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Abstract This study examines the differences related to microphysical properties of ice in thunderstorms
over the Amazon and Congo Basin using the Precipitation Feature (PF) data sets derived from passive
microwave and radar observations from the Tropical Rainfall Measuring Mission and Global Precipitation
Mission Core Satellites. Analysis reveals that Amazon thunderstorms are likely composed of ice crystals
smaller but more numerous than those in the Congo Basin, resulting in half as many flashes per PF on average in
the Amazon, for similar Ice Water Content IWC) or Area of 30 dBZ at —10°C (A;p,.ee)- The increase of the
flash count following an increase of the IWC (Ap,.ge) is 0nly 72% (61%) as effective in the Amazon as it would
be in the Congo Basin area. PFs with similar 30 dBZ radar echo top heights exhibit lower Brightness
Temperatures (TBs) in the 85/89, 165, and 183 GHz frequencies over the Amazon, indicating more numerous
smaller ice particles compared to those over the Congo Basin, which tend to show colder TBs at 37 GHz,
possibly due to more numerous large graupel or hail particles. Comparisons of TBs in PFs with similar 30 dBZ
echo top temperature between the Amazon and 3 X 3° global grids show that the median TB in Amazon is higher
than that in most oceanic areas but is comparable to areas having high oceanic lightning activity (e.g., South
Pacific Convergence Zone). It suggests that systems in the Amazon have similarities with maritime precipitation
systems, yet with distinct characteristics indicative of land systems.

Plain Language Summary A comparison is made between Amazon (AM) and Congo Basin (CB)
thunderstorms with similar reflectivity values seen by either TRMM or GPM, versus other variables that can
help us understand the ice microphysics of these storms (IWC, area of 30 dBZ at —10C, Flash count, TBs). The
radar reflectivity being driven by number and size (to the sixth power) of hydrometeors, the hypothesis is that for
two storms with a same reflectivity value, one in AM and one in CB, the reflectivity value measured is driven by
a higher concentration of large ice particles in CB (i.e., driven by size), while it is driven by a higher
concentration of smaller ice particles in AM (i.e., driven by number). We quantify the lightning count difference
between the two areas as a function of the amount of ice in the thunderstorm. It shows that AM produces
significantly less lightning than CB on average for a similar ice content. Radiometers from TRMM and GPM are
then used to compare the median TBs observed in the Amazon with the rest of the globe, to emphasize once
again that AM is producing systems that are neither of land nor oceanic nature, but somewhere in the middle.

1. Introduction

It is well known that lightning occurs more often over land than over ocean (Christian et al., 2003; Orville &
Spencer, 1979; Zipser et al., 2006). This is mainly because of the stronger updraft lifting, favoring larger ice
particles, and consequently leading to an enhanced charge separation in continental convection compared to those
over oceans (Cecil et al., 2005; Liu et al., 2012). Another reason could be the lower content in supercooled liquid
water in oceanic clouds, an important factor that enables the separation of charges (Saunders & Peck, 1998;
Takahashi, 1978). It is mentioned in Cecil et al. (2005) and yet to be validated, that the lower content of
supercooled liquid water observed in oceanic clouds might result from lower cloud-base heights, hence depleting
the available liquid water below the freezing level. Maritime systems are often characterized with weaker up-
drafts, in both width and speed (Williams & Stanfill, 2002), compared to their overland peers. The non-inductive
electric charge separation mechanism is driven by interactions among the ice hydrometeors (i.e., graupel, hail, and
cloud ice particles) and their environment (Gaskell, 1981; Saunders, 2008; Takahashi, 1978). Thus, a weaker
updraft leads to a weaker inner-cloud electric field, and consequently to a lower flash rate.
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With the development of satellite-borne lightning instruments (e.g., Optical Transient Detector (OTD; Boccippio,
Goodman, & Heckman, 2000; Boccippio, & Koshak et al., 2000), Lightning Imaging Sensor (LIS) onboard of
both the Tropical Rainfall Measuring Mission (TRMM; Albrecht et al., 2011) and the International Space Station
(ISS; Blakeslee et al., 2020), and the consequent study of the global distribution of lightning, Central Africa
appears to be the strongest lightning hotspot on Earth (Albrecht et al., 2016; Cecil et al., 2014; Zipser et al., 2006).
Williams (2005) summarized the general lightning tropical chimneys (i.e., hotspots) as follows: “The ranking of
these regions in lightning and rainfall now clearly indicate that Africa is the most continental chimney (most
lightning, least rainfall), the Maritime Continent is the most maritime (most rainfall, least lightning), with the
South American continent as intermediate.” In an earlier work, Williams et al. (2002) qualified the Amazon rain
forest as a “Green Ocean” due to pronounced similarities between Amazonian wet season (January-March)
precipitation to that of oceanic systems, a description that is now widely used and accepted in the community.

Due to their contradictory behaviors despite being two similar areas (i.e., dominated by a tropical rainforest and a
large river basin), the Amazon and the Congo Basin have often been compared together. For example, a large
discrepancy in the rain amounts between the rain gauges and satellite retrievals over Africa suggest that con-
vection in Africa occurs in a dryer environment (McCollum et al., 2000). It has been shown in many studies that
the Amazon presents both lower frequency of occurrence of lightning storms and flash rates values compared to
the Congo Basin (e.g., Boccippio, Goodman, & Heckman, 2000, Boccippio, & Koshak et al., 2000; Cecil
et al., 2015; Futyan & Del Genio, 2007). Furthermore, a comparison made by Williams and Sétori (2004) shows
that the surface of the Congo Basin exhibits a more continental profile than the Amazon (i.e., larger diurnal
temperature range, larger Bowen ratio, stronger response to semiannual forcing, less inundation, lower boundary
layer relative humidity, and slightly higher cloud base height). The Congo Basin is consequently more ther-
modynamically favorable to stronger updrafts and leads to greater lightning activity (Williams & Satori, 2004).
These findings follow the results of Nesbitt et al. (2000), which showed that African mesoscale convective
systems (MCSs) tend to have maximum heights of 30-dBZ echo top between 1 and 2 km higher than South
American ones. More importantly, the results of Williams et al. (2002) regarding the Amazon suggest that surface
properties, although playing a major role, cannot be the sole reason for the oceanic-like regime observed in the
Amazon.

To understand the physical mechanism of lightning in the thunderstorms over the two continents, it is important to
examine the microphysics of ice in the convective cores, which are difficult to quantify, as in-situ observations
cannot be collected due to aviation hazard. However, the existence of ice particles of large diameter (D) can be
inferred from the radar reflectivity provided by ground-based radars by using the D® relationship in Rayleigh
scattering (Wexler & Swingle, 1947). More importantly, radar reflectivity is a function of both size and number of
hydrometeors, meaning that either a significant amount of small ice particles or fewer but larger ice particles
could lead to the same reflectivity value. More information is needed to further constrain the ice microphysics.

Satellite passive microwave (PMW) observations are products that could provide additional information about
cloud ice. They have been used as a proxy of convective intensity in the past (Mohr et al., 1999; Zipser
et al., 2006). Microwave radiances emitted from land or liquid hydrometers are scattered by ice particles and lead
to a depression of brightness temperature compared to the background seen by radiometers onboard satellites.
Therefore, PMW radiances observed at the top of the atmosphere can be used to derive vertically integrated ice
water path (Vivekanandan et al., 1991). Thanks to this relationship, they can also be linked to the lightning rate
(Heuscher et al., 2022; Liu et al., 2011; Morvais & Liu, 2023).

In a two-part case study of Mesoscale Convective Systems (MCSs) at different life stages, Toracinta et al. (1996;
part I) correlated higher flash rates in MCSs with smaller reflectivity lapse rates in the mixed-phase, while Mohr
et al. (1999; part II) correlated the amount and distribution of lightning in MCSs to lower brightness temperature
values at 85 GHz, due to scattering of the upwelling radiation by large ice particles.

Similarly, Liu et al. (2011) showed that the minimum brightness temperature value at 37 GHz is a good indicator
of the probability of lightning in PFs, while their flash rate is more closely related to the area of low brightness
temperatures. Liu et al. (2012) showed that the flash rate is better correlated with the area and volume of high
radar reflectivity in the mixed-phase region than with proxies of maximum convective intensity. In addition to the
lightning studies using ground-based radar observations by Deierling et al. (2008) and Deierling and
Petersen (2008), it is generally accepted that the flash rate correlates better to the amount of ice within the mixed-
phase region of the convective cores than it does to the maximum convective intensity of the thunderstorm. These
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results concur with earlier works (Cecil et al., 2005; Zipser, 1994; Zipser & Lutz, 1994) that showed that a large
ice mass in the mixed-phase region is important for lightning activity.

Through the use of either radar or passive microwave brightness temperatures, these studies emphasize the fact
that lightning is closely related to the amount of ice within the mixed-phase region of thunderstorms. Although
these studies linked lightning with either passive microwave or radar measurements, only a few studies combined
both radar and passive microwave observations together to examine their relationships with lightning. For
instance, Toracinta et al. (2002) related all three components (i.e., occurrence of lightning, maximum radar
reflectivity, and minimum 85 GHz Polarization Corrected Temperature (PCT; Spencer et al., 1989)) to show that
a similar ice scattering signature in different storms does not ensure a similar radar reflectivity response. Simi-
larly, the relationship between the maximum reflectivity at 7 km and the minimum brightness temperature at 37
and 85 GHz PCT varies when related to the flash rate, as shown in Toracinta et al. (2002) and Cecil et al. (2002). It
is observed that African thunderstorms tend to have lower brightness temperatures and higher flash rates than
those in South American (Toracinta et al., 2002). Recently, Bang and Cecil (2021) presented composite radar
reflectivity profiles for groups of storms that have a similar 20%—-30% likelihood of hail (based on their passive
microwave signal), which is consistent with very strong thunderstorms. For storms stratified by their 37 GHz PCT
(Toracinta et al., 2002) depression, Amazonian storms appear to have a sharper decrease of reflectivity with
height than Central African storms. For storms stratified by their 19 GHz PCT (Cecil & Chronis, 2018), storms in
the Amazon exhibit higher reflectivity values at nearly all temperature levels compared to storms in Central
Africa. These results highlight the importance of using both radar and PMW observations in the comprehension of
the ice microphysics differences between the Amazon and Central Africa in order to better understand their
differences lightning-wise.

Following this idea, this study first compares the thunderstorms of the Amazonian rain forest (AM) in South
America with the ones in the Congo Basin (CB) area in Central Africa, easily considered to be the strongest
lightning chimney on Earth. By comparing characteristics of thunderstorms between these two regions, we try to
establish the hypothesis that thunderstorms with similar radar reflectivity profiles, but with different passive
microwave ice scattering signals, would then have different ice particle sizes, which ultimately leads to differ-
ences in lightning rates. Then we apply this hypothesis around globe to compare it to the Amazon.

Specifically, this study attempts to answer the following questions:

- What are the fundamental differences in the ice microphysics of the thunderstorms in the Amazon versus Congo
Basin?

- What are the lightning rate changes related to the different ice microphysics in these thunderstorms over two
regions?

- What are the variations of ice microphysics in deep convective clouds around the globe in comparison to the
Amazon?

This study is organized following three sections. Section 2 introduces the data, methodology, and hypothesis. The
results are presented in Section 3, with two main objectives. The first goal is the direct comparison between
properties of thunderstorms from the Amazon area and Congo Basin to infer ice microphysical differences, while
the second one aims to compare the Amazon region with the rest of the world using satellite passive microwave
brightness temperature observations. The major conclusions are summarized in Section 4.

2. Data and Methods
2.1. Precipitation Features Database

To describe the properties of thunderstorms, the Precipitation Features (PFs) database (Liu et al., 2008), including
the properties of precipitation systems observed by the Tropical Rainfall Measuring Mission (TRMM) satellite, as
well as the Global Precipitation Mission Core Satellite (GPM) are used in this study. Both data sets rely on the Ku-
Band precipitation radars aboard their respective satellites to define the PFs: the Precipitation Radar (PR;
13.8 GHz) for TRMM, and the Dual-Frequency Precipitation Radar (DPR; Ku in 13.6 GHz and Ka in 35.5 GHz
(the Ka band data are not used in this study)) for GPM. In both data sets, PFs are defined as at least 4 contiguous
pixels of near surface precipitations (i.e., at least ~71.8 km? (or 81.4 km? after boost in 2001) for TRMM, and
~98.2 km? for GPM), as derived from the Ku band radar reflectivities at the near surface. Each PF is consequently
an object with known time, location, and precipitation area, allowing an easy collocation with other observational
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and model generated variables. Note that only precipitating clouds are considered in these data sets. Any features
with a precipitation area lower than four pixels or a precipitation rate lower that the detection capabilities of the
precipitation radar instruments (i.e., ~0.1 mm/hr) are excluded. Lightning may occur in PFs with sizes less than
four pixels (~0.27% in tropics), and sometimes even occur in cloud areas without surface precipitation (~5.5% in
TRMM domain (Peterson & Liu, 2011). These scenarios are not considered in the following discussion.

In the case of this study, the TRMM-PFs data set ranges from 1998 to 2013, and the GPM-PFs data set ranges
from 2015 to 2021. Only full years (i.e., full 12-month, from Jan. to Dec.) of data are used to ensure full seasonal
sampling, hence the non-usage of the fully available data. Additionally, data in 2001 are excluded from the
TRMM-PFs data set since the orbit height of the satellite increased from 350 to 403 km during the month of
August, introducing a gap in the data. Note that the change in pixel area is considered in the computation of the
precipitation area used later on in this study (i.e., 17.96 km*/pxl before vs. 20.35 km?*/pxl after orbit boost for
TRMM, Liu et al., 2008).

The PF database consists of numerous variables, from both observational and modeling origins. In the specific
scope of this study, for a microphysics comparison with a lightning focus, the properties used are summarized as
follows: longitude and latitude representing the location of the geo-center of the PF object; year, month, day, and
hour (as a float value) representing the time of occurrence; the Ku band radar reflectivity corresponding to the
maximum reflectivity observed at altitudes of 0.5 km interval; the Ice Water Content (IWC; integrated through the
entire PF area) and the area of 30 dBZ at —10°C as products of the reflectivity measurements; and the minimum
value of the Brightness Temperature (TB) measured by the radiometers on board of TRMM (i.e., TRMM Mi-
crowave Imager (TMI) at 37 and 85 GHz) and GPM (i.e., GPM Microwave Imager (GMI) at 37, 89, 166, and
183 GHz) to further explore the inner content of the clouds. Here the radar profiles at different heights are linearly
interpolated to the specific temperature levels using the collocated temperature profiles from the ERAS reanalysis
data (Hersbach et al., 2020). The IWC is estimated using the simple reflectivity to mass relationship from Carey
and Rutledge (2000). Additionally, the TRMM-PFs data set includes the lightning rates observed by the Lightning
Imaging Sensor (LIS; Christian, 1999) on board of TRMM, allowing a comparison of Precipitation Features with
Lightning (LPFs; TRMM-LPFs) within it.

2.2. Methodology and Hypothesis

The strength of thunderstorms is commonly assessed using radar reflectivity (Wexler & Swingle, 1947; Zipser &
Lutz, 1994). It has been established that the power received by the radar scattered back by a cloud is driven by the
number of particles and their diameter to the sixth power following the Rayleigh law of scattering when radar
wavelength is much larger than the particles (Wexler & Swingle, 1947). The logarithmic scale of the reflectivity is
used as a consequence of the strong impact that a small increase in particles radius has on its value.

On the other hand, the passive microwave radiometers using frequencies ranging from 37 to 183 GHz have
wavelengths ranging respectively from 0.81 to 0.16 cm. Such wavelengths are proportional to the diameter of
large ice particles and are falling within the scope of the Mie scattering theory. As seen in Mroz et al. (2017),
which calculates the extinction coefficient of spherical hailstones as a function of the diameter at the GMI fre-
quencies (Mroz et al., 2017, Figure 6b). Following their results, the peaks of extinction of the channels range from
approximately 0.2 cm for 166 GHz and 0.6 cm for 37 GHz. The scattering of microwave radiances by ice particles
at these frequencies has variable exponential relationships to IWC in cloud (Vivekanandan et al., 1991). In
general, the strength of scattering can be expressed as exponential function of IWC with power ranging from 1.1
at 85 GHz to 1.6 at 37 GHz, although Mie scattering cannot realistically fully describe the interaction between the
microwave signal and non-spherical ice particles. At higher frequencies, the passive microwave brightness
temperatures can be expressed as exponential functions to the ice water path with power values even lower than
those (Wu, 1987).

Therefore, compared to the sixth power relationship of the ice particle size from radar reflectivity at lower fre-
quencies, passive microwave radiance depression by ice scattering at higher frequencies is relatively less sensitive
to the larger ice particles with sizes comparable to the radiance wavelengths due to the Mie scattering. This means
that for two systems with a similar radar reflectivity vertical structure, the one with a stronger ice scattering signal
(i.e., colder TB) would have relatively smaller, but more numerous ice particles than the one with a weaker ice
scattering signal (i.e., warmer TB). Because the in-cloud electrical charge separation is directly related to the
amount of large ice particles colliding with the abundant supply of smaller ice crystals in an environment filled
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with supercooled liquid water (Gaskell, 1981; Saunders, 2008; Takahashi, 1978), for two systems with a same
radar reflectivity, we hypothesize that the one with colder TBs would have relatively less lightning than the one
with warmer TBs.

By taking advantage of the different physical processes leading to radar reflectivity observations (driven prin-
cipally by Rayleigh scattering from hydrometers mostly having size much smaller than the radar wavelength)
versus passive microwave radiometer brightness temperatures (driven principally by Mie scattering due to mi-
crowave wavelengths comparable to hydrometeor sizes) and the above hypothesis of ice particle size versus TB
for similar radar reflectivity, this study attempts to propose an explanation as to why two similar storms
reflectivity-wise, one over the Amazon and the second over the Congo Basin, would have significantly different
lightning activity. We attempt to show that thunderstorms over the Amazonian rain forest must have smaller ice
particles than those in Congo Basin in general.

3. Results
3.1. Global Distribution of Thunderstorms and Their Radar Echo at —10°C

The geographical distribution of samples of TRMM-LPFs on 2 X 2° grid is shown in Figure la. As mentioned
earlier, South America, Central Africa, and Maritime continents appear as lightning chimneys (Williams, 2005).
There is a slight increase of LPF samples north/south of 30°N/30°S due to the oversampling resulting from the
curve of the satellite orbit. Although South America and Central Africa are both lightning hotspots, Figure 1b
shows that the probability of having lightning in a PF is higher in CB (i.e., approximately 13%-23%) than it is in
AM (i.e., below 10%). The fraction of TRMM-LPFs having a maximum echo top height of 30 dBZ reaching
temperatures colder than —10°C is presented in Figure 1c. Data show consistently around the globe (i.e., when
above 20 samples) that above 90% of TRMM-LPFs meet the maximum height of 30 dBZ reaching temperatures
colder than —10°C threshold observed by Liu et al. (2010) (i.e., about 10% of PFs have lightning when their 30
dBZ echo top temperature is around —10°C for land or —17°C for oceans). Note that the colormap used in
Figure 1c goes from 80% to 100% while values are as low as 57%. Values at and lower than 80% are consequently
not shown. This choice was made to enhance the visibility of the map. Due to the South Atlantic Anomaly, a lower
fraction of LPFs are found near the lower southeast coast of South America and result from a higher sensor false
alarm in the area (Pechony & Nickolaenko, 2010). The fraction of TRMM-LPFs with a maximum echo top height
of 40 dBZ reaching temperatures colder than —10°C observed in Figure 1d shows a drastic contrast in lightning
activity between AM and CB. Only approximately 50%—-65% of the TRMM-LPFs have 40 dBZ reaching —10°C
in CB while less than 40% do in AM. Hence the choice of comparing the AM with the CB. This difference implies
that most Amazonian storms are lacking in either number or size of ice particles to reach 40 dBZ at higher
altitudes.

Central Africa has been shown through satellite observations to have a strong hail signature in both PMW (e.g.,
TRMM-TMI and GPM-GMI in Bang & Cecil, 2019) and radar reflectivity (e.g., GPM-DPR in Mroz et al., 2017;
Le & Chandrasekar, 2021) but lacks ground validation to be defined as a hail hotspot. However, it is suspected
that the strong hail signature observable in Central Africa may not translate as large hail reaching the ground. For
example, it is suggested that hail is more likely to melt on its way down in the tropics (Allen et al., 2020; Brook
etal., 2024). A higher tropopause in the tropics may support deeper layers of ice, further decreasing the brightness
temperature measured and being identified as hail signature. Bang and Cecil (2019) showed that although being at
similar latitude, AM did not show a strong hail signature. At minima, CB tends to present higher contents in large
hydrometeors aloft compared to AM. By comparing similar LPFs over AM and CB, this study aims to show that
thunderstorms in the two regions tend to have different particle size distributions: larger particle sizes in smaller
concentrations in CB, and smaller particle sizes in larger concentrations in AM. To achieve this goal, this study
compares AM storms with CB ones by exploring their respective relationships between radar reflectivity prop-
erties (e.g., maximum reflectivity, IWC, area of 30 dBZ at —10°C, and maximum height of 30 dBZ) and pa-
rameters related with the properties of ice particles (e.g., flash count and passive microwave TBs), hence
confronting the radar similarities between PFs of the two regions with their differences in hydrometeor content.
Note that both the AM and CB data are selected within the boxes shown in Figure 1 (i.e., 75°W-60°W, 10°S-5°N
for AM; 15°E-25°E, 15°S-5°N for CB). This leads to a sample size of 26,875/30,224 for TRMM-LPFs and
106,916/48,168 for GPM-PFs over AM/CB. Here we avoid elevated regions (e.g., Andes in South America or the
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a. Distribution of TRMM-PFs with lightning (2x2° bins)
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Figure 1. Geographical distribution of the population of (a) Lightning PFs (LPFs), with (b) the fraction of PFs having lightning, (c) the fraction of LPFs with a maximum
height of 30 dBZ reaching temperatures colder than —10°C, and (d) the fraction of LPFs with a maximum height of 40 dBZ reaching below —10°C in 1 X 1° bins. The
Amazon box is (75°W-60°W, 10°S-5°N) and the Congo Basin box is (15°E-25°E, 15°S—-5°N). Fractions are not shown for grid cells with a sample size inferior to 20.
The TRMM-PFs data range from 1998 to 2013.

Great Rift Valley in Central Africa) where cloud to ground lightning is enhanced due to high ground (e.g.,
Boccippio et al., 2001; Murphy & Nag, 2015).

3.2. Altitude Versus Reflectivity

The normalized Cumulative Frequency by Altitude Diagrams (CFADs) of maximum reflectivity in LPFs over
AM (a), CB (b), and their difference as AM—CB (c) are presented in Figure 2. Each of the 40 horizontal altitude
levels is normalized horizontally, creating unique 1D-histograms adding-up to 100%. This normalization at each
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Figure 2. Cumulative Frequency by Altitude Diagram of TRMM maximum Ku radar reflectivity in TRMM-LPFs for (a) AM, (b) CB, and (c) difference between
(a) minus (b). Values are normalized at each altitude level (i.e., each altitude level adds up to 100%). The TRMM-PFs data range from 1998 to 2013.

y-axis level is used in all the following 2D-histograms (Figures 2-5). Figures 2a and 2b show that the distributions
of the maximum of reflectivity profiles for AM and CB are in general similar, having a decreased maximum
reflectivity with altitude. A significant decrease of reflectivity at around 4.5 km is related to the refractive index
property transition from liquid rain drop to solid ice particle. However, CB has higher reflectivity values than AM
in general. This is clearly shown in the difference of the two regions in Figure 2c.

Interestingly, the difference between AM and CB CFADs appears to have a tri-pole structure: (a) higher
maximum reflectivity values are more frequently observed in CB, (b) lower maximum values are more often
observed in CB as well, and (c) the in-between values are more prevalent in AM. The results infer that CB has a
broader distribution of reflectivity values, which could result from the degree of abundance or absence of large
hydrometeors in the cloud. AM however has a narrower distribution of maximum reflectivity values, which seems
to support the hypothesized lower content in large hydrometeors and abundance of small ice crystals. Because
reflectivity is more sensitive to the size of the hydrometeors (i.e., to the sixth power), a large fluctuation in
quantity of small hydrometeors would be needed to significantly affect the maximum reflectivity observed.

3.3. IWC and Area of 30 dBZ at —10°C Versus Flash Count

An alternative to show the difference between AM and CB LPFs is to explore the relationships between radar
reflectivity properties and lightning counts. Figure 3 presents the normalized 2D-histograms, where the LPFs
lightning flash counts in the two regions are compared to their total IWC and Area of 30 dBZ at —10°C (A paree)-
The Area of 30 dBZ at —10°C provides a good approximation of the size of the core of the storm, which is known
to be well correlated with flash count (Laksen & Stansbury, 1974; Liu et al., 2011).

It is clear that LPFs with higher values of IWC or A
that allows the neutralization of a portion of the charges accumulating within different areas of the cloud (or with

charge Nave more flashes. Lightning is the natural phenomena
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Figure 3. Normalized two-dimensional histogram of TRMM LPFs as function of Flash Count versus Ice Water Content (IWC) for (a) AM, (b) CB, and (c) difference
between (a) minus (b). The ratio of the mean flash count observed in AM divided by the mean flash count observed in CB, as a percentage, is represented in panel (d).

The relation between Flash Count and Area of 30 dBZ at —10°C (A,

charge) 18 T€presented in a similar way in plots (e, f, g, and h). Values are normalized at each IWC and

Area level (i.e., each IWC or Area level adds up to 100%). The TRMM-PFs data range from 1998 to 2013.

the ground). It consequently requires the presence inside the cloud of an electric field strong enough to initiate the
electric spark. However, such a strong electric field requires in-turn a strong charges separation mechanism,
which relies on interactions between small and big hydrometeors within the cloud. Consequently, a higher flash
count can be resulted from either a large area with a strong electric field, or a rapid charging of the cloud layers to
counteract the dissipation of the electric field (due to each individual lightning flash), or a combination of both.
Therefore, a high flash rate implies plentiful collisions among large, riming graupel and smaller ice particles,
which can be proxied with both Ice Water Content and A, Note that the narrower 2D distributions of the data
over the CB (Figures 3b and 3f) compared to AM (Figures 3a and 3e) implies a stronger correlation of the
lightning count with IWC and A, in CB.

charge

There is a shift in the distributions, data show that for any value of either IWC or Ap,,qc, the CB region has higher
probabilities to produce more lightning flashes (Figures 3c and 3g). For example, Figure 3¢ shows that for a total
IWC of 10° x 10° kg, AM LPFs have a higher probability to produce less than 10 flashes while CB LPFs are more
likely to produce over 10 flashes, up to a hundred. Similarly, Figure 3g shows that for an A of 10° km?, a
higher proportion of AM LPFs produce low flash counts (i.e., below 10) while a higher proportion of CB LPFs
produce higher flash counts (i.e., 10-100 flashes). The TRMM-LPFs data set clearly shows that for a similar IWC
OF Acharges CB produces significantly more lightning than the AM.

charge

These lightning generation differences over the two regions are quantified in Figures 3d and 3h. It is defined as the
LPFs' mean flash count in AM divided by that in CB, for each specific IWC and A level, and reported as a
percentage. The results are shown only when the sample size is sufficient (i.e., above 100 samples in both AM and

charge

CB) to provide a trustworthy noise-less result. For a similar IWC or A value, AM tends to produce

charge
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Figure 4. Normalized two-dimensional histogram of TRMM-LPFs as function of the Maximum Height of 30 dBZ versus Minimum Polarization Corrected Brightness
Temperatures (PCT) at 37 GHz for (a) AM, (b) CB, and (c) difference as (a) minus (b). Similarly, panels (d, e, and f) show the relationship for 85 GHz PCT. Values are
normalized at each altitude level (i.e., each altitude level adds up to 100%). The TRMM-PFs data range from 1998 to 2013.

significantly less lightning. This difference increases with the IWC or Ay, value, and reaches twice as many
flashes observed in CB compared to AM for the higher values of either INC or Ap,ge- In CB, an increase of the
IWC or Area of 30 dBZ at —10°C translates as a significant increase in flash count. In AM, there is a weaker
increase of the flash count compared to CB when the IWC or Area of 30 dBZ at —10°C values are increasing.

To quantify the efficiency of the translation of an increase of IWC or Ay, toward an increase in lightning, the
ratios for IWC and A, are computed as the sum of the lightning flash counts divided by the sum of the IWC
and Ay, respectively. The results for AM and CB are presented in Table 1. These ratios are then used to directly
compare the two areas together through the ratio between AM and CB. On average, an increase of the lightning
count following an increase of the IWC in AM is only 72% as effective as it would be in CB, and an increase of

lightning against the Ay, in AM is only 61% as effective as it would be in CB.

In studies made by Petersen and Rutledge (2001) and Petersen et al. (2005), it is suggested that when considered
on a global scale, the relationship between the amount of ice and the lightning flash density is invariant between
land, coastal, and oceanic regimes. Although it is shown that the three regimes display differences in the slopes of
their lines of best fit below ~20% (Petersen et al., 2005), it is important to note the large spread of values around it.
It implies that although the average ice content versus lightning relation might be consistent around the globe,
local influences persist, as shown in Figure 3. There is a significant difference in lightning count for storms of
similar ice content over AM compared to CB. The hail climatology made by Bang and Cecil (2019) in the GPM
domain shows that Central Africa is a hail hotspot candidate (i.e., needs ground validation) while the Amazonian
rain forest shows little hail occurrence. Note that the ice content proxies (i.e., IWC and Ap,.e) used in Figure 3
are not direct measurements but are estimated from the spaceborne radar reflectivity measurements (i.e., IWC is
integrated from the reflectivity profiles through the entire PF area and A gy, is the area of 30 dBZ at —10°C). The
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Figure 5. Difference between the normalized two-dimensional histograms of GPM-PFs with 30 dBZ echo top colder than —10C as function of the Maximum Height of
30 dBZ versus Brightness Temperatures over Am and that over CB. Similar to Figure 4d, except differences are shown as AM minus CB for (a) 37 GHz PCT,
(b) 166 GHz Vertical, (c) 183 = 3 GHz Vertical, (d) 89 GHz PCT, (e) 166 GHz Horizontal, and (f) 183 + 7 GHz Vertical. The GPM-PFs data range from 2015 to 2021.

calculation is consistent for all PFs through the entire domain without considering the variation of reflectivity
versus ice mass relationship. Considering that this work aims to show that the Amazon hydrometeors' distribution
is balanced around smaller and more numerous ice crystals, while the Congo Basin hydrometeors' distribution is
balanced around bigger and less numerous ice crystals, it is expected that the derived IWC might be under-
estimated in AM and overestimated in the CB. Nevertheless, it is possible to use the lightning initiation theories to

hypothesize the following:

- In the Congo Basin, an increase of the ice content may come from an increase in the concentration of large ice
particles within the cloud. It can lead to radar reflectivity values higher than 40 dBZ (Figure 1d), and an
enhancement of the charge separation mechanism, which is introduced by large ice particle collisions from
terminal velocity differences, and consequently to a significant increase in lightning flash count (Figure 3).

- In the Amazon, an increase of the ice content may come from an increase in the concentration of small ice
particles within the cloud. It consequently may not translate into a significant increase of the radar reflectivity

Table 1
Mean Lightning Counts per IWC and Area With 30 dBZ at —10°C (A
From LPFs in AM and CB

charge)

AM CB AM/CB
flash/IWC #.107°km™2)  0.901 x 1072 1.244 x 1072 0.72
flash/A 5. (km™) 0.946 x 107> 1.553 x 1072 0.61

Note. The right column lists the ratios between two regions.

values (Figure 1d), and would not enhance significantly the charges sepa-
ration without a significant increase in the concentration of large ice par-
ticles, and consequently do not significantly increase the flash count
(Figure 3).

3.4. Maximum Height of 30 dBZ Versus Brightness Temperatures

Passive microwave brightness temperatures observed at the top of the at-
mosphere are the products resulting from the Earth's upwelling microwave
radiance being affected by the atmosphere and by a cloud's hydrometeor
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content. Each passive microwave frequency is chosen, within the atmospheric absorption window, for its
sensitivity to a slightly different process within the cloud, hence providing an insight of a cloud's inner content.

It has been shown that radiances at 37-86 GHz are significantly affected by ice in the cloud and are interesting
proxies for IWP (Adler et al., 1991; Smith et al., 1992; Vivekanandan et al., 1991). Although Mroz et al. (2017)
show that for GPM, the 19 GHz channel (i.e., extinction coefficient peaks between 1.0 and 1.5 cm; 19 GHz has a
wavelength of ~1.58 cm) is more sensitive to large hail than the 37 GHz channel (i.e., extinction coefficient peaks
around 0.6 cm; 37 GHz has a wavelength of ~0.81 cm), it is shown in Cecil (2009) that 37 GHz is more suitable
for large hail observations in TRMM data, with TRMM-PFs having 70% likelihood of being associated with hail
reports when below 180 K. The difference can be assumed to result from the wider footprint of TRMM's TMI,
leading 37 GHz to appear as the best tradeoff between lower frequencies being desirable for distinguishing larger
versus smaller particles, and higher frequencies having better spatial resolution. Additionally, sufficient con-
centrations of graupel have been shown to be observable at 37 GHz as well, even in the absence of hail (Leppert
and Cecil, 2015, 2019). Studies suggest that a channel around 150 GHz is a good candidate to observe frozen
precipitation in middle and high latitudes (Bennartz & Bauer, 2003; Michele & Bauer, 2006), and the G-band (i.e.,
183 GHz) is known to be extremely sensitive to changes in water vapor (Bennartz & Bauer, 2003; Racette
et al., 2005). Note that most frequencies are well correlated with several different hydrometeors within the cloud
(Mech et al., 2007) and are hence impacted by multiple different processes within the cloud.

The relationship between Maximum Echo Top Height of 30 dBZ (MAXHT30) and Brightness Temperatures is
shown in Figures 4 and 5. TRMM-LPFs (i.e., only PFs with lightning) are presented in Figure 4, which shows the
relationships with 37 GHz PCT (top row) and 85 GHz PCT (bottom row). The left panels represent AM, the center
panels represent the CB, and the right panels show the difference as AM minus CB. Similarly, the relationship
between MAXHT30 and Brightness Temperatures for the GPM-PFs (i.e., all PFs) data set is presented in
Figure 5, where only the differences (i.e., AM minus CB) are shown, including 6 different GPM GMI channels. In
both figures, data are normalized along the TBs for each altitude-level.

Figure 4 shows that both regions present a similar relationship between MAXHT30 and 37 and 85 GHz: higher
values of MAXHT?30 are correlated with lower brightness temperatures, with a clear trend in the 85 GHz channel
but a weaker reaction from 37 GHz to MAXHT30 changes. For any specific value of MAXHT30, CB has a
broader distribution with higher fractional occurrence at both the lower (down to ~100 K) and higher (up to
~300 K) TB values in the 37 GHz frequency. AM has a narrower TB range in brightness temperatures (~230-
270 K). In the 85 GHz frequency, the spreads are reversed with AM having more of lower TB values and CB
having more of higher TB values. These results are in agreement with the GPM-PFs data shown in Figures 5a
and 5d.

If we make an assumption that 37 GHz is mainly driven by large hydrometeors and 85/89 GHz by the integrated
IWP, these results agree with the previously hypothesized theory. At 37 GHz, the broader distribution of TB
values in CB may be due to a greater variability of the number of large hydrometeors, while the narrower spread
for AM may be resulting from a significantly lower, and more consistent, content in large particles. At 85/89 GHz,
AM tends to have lower TBs, leading to the implication that despite having a lower content in large ice particles,
AM PFs have a higher integrated ice water mass than those over CB. This is consistent with the hypothesis that
AM precipitation systems are composed of a larger proportion of smaller hydrometeors. This statement is also
supported by the results from higher frequencies shown in Figures 5b—5f, where convective systems over AM
have a distribution of their TBs that peaks lower for any given 30 dBZ echo top. If we make the assumptions that
TBs at 166 and 183 GHz channels are principally correlated to frozen precipitation, it consequently implies a
higher ice water content in AM compared to CB, likely from numerous smaller particles compared to those over
the CB.

3.5. Comparison of the Amazon With the Globe

Using AM as a reference (i.e., 75°W—-60°W, 10°S—5°N), the median TB value of each channel is computed around
the globe in a 3 X 3° grid, with a filtering between —17°C and —10°C for the temperature at echo top height of 30
dBZ (T3g4qgz) following Liu et al. (2010). Hence, using only the selected samples, Figures 6-9 show the dif-
ferences between the median brightness temperature values within the 15 X 15° AM box and the local (i.e., 3 X 3°
grid boxes) median values for each frequency channels from TRMM and GPM. The median TB values inside the
AM box for each of the different channel frequencies are summarized in Table 2.
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a. TRMM-PFs: Difference in Median Value for 37 GHz PCT in 3° grid for Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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c. TRMM-PFs: Ratio of PFs with Lightning in 3° grid for Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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Figure 6. Difference in median TB between the local 3 x 3° grid and the 15 X 15° Amazon box for TRMM-PFs with T4, between —17°C and —10°C for (a) 37 GHz
PCT, and (b) 85 GHz PCT. Panel (c) presents the proportion of PFs observed to have lightning activity by TRMM-LIS. Sample size is presented by the black contours.
The TRMM-PFs data range from 1998 to 2013.

The filtering (i.e., between —17°C and —10°C for the temperature at maximum height of 30 dBZ) is based on the
results of Liu et al. (2010). Their study shows that T545,, values of —10°C (land) and —17°C (oceans) are roughly
corresponding to 10% occurrence of lightning in precipitation features (i.e., approximately 10% of PFs have
lightning). This value range has been chosen to examine systems marginally having lightning. At colder value
ranges, similar results are found (Figures not shown). Note that the PF database used in this study is slightly
different from the PF database used in Liu et al. (2010) (e.g., use of full years of data, more years of post-boost
data, and a different reanalysis product). This leads to slightly different lightning percentages. For example, using
land PFs with T;p45, between —9°C and —11°C, only 7.5% of them are having lightning, which is lower than 10%
(Table 3). Although the Ku-band frequencies used by both TRMM-PR (13.8 GHz) and GPM-DPR (13.6 GHz) are
nearly identical, the slightly different field of view and vertical sampling between the two radars could also have
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a. GPM-PFs: Difference in Median Value for 37 GHz PCT in 3° grid for Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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Figure 7. Same as Figure 6, except for GPM-PFs, with (a) 37 GHz PCT, and (b) 89 GHz PCT. The GPM-PFs data range from 2015 to 2021.

influences in the 30 dBZ echo top heights. However, this study focuses on the regional comparisons from each
satellite. The same T;yp, criteria used for both TRMM and GPM would only have a slight difference in the
selection of samples.

The results presented in Figures 69, as the subtraction of the local median TB value minus the AM median TB
value, show the differences from the local TB median to the AM TB medians listed in Table 2. Positive values in
warm colors are showing that the median is higher in the local grid box than it is in AM, suggesting a stronger ice
scattering signal in AM. On the opposite side, negative values in cool colors mean that the median is lower in the
local grid box than it is in AM, inferring a stronger ice scattering signal in the local grid box.

At 37 GHz (Figure 6a for TRMM-LPFs and Figure 7a for GPM-PFs), AM has higher TB values than the ocean
and slightly lower compared to other land regions. It implies that 37 GHz radiance is further attenuated in
convection over the oceans than it is over land for PFs with T;y45, between —17°C and —10°C. Although this
result seems contradictory with the assumption that 37 GHz is driven by large hydrometeors (and consequently
should have lower values over most continents), it results from the complexity of brightness temperatures, which
have been shown to be correlated with several different types of hydrometeors (Mech et al., 2007). Note that the
emission from liquid water (i.e., mostly coming from liquid rain drops, with supercooled liquid water having a
small contribution (Wilheit et al., 2006)) may also slightly contribute to the observed warm TBs at this frequency.

At 85/89 GHz (Figure 6b for TRMM-LPFs and Figure 7b for GPM-PFs), AM has higher TB values than the ocean
but lower values than land. It implies that oceanic systems may be composed of a higher ice water content in the
form of smaller hydrometeors than land, with AM systems being in the middle. At 166 and 183 GHz (Figures 8
and 9), AM has higher TB values than the ocean but significantly lower values than land. This would imply that
the frozen particles contents are significantly higher for oceanic PFs than they are for land PFs, with AM PFs
being in-between.

These results tend to align with the “Green Ocean” description of AM. Note that “Green Ocean” (Williams
et al., 2002) characterizes the similarities of the Amazon clouds with Oceanic systems during the wet season
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a. GPM-PFs: Difference in Median Value for 166 GHz H in 3° grid for Temperature at Maximum Height of 30 dBZ Between -17 and -10°C

“

b. GPM-PFs: Difference in Median Value for 166 GHz V in 3° grid for Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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Figure 8. Same as Figure 7, except for (a) 166 GHz Horizontal, and (b) 166 GHz Vertical.

(January-March; i.e., 3 months), while the data analyzed in this study include full-years. The 15 X 15° AM box
appears as an in-between state, passive-microwave wise, between land and ocean systems.

It is noteworthy to mention that at 85/89 GHz and high frequencies, the earth surface background is totally
absorbed by the thick layer of liquid water in the lower layers of the clouds (Ellison, 2007; Rosenkranz, 2014).
Upwelling microwave radiation at these frequencies is consequently reduced to the weaker upward component of
re-emitted signal. The upward component of this signal, produced by the lower parts of the cloud, will then be
scattered by particles whose size approximates the wavelength (i.e., hail for 37 GHz with a wavelength of
approximately 0.81 cm; and small ice particles for 85/89 GHz with a wavelength of approximately 0.35-0.34 cm).
Additionally, Mushtak et al. (2005) show that the mean cloud base height increases with latitude (Mushtak
et al., 2005, Figure 5) while the altitude of the 0°C isotherm decreases. It implies that the layer of liquid water
within a cloud tends to be narrower at higher latitudes than it is in the tropics. This could lead to a reduced
emission from the liquid phase and result in a lower TB. However, Figures 6-9 show high positive values (i.e.,
increase of the TB) in the difference in medians observed at high latitudes (i.e., above 30° of absolute latitude) for
channels at, and above 85/89 GHz. This can be explained by the shallower depth of the layer of ice precipitation in
the mid-high latitudes. The thickness of the ice precipitation layer above freezing level for PFs with T5p45,
between —17°C and —10°C are computed as the maximum radar echo top height minus the altitude of the freezing
level obtained from ERAS5 and are shown as an average in Figure 10. The thickness of the ice precipitation layer is
well correlated with the increase of the median TB values at high latitudes at these frequencies. A thinner ice
precipitation layer, as it would translate into a smaller quantity in ice water path on average, would result in a
weaker scattering of the upward radiance, leading to higher TB values for frequencies at 85/89 GHz and higher,
and leading to lower TB values at 37 GHz.

Additionally, Figure 10 emphasizes the “Green Ocean” aspect of the Amazon. For example, comparing areas of
similar latitude in either TRMM (Figure 10a) or GPM (Figure 10b) shows that the Amazon appears to have a
thicker ice precipitation layer (i.e., averaging 5—6 km) compared to other land areas (e.g., Central Africa averages
4-5 km), but remains thinner than oceanic areas (e.g., averaging 5-7 km). Although not being the main focus of
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a. GPM-PFs: Difference in Median Value for 183+3 GHz in 3° grid for Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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Figure 9. Same as Figure 7, except for (a) 183 + 3 GHz, and (b) 183 + 7 GHz.

this figure, it follows the theory studied in this paper regarding the oceanic-like ice composition of Amazonian
PFs (i.e., smaller but more numerous ice crystals). Note that this ice precipitation thickness is different from the
ice cloud depth as the true cloud top height is higher than the maximum height measured with the precipitation
radar through the detectable signal around 12-18 dBZ (Hamada & Takayabu, 2016). It consequently corresponds
to a slight underestimation of the ice cloud depth. However, oceanic systems usually have lower vertical gra-
dience in reflectivity profiles than their overland homologs in the ice regime (Zipser & Lutz, 1994), for the same
reason of smaller ice particles, meaning that the cloud top altitude could be further above the echo top in such
systems (Liu et al., 2007).

Note that the ice precipitation layer thickness computed for TRMM is lower than for GPM as a result of the lower
sensitivity compared to the one onboard GPM, allowing GPM's DPR to observe weaker convection pockets
reaching higher altitudes.

Interestingly, both TRMM-LPFs and GPM-PFs show that the median TB value of PFs in AM is closer in value to
the median TB observed in the most electrically active areas of the Oceans (Figure la, with a log, scale),
including the South Pacific Convergence Zone (SPCZ) and tropical west Pacific off the equator. It implies that
PFs over these ocean regions have relatively warm TBs and contain some large ice particles for a given 30 dBZ
echo top height, therefore, more likely to have lightning.

Table 2
Median Brightness Temperature Measured in Amazonian PFs With a Temperature at Maximum 30 dBZ Echo Top Height
Between —17°C and —10°C for Each Channel of TRMM-MI and GPM-MI

Channel frequency (GHz)

37 PCT 85/89 PCT 166 H 166 V 183 £3 183 £7
Median TB (K) TRMM-LPFs 276.25 236.56
GPM-PFs 275.30 243.28 207.65 212.77 231.43 220.11
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Table 3
Proportions of TRMM-PFs With Temperature at 30 dBZ Echo Top (T ,45,) Around —10°C Over Land and —17°C Over
Ocean Within TRMM Domain and in Tropics

Proportion of TRMM-PFs having lightning

Land Oceans

—11°C < Typupy <-9°C  Tapupy < —10°C  —18°C < Typupy < —16°C  Typupy < —17°C

Total (36°S-36°N) 7.51% 47.29% 7.53% 15.18%
Tropics (20°S-20°N) 7.81% 52.06% 7.80% 15.82%

4. Summary

Using the Precipitation Features data sets from TRMM and GPM, comparisons are made between thunderstorms
produced in the Amazonian region and the ones produced in the Congo Basin. By examining the systems with
similar radar reflectivity properties, this study shows evidence of ice microphysics differences that could explain
the differences in lightning activity between the two regions. The major findings include:

a. TRMM-PFs: Mean thickness of the ice precipitation layer for PFs with a Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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b. GPM-PFs: Mean thickness of the ice precipitation layer for PFs with a Temperature at Maximum Height of 30 dBZ Between -17 and -10°C
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Figure 10. Average thickness of the ice precipitation layer of PFs with Ty, between —17°C and —10°C on 3 x 3° grid for (a) TRMM (1998-2013), and (b) GPM
(2015-2021). Thickness is computed as the maximum radar echo top height (TRMM-PR and GPM-DPR) minus the altitude of the freezing level (ERAS). Sample size is
presented by the black contours.
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¢ The maximum reflectivity profiles in thunderstorms over the Amazon show a narrower distribution than those
in the Congo Basin, which have maximum reflectivity values up to 15 dB higher.

¢ For two thunderstorms with the same ice water content or area of 30 dBZ at —10°C, the thunderstorm over the
Congo Basin produces on average up to twice as many lightning flashes than the Amazonian one. This flash
count difference is quantified and increases with systems size or ice water content.

o For a system with a same maximum echo top height of 30 dBZ, the brightness temperature tends to be lower
for the Amazon at 85/89, 166, and 183 GHz, but tends to be higher at 37 GHz compared to Congo Basin.

With the intensity of the reflectivity being driven by size (to the sixth power) and quantity of hydrometeors, it
implies that higher reflectivity values in Congo Basin are driven by large ice particle sizes, while the narrowly
distributed lower reflectivity values in Amazon implies numerous smaller ice particles. This is consistent with the
fewer lightning counts observed in Amazonian PFs. Because lightning count is a function of ice hydrometeor
collisions (i.e., charges separation is driven by large hydrometeors) and area of charge (i.e., a wider charging area is
bound to produce more lightning strikes), precipitation features in AM and CG with similar values of IWC or
Acharge
temperatures show that Amazonian PFs indeed produce less hail with warmer TBs at 37 GHz, but it also shows that
they produce a higher frozen precipitations content with colder TBs at frequencies higher than 85/89 GHz.

should have similar flash counts, unless their microphysics is significantly different. Microwave brightness

Next, a comparison of the median brightness temperatures of PFs with a temperature at the echo top height of 30
dBZ between —17°C and —10°C (marginally suggestive of thunderstorm activity; Liu et al. (2010)) is made
between the Amazonian rain forest and the rest of the world. Results show that:

o The convective systems in the Amazon have lower TBs and relatively smaller ice particles than most land
regions, except Maritime continents, but have warmer TBs than oceans.

¢ Amazonian PFs present similar TB values compared to some specific oceanic areas (e.g., SPCZ and west
Pacific off the equator) which are correlated with a higher oceanic lightning activity. This implies that over
these regions, convection is relatively stronger than the rest of the oceans, with larger ice particles to help
producing lightning.

o PFs over the Amazonian rain forest are shown to present brightness temperature values corresponding to
neither land nor oceans, it can be assimilated as an in-between region, assumed to result from the maritime-like
systems produced over land during the wet-season (i.e., “Green Ocean”).

The different regimes happening within the Amazonian rain forest (i.e., during the wet season vs. the remaining
months) have not been further explored in this study.

Data Availability Statement

All data sets used in this study are freely and openly available. The ERAS data is available at https://cds.climate.
copernicus.eu/ (Hersbach et al., 2023). The TRMM and GPM Precipitation Features databases are available at
http://atmos.tamucc.edu/trmm/data/.
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