
thus lower current.

3.2 TGF thunderstorms

As explained in Section 2, the TGF thunderstorm category represents the mean values
of the thunderstorms that are close in time and space to the TGF observations. Thus, it
has been assumed that it represents the cloud microphysical state of the
thunderstorms that produce the TGF. Moreover, as TRMM-TGF thunderstorm matches
represent a small sample in comparison to the Climatological database, we have
tested its representativeness by computing new Climatological profiles using the
bootstrap technique to randomly select the same number of TGF thunderstorms (see
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Appendix D for more detailed information) from the Climatological database. This
process was conducted for each chimney region, and the statistical test showed a
radar reflectivity difference lower than +0.5-dBZ from 0 to 18 km height. Therefore, the
TGF thunderstorm profiles computed are representative of each region.

According to the mean TGF vertical radar reflectivity profiles displayed in Figure 2a
(Figure Al), the 3 chimney regions present, analogous shape with Z decreasing
around 2.5 — 3 dBZ/km from 4 to 7 km (+2°C to -14°C) and between 0.5-1.5 dBZ/km
along the layers of 7 — 14 km (isotherms of -14°C and -67°C). African TGF
thunderstorms still have statistically higher reflectivity values than the other two regions
(5-12 km for America and 2-14 km for SE-Asia).

In terms of frequency of distributions with altitude, panels a through c¢ of Figure 4
(Figures B2a, B2b and B2c), it is possible to note the similarities between the
thunderstorms but also the broader Z distributions observed in the African region from
the surface up to 20 km followed by the SE Asia chimney. It is interesting to observe
that all three regions present a bimodal distribution (gradient scale with two maximum
frequencies of ~13%, see Supplementary Figure S2) above 8-10 km (~ between -20°C
and -40°C) with African thunderstorms being shifted towards higher Z values. These
signatures aloft indicate that those TGF associated thunderstorms have larger and
smaller sized ice particles in the presence of super-cooled water droplets usually
related to the developing stages of the storm (Yuter and Houze Jr., 1995), favoring the
development of a more efficient electrification charging mechanism. This result is
consistent with the recent work of Ursi et al. (2019) that found larger ice particles in the
upper part of TGF thunderstorms and in developing mature phase.

Analyzing the distribution differences between the 3 chimneys, it is clear from the
CFAD differences that African thunderstorms have an excessive occurrence of higher
Z values above 4 km of altitude (0°C) when comparing with American (Figure 4d) and
SE Asian (Figure 4f) regions, especially between 0 and 15 km. SE Asian
thunderstorms present a slightly elevated frequency of occurrence for high Z values in
contrast to the American region from 5-14 km height (0 and -67°C), Figure 4e (Figure
B2e).

3.3 Climatology versus TGF

By comparing the Climatology and TGF thunderstorm vertical profiles between the
same regions, Figure 2a, it is found that American TGF thunderstorms have higher
reflectivity values, ranging from 0.4-1.1 dBZ from 2 km up to 11.4 km, and SE-Asia
TGF thunderstorms show 0.1-1.5 dBZ higher values from 6.4 to 16.4 km height, which
are statistically significant. However, the Africa region does not show any statistically
significant difference between TGF and Climatology thunderstorms.

In terms of radar reflectivity distribution similarities between the Climatology and TGF
thunderstorms, the CFAD differences in Figures 5a, 5b and 5c (Figure B3) indicate that
TGF associate thunderstorms have a greater frequency of occurrence of larger Z
values from 4 km to 14 km (+2 °C to -67 °C). The most pronounced differences are
found in the American (Figure 5a) and SE Asian (Figure 5c) continents, especially
between 5 and 16 km height. In Africa (Figure 5b), though, the differences are less
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noticeable although TGFs thunderstorms present a slightly greater occurrence of
higher Z values, especially above 12 km (-50°C).

Based on these CFADs (CFTD) differences features, Figure 5 (Figure B3), American
and SE Asian Climatology thunderstorms are more skewed to Z values lower than the
mean between 0 and -50°C (blue color), while TGF counterparts show higher
frequency of occurrence above the mean value within 0 to -70°C (orange color). In
Africa though, the highest frequency differences are restricted to -10°C and -80°C,
where TGF thunderstorms show slightly higher frequency of occurrence for larger Z
values. Moreover, the unimodal and bimodal distributions differences observed in the
Climatology and TGF associated thunderstorms are evident. America shows larger
differences between -20 and -50°C, African above -40°C and SE Asia limited to -20 and
-40°C. These vertical differences reinforce the fact that TGF-associated thunderstorms
might present a more efficient charging mechanism displaced upward, and the position
of the opposite charging layers may control not only the lightning activity but also the
predominant type (intra-cloud or cloud to ground) and consequently the production of
TGFs.

In terms of 30 dBZ echo top height and temperature, Table 3, American and SE-Asian
TGF thunderstorms are on average 600 m taller and reach as much as 3.5-4.3 °C
cooler levels (with a confidence level above ~90%) when compared to the Climatology
storms, while less significant African thunderstorms decrease by 100 meters.

Although the radar reflectivity values with height differ slightly, TGF thunderstorms
present similar radar reflectivity decay with height (temperature), regardless of the
region (2-2.8 dBZ/km between 0 and -30°C and 1.9-2.4 dBZ/km for -30°C and -60°C)
(Table 4), i.e., the difference amongst the 3 regions are not statistical significant. For
the Climatology thunderstorms thought, the differences are statistically significant.
Lastly, the Z variation with height is statistically different between Climatology and
associated TGF in each region, Table 4, except SE Asia below -45°C. These statistical
significance tests confirm that associated TGF thunderstorms have specific
characteristics and the particular vertical signature (radar reflectivity decay rate) might
represent a precipitation feature that distinguishes thunderstorms that produce TGF.

4. Charge structure

Based on the vertical profiles of liquid water content (converted from radar reflectivity
factor) and temperature (converted from altitude using Reanalysis-1) we have
computed the mean vertical profiles of the normalized electrical charge fraction for the
Climatology as well as for the associated TGF thunderstorms upon the non-inductive
mechanism proposed by Takahashi (1978), which is shown in Figure 6.

The negative and positive charge centers each have a total of 50% of the total
charges. The vertical lines at the height plot (a) indicate the altitude levels where the
difference of the means (TGF - Climatology) are statistically significant and present a
confidence level greater than 95% for each region and for the positive and negative
charge layers.
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Using the 10-90% percentile cumulative distribution along the estimated vertical
electric charge fraction profiles, two main charge centers are distinguished over the
observed thunderstorms:

a) Midlevel negative charge center varying from 4.6 to 8.1 km (1.2 to -18.2°C);
b) Upper level positive charge center varying from 7.4 to 14.6 km (-14.2 to -67.5°C).

It is important to note that these two main charge centers are consistent with balloon
measurements compiled by Krehbiel (1986), Stolzenburg et al. (1998) and MacGorman
et al. (2001) that indicate a middle level negative charge center varying from 0 to -20°C
and an upper positive charge center between -15°C up to -40°C.

When comparing the charging fractions between Climatology and TGF associated
thunderstorms, the following statistically significant differences are observed in each
electrical layer:

* Positive charge layer: America shows a statistically significant difference
between 6-7 km, 7-10 km, 11-14 km and 15-16 km, Africa from 6-10 km and 11-
17 km, and SE-Asia from 6-8 km, 9-14 km and 15-16 km.

* Negative charge layer — America presents statistically significant differences
between 5-7 km and 8-10 km, Africa from 4-5 km, 6-8 km and from 9-10 km,
and SE-Asia from 4-7 km.

TGF thunderstorms show a vertical upward displacement of the positive charge center
(median charge height layer as a reference) by 300 to 500 m (1.6 to 4.0 °C colder). As
a result, the distance between the negative and positive charge centers varies from
4.4-45 km for Climatology thunderstorms to 4.7-4.9 km for TGF-associated
thunderstorms, reinforcing the fact that thunderstorms that produce TGF are expected
to show more vertically separated charging centers, which are associated with higher
altitude electrical charge regions (Fabr6 et al., 2019), thus more energetic lightning
flashes (Cummer et al., 2015). Additionally, TGF thunderstorms show slightly thicker
(300-700 m) positive charge layers when comparing against Climatology
thunderstorms.

Analyzing the vertical distribution of the charge fraction with temperature, Figure 6b,
the African thunderstorms do show more positive cumulative charge fraction from 0 to -
40°C and less at temperatures below -40°C. This difference can reach as much as 5-
9% between 0 and -20°C where the cumulative negative charge fraction is above 96%.
Therefore, African thunderstorms have higher probability to produce shorter and more
frequent IC lightning flashes as the opposite charge centers are closer. Therefore,
longer and vertically oriented IC flashes will be less frequent due to lower positive
charges above -40°C. This particular feature could explain the higher IC flash rates
observed in African thunderstorms and the lower TGF efficiency as proposed by Fabré
et al. (2019).

Using the radar reflectivity profile as a function of temperature (Figure Al) and the
CFTD differences (Figure B3), it can be speculated that the decrease in the charge
density between -20 °C and -40°C inferred in the TGF thunderstorms (Figure 6b) is
caused by a reduction in graupel/hail production (Z decays slightly more with height),
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which reduces the size or concentration of these dense ice particles (Figure B3 - TGF
thunderstorms show a higher frequency of occurrence of Z values under the mean
Climatology values). On the other hand, the charge fraction enhancement at
temperatures below -40°C might be an effect of the smaller ice particles transported
upward that collided with smaller graupel/hail particles formed in the mixed zone and
retained the positive charges while graupel and hail became negatively charged.

4 TGF Paradox Discussion

To shed some light on the TGF paradox this study proposed to answer two questions
which are now addressed:

a) Does the vertical distance between the electrical charge centers dictate the
production of TGF?

In comparison to the climatological database, TGF related thunderstorms show higher
30 dBZ echo heights, Z profiles are as much as 0.5-1.5 dBZ higher, have a greater
frequency of occurrence of higher radar reflectivity values with height, show the
presence of both ice and super-cooled water droplets above 8 km height (bimodal
distribution), and finally a larger Z gradient (dZ/dh is higher), meaning that they are
more efficient ice producers. These features are in general associated with storms
growing in a developing to mature stage where stronger updrafts are present. These
dynamic mechanisms lead to an enhanced electrification charging transfer associated
with vertical expansion and upward displacement of the electrical charging layers. In
fact when analyzing the inferred vertical electrical structure, TGF thunderstorms
presented 300-700 meters thicker positive charge layers and greater vertical distances
(up to 500 meters) between two opposite charge centers. By having more charges in
the electrical charging layer that became more apart, the electrical field builds up and
may help the development of more energetic vertical IC lighting discharges.

b) Does the vertical structure of thunderstorms explain the TGF to lightning flash rate
asymmetry observed in the 3 chimneys?

In terms of regional differences, the precipitation vertical profiles of radar reflectivity
clearly indicate that African thunderstorms are taller (30 dBZ height) and more intense
(1.5-2.8 dBZ). Additionally, in these thunderstorms Z falls slower with height (-2.8
dBZz/km) from 0 to -15°C and faster (-2.2 to -1.5 dBZ) from -15 to -60°C. Moreover,
African thunderstorms are smaller (up to 20%) and can produce as 80% more lightning
discharges than the other two regions. The CFAD and CFTDs diagrams revealed that
American and SE Asian thunderstorms have more ice between 0 and -50°C while
African thunderstorms are distributed between the isotherms of -20 and -80 °C.
Moreover, these diagrams showed a bimodal distribution bounded by the -20 and -40
°C isotherms, with African thunderstorms being broader and more intense. These
features indicate the presence of super cooled water droplets and ice particles that are
more abundant in African thunderstorms. As a result, African thunderstorms have a
more efficient electrification mechanism that helps to produce more lightning
discharges than American and Southeast Asian thunderstorms. Furthermore, as
African thunderstorms have more super-cooled water droplets between 0 and -15°C
due to higher Z values and lower absolute dzZ/dh, the charge transfer would more
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efficient. Thus, it helps to produce more lightning flashes in the lower part of the cloud,
which represents in smaller ICs flashes and CG discharges.

In terms of the electrical charge fraction, it was found that African TGF thunderstorms
presented more cumulative positive charge fraction between 0 to -20°C and lower at
temperatures below -40°C. As result, the lower part of the positive layer that has more
charges is closer to the negative layer, thus allowing to reach the electric field
necessary to dielectric breakdown with lower amounts of charge. As a consequence,
this arrangement permits African TGF thunderstorms to produce more and shorter IC
lightning flashes with less current in the lower part of the cloud. In another hand, less
frequent due to lower cumulative charge fraction, the upper portion of the positive
charge layer is more distant thus helping to produce larger and consequently more
energetic IC lightning flashes as well increasing the large-scale electric fields in the
storm, which could be associated with the development of TGF. As result, this type of
charge disposition may explain why African thunderstorms produce fewer TGFs per
lightning flashes than the other two regions.

5 Concluding Remarks

We presented a statistical study that analyzed the vertical structure of thunderstorms
observed in 9,772 TRMM PR orbits to elucidate the TGF versus lightning occurrence
asymmetry observed between the 3 major tropical thunderstorm regions. Mean profiles
were computed using TRMM PR and LIS coincident measurements from 1998 to 2014.
TGFs detected by AGILE, Fermi-GBM and RHESSI instruments were used as proxies
to select the most probable associated precipitation feature in the field of view of these
Sensors.

According to the vertical precipitation structures in convection over the America, Africa
and Southeast Asia regions, African thunderstorms present a higher concentration of
precipitating sized super-cooled water droplets and ice particles above the freezing
level as these thunderstorms show higher Z values (1.5-2.8 dBZ) above the 0°C
isotherm. The CFAD diagrams showed unimodal and narrow radar reflectivity
distributions with height indicating a mature stage of convection (Yuter and Houze Jr,
1995). African thunderstorms are smaller (5-20%), 1.2 km taller, and 9 °C colder (30
dBZ echo top height). Furthermore, taking into account LIS measurements, African
thunderstorms produce almost 30-80% more lightning flashes than their American and
Southeast Asian counterparts. These results are consistent previous finding that
showed that African thunderstorms present higher frequency of occurrence of
overshooting deep convection due to larger volume and ice mass (Liu and Zipser,
2005) and higher number of lightning flash rates per second per convective cloud for
the same freezing cloud depth (Yoshida et al., 2009).

TGF-related thunderstorms present similar radar reflectivity decay with height and
temperature independently of the region (2-2.8 dBZ/km in the layer of 0 and -30°C and
1.9-2.4 dBZ/km in the layer of -30°C and -60°C). The radar reflectivity distributions with
height pointed to the presence of a bimodal distribution above -20°C, probably the
presence of ice particles and super-cooled water droplets, a characteristic of
thunderstorms in developing stages (Yuter and Houze Jr, 1995).
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In general, TGF thunderstorms are more intense (by 0.5-1.5 dBZ) and taller (30 dBZ
echo height) with respect to the Climatology. Within the TGF thunderstorm profiles,
Africa tends to resemble the other two regions in vertical shape despite being more
intense in terms of radar reflectivity (1-2 dBZ). Moreover, it should be mentioned that
Climatology includes all the convective stages of thunderstorms, and the fact that we
find stronger/taller and bimodal radar reflectivity distributions is above all a sign that the
thunderstorms with TGF in view were probably closer to developing to full maturity
stages.

After estimating the electric charge layer altitudes by employing Takahashi’s (1978)
scheme, it is possible to state that the microphysical mechanisms of clouds contribute
to the production of TGFs. Basically, the partitioning of water and ice in the mixed
region changes the height and distance between the positive and negative charge
centers. In fact, TGF thunderstorms have thicker charge layers separated by a
distance of 4.7-4.9 km while the Climatology set of storms has a distance of 4.4-4.5
km. Additionally, TGF thunderstorms presented up to 700 meter vertical expansion in
the positive charge layer. In terms of temperature, the positive charge fraction
decreases between -20°C and -40°C and increases at levels above -40°C in the
associated TGF thunderstorms. This result may be related to the low production in the
mixed region of graupel and hail particles that collide with small ice particles formed
either by water vapor deposition or by aggregation and are carried out to the upper
levels of the storm.

These features are consistent with the findings of Barnes et al. (2015), who showed
that TGF-related thunderstorms have higher precipitating ice and cloud ice
concentrations above 9 km in comparison with non-TGF thunderstorms. More recently,
Ursi et al. (2019) also found larger size ice particles in the upper region of TGF
thunderstorms, which were associated with their development to a mature stage.

Lastly, African TGF thunderstorms present different positive charge configuration than
the other two tropical chimneys that may explain why they produce less TGFs per
lightning flash rate. Basically, African TGF thunderstorms show more cumulative
positive charge fraction at temperatures warmer than -20°C and lower at levels colder
than -40°C. As result, more frequent IC lightning discharges are produced in the lower
part, which will carry less current due to short length. In another hand, less frequent,
longer IC lightning flashes are produced between the negative charge layer and the
upper part of the positive layer. In general, this configuration supports the presence of
larger regions with high electric fields in the thundercloud allowing longer vertical
propagation of IC flashes (e.g. Krehbiel et al. 2008, Fabré et al., 2019) and producing
low flash rates (Bruning and MacGorman 2013). These features can favour the
occurrence of TGF due to the development of more energetic intracloud discharges
with longer path to breakdown involving lightning leaders with high electric potentials
(e.g. Williams et al. 2006, Celestin and Pasko 2011, Cummer et al., 2015; Smith et al.,
2018 and recently by Kohn et al. 2020) and the influence due to the enhancement of
the large-scale thunderstorm electric fields on electron acceleration in runaway
electron avalanche multiplication theories (e.g. Dwyer et al., 2012). Our results might
also justify the longer inter-flash time interval observed prior to TGF (Larkey et al.,
2019).
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Appendix A — Vertical profiles as a function of temperature

Figure Al. Mean vertical radar reflectivity (left) and respective standard deviations
(right) profiles for convective rain type as a function of temperature in the 3 chimneys:
America (blue), Africa (red) and Southeast Asia (orange). Climatology profiles are
continuous line and associated thunderstorms with TGF detections are in dashed lines.
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Appendix B — Contoured Frequency by Temperature Diagrams — CFTD

Figure B1. CFTD depicted for the thunderstorms observed in America (a), Africa (b)
and Southeast Asia (c) region characterized as Climatology. CTFD differences
between the three regions: (d) America - Africa, (e) America - SE Asia and (f) SE Asia -
Africa.

Figure B2. CFTD depicted for the associated TGF thunderstorms observed in America
(a), Africa (b) and Southeast Asia (c) region characterized as Climatology. CFTD
differences between the three regions: (d) America - Africa, (e) America - SE Asia and
() SE Asia — Africa.

Figure B3. CFTD differences between Climatology and associated TGF thunderstorms
for each tropical chimney: (a) America, (b) Africa and (c) SE Asia.
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Appendix C: TGFs observed by AGILE, FERMI-GBM and RHESSI

For statistical reference on the complexity of finding TGF matches on TRMM
observations, Table C1 presents the total number of TGFs detected by the 3 satellite
missions over the globe as well as over the 3 chimney regions during the 2002-2014
period. Moreover, Table C1 shows the total number of TRMM orbits during TGF
observations and those that had active thunderstorms. Although there are more than
five thousand observed TGFs in the world by the 3 missions (Figure 1), only 32% of the
TGFs were observed in the 3 chimney regions, and just 16% of those 1749 TGFs had
TRMM-PR coincident matches under the defined criteria. Finally, of these 286 (16%)
TRMM PR and LIS orbits, only 124 (43%) had active thunderstorms (with LIS lightning
flashes) within 600 km from AGILE, Fermi-GBM or RHESSI satellite footprint position.

Table C1. Number of TGFs observed by AGILE, Fermi-GBM and RHESSI over the
globe during the period of 2002 to 2014, followed by the number of TGFs over the 3
chimney regions, with matched TRMM orbits and matched TRMM orbits with LIS
lightning observations.

TGF Observed TGFs TRMM matched TRMM matched orbits
Missions TGFs observed in orbits with TGFs with TGFs in the 3
over the | the 3 chimney | in the 3 chimney chimney regions with
globe regions regions storms with LIS lightning
flashes observation
within 600 km
Fermi-GBM 4136 1232 82 25
(2008-2014)
AGILE 308 189 53 42
(2009-
2012)
RHESSI 976 328 151 57
(2002-2010)
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Appendix D —Bootstrap analysis

A bootstrap analysis (Wilks, 2011) was employed to evaluate whether the precipitation
structure and the corresponding electrical charge fraction computed for the TGF
thunderstorms can represent the mean state of the thunderstorms that were active
during the observation of a TGF when compared to the Climatology profiles.

Bootstrap analysis consists of performing random selections of N samples several
times to compute a mean value. By applying this procedure, it is possible to evaluate
whether the mean value of a data set with N samples has statistical representativeness
and it is statistically different from a Climatological database.

For this study, the bootstrap analysis was configured to randomly select thunderstorms
for each region and to compute a mean profile based on the Climatological database
built (Table 1). This process was repeated 100 times to finally obtain the mean
bootstrap profile. For each of the 100 simulations, we randomly selected 35
thunderstorms in the American region, 43 in Africa, and 46 in Southeast Asia (i.e. the
same number of TGF cases) from the Climatological database and computed a mean
profile for each chimney. The new mean regional profile was then denoted as bootstrap
profile. This procedure was made to compute both the mean radar reflectivity profile
and the respective electrical charge fraction.

As a first step, we compared the mean Climatological radar reflectivity profile for each
region with the corresponding bootstrap profile that was computed with the same
number of samples of TRMM/TGF matches. Therefore, if the radar reflectivity profiles
are different it means that the mean profile computed with the same number of TGF
samples does not have statistical representativeness; otherwise, it does show
statistical significance.

To analyze such statistical representativeness, Figure D1 shows a comparison
between the Climatological and the bootstrap profiles for the thunderstorms in America,
Africa and Southeast Asia, i.e., the difference among the two profiles (Climatological
and bootstrap). According to these plots, the radar reflectivity differences are lower
than = 0.5 dBZ in the SE-Asian thunderstorms and from 0 to 18 km to American and
African thunderstorms. The values between + 0.5 and 1 dBZ at 18-20 km might be
attributed to the low samples at these altitude levels. Therefore the Climatological
profiles are representative, and the N TRMM/TGF match samples is sufficient to
characterize the region.

Figure D1. Difference between the Climatological and Bootstrap mean vertical
convective radar reflectivity profile computed for the 3 chimneys: America, Africa and
Southeast Asia.

As a second and final evaluation, we compared the differences between the
Climatology and bootstrap profiles in terms of the electrical charge fraction, Figure D2.
To facilitate the analysis we separately present positive and negative charge fraction
differences. According to these results, there are no significant differences between the
Climatology and bootstrap profiles, i.e., the positive charge fraction is within + 0.2%
while the negative charge fraction is mainly between = 0.1%. These results lead us to
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conclude that the Climatology and TGF profiles can be used to illustrate the mean
feature of thunderstorms observed in Africa, America and SE-Asia.

Figure D2. Difference between the Climatology and bootstrap charge fraction profiles
for each chimney (America — blue; Africa — red; and SE Asia — orange). The left panel
shows the difference between the positive charge fraction and the right panel the
negative charge fraction.

These results reinforce the fact that the observed differences on radar reflectivity and
electrical charge fraction between the TGF associated thunderstorms and Climatology
are statically representative.
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Figure 1. Number of TGFs detected on 1 x 1 grid box by the AGILE, Fermi-GBM and
RHESSI missions during the 2002-2014 period. The 3 boxes sketched correspond to
the 3 tropical lightning chimneys with maximum TGF activity as observed by Fabré et
al. (2019).



945
946
947
948
949

950

manuscript submitted to JGR Atmospheres

Figure 2. (a) Mean vertical radar reflectivity and (b) respective standard deviations
(right) profiles for convective rain type as a function of height in the 3 chimneys:
America (blue), Africa (red) and Southeast Asia (orange). Climatology profiles are the
continuous lines and thunderstorms associated with TGF detections are in dashed
lines.
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Figure 3. (Top) Climatological radar reflectivity factor CFADS for America (a), Africa (b)
and SE Asia (c) thunderstorm regions. The lines in the CDADs indicate the percentiles
of 5, 50 e 95%. (Bottom) CFAD difference plots show a comparison between the 3
chimneys: (d) America versus Africa, () America versus SE Asia and (f) SE Asia
versus Africa. The respective mean radar reflectivity profiles for each region are shown
on the CFAD difference plots (America — continuous line, Africa — dashed line, SE Asia
- dashed with dots and diamond symbol line).
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959  Figure 4. Same as Figure 3 but for thunderstorms associated with the TGF occurrence.
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961 Figure 5. CFAD differences between Climatology and associated TGF thunderstorms
962  for each tropical chimney.

963
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Figure 6. Mean vertical profile of charge fraction estimated for all 3 chimneys
(Climatology - continuous lines) and TGF triggered thunderstorms (dashed lines)
based on Takahashi (1978) scheme as a function of height (a) and temperature (b).
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Figure Al. Mean vertical radar reflectivity (left) and respective standard deviations
(right) profiles for convective rain type as a function of temperature in the 3 chimneys:
America (blue), Africa (red) and Southeast Asia (orange). Climatology profiles are
continuous line and associated thunderstorms with TGF detections are in dashed lines.
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Figure B1. CFTD depicted for the thunderstorms observed in America (a), Africa (b)
and Southeast Asia (c) region characterized as Climatology. CTFD differences
between the three regions: (d) America - Africa, () America - SE Asia and (f) SE Asia -
Africa.
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Figure B2. CFTD depicted for the associated TGF thunderstorms observed in America
(a), Africa (b) and Southeast Asia (c) region characterized as Climatology. CFTD
differences between the three regions: (d) America - Africa, (e) America - SE Asia and
() SE Asia — Africa.
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Figure B3. CFTD differences between Climatology and associated TGF thunderstorms
for each tropical chimney: (a) America, (b) Africa and (c) SE Asia.
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Figure D1. Difference between the Climatological and Bootstrap mean vertical
convective radar reflectivity profile computed for the 3 chimneys: America, Africa and
Southeast Asia.
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Figure D2. Difference between the Climatology and bootstrap charge fraction profiles
for each chimney (America — blue; Africa — red; and SE Asia — orange). The left panel
shows the difference between the positive charge fraction and the right panel the
negative charge fraction.
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Figure B3.
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Figure D1.
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Figure D2.
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