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Abstract: Thunderstorms in southeastern South America (SESA) stand out in satellite observations as
being among the strongest on Earth in terms of satellite-based convective proxies, such as lightning
flash rate per storm, the prevalence for extremely tall, wide convective cores and broad stratiform
regions. Accurately quantifying when and where strong convection is initiated presents great interest
in operational forecasting and convective system process studies due to the relationship between
convective storms and severe weather phenomena. This paper generates a novel methodology to
determine convective initiation (CI) signatures associated with extreme convective systems, including
extreme events. Based on the well-established area-overlapping technique, an adaptive brightness
temperature threshold for identification and backward tracking with infrared data is introduced in
order to better identify areas of deep convection associated with and embedded within larger cloud
clusters. This is particularly important over SESA because ground-based weather radar observations
are currently limited to particular areas. Extreme rain precipitation features (ERPFs) from Tropical
Rainfall Measurement Mission are examined to quantify the full satellite-observed life cycle of
extreme convective events, although this technique allows examination of other intense convection
proxies such as the identification of overshooting tops. CI annual and diurnal cycles are analyzed
and distinctive behaviors are observed for different regions over SESA. It is found that near principal
mountain barriers, a bimodal diurnal CI distribution is observed denoting the existence of multiple
CI triggers, while convective initiation over flat terrain has a maximum frequency in the afternoon.

Keywords: convective initiation; satellite observations; algorithms; severe weather

1. Introduction

The occurrence of severe deep moist convection over southeastern South America (SESA; area
enclosed by solid black box in Figure 1) produces high impact weather events (e.g., hail, tornadoes,
flooding, damaging winds) that directly impact the population, water resource management and
agricultural production in the region [1–6].
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Studies using data from multiple satellite platforms have shown that deep extreme and horizontal
organized convection occurs in continental subtropical South America [7–12]. These studies show
that deep moist convection, particularly mesoscale convective systems (MCSs), reach extreme
characteristics of size and duration, and dominate rainfall production compared with other regions
of the world [13,14]. In the absence of a monitoring ground-based weather radar network, earlier
studies such as the pioneering work of Velasco and Fritsch [15] were mainly conducted using thermal
infrared channels from geostationary satellite platforms. Other authors such as Machado et al. [16],
Nieto Ferreira et al. [17], Siqueira et al. [18], Salio et al. [19], Anabor et al. [20], Vila et al. [21], Durkee
and Mote [22], among others have explored more complete characterization of these MCSs lifecycles
(i.e., spatial and temporal distribution, directions of travel, maximum sizes attained, among others).
It was only with the advent of the Tropical Rainfall Measuring Mission (TRMM) satellite that the
internal structure of these large convective systems was investigated in a more comprehensive manner
over SESA. Many studies have shown that convection can occur with cloud tops defined by 20-dBZ
contour as high as 18 km. Such conditions are at the same time associated with the presence of deep
convective clouds, many with large ice and hail mass content, intense lightning activity, as well as wide
convective regions [7,9,10,12,23]. TRMM’s non-sun-synchronous low-inclination orbit of 35 degrees
poses limitations for the development of conceptual models to study deep moist convection initiation
and further development due to a revisit frequency close to 46 days before returning at a specific
local time. Nonetheless, several climatological studies of the diurnal cycle have been conducted
with the long-term dataset available [24–27]. However, TRMM or the more recently launched global
precipitation measurement (GPM) data are not able to provide information with the same temporal
frequency as geostationary platforms. A combination of infrared sensors on geostationary platforms
and TRMM-GPM radar information are ideal to understand the evolution of convective systems and
determine initiation regions (e.g., [28]) over regions without the presence of long records of ground
weather radar networks.

Figure 1. Southeastern South America (SESA) (black box); countries and cities mentioned in this work;
relevant elevations and topography (shaded).
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Focusing on central Argentina, Mulholland et al. [6] used observations from the first dual
polarization weather radar at Córdoba (Figure 1) to examine convective initiation (CI) and life cycle of
convective modes over the radar domain. While this work examined radar-determined CI locations over
a two year period, further study is necessary to relate CI modes, storm environments, and associated
storm impacts and hazards in SESA. Nonetheless, CI has been studied for many years primarily on
ground-based weather radar observations of the clear-air boundary layer, storm reflectivity, storm Doppler
velocity structure, and visual observations of clouds around the globe [29]. Backward tracking techniques
using radar information are crucial to determine CI areas, but for the purposes of studying CI in SESA,
ground-based weather radar coverage is limited in terms of the length of record (Mulholland et al. [6]
used only two years of data), spatial coverage, and data availability. In spite of growing networks over
Argentina and Brazil, radar coverage is primarily constrained to populated areas and records are short in
comparison with satellite information. Moreover, since ground-based weather radar data over SESA is
collected by multiple agencies, information availability to the scientific community is still a pending issue
to be resolved in the near future.

With this motivation in mind, the purpose of this study is to extend current satellite tracking
algorithms to better capture the initiation of convection, present the approach to this new technique,
and validate the revised algorithm in order to identify convective initiation areas and track storms
early in their life cycle using thermal infrared channel brightness temperatures from geostationary
satellites. This tool is principally designed to be applied over large regions uncovered or without
long term records provided by ground-based weather radars, but could also complement existing
radar-based CI detection and nowcasting tools.

The structure of this paper is as follows. The data used and algorithm is described in Section 2,
while Section 3 aims to validate the results of the methodology. The main findings of the study are
summarized in Section 4.

2. Data and Methods

2.1. TRMM Extreme Rain Precipitation Features Selection

This study uses the University of Utah Rain Precipitation Feature (RPF) database [30]. RPFs are
derived from TRMM satellite information to identify different types of extreme convective systems.
Each RPF provides information on the precipitating system enclosed by 0.1 mm h−1 as obtained from
the 2A25 TRMM PR near-surface rainfall rate retrieval [31]. From this database, a variety of parameters
are calculated from the multiple sensors onboard TRMM platform.

Following [7], RPFs, to be considered extreme, were required to exceed a threshold in at least
one of the following intensity proxy variables: polarization corrected temperature (PCT) at 37 GHz
and 85 GHz from TRMM Microwave Imager, lightning flash rate from Lightning Imaging Sensor,
maximum height of the 40 dBZ echoes and volumetric rainfall from Precipitation Radar. Threshold
values were defined as the 99th percentile of the probability distribution function for each variable
shown in Table 1; we note these extreme RPFs as ERPFs herein. Probability density functions were
calculated in the SESA region for the time period of 1 January 2000 to 31 December 2013 inclusive.

Table 1. Percentiles of the probability distribution function for each variable.

PCT85 [K] PCT37 [K] Ht40 [km] Flashcount VolRain [mm]

99.9th Percentile 93.0 191.8 15.5 557.8 329,026.7
99th Percentile 166.8 244.9 12.8 215.6 29,132.9
95th Percentile 237.2 265.7 9.8 71.4 2175.4

2.2. GOES-16 Extreme Convective Systems Selection

GOES-16 geostationary satellite was launched on November 2016 and reached its final position at
75W on December 2017. The Advanced Baseline Imager (ABI) sensor on board provides measurements
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on 16 channels distributed on the electromagnetic spectrum from visible to infrared with spatial
resolution between 500 m and 2 km. Full disk observations covering North, Central and South America
are available every 15 min until April 2019 and every 10 min since then. Unlike previous generation
of GOES satellites which thermal infrared (TIR) channel with 4 km spatial resolution was located at
10.8 µm, ABI sensor provides two TIR channels at 10.3 µm and 11.2 µm with 2 km spatial resolution,
being the first, the one chosen for this study. Moreover, ABI produces Mesoscale Domain Sectors
(MDS) measurements which consist on 1000 ×1000 km regions with varying central position and 1 min
temporal resolution.

A useful proxy to identify the presence of deep convection development inside a large cloud shield
is the presence of an overshooting cloud top (OT) that indicates an updraft strong enough to penetrate
through the tropopause. A variety of studies conducted in different locations have shown that OTs are
associated with severe weather such as strong winds, heavy rainfall, hail or tornadoes [32–37].

On 10 November 2018, during a RELAMPAGO (remote sensing of electrification, lightning,
and meso-scale micro-scale processes with adaptive ground observations and CACTI: Cloud, aerosol,
and complex terrain interactions) field campaign intensive operation period, a severe weather
event took place in central Argentina with the development of two storms with marginal supercell
characteristics and generated crowdsourced surface hail reports [38]. 10 November 2018 is an event
outside TRMM era without an associated ERPF from GPM due to a mismatch in overpass time with
the event, but OT patterns could be easily observed on the visible and infrared imagery assuring the
presence of extreme convection associated with these cells. Therefore, following [33], OTs locations
were estimated to define the position of the deep convective cells using GOES-16 15 min and full disk
and MDS observations. The high temporal resolution information available for this event will provide
for a sensitivity test of the technique proposed to time intervals between 1 and 30 min.

2.3. Ground Weather Radar Data

Argentinean Meteorological Radar 1 (RMA1—Radar Meteorológico Argentino 1, in Spanish) is
located at the University of Córdoba, Córdoba (31.4◦S–64.2◦W). This is a C-band (5.4-cm wavelength)
dual-polarization Doppler weather radar. This radar system was designed and manufactured by
INVAP S.E. and is operated by the National System of Meteorological Radars (SINARAME, Sistema
Nacional de Radares Meteorológicos, in Spanish) for the Servicio Meteorológico Nacional of Argentina.
RMA1 records data at a range spacing of 480 m, with a maximum range of 480 km and a beam width
of 0.988◦. The system records radar reflectivity, radial velocity, spectral width, differential reflectivity,
correlation coefficient, differential phase, among other moments. Information from the storms initiated
on 10 November 2018 is considered in this work in order to evaluate the performance of the algorithm
introduced in this study.

2.4. Backward Adaptive Brightness Temperature Threshold Technique to Determine Convective Initiation Area

The backward adaptive brightness temperature threshold technique (BAB3T) from TIR channel of
geostationary satellites is developed, advancing the technique proposed by Vila et al. [21] to better
capture CI. This methodology is based on the geographical overlapping between convective clouds in
two consecutive images, where the cloud system is considered to initiate when no overlapping occurs
in the previous image. On the other hand, a convective system dissipates when there is no longer an
intersection with another cluster in the next image [39].

While the threshold choice to define a cloud system can vary depending on the study region or
research focus, various studies have shown that brightness temperatures lower than 245 K are useful
to identify and describe the lifecycle of MCSs [16]. Maddox [40] identified MCSs using a threshold of
241 K, while Velasco and Fritsch [15] used lower values over SESA region (231 K or 233 K) to detect
the cloud shield but a lower threshold was required on both definitions to ensure convective activity
inside the area. More recently, the 218 K threshold was used to study deep moist convective systems
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associated with South American Low Level Jet (SALLJ) events in the SESA region [19,22], 210 K [41]
and 220 K [42] were found useful to detect deep convection with low earth orbital infrared sounders.

While the tracking of large cloud clusters can be informative, extreme convective systems such as
individual ERPFs can be embedded within cloud clusters associated with several individual MCSs
and/or anvil merging with other convective systems. One approach then to identify individual
active convective regions is to consider colder temperature thresholds. In order to evaluate possible
temperature values, TIR brightness temperature for the nearest pixel from the ERPF centroid location
are examined. As shown in Figure 2, a wide distribution of temperatures is found for SESA convective
systems, highlighting that a fixed threshold could not be suitable for cloud cluster tracking with a
climatological perspective. For example, if a fixed 210 K threshold is picked, more than 60% of ERPFs
would not be detected. On the other hand, 235 K could include more than 80% of ERPFs, however,
as it will be shown later on this work, that would imply an erroneous determination of initiation area,
due to the fact that the cloud cluster tracking is not necessarily following embedded deep convection
which may be within a larger anvil region below a predefined TIR threshold.

Figure 2. Relative frequency distribution of thermal infrared brightness temperature at the extreme
rain precipitation features (ERPFs) centroid. Red dashed line represents the cumulative frequency.

First of all, BAB3T identifies the initial threshold to begin the backward tracking. For this purpose,
cloud clusters were constructed considering consecutive pixels with TIR equal or less than 200 K,
205 K, 210 K, 215 K, 218 K, 223 K, and 235 K by pixel clustering using TIR at 10.8 µm from the Ancillary
TRMM database [43] with 30 min time resolution and 4 km spatial resolution. The cluster with the
lower temperature overlapping at a maximum range of 16 km from the ERPF centroid location and at
a +/−30 min window is initially chosen. As the timing of TRMM overpass rarely coincides exactly
with TIR imagery on the half-hour and the ERPF centroid position can have a bias to the stratiform
region of the storm, a colder cluster overlapping the previous one is searched in order to identify the
most intense region of the storm. If more than one cluster with the minimum temperature is found a
maximum overlapping area criterion is applied.

A schematic of the methodology is presented in Figure 3. In the first step, the ERPF (black dot)
overlaps with the 218 K cluster, however, there is a 215 K cluster included in its area, hence, the later
would be chosen as the initial threshold. Once the threshold is determined, an overlapping area of the
same temperature is searched on the previous time. In case the system merged and, therefore, more
than one system is found, again a maximum overlapping area criterion is used.
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Figure 3. Simplified scheme of adaptive threshold technique. The black dot represents the ERPF
centroid location and filled contours different temperature clusters. Bold lines denote the temperature
threshold at each time.

However, the definition of an adaptive initial threshold is not sufficient to estimate the convective
initiation location. A low temperature threshold would lead to a short-lived system since the extreme
values, as 200 K, could be reached several minutes after the storm initiation and would maintain only
for a short period. In the simplified example, the 215 K cluster disappears on the third time step,
but the convection starts developing at least two time steps before.

After no overlap for the initial threshold is found, an intersection with a higher temperature cluster
is searched for and the tracking is continued until no overlap for the 235 K cluster area is founded on the
previous image, defining the moment and center of convective cluster at initiation time.

Following the scheme, on the third time step, 215 K and 218 K clusters disappear and 223 K is
now the tracking threshold. Since there are two systems, the one in the north is chosen because of the
maximum area overlapping criteria. Initiation time and location are defined on the fifth step when the
235 K cluster found no overlapping on the next time step.

To avoid large jumps due to possible merging, a maximum distance between the clusters centroid
locations on two consecutive images is imposed. Considering that it was observed that the centroid
location of colder clusters that are usually associated with the convective region of the storm tends
to change its position over time less than warmer ones associated with the stratiform region, it was
necessary to define a unified distance value. Moreover, the technique should take into account that the
centroid of different temperature clusters for the same cloud system can differ by several kilometers.
Thus, if a very restrictive value is chosen, backward tracking would fail on the stage when temperature
threshold is changed. On the other hand, if the distance allowed is too long or no limit is imposed,
a cluster merging could lead to a erroneous convective initiation region. An evaluation with different
distance values from 50 km to 500 km was performed for several cases, and 200 km was considered
as the optimal value. If the distance exceeds the maximum, that time is skipped and the tracking
continues by searching for an overlap on a previous time (i.e., 1 h before). If a large jump is also found
at that time, the ERPF is dismissed as it cannot be isolated from a bigger MCS. Same methodology is
followed in case of missing images. Prior to GOES-16, the GOES satellites had periods of intensive
observation over North America, typically between 0:30 UTC to 04:00 UTC, and this produced a lack
of TIR observations in southern South America. IR Ancillary TRMM database, however, consists of
a globally-merged data from the European, Japanese, and U.S. geostationary satellites and missing
hours could be partially covered by parallax-corrected Meteosat observations. Nevertheless, the high
zenith angle of Meteosat observations caused a TIR temperature increase of cloud clusters. This effect
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is mitigated by continuing the tracking with the lowest possible threshold and restarting the tracking,
searching for a colder temperature, once GOES missing hours were over.

Considering large jumps in centroid position and missing data limitations, from the total sample
of the 1% extreme TRMM RPFs that contains 12,482 systems, 2889 were not possible to be tracked to
their CI location. Thus, the database considered in this paper has a sample size of 9593 systems that
were able to be tracked backward to determine convective initiation areas.

An advantage of BAB3T is that it can be implemented with several convective proxies since
only TIR data is needed. CI time and location, for storms with later development of OTs, are easily
tracked with BAB3T. The only difference with TRMM ERPFs methodology is that, since the convective
proxy is derived from the same TIR dataset and there is no time gap, the coldest temperature cluster
overlapping the OT position is chosen as the initial threshold.

3. Results

3.1. Implementation of BAB3T on ERPF Cases Studies over SESA

The determination of CI location using BAB3T is evaluated over three different ERPFs backward
tracked cases over SESA: 20 October 2012, 28 November 2011 and 20 October 2000. These cases are
selected illustrating different convective initiation determination problems in comparison with a fixed
threshold tracking technique following 235 K TIR threshold.

The BAB3T technique applied to convective cells with OTs is also evaluated over a more recent
case, 10 November 2018, in which available radar observations allow a comparison and validation of
the BAB3T-determined storm initiation time and location.

20 October 2012 shows an intense storm detected by TRMM at 7:24 UTC over central Argentina,
the cell can be observed from TIR in Figure 4a. Cloud tracking implementing BAB3T and a fixed
threshold of 235 K were performed and are shown in Figure 4b. No difference in time or location of CI
is found when comparing between the techniques. This is due to the isolated characteristics of this
convective system. Since there are no other anvils merging in the area, the fixed threshold 235 K cluster
adequately represents the position of the storm. It can be observed also in Figure 4c that any other
fixed threshold colder than 235 K would fail to estimate the time of convective initiation.

Figure 4. 20 October 2012: (a) Thermal infrared (TIR) brightness temperature starting at ERPF detection
time until estimated initiation time. The light blue dot represents the centroid of the threshold cluster
and the orange star the ERPF location. (b) Tracking trajectories for different techniques. AT (adaptive
threshold) and FT (fixed threshold). 500 m height above sea level is added in black solid contour.
(c) Time evolution of the size of the tracked system for different temperatures.

In the next case, a deep convective system was detected in northeast Argentina at 3:50 UTC
(Figure 5a) during 28 November 2011. Moving back in time, it can be observed that the cell remained
isolated until 21:00 UTC and trajectories with fixed or BAB3T show no differences, beyond the ones
due to the centroid location of the different temperature clusters. However, unlike the previous case,
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an anvil from a system that initiated on the southeast merged around 19:00 UTC generating a deviation of
the tracking to that direction if a fixed 235 K threshold is chosen (Figure 5b). If BAB3T is implemented,
the initial temperature is then 210 K as it can be observed in Figure 5c. At 20:00 UTC, the cluster finds
no overlap on the previous time, so a 215 K threshold is chosen and the tracking continues until 18:30
UTC when again a higher temperature must be selected. Since the 215 K cluster does not merge with
the system on the southeast, there is no deviation of the trajectory, allowing a correct tracking of the
convective cluster. It is also evident in this case that although a colder threshold such as 210 K results in
better tracking, the timing of the initiation would fail for 3 h and location for 121 km. Therefore, this case
study shows that an extension of the tracking to warmer thresholds is needed.

Figure 5. Same as Figure 4, but for 28 November 2011.

ERPFs over SESA present a wide TIR distribution. In particular, for this dataset, more than 15% of
the cases reach minimum TIR values below 200 K. Therefore, it was necessary to consider thresholds
as cold as 200 K to appropriately estimate CI areas. In this case we provide an example to denote the
importance of starting the tracking technique on a low threshold. On 22 October 2000, an intense MCS
with TIR values below 200 K developed in east-central Argentina, while new convective cells initiated
on the northern edge of the system (Figure 6). These systems merged as a cold front boundary moved
to the northeast at 22:30 UTC. An ERPF is detected as deep convective system embedded in the north
of the MCS at 00:11 UTC. As in the previous case, if a fixed threshold of 235 K is used, the tracking of
the storm follows a trajectory to the southeast, denoting an initiation area south of 38◦S, and the same
behavior is observed even for thresholds up to 205 K. However, BAB3T starts the tracking with a 200 K
temperature threshold and allows to successfully identify the embedded cell and estimate the correct
convective initiation time and location which is 6:30 h before and 502 km to the northwest of the 235 K
fixed threshold tracking estimation.

Figure 6. Same as Figure 4, but for 22 October 2000.
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Figure 7a shows the TIR for 10 November 2018. On the first panel, corresponding to 20:45 UTC,
an intense convective system is observed in central Argentina with cloud tops reaching temperatures
below 200 K. The algorithm detected overshooting tops development and indicated the presence of
at least three convective cores embedded within the anvil cloud (further referred as OT1, OT2 and
OT3 and marked with orange, red and light blue stars respectively). While initially, the convective
system shows up as one extended cloud cluster, moving back in time reveals that it is the result of
cells merging that initiated at different times and locations. Furthermore, OT1 and OT3 belong to the
severe storms detected with ground weather radar observations and hail size larger than 2.5 cm from
photographic crowdsourced hail reports [44,45].

CI time and location, for the three storms with the later development of OTs, are estimated with
BAB3T. Their trajectories are plotted in Figure 7b and it can be observed that the algorithm successfully
identified the propagation of the different cells. Convective systems associated with OT1 and OT2,
which became a marginal supercell, both initiated at 19:15 UTC, the first on the plains and the latter on
the higher terrain. The storm that is detected as OT3 initiated at 14:45 UTC on the southern part of the
high topography. As in the previously analyzed situations, a tracking using a fixed 235 K threshold
is performed and this results in a unified trajectory for all three convective systems due to the anvils
merging with an MCS on the southeast, not allowing for tracking of the individual cells, which were
isolated supercells at early stages of their life cycle.

Figure 7. 10 November 2018: (a) GOES-16 TIR brightness temperature starting at Overshooting Tops
(OTs, stars) detection time until estimated initiation time. Dots represents the tracking position for each
OT associated convective system over time. (b) Tracking trajectories for AT (adaptive threshold) and
FT (fixed threshold) techniques for the three OTs detected. 500 m height above sea level is added in
black solid contour.

Ground weather radar observations are available for this period which allows a performance
testing and validation of the proposed technique. Figure 8 shows a 1.5◦ radar reflectivity plan position
indicator (PPI) from RMA1 14 min prior to the estimated time of convective initiation of the systems that
produced OT1 and OT2 (left panel). No significant meteorological echo is observed near the parallax
corrected locations obtained from the BAB3T. The supercell associated with OT3 can be seen on the
southeast of the radar domain. However, at 19:17 UTC (right panel) the first 40 dBZ echoes are detected
in this low elevation PPI scan close to both locations indicating the initiation of convective activity.
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Figure 8. Radar reflectivity PPIs at 1.5◦ elevation from Argentinean Meteorological Radar 1 (RMA1) at
19:01 UTC (left panel) and 19:17 UTC (right panel). Parallax-corrected convective initiation estimated
positions of OT1 and OT2 are indicated with red stars. Each black ring denotes 60 km range from the
radar site in Córdoba.

3.2. Convective Initiation Climatology

BAB3T in combination with the extensive list of 1% TRMM ERPFs extreme events makes it
possible to derive a robust climatology of CI of these storms in SESA region. As mentioned above,
a total of 9593 extreme convective system were tracked backward to their CI location.

Figure 9 shows the relative frequency of TRMM detection (left panel) and calculated initiation
locations using BAB3T on 1◦ × 1◦ areas (right panel). TRMM sampling, which maximizes near 36◦S
due to the orbital recurvature at that latitude, was corrected by dividing each bin by TRMM 3A25
total pixel number. On this first simple inspection of the backtracking results, regions with differing
storm life cycle behavior are easily identified considering maximum frequency locations and systems
propagation. On the western part of the study region, convective systems can be closely linked to
topography with maxima over the terrain. However, there are still differences between them, the ones
on the northern part tend to propagate less than the ones on the south since the detection maximum
location coincides with the initiation one. This suggests that the forcing and environmental conditions
on convective development are different for both regions. A maximum of CI frequency can be observed
in the southern part of the domain along the foothills of the Andes (from Mendoza to the south), which
has been studied climatologically from ground-based radar [46] and satellite studies [5,47] for having
a high frequency of convective storms. In addition, the Sierras de San Luis and Sierras de Córdoba
also have a high frequency of CI. Both of these regions appear to be CI locations for ERPFs that occupy
the zonal region south of 34◦S, although there exists a high frequency of CI in the lower terrain east
of these mountain features. Further north, CI of ERPFs is also favored in the region extending east
and northeast from the northern tip of the Sierras de Córdoba extending to southern Paraguay, across
northeast Argentina, and southeastward into southern Brazil and Uruguay. Northwest Argentina has
a relatively lower frequency of ERPFs and CI locations, although the Andean Front does provide for a
narrow zone focusing ERPF CI north of 30◦S. The systems within this region have been shown to have
the broadest convective cores and most intense lightning activity per storm on Earth (e.g., [7,10,48]).
Note that for the analysis of ERPFs within the analysis domain, their CI locations naturally diminish
in probability near the east edge of the region due to the mean northeastward system propagation
vector (e.g., [49]).

To further examine regional differences, four subregions are defined inside SESA (Figure 10a):
northwestern Argentina (NOA), western central Argentina (WCA) and, considering the large
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latitudinal extension of the plains, eastern central Argentina and Uruguay (PS) and northeastern
Argentina and Paraguay (PN).

Figure 9. Relative frequency distribution in 1◦ × 1◦ boxes of the 99th percentile extreme Tropical
Rainfall Measuring Mission (TRMM) rain precipitation features (RPFs) systems (left panel) and their
estimated convective initiation areas (right panel). TRMM sampling bias is corrected by dividing each
bin by TRMM 3A25 total pixel number.

An analysis of the monthly CI frequencies for these regions also show four distinct behaviors
(Figure 10b). Regions associated with topography (NOA, WCA) show a strong annual cycle with a
maximum in the warm season (DJF) and almost no convection initiation in the cool season from May
to August. While WCA maximum convective activity begins in November and extends up to January,
NOA shows a shift to the summer months with the maximum between December and February. A very
different pattern is found for the plains regions (PN and PS) with a weaker annual cycle, especially in
the south where convective activity is almost constant throughout the year.

Furthermore, the diurnal cycle of events for the regions analyzed (Figure 10c) shows some
distinctive modes of convective lifecycle. First, each of the four regions have an absolute (NOA, PS
and PN) or relative (WCA) maximum between 17:00 and 19:00 UTC (14:00–16:00 local time), which
coincides with the time of the typical maximum in near-surface temperature and conditional instability,
revealing the strong control of thermodynamic diurnal forcing on CI. Additionally, near principal
mountain barriers a bimodal distribution is found with a second maximum between 23:00 UTC and
01:00 UTC (20:00 to 23:00 local time) that it is not present on the plains, highlighting the possible
existence of a different late day forcing mechanism for CI interacting with topography; an overnight
maximum in lightning activity was found in west-central Argentina by Rasmussen et al. [5]. This
analysis shows that this secondary evening maximum is at least partially due to the initiation of new
convective storms in this time frame, although the mechanisms for CI during this time frame remain
a topic for future study. In the PS region, besides an afternoon maximum, the distribution is almost
homogeneous during the day. On the northern area, a rather constant frequency is observed during
the night and early morning hours with a minimum near and a few hours after sunrise.

Finally, a closer look into the relationship between spatial frequency distribution and diurnal cycle
is performed. For this analysis, frequencies have been normalized by the CI sample size in each region.
For WCA region (Figure 11), it can be observed that the locations of the two afternoon and evening
maxima, that were seen in Figure 10, are clearly different. While in the afternoon (17:00–19:30 UTC) one
takes place on the east side of Sierras de Córdoba and San Luis and in a narrow region of the Andes
between 34S and 36S and 69W, the evening CI maximum is located on the valley between the Sierras
de Córdoba and the Andes. Note that the CI locations determined with BAB3T and the ground-based
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weather radar observed initiation regions by Mulholland et al. [6] are in good qualitative agreement in
terms of both spatial distribution and diurnal cycle over the radar range, which gives confidence that
the BAB3T automated technique is robust for determining CI.

Figure 10. (a) SESA and the four selected subregions. (b) Annual relative frequency distributions of CI for
the subregions. (c) Daily relative frequency distributions of convective initiation (CI) for the subregions.

Figure 11. Diurnal cycle of relative frequency distribution in 1◦ × 1◦ boxes of ERPFs estimated
convective initiations for the western central Argentina (WCA) region. Relative frequencies are plotted
every 3 h starting at 23 UTC from left to right, top to bottom. TRMM sampling bias is corrected by
dividing each bin by TRMM 3A25 total pixel number. The dots indicate estimated parallax-corrected
CI locations. CI sample size: 1760.

A different diurnal cycle position is visible in the case of NOA region (Figure 12). During the local
afternoon (17:00–19:30 UTC), convective initiation is taking place on the slope of the topography, but it
has a shift to the plains during the evening hours. A remarkably thin zone near the Andean Front
between 25◦S–27◦S and 64◦W–65◦W with a high frequency that remains nearly constant between the
afternoon and late night (17:00–01:30 UTC) indicating a favorable region for CI.
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Focusing now on the plains regions (Figures 13 and 14), as seen in Figure 10, the hourly distribution
is rather homogeneous, except for a maximum between 17:00 UTC and 19:00 UTC. The spatial
distribution in both plains regions does not show as clear of a pattern as in the regions with terrain.
However, there are some noteworthy features that can be observed. In the PN region, an interaction
with the terrain (Sierras de Maracaju) is evident in the afternoon; however, unlike the other topography
regions analyzed near the Andes and Sierras de Córdoba and San Luis, there is not a secondary
maximum in the evening.

Figure 12. Same as Figure 11, but for the northwestern Argentina (NOA) region. CI sample size: 812.

Figure 13. Same as Figure 11, but for the northeastern Argentina and Paraguay (PN) region. CI sample
size: 1931.



Remote Sens. 2020, 12, 337 14 of 19

As for the PS region, high frequency values are observed from 23:00 UTC and 13:00 UTC in an
area between 30◦S–31◦S and 62◦W–63◦W that coincides with the location of a large lake called the
Mar Chiquita Lagoon. This could imply a favorable environment for convective initiation due to
local circulations generated by this body of water, although further studies are needed to understand
processes associated with these storms. This satellite climatology over SESA denotes the importance
to analyze the variety of physical processes over these geographically and meteorologically distinct
regions using BAB3T, furthering the analysis and understanding of the factors involved in the formation
of severe weather events.

Figure 14. Same as Figure 11, but for the eastern central Argentina and Uruguay (PS) region. CI sample
size: 1848.

4. Discussion

The development and later implementation of BAB3T over SESA showed to be a powerful tool
to study CI features. Results have shown good agreement with other climatological studies from
ground-based radar [6,46] and satellite [5,47] techniques and it will open doors to further studies on
CI mechanisms.

To detect the limitations of the proposed technique, which could be important when analysing the
CI climatology, the sensitivity of tracking performance to time resolution was evaluated considering
that GOES-16 brought a major improvement in both the time and spatial resolution. Particularly over
SESA, a large number MDSs hours available during RELAMPAGO-CACTI field campaign could be
useful to evaluate the benefits associated with using 1 min time resolution.

To examine the impact of time resolution on tracking, the tracking was repeated for the OTs from
10 November but using a 30 min time step (Figure 15a). OT2 and OT3 trajectories do not differ from
what was calculated previously, however, OT1 trajectory merges with the one from OT3 on the first
time step. As it can be observed in Figure 7, this convective cell initiated on the boundary of a cold
pool generated by OT3’s parent storm and rapidly developed and merged with its anvil. For this
storm interaction, 30 min resolution data is insufficient for examining such rapid storm evolution as
the overlap technique fails to track and identify the correct CI position. However, the timing and
location errors for interactions such as this are likely infrequent considering the large storm climatology
presented in this study.

On the other hand, 1-min resolution tracking with MDS TIR does not show differences in the
trajectories (Figure 15b). Due to the fact that MDS measurements over the region started at 15 UTC,
OT3 could not be tracked backward to its initiation location. For both OT1 and OT2, only a 1 min
difference in the time of 235 K TIR first appearance was found. Comparing with ground weather
radar observations, an improvement in the estimation of CI locations can be observed (Figure 15c),
nevertheless, the maximum distance between the two locations for 15 min and 1 min (star and x
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symbol, respectively) time steps in tracking is 15 km. While this is only one illustrative example, it is
necessary to explore a longer record of data to obtain to further examine the time and horizontal
resolution impacts of such storm interactions, however this discussion does describe potential errors
that can arise in the determination of CI location.

Furthermore, for future work, a comparison with available ground radar information for a large
number of cases should be performed over radars in the SESA region to determine if a threshold of
235 K should be considered as the best threshold corresponding to convective initiation. The results
shown herein with a 235 K threshold from the MDS case study show good agreement with ground
radar determined CI.

Finally, this technique only provides backward trajectories to the CI initial point. Considering the
previous experience using area overlapping techniques as in Vila et al. [21], future work will develop
an adaptive threshold temperature tracking technique to consider the entire convective cell cycle.

Figure 15. (a) Tracking trajectories for the three OTs detected in 10 November 2018 with 30 min (colors)
and 15 min (gray) resolution. (b) Tracking trajectories for the three OTs with 1 min (colors) and 15 min
(gray) resolution; 500 m height above sea level is added in black solid contour. (c) RMA1 ground
weather radar reflectivity and parallax-corrected estimated positions of OT1 and OT2 convective
systems initiations for 1 min (red cross) and 15 min (red star) resolution tracking. Each black ring
denotes 60 km range from the radar site in Córdoba.

5. Conclusions

A backward tracking methodology to estimate extreme CI time and location, based on the
well-established TIR area overlapping technique, is presented is this work. An adaptive brightness
temperature threshold for detection and tracking of convective systems is introduced, and is shown to
provide significant improvements in following the evolution of storms compared with fixed threshold
techniques, especially in cases of the merging of supercells, identifying MCSs within large cloud
shields that are likely distinct storms, and identifying embedded cells in MCSs. Furthermore, BAB3T
can be used to relate satellite storm tracks to different extreme convective proxies and information
such as TRMM-identified, overshooting tops, or other information such as crowdsourced surface hail
reports considering appropriate parallax correction.
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The implementation of BAB3T on the 1% most extreme convection detected by TRMM RPFs over
SESA, between 2000 and 2013, provided for identifying the most frequent convective initiation regions
identified by TRMM as having extreme characteristics. This is particularly important in the region
analyzed because ground weather radar information is only limited to particular areas. In spite of
growing networks over Argentina and Brazil, the coverage is principally constrained to populated
areas and records are short in comparison with satellite information.

Overall, it was found that while the Andean and other regions of significant complex topography
are often the focusing mechanism for CI in SESA, the plains regions to the east of the terrain also
provides for the CI of TRMM ERPFs, although the spatial distribution of CI locations over the plains
regions is homogenous. The climatology analyzed over four distinct geographic regions had widely
varying ERPF CI behavior in terms of annual and diurnal cycles. The plains regions in south-central
Argentina had a year-long annual CI seasonal cycle, while other regions had a distinct warm season
maximum. While ERPF CI was found to maximize in the late afternoon over most regions, some
regions were found to contain a distinct late evening peak in ERPF CI. These regions included the
valley region between the Andes and the Sierras de Córdoba, as well as the region just east of the slopes
of the Andes in northwest Argentina. The complexity in convective system CI annual and diurnal
cycles revealed with the large sample size of storms and the new tracking technique developed in this
study opens the door for further study of the processes involved in forcing these regional differences,
including analysis of the data collected during RELAMPAGO-CACTI. Finally, the advent of GOES-16
and its increased time resolution over SESA and with MDS scanning was examined, and it was found
that data at 30 min time resolution, fast-moving systems did not provide for overlap in TIR thresholds,
and issues such as this should be considered in interpreting the climatology presented in this study.
However, an implementation with 15 min resolution showed that this limitation could be overcome.
Future work includes using the methods introduced in this study to GPM ERPFs combined with
10–15 min GOES-16 ABI infrared data in order to reduce uncertainties due to limited time resolution.
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