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Key Points: 

The added value of high-temporal resolution observations of lightning and cloud-top IR is 

demonstrated for a severe weather event 

A possible improvement of lead time for severe weather nowcasting is given by the pulsing 

behavior of cloud-top brightness temperature 

Lifecycle of storms’ strong updrafts is likely linked with pulse-like evolution in time of cloud-

top brightness temperature minima 

Plain Language Summary 

Severe thunderstorms can have distinctive signals in satellite observations. 

Cloud-top temperature minima are one of the most studied metrics as a severe 

weather indicator. The newest geostationary weather satellites (GOES-16/17) 

offer a unique opportunity to study storms through their rapid-scan mode and 

lightning detector. In this study, we analyzed high-temporal (1-min) 

observations of cloud-top temperature and lightning detected from space and 

the surface to study the evolution of a severe thunderstorm that took place over 

central Argentina on December 11, 2018. Overall, cloud-top temperature 

minimum and fast increases in lightning activity preceded the occurrence of 

severe weather. The signature present in lightning observations provided the 

highest severe weather lead time, with ground-based sensors providing the 

maximum warning time (~30 min). A cloud-top temperature absolute minimum 

provided the shortest warning time, whereas secondary minima, that preceded 

the absolute minima, improved the warning time by more than 10 min. This 

improvement in lead time can result in better societal preparedness for 

imminent hazardous weather where no ground-based lightning observations 

are available. Observations with high-temporal resolution also show cycles of 

fast cloud-top cooling and warming that can provide important insight on the 

physical processes involved in storm evolution. 
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Abstract  

This work examines a severe weather event that took place over central Argentina on 

December 11, 2018. The evolution of the storm from its initiation, rapid organization into a 

supercell, and eventual decay was analyzed with high-temporal resolution observations. This 

work provides insight into the spatio-temporal co-evolution of storm kinematics (updraft area 

and lifespan), cloud-top cooling rates, and lightning production that led to severe weather. 

The analyzed storm presented two convective periods with associated severe weather. An 

overall decrease in cloud-top local minima IR brightness temperature (MinIR) and lightning 

jump (LJ) preceded both periods. LJs provided the highest lead time to the occurrence of 

severe weather, with the ground-based lightning networks providing the maximum warning 

time of around 30 min. Lightning flash counts from the Geostationary Lightning Mapper (GLM) 

were underestimated when compared to detections from ground-based lightning networks. 

Among the possible reasons for GLM’s lower detection efficiency were an optically dense 

medium located above lightning sources and the occurrence of flashes smaller than GLM’s 

footprint. The minimum MinIR provided the shorter warning time to severe weather 

occurrence. However, the secondary minima in MinIR that preceded the absolute minima 

improved this warning time by more than 10 min. Trends in MinIR for time scales shorter than 

6 min revealed shorter cycles of fast cooling and warming, which provided information about 

the lifecycle of updrafts within the storm. The advantages of using observations with high-

temporal resolution to analyze the evolution and intensity of convective storms are discussed. 

 

 

 

 

 

 

1. Introduction 
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Deep convective clouds are important to Earth’s hydrologic and energy cycles as they 

strongly affect regional weather and climate (e.g., Stephens 2005). Despite their clear 

importance, the fundamental mechanisms governing convection initiation, growth, and 

severe weather production are yet not fully understood. Furthermore, the lifecycle of deep 

convective systems is inadequately represented in weather and climate models. In particular, 

timing and location of convective initiation and overall storm evolution are not well 

characterized in numerical models (Dai 2006; Del Genio et al. 2012; Hagos et al. 2014). This 

results in low predictability of weather hazards associated with deep convection which has 

critical social, environmental, and economic implications (e.g., Wallemacq and House 2018 

and references therein).  

According to several satellite proxies, Southeastern South America (SESA) is known as 

one of the regions of the world with the most intense and most organized convective systems 

(Houze et al. 2015; Nesbitt et al. 2006; Velasco and Fritsch 1987; Zipser et al. 2006). SESA is a 

high lightning flash rate and satellite-estimated hailstorms hotspot and it is where the largest, 

heaviest rainfall-producing mesoscale convective systems (MCSs) occur (Albrecht et al. 2016; 

Cecil and Blankenship 2012; Zipser et al. 2006). In particular, MCS-type convection is 

responsible for the vast majority, by more than 90%, of warm-season precipitation registered 

over SESA (Houze et al. 2015; Nesbitt et al. 2006; Rasmussen et al. 2014). Storms in this region 

often develop near complex terrain of the Andes mountain range and Sierras de Córdoba, and 

produce severe weather hazards such as heavy rainfall that might lead to flash floods, large 

hail, damaging wind gusts, and tornadoes (Matsudo and Salio 2011; Rasmussen and Houze 

2011; Rasmussen et al. 2014). Regional models also struggle to properly represent deep 

convection in this region (e.g., Carril et al. 2012; Solman et al. 2013). Thus, there is a clear 

need to improve understanding of the mechanisms involved in convection evolution in this 

region through in-depth observational studies of such high impact weather events in SESA. 

It is important to note that many physical processes involved throughout the life cycle 

of severe convection are fast-evolving; thus, observations with equally high time resolution 

are needed (Bedka et al. 2015; Dworak et al. 2012; Mecikalski et al. 2016). Despite their 

importance, high spatio-temporal radar, surface, and upper-air observations are sparse in 

most regions, including SESA. However, the RELAMPAGO (Remote sensing of Electrification, 

Lightning, And Mesoscale/microscale Processes with Adaptive Ground Observations; Nesbitt 

et al. 2016) –  CACTI (Clouds, Aerosols, and Complex Terrain Interactions; Varble et al. 2018) 
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field campaigns provided such high spatio-temporal observations over central Argentina 

during Austral summer 2019 (Lang et al. 2020). In particular, Geostationary Operational 

Environmental Satellite-16 (GOES-16) Mesoscale Domain Sector (MDS) were provided by the 

National Oceanic and Atmospheric Administration (NOAA) and positioned over central 

Argentina upon request from the principal investigators of RELAMPAGO-CACTI. Furthermore, 

in support of these field campaigns, the local sounding network was enhanced by the addition 

of high-frequency fixed and mobile site launches during intense operational periods (IOPs), 

and a 3-D Lightning Mapping Array (LMA) operated in Córdoba, central Argentina. All these 

observations provided an unprecedented dataset in this significant region. More information 

about the dataset is provided in Section 2. 

The availability of the new high‐resolution GOES‐16/17 satellites presents a unique 

opportunity to investigate the time evolution of severe weather from a satellite perspective. 

In particular, this set of observations could revolutionize convection studies in SESA given the 

clear improvement that it represents to the previously available 10- or 15-min resolution 

satellite information in the region. Recent studies have analyzed the advantages of super 

rapid scan operations for GOES and high-temporal lightning observations from ground-based 

LMAs (Apke et al. 2019; Bedka et al. 2015; Carey et al. 2019; Mecikalski et al. 2016; Ribeiro et 

al. 2019). Since most physical processes involved throughout the life cycle of severe weather 

are fast-evolving, it is clear that nowcasting algorithms based on the previously available 

satellite observations can be improved with state-of-the-art satellite observations. How this 

improvement is achieved is not trivial. As noted by Bedka et al. (2015), it would be nearly 

impossible for a forecaster to manually track the evolution of every identified ‘threat’ in the 

satellite field when working with 1-min resolution information during an outbreak. 

Furthermore, given the intrinsic variability present in 1-min observations, the main signals 

looked for by forecasters in the satellite observations (e.g., fast cloud-top cooling rate) could 

lead to a significant increase in false alarms when nowcasting severe events (e.g., Ribeiro et 

al. 2019). The study herein tackles this problem and shows the advantage that 1-min 

observations represent when capturing the fast-evolving evolution and inherent variability of 

convective clouds. Observations with such high temporal resolution can provide invaluable 

insight on storms’ dynamics that are not captured by observations with coarse time resolution 

(lower than 5 min). 
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This study takes advantage of the vastly enhanced observational network provided by 

the RELAMPAGO-CACTI field campaigns. In particular, the advantages of using high temporal 

resolution observations to characterize the evolution of deep convection characteristics (such 

as cloud top-temperature, lightning activity, hail volume) over a time period exceeding several 

hours are presented herein. The main goal of this study is to provide insight into the spatio-

temporal co-evolution of storms’ kinematic structures (updraft area and lifespan), cloud-top 

cooling rates, and lightning production leading to severe weather occurrence in SESA. For this 

purpose, observations with high temporal and spatial resolution of an isolated convective cell 

from its initiation and rapid evolution into a supercell over northeastern Córdoba on 

December 11, 2018 are studied herein. Additionally, the added value given by combining 

information provided by different lightning instruments and networks such as the 

Geostationary Lightning Mapper (GLM), LMA, and Earth Networks Total Lightning Network 

(ENTLN) is presented. The understanding gained by this analysis is likely to enhance our grasp 

of the physical processes involved in convective systems globally and can potentially assist in 

the improvement of its representation in weather and climate models. 

 

2. Datasets 

This work examines a case study of severe weather that took place on December 11, 

2018 in east-central Córdoba Province in central Argentina during the RELAMPAGO-CACTI 

field campaigns. RELAMPAGO was a joint project between the U.S., Argentina, and Brazil. 

During its IOP (from 1 November – 18 December 2018) RELAMPAGO consisted of a suite of 

fixed and mobile assets that included radars, radiosondes, flux towers, and mobile mesonets 

that were deployed primarily in Córdoba Province (Fig. 1). From 1 October 2018 to 30 April 

2019, CACTI deployed an extensive array of instrumentation, that included the U.S. 

Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) Mobile Facility and 

Aerial Facility amongst other ground-based instrumentation. Together, these field campaigns 

were designed to improve our understanding of severe weather in the region. 

During RELAMPAGO-CACTI, the majority of storms developed near the Andes mountain 

range and Sierras de Córdoba, and many grew upscale into MCS. The severe weather event 

studied in this work represents the only case of isolated deep convection that initiated in the 

central plains of Córdoba. MDS, 3-D LMA, and Radar Meteorológico Argentino 1 (RMA1) 
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observations available during this day captured most of the storm’s lifecycle. In particular, all 

sensors captured convective initiation and supercellular development with high spatio-

temporal resolution. Unfortunately, this event occurred outside of the mobile asset domain, 

and thus it was not sampled by this set of instruments. 

2.1 Satellite observations 

2.1.1 Advanced Baseline Imager (ABI) 

ABI is the primary instrument on the NOAA/NASA GOES-16/17 satellite. ABI is a multi-

channel passive imaging radiometer designed to observe Earth with higher temporal, spatial, 

and radiometric resolution than previous imagers. This instrument has multiple scan modes 

available with different temporal and spatial resolutions. The mode used during most of 

RELAMPAGO-CACTI was Mode 3, which provides a Full Disk image every 15 minutes. Also 

available for these field campaigns was the MDS mode, which provides images every minute 

with a resolution of 1 km by 1 km at the satellite sub-point. ABI has 16 different spectral 

bands, two visible channels, four near-infrared channels, and ten infrared channels. Of 

particular interest to this work, data from 10.3-μm band with 2-km spatial resolution and from 

the 0.64 -μm band with 0.5-km spatial resolution were used to study the evolution of 

convective systems in Córdoba Province. Furthermore, from 9 UTC on December 11, 2018 to 

3 UTC on December 12, 2018 one MDS was positioned over the RELAMPAGO-CACTI region 

(Fig. 1) and provided images every minute. Detailed technical information about GOES-16 and 

the ABI sensor can be found in Schmit et al. (2017). 

2.1.2 GLM 

GLM is a single-channel, near-infrared optical transient instrument that can detect 

momentary changes in an optical scene, indicating the presence of lightning. GLM detects 

total lightning (in-cloud, cloud-to-cloud, and cloud-to-ground) continuously and with a high 

spatial resolution over the Americas and adjacent ocean regions of approximately 8 km at the 

satellite sub-point. GLM is the first operational geostationary sensor to measure total 

lightning activity continuously throughout the day with near-uniform storm-scale spatial 

resolution with data files produced every 20 seconds. This instrument collects information 

such as the frequency, location, and extent of lightning discharges via an on-board clustering 

algorithm. GLM flash counts used herein are from the level 2 product files. More information 

about GLM can be found in Goodman et al. (2013). 
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2.2 Ground-based lightning observations  

2.2.1 LMA 

NASA Marshall Space Flight Center installed an LMA in central Córdoba, Argentina in 

support of RELAMPAGO from November 2018 to April 2019 (Fig. 1; Lang et al. 2020). This LMA 

consisted of 11 stations, each with a Very High Frequency (VHF) antenna, receiver, and data 

processing unit all powered by a solar panel (Fig. 1). The LMA passively detects VHF radiation 

produced by lightning, and then locates it in 3-D using time-of-arrival techniques originally 

described by Rison et al. (1999). The LMA provided crucial 3-D, high-resolution, in-cloud 

observations of intense convection in Argentina during RELAMPAGO-CACTI. The ground-

based lightning information provided by the LMA can help our understanding of what 

processes the GLM observes when lightning occurs in intense convection, especially resolving 

flashes smaller than the GLM footprint, as well as large, long-lasting stratiform lightning (Rison 

et al. 1999; Bruning and MacGorman 2013; Lang et al. 2017; Zhang and Cummins 2020). 

2.2.2 ENTLN 

The ENTLN detects lightning activity using wideband sensors with detection frequencies 

ranging from 1 Hz to 12 MHz (i.e., from VLF to HF). The ENTLN is deployed in more than 40 

countries worldwide with over 50 sensors currently installed in Argentina. In particular, most 

ENTLN sensors are located in large cities, like Córdoba, thus good coverage and high detection 

efficiency is expected in the area of study (Fig. 1). ENTLN sensors record electric field 

waveforms produced by lightning and send the information to a central detection server. 

Similarly to the LMA, the ENTLN uses time-of-arrival techniques and sophisticated algorithms 

to determine the 3-D location of each lightning-produced pulse. More information on the 

ENTLN system can be found in Liu and Heckman (2011). 

Flash counts from all lightning sensors were aggregated over a 1-min period and around 

a 20-km radius from the location of the cloud-top local minima IR brightness temperature 

(MinIR). The selected 20-km radius was not found to have a major impact on the analysis 

presented here as the time evolution of flash counts from any of the analyzed sensors does 

not show a significant variation with distance from MinIR (figure not shown). 

2.3 Upper air observations 

Upper air observations during RELAMPAGO-CACTI consisted of 6 radiosonde launching 

sites with a 1-hour to 3-hours launch frequency, depending on the IOP (Servicio 
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Meteorológico Nacional 2019). Particularly for the event studied here, soundings from 

Argentina’s national meteorological service (SMN; in Spanish) permanent radiosonde station 

Córdoba Airport (CBA – 31.30°S, 64.21°W) and from RELAMPAGO-CACTI-deployed Villa de 

María del Río Seco (VMRS – 29.91°S, 63.73°W) station are analyzed (Fig. 1). On December 11, 

2018, both of these locations had a 3-hour launch frequency from 9 UTC to 18 UTC followed 

by hourly launches until 23 UTC. 

2.4 Radar observations 

RMA1 is a C-band (5.4-cm wavelength), dual-polarization Doppler weather radar 

located in Córdoba, Argentina (31.44°S, 64.19°W; Fig. 1). This radar was designed and 

manufactured by INVAP S.E. and is operated by the SMN of Argentina for the National System 

of Meteorological Radars (SINARAME; in Spanish). The SINARAME project is an Argentine 

effort to expand the radar network over the entire country. During RELAMPAGO-CACTI, RMA1 

performed full Plan Position Indicator (PPI) scans and completed a full volume in 8 min with 

450 m range resolution and 0.9° beam width. RMA1 technical information can be found in 

https://wrd.mgm.gov.tr/Radar/Details/MW1VYmFyTURaSnpFYkl3VXplWjhoZz09. RMA1 

data were processed with Python Atmospheric Radiation Measurement (ARM) Radar Toolkit 

(Py-ART, Helmus and Collis 2016). 

 

3. Methods 

3.1 Satellite Observations 

ABI dataset was parallax corrected based on cloud-top-height. This is a simple 

correction that is not expected to affect the validity of the results presented in Section 4 given 

that the analyzed storm is an isolated system and that a radius of 20-km around MinIR was 

used to analyze spaceborne with ground-based observations. 

3.1.1 Cell Identification and Tracking 

Radiation in the GOES-16 10.3 µm channel is unaffected by absorption of atmospheric 

gases. Therefore, satellite-observed 10.3-µm brightness temperature (IR10.3) can be used as 

proxy for cloud-top temperature of optically thick clouds (Adler and Mack, 1986). This 

temperature can also provide information about the intensity of a storm. In particular, the 

updraft strength can be estimated by the temporal derivative of the IR10.3 (Adler and Fenn, 
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1979; Mecikalski and Bedka, 2006; Roberts and Rutledge 2003). In general, cloud-top cooling 

rates greater than 4° in 15 min indicate convective updrafts, while cooling rates of 8° in 15 

min are associated with vigorous convective storms preceding strong updrafts (e.g., 

Mecikalski and Bedka 2006; Roberts and Rutledge 2003). These IR10.3 thresholds are based 

on previously available 15-min resolution satellite information and should be revisited with 

the newly available time frequency. 

Several objective techniques have been developed for locating storms’ cold tops or 

overshooting tops (OTs) (e.g., Bedka et al. 2012; Vila et al. 2008). In this study, the position 

and time evolution of storms’ coldest tops were determined using a semi-automatic 

algorithm following three simple steps. First, cell objects were identified in every IR10.3 

satellite field as a contiguous region with temperature ≤ 210 K and area > 2 pixels (8 km2). 

Second, each IR10.3 local-minima (MinIR) corresponding to the 2.5th percentile of each cell 

object was selected. This allows to capture all the MinIR associated with the coldest sectors 

of the storm. Thus, more than one MinIR can be identified within a cell object. Third, each 

MinIR was manually tracked in time connecting its evolution in subsequent images. This 

spatio-temporal connection between two consecutive satellite images was determined by the 

authors, each working independently in order to be as objective as possible (e.g., Bluestein et 

al. 2019). The resulting MinIR paths were manually checked with the aid of the visible GOES-

16 imagery to ensure consistency in the tracks. Tracking in time and space of every detected 

MinIR provides the ability to analyze the evolution of the intensity (given by changes in 

brightness temperature and area) of fast-evolving updrafts present within a single storm. In 

particular, it allows to capture the initiation and decay stages of an updraft before being 

overpowered by stronger updrafts present in the same storm at the same time. 

3.1.2 MinIR Area 

Overshooting top area (OTA) has been used as an estimate of updraft width and thus, 

as proxy for storm intensity (e.g., Marion et al. 2019; Trapp et al. 2017). Marion et al. (2019) 

developed a technique to estimate OTA by equating the edges of the OT with inflection points 

in the IR brightness temperature field. For this, they estimate the edge of the OT as the first 

point where the second derivative in brightness temperature along a radial is negative. Then, 

assuming a circular OT, the OTA is calculated as OTA = πr2
m, where rm is the length of the mean 

radial calculated over 8 radials. In this work, the area associated with each MinIR (hereafter 
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referred to as OTA) is estimated following Marion et al. (2019) inflection‐based technique but 

modified to take the identified MinIR as input. Furthermore, the mean radius was calculated 

over 360 radials - i.e., every 1 degree radially from the MinIR location - to generate a robust 

OTA estimate. 

3.2 Ground-based Radar Observations 

3.2.1 Hydrometeor Identification (HID) 

HID algorithms using dual-polarimetric radars have been widely used to classify 

precipitation regions by hydrometeor type (e.g., Bechini and Chandrasekar 2015; Borque et 

al. 2019; Dolan et al. 2013; Duvernoy and Gaumet 1996; Straka et al. 2000). Particularly, Dolan 

et al. (2013) C-Band HID algorithm applies fuzzy logic weighting functions to different radar 

variables (Ze, differential reflectivity ZDR, specific differential phase KDP, correlation 

coefficient ρhv) and environment input (temperature profile) to diagnose 10 different 

hydrometeor categories (drizzle, rain, wet snow, dry snow, ice crystals, vertically aligned ice, 

high-density graupel, low-density graupel, hail, and big drops). This algorithm was originally 

developed for warm-season convection and thus, retrievals of in-storm most probable 

hydrometeor type at each radar grid point analyzed in this work were estimated following the 

Dolan et al. (2013) HID algorithm available in the CSU_RadarTools open-source software 

package (https://github.com/CSU-Radarmet/CSU_RadarTools). This algorithm was applied to 

the dual-polarization RMA1 dataset in polar coordinates and gridded using the nearest 

neighbor approach onto a 1-km horizontal and vertical resolution grid from surface to 20 km 

height. KDP was estimated following a finite impulse response (FIR)-based KDP estimation 

algorithm also available in the CSU_RadarTools package and based on Hubbert and Bringi 

(1995) and Lang et al. (2007) work. 

3.2.2 Cell Identification 

Storm identification using radar data is an important facet of forecasting the location 

and strength of severe weather events. Detecting storms and calculating their properties 

(centroid position, volume, etc.) is an essential part of severe weather warning operations. In 

addition to providing useful nowcasting capabilities, storm identification and tracking can also 

provide information suitable for the study of the physical mechanisms of storm evolution 

(e.g., Dixon and Wiener 1993). In this work, a cell was identified from the radar dataset as a 

contiguous region with Ze ≥ 35 dBZ and area exceeding 25 km2 (e.g., Roberts and Rutledge 
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2003). Then, the centroid of each cell was computed following the scikit-image image 

processing toolkit (van der Walt et al. 2014). 

3.3 Ground-based Lightning Observations 

On December 11, 2018 the LMA had 9 of 11 stations operational. Individual VHF sources 

were considered in the analysis if their goodness of fit value χ 2 ≤ 5 (Rison et al. 1999). Flashes 

were clustered from individual sources via the Fuchs et al. (2016) algorithm as implemented 

in the lmatools open-source software package (Bruning 2015). Thresholds of no more than 3 

km and 150 ms between successive sources within a flash, a maximum possible flash duration 

of 3 seconds, and a required minimum of 5 sources per flash were used. The first three 

thresholds are default values commonly used in previous LMA studies, and the last threshold 

(5 points per flash) was suggested by Lang et al. (2020) as a reasonable threshold for the 

RELAMPAGO LMA, especially when the lightning array was not operating with the full set of 

stations. Lang et al. (2020) determined that the RELAMPAGO LMA flash rates were of the 

highest quality when storms were within 100 km of network center. 

Regarding ENTLN, pulses are clustered into a flash following a space (10 km) and time 

(0.7 s) criteria. ENTLN errors associated with flash location in height are larger than those for 

latitude and longitude (Liu and Heckman 2011). Thus, given this height uncertainty only flash 

location in latitude and longitude is analyzed in this work.  

 

4. Case study analysis: December 11, 2018 

4.1 Pre-convective Environment 

On December 11, 2018 the pre-convective environment over SESA exhibited the typical 

conditions that lead to the development of severe weather in the region (e.g., Borque et al. 

2010; Rasmussen and Houze 2011; Velasco and Fritsch 1987; Vidal 2014). The upper level 

synoptic flow was characterized by a NW-SE orientated jet-streak centered near 32°S 

providing high amount of vertical wind shear over central Argentina (Fig. 2a). The leading edge 

of a 500-hPa trough was located over central Argentina favoring upward motion over the 

region (Fig. 2b). In the lower levels, the presence of northwestern Argentina low (NAL; Seluchi 

et al. 2003) and the South American low-level jet (SALLJ) favored warm and moist air 

advection into central Argentina (Figs. 2c-d). The presence of the SALLJ is further confirmed 

by the CBA and VMRS sondes (Fig. 3). The 12:00 UTC (9:00 am local time) hodograph from 
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VMRS shows a very distinct jet-like profile with northerly winds stronger than 22 m s-1 around 

1.5 km that 4 hours later weakens into a less clear profile (Figs. 3a-b). Further south, the sonde 

at CBA showed weaker northerly winds in the morning that transitioned to southerly flow by 

16:00 UTC (Figs. 3c-d). This suggests the presence of a convergence region in central Córdoba 

in part as the result of the deceleration at the exit region of the SALLJ over this region. A deep 

capping inversion is observed from surface to mid-levels of the atmosphere (550/600 hPa) at 

both sites at 12:00 UTC (Figs. 3a and 3c). This cap, located at the bottom of an elevated mixed 

layer, prevents deep, moist convection to occur until high values of instability are achieved 

(e.g., Lanicci and Warner 1991). Previous studies have shown that isolated storms that 

develop in capped environment tend to occur in areas of enhanced convergence and are likely 

more severe than widespread storms since there is less competition for available warmth and 

moisture (Banacos and Ekster 2010; Ribeiro and Bosart 2018). Previous studies have shown 

that the presence of the NAL in conjunction with the SALLJ is an effective pattern in 

modulating low-level heat and humidity transport from the tropics into northern-central 

Argentina that then enhances unstable conditions in the region (e.g., Seluchi and Marengo 

2000). Certainly, in the morning of December 11, 2018, the surface-based CAPE was 1008 J 

kg–1 (2900 J kg–1) in CBA (VMRS) at 12:00 UTC and 4 hours later, the instability increased by 

more than 3000 J kg-1 (1000 J kg-1), reaching a value of 4458 J kg-1 (4131 J kg-1) by 16:00 UTC 

(Fig. 3). This increase in instability is also a response to the low-level radiative heating given 

by clear-sky conditions present in the region (Fig. 2) and to the warm air advection present in 

the 0-2 km layer given by the counter-clockwise rotation of wind with height in this layer (Fig. 

3). Vertical wind shear in the 0–6 km layer in both VMRS and CBA was larger than 10 m s–1 at 

12:00 UTC and greatly increased towards the afternoon, reaching values higher than 23 m s–

1 by 16:00 UTC in CBA (Figs. 3a and 3c). Several studies have shown that this amount of vertical 

wind shear is sufficient to support the development of splitting supercells. 

4.2 Convection Evolution 

Figure 4 depicts the overall evolution of the convective storms on December 11, 2018 

via IR10.3 and Ze imagery. The storm of interest to this work initiated over east-central 

Córdoba Province around 16:30 UTC. Cold cloud tops indicating deep convection rapidly 

intensified and by 17:30 UTC, the storm located around (31.2°S, 63.1°W) registered IR10.3 < 

-80°C and an anvil thermal couplet (ATC) (Fig. 4a). The low-level reflectivity field from RMA1 
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hinted at an imminent storm splitting process evident by the pattern of separated 60 dBZ 

contours. By 17:45 UTC, hail of approximately 3-cm diameter was reported in social media in 

Carreta Quemada, Córdoba (31.14°S, 63.29°W). Later, by 18:30 UTC the splitting process 

continued, and two distinct convective cores are evident from the low-level Ze with IR10.3 < -

80°C and an ATC (Fig. 4b). The northern cell, the left mover, centered around (30.9°S, 62.8°W) 

shows a supercellular structure with hook-echo and V-notch characteristics present in low-

level Ze (Fig. 4b). This is the expected pattern for Southern Hemisphere supercells where the 

favored cell is the left-mover (equatorward) cell. Around this time, severe weather was 

reported in several locations of northeastern Córdoba; hail with diameters larger than 5-cm 

and damage from intense wind gusts were reported in Marull (30.99°S, 62.83°W) and 

Miramar (30.91°S, 62.7°W) at around 18:40 UTC. Afterwards, storms continued to move 

eastward with anvils from both convective systems merging with isolated convective cores 

detected from low-level radar imagery until 20:30 UTC (Fig. 4c). By this time, the cells that are 

the main focus of this work either dissipated or propagated away from the range of RMA1 

and subsequent cells that developed downstream (Fig. 4d) had no severe weather reported 

and are not analyzed further. 

Figure 5 shows the temporal evolution of the storm with the locations of the detected 

MinIR, the centroid of Ze ≥ 35 dBZ at 1 km height, HID-retrieved hail at 1 km and 15 km and 

lightning from GLM, LMA, and ENTLN. MinIR hint at the splitting process of the storm earlier 

than the surface radar-observed Ze ≥ 35 dBZ centroid (Figs. 5a-b). However, after the splitting 

process is captured by the 35-dBZ field (after 18:30 UTC) the resulting convective cells 

presented a more organized and cohesive vertical structure with MinIR nearly collocated with 

the Ze ≥ 35 dBZ centroid (Figs. 5a-b). As expected by the fuzzy-logic weighting functions in 

the HID algorithm, the 35-dBZ reflectivity contour enclosed the regions where hail is the most 

probable hydrometeor (Figs. 5c-d). Locations where hail was reported coincides in time and 

space with regions where hail was the expected hydrometeor type diagnosed by the HID 

algorithm (Fig. 5c). Furthermore, the cities of Carreta Quemada, Marull, and Miramar are 

associated with regions where columns of HID-retrieved hail reached heights higher than 15 

km (Fig. 5d). 

The 35-dBZ contour also enclosed the locations where lightning was detected by GLM, 

LMA, and ENTLN (Figs. 5e-g). However, LMA and ENTLN detected considerably more flashes 



 

 
©2020 American Geophysical Union. All rights reserved. 

associated with these storms than GLM, especially at the initiation stage, before 18:00 UTC 

(Figs. 5e-g). While the LMA is capable of detecting lightning flashes beyond 100 km, the 

detection efficiency is expected to degrade in a manner proportional to distance. Spatial 

resolution for source locations also degrades beyond 100 km (e.g., Thomas et al. 2004). 

However, despite the storms’ propagation away from this 100-km range limit, the LMA 

detected more lightning flashes than GLM and a comparable amount to ENTLN as far as 150 

km away from the LMA center (Figs. 5e-g). Potential causes for GLM under-detection 

presented in the literature include: lower GLM detection efficiency at daytime, small LMA 

flashes at or below the pixel resolution of GLM, multiple LMA flashes manifesting optically at 

cloud top as a set of pulses that appears to GLM as a single flash, light not reaching cloud top 

if lightning occurs in or below an optically thick cloud layer (e.g., Fuchs and Rutledge 2018; 

Light et al. 2001; Thomas et al. 2000). Once the storms moved beyond the range limit of LMA, 

GLM and ENTLN show comparable results regarding lightning location and timing 

(quantitative information about this behavior is provided in Section 4.3). However, ENTLN 

detected more flashes for the left-mover cell, especially after 18:40 UTC (Figs. 5e and 5g). 

4.3 Storm Characteristics – Time Series Analysis 

The analysis presented in this section is restricted to the portion of the domain that 

encompasses the track of the left-moving supercell that produced the most significant 

damage. Figure 6 shows the time evolution of: MinIR, the volume covered with RMA1 

observations with Ze ≥ 35 dBZ, the area associated with each MinIR, the volume of HID-

estimated hail, and flash counts from GLM, LMA, and ENTLN from 16:45 UTC to 20:00 UTC on 

December 11, 2018. During the analyzed time period, a decrease of MinIR and increase in 

lightning activity precedes the time of two HID-derived hail cores (Fig. 6). Previous studies 

have shown that a rapid increase in lightning rate (known as lightning jump (LJ)) is observed 

before the occurrence of severe weather (Gatlin and Goodman, 2010; Schultz et al. 2011; 

Schultz et al. 2009; Williams et al. 1999). In this work, LJ is defined following Schultz et al. 

(2011) 2σ algorithm based on a flash history multi-step methodology for the highest amount 

of flashes present in the storm as a function of time for each lightning network. 

In association with the first HID-derived hail core, hail was reported in social media at 

Carreta Quemada by 17:45 UTC. Leading to this moment MinIR exhibited its most extreme 

cooling rate, with an overall decrease of 8.6 °C in 10 min and of -4.1 °C min-1 when considering 
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the 1-min sampling (Fig. 6a). These MinIR cooling rate values suggest the presence of vigorous 

convective storms. The absolute MinIR of -80 °C occurs at 17:31 UTC representing a 14-min 

lead time to the occurrence of hail (Fig. 6a). However, a secondary minimum in MinIR of -78 

°C took place at 17:22 UTC and thus, considering this minimum improves the lead time by 9 

min (Fig. 6a). Both ground-based lightning networks (LMA and ENTLN) detected the LJ 

associated with this HID-derived hail core at 17:18 UTC (Figs. 6d-e). This time represented the 

maximum lead time (27 min) for hail occurrence associated with this HID-derived hail core. 

However, the LJ signal was not captured from GLM observations (Fig. 6c). Prior to 18:20 UTC, 

when the main storm of interest is within 150 km of the LMA center, LMA and ENTLN detected 

significantly more – greater than by a factor of 10 – lightning than GLM (Figs. 6c-e). As stated 

in section 4.2, amongst the possible reasons for GLM’s lower detection efficiency are an 

optically dense medium located above lightning sources that can prevent light from reaching 

cloud top and flashes smaller than GLM’s footprint. Figure 7 shows VHF source density as a 

function of time and height and the area associated with the flashes detected by LMA and 

ENTLN. Flash area estimated from LMA and ENTLN shows that lightning flash associated with 

the detected LJ from these networks were small (area < 40 km2) (Figs. 7b-c). Given the spatial 

resolution of GLM, these flashes will most likely not be detected by GLM. In addition to this, 

before 17:30 UTC the maximum LMA lightning source activity associated with this HID-derived 

hail core was located at around 10 km height, below the maximum volume of HID-derived 

hail (centered between 10 km and 12 km height) (Figs. 6b and 7a). Furthermore, RMA1’s 8-

min time resolution could result in a delayed presence of the HID-derived hail aloft. Therefore, 

it is not trivial to disentangle the different factors that could have played a role in GLM’s under 

detection for this time. 

While the bulk of the lightning occurred below 12 km altitude, the storm also featured 

significant VHF source activity above 15 km, within the OT (Fig. 7a). OT-based electrical 

activity has been noted before in the LMA literature (e.g., MacGorman et al. 2017), and similar 

to those studies, the activity tended to consist of continual low rates of sources without well-

defined channels. This may be related to the size of the physical discharges being small 

relative to the expected spatial resolution of the LMA at ranges like these (~1 km; Thomas et 

al. 2004). Lang et al. (2020) demonstrated a similar effect (i.e., GLM detecting less lightning 

during OT periods) in a different storm that also featured OT electrical discharges on 
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December 14, 2018. The increasing loss in flash source density at low altitude after 18:00 UTC 

is mostly an LMA effect as the storm moved eastward, away from the LMA-center. 

An inverse relationship between MinIR and its associated area (OTA) is present after 

18:20 UTC in connection with the second HID-derived hail core (Figs. 6a-b). This suggests that 

strong updrafts (i.e., updrafts that are capable of generating local minima in satellite-

observed brightness temperature) are likely to expand and reach their maximum extent 

(maximum area) at their most vigorous (coldest MinIR) time (Figs. 6a-b). In particular, 

between 18:20 UTC and 19:00 UTC the lifecycle of three independent updrafts, as defined by 

rapid decrease followed by a rapid increase in MinIR, are detected (purple, pink, and grey 

lines in Figs 6a-b). Each of these updraft intensifications (decrease in MinIR) appeared to be 

linked with a greater extent of its associated OTA and likewise, the subsequent increase in 

MinIR was likely linked with an area decrease. 

MinIR cooling linked with the second HID-derived hail core was weaker than for the 

previously described core, with a cooling rate of 1.84 °C min-1 (from the 1-min observations) 

and an overall cooling of almost 6 °C in 10 min that also suggest the presence of vigorous 

updrafts. However, cooler cloud-top temperatures were present for a longer period of time 

(MinIR ≤ -85 °C were present for over 5 min from 18:41-18:46 UTC) associated with this HID-

derived hail core. The absolute minima of MinIR (-86 °C) occurred at 18:43 UTC, 3 min after 

hail was reported at Marull and Miramar in Córdoba province (Figs. 6a-b). However, a 

secondary minimum in MinIR (-80.75 °C) took place at 18:29 UTC thus, representing an 11-

min lead time (Fig. 6a). GLM and ENTLN showed higher flash count associated with the second 

HID-derived hail core and similarly, to the first HID-derived hail core, ENTLN detected more 

lightning activity than GLM (Figs. 6c and 6e). However, GLM was capable of detecting a LJ at 

this time (Fig. 6c). ENTLN represented the maximum lead time with the LJ detected at 18:09 

UTC (31 min lead time) whereas, GLM’s LJ was detected 11 min later, at 18:20 UTC. In 

association with this LJ, ENTLN detected larger lightning flashes (area > 60 km2) (Figs. 6c and 

7c). Thus, the apparent improvement in GLM detectability was likely associated with the 

presence of larger lightning flashes. On the other hand, LMA detected fewer flash counts than 

both GLM and ENTLN, this is most likely due to the range limitations of the LMA as the storm 

has propagated eastward increasing its distance to the LMA center by more than 150 km (Figs. 

5 and 6d). Afterwards, as seen by lightning activity detected by ENTLN and pulses in MinIR, 
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the storms remained active (Figs. 6a and 6e). By 18:45 UTC the HID-estimated hail core was 

present at higher altitudes than before (centered at around 10 km height; Fig. 6b). Thus, if the 

height of the flash source density remained constant or with little variation with time, the 

denser medium was located at or above the electrical activity source region. This 

hydrometeor and lightning source configuration could have played a role in GLM’s under 

detection of lightning flashes at this time when ENTLN flash area reached its maximum area 

of 107.6 km2 (Figs. 6c, 6e, and 7c). This is consistent with growing evidence that spaceborne 

sensors like GLM are likely to detect considerably fewer flashes than ground-based networks 

when the lightning sources are located below an optically thick layer. 

4.4 Storm Characteristics – Trends in MinIR 

As previously mentioned, the temporal derivative of IR10.3 provides valuable 

information about the kinematics of the storm, in particular about the updraft strength. 

Figure 8 shows the temporal evolution of MinIR trends as a function of the temporal interval 

used to compute these trends (Δt; from 1 min to 10 min). For example, at 17:30 UTC, the top 

row in each panel in Fig. 8 shows 10-min trends in MinIR (i.e., the difference between MinIR 

at 17:30 UTC minus MinIR at 17:20 UTC) and similarly, the bottom rows show the 1-min MinIR 

trend (i.e., the difference between MinIR at 17:30 UTC and MinIR at 17:29 UTC). A cycle of 

cloud-top cooling and warming surrounding the timing of both HID-derived hail cores (around 

17:30 UTC and 18:45 UTC) is evident and present for most time intervals (Fig. 8a). Generally, 

cloud-top warming is noticeable once the HID-estimated hail volume starts to grow, this is 

then followed by sharp cooling linked with the moment of maximum amount of hail, that is 

then followed by intense warming rates possibly linked with updraft decay and hail falling 

(Fig. 8). However, given RMA1 8-min volume scan resolution, it is challenging to accurately 

relate rapid changes in MinIR to radar-derived metrics. 

The timing of these trends in MinIR depends on the time interval chosen to analyze the 

evolution of cloud-top temperature. In particular, for the first HID-derived hail core, there is 

an overall decrease in MinIR for Δt ≥ 8 min with 20 min (17:14 UTC to 17:34 UTC) of consistent 

cloud-top cooling (Fig. 8b). However, when considering a shorter time interval (Δt ≤ 6 min), 

this cloud-top cooling period is shortened to 6- or 7-min pulses that are separated by two 

periods (17:18-17:21 UTC and 17:27-17:30 UTC) of warming cloud tops. Similarly, this pulse-

like pattern in MinIR is also present for the second HID-derived hail core but with weaker 
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cooling and warming rates (Fig. 8c). This pulse-like behavior in warming and cooling cloud-top 

temperatures is likely showing the lifecycle of the different convective updrafts with a 

timespan of the order of 5 to 6 minutes. Moreover, between 17:30 UTC and 18:15 UTC, 

cooling and warming signals of MinIR are disorganized with no clear pattern or pulse-like 

structure (Fig. 8a). This unorganized behavior in MinIR for all time intervals hints at the 

collapse of strong updrafts, which is consistent with no severe weather being registered at 

that time. This ability to infer dynamic characteristics of observed storms, such as the lifecycle 

of strong updrafts, evidences a clear advantage of the high temporal resolution of satellite 

observations to improve our understanding of the storms’ evolution. 

 

5. Summary and conclusions 

This work presents an observational study of an isolated convective event that evolved 

into a supercell on December 11, 2018 in Córdoba Province, central Argentina. High spatio-

temporal observations of cloud-top IR brightness temperature (GOES-16 MDS), lightning 

counts from ground-based (LMA and ENTLN) and spaceborne (GLM) sensors, and radar 

reflectivity (RMA1) are analyzed. The overall evolution of the convective storm included 

convection initiation over east-central Córdoba Province, its rapid intensification, its 

organization into a supercell, (with cloud-top IR brightness temperature below -80 °C and Ze 

≥ 60 dBZ), and eventual decay (Figs. 4 and 5).  

Consistent with previous studies, an overall decrease in cloud-top local minima IR 

brightness temperature (MinIR) and increase in lightning activity (lightning jump – LJ) 

preceded the time of two HID-derived hail cores (Fig. 6). Ground-based sensors (LMA and 

ENTLN) detected considerably more lightning flashes than the spaceborne sensor (GLM) (Figs. 

6c-e). LJs provided the highest lead time to the occurrence of severe weather, with the 

ground-based networks providing the maximum warning time of around 30 min to the 

detection of severe weather at surface (Figs. 6b-e). Other LJ did not correspond with severe 

weather reported at the ground however, given the lack of an official severe weather report 

network in Argentina and that the storm analyzed in this work developed in a sparsely 

populated region, it is plausible that severe weather occurred at other times but there is no 

record of it. The minimum MinIR provided the shorter warning time (Figs. 6a-b). However, 

secondary minima in MinIR that preceded the absolute minima greatly improved the lead 
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time to the occurrence of severe weather (Fig. 6). This was the case particularly for the first 

HID-derived hail core where the secondary minima in MinIR occurred just 4 min after the LJ 

detected by LMA and ENTLN (Fig. 6). Therefore, tracking the lifecycle of individual minima in 

cloud-top brightness temperature and not just the overall evolution of a single minimum per 

storm could represent an improvement in nowcasting by increasing the lead times in the 

prediction of severe weather.  During the second maximum of HID-derived hail, MinIR and its 

associated area were likely to have an inverse relationship (Figs. 6a-b). This behavior suggests 

that strong updrafts are prone to expand and reach their maximum extent (area) at their 

strongest (coldest satellite-observed brightness temperature) time and then decrease in 

intensity and size as they decay. These findings are clear features in the case analyzed in this 

work and a statistically robust analyses is needed to validate this approach. 

Lightning flash counts were considerably underestimated by GLM, by more than 10 

times during much of the analyzed time period, when compared to LMA and ENTLN 

detections (Figs. 6c-e). Amongst the possible reasons for GLM’s lower detection efficiency are 

an optically dense medium located above lightning sources and flashes smaller than GLM’s 

footprint. This was the case particularly for the first HID-derived hail core where the electrical 

activity detected by both ground-based sensors consisted of flashes with area < 40 km2 and 

the maximum volume of HID-derived hail was located at or above the height of most LMA-

detected lightning sources (Figs. 6c-e and 7). Thus, it is not trivial to disentangle the different 

factors that could have played a role in GLM’s under detection at this time. On the other hand, 

GLM was capable of detecting the LJ associated with the second HID-derived hail core. This 

apparent improvement in GLM detectability was likely associated with larger lightning flashes 

present at this time (Figs. 6c and 7c). Therefore, it is important to consider the possible biases 

in GLM lightning detectability when analyzing storms’ characteristics. In particular, if GLM is 

the only sensor available to assess the strength of the storm, then this deficiency in GLM 

detection efficiency can potentially impact forecasters’ decisions when heavily relying on GLM 

as a nowcasting tool. However, when ground-based lightning sensors are also available, this 

GLM ‘weakness’ could be leveraged into an advantage to infer that a considerable amount of 

hydrometeors able to extinct, or considerably diminish, flash radiation (like graupel and/or 

hail) is likely present in the storm and it can then provide important knowledge of the severity 
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of the storm. It is possible that rapidly cooling or wide OTs could signal the potential 

development of GLM under detection and signal the severity of a storm. 

Trends in MinIR over a time period of tens of minutes shows an overall cooling 

preceding the occurrence of severe weather. However, trends in MinIR for time scales shorter 

than 5 or 6 min reveal a shorter pulse-like cycle of fast cooling and warming (Fig. 8). This pulse-

like behavior in MinIR trends have a consistent structure throughout different time intervals 

used to compute the temperature trends and hints at a longer lead time for severe weather 

prediction given by observations with high temporal resolution when looking at MinIR trends 

at a particular time interval. Furthermore, trends in MinIR with time resolution finer than 2 

min are likely too noisy and will lead to false alarms being issued when used exclusively as a 

severe weather indicator. However, 1-min MDS scans allows the computation of cooling and 

warming trends every minute at different time intervals, and thus enable consistency in the 

warming and cooling signals at the different time intervals. Consistent trends in MinIR are 

likely to result in quantitative information that can be used to increase lead times while 

reducing false alarms when nowcasting severe weather occurrence. Moreover, this pulse-like 

structure in cooling and warming trends in MinIR is likely linked to updraft activity, and the 

period of these pulses hints at the duration of the strong updrafts present in the storm. The 

ability to infer dynamics of observed convection, such as the lifecycle of strong updrafts, 

advances our understanding of the storms’ evolution that should culminate with an 

improvement of models’ representation of convection lifecycle. These fast-evolving cooling 

and warming signatures could be analyzed in more detail with high resolution modeling 

studies capable of representing the storms’ dynamics providing enhanced knowledge of 

storms’ dynamics. It is important to note that the pulsing behavior in MinIR is smoothed to 

an almost indistinguishable signal when analyzing observations with coarser time resolution 

(lower than 6 or 7 min). 

This work demonstrates the need for more studies of severe weather events using 

observations with high spatio-temporal resolution. Such studies should help confirm whether 

the patterns seen in this work are consistent throughout a larger convective dataset. The 

extensive MDS dataset collected in RELAMPAGO-CACTI field campaigns could advance our 

understanding of storms’ evolution in one of the regions of the world with the most intense 

convection. The examination of additional cases could help address how GLM and ABI 
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measurements can be used to understand convective processes, including the uniqueness of 

storms in SESA. Furthermore, given the increasing availability of ground-based LMAs in other 

parts of the world, ground-based radar networks, as well as the continuously increasing 

dataset from GOES-16 MDS, synergistic studies (including an independent corroboration of 

updraft lifecycle given by multi-Doppler retrievals) could also represent a significant 

improvement in our understanding of the dynamics involved in continental deep convection. 
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Fig. 1: Map of the study region with location of the RMA1 radar (triangle), its radius of 
influence (dashed blue circle), MDS domain (dashed black line), LMA stations (black circles), 
ENTLN stations (red circles), sondes stations (squares), and locations where severe weather 
was reported (flags). 
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Fig. 2: Synoptic charts from 12 UTC on December 11, 2018 (a) isotachs (green) and 
geopotential (black) at 250 hPa, (b) temperature (red) and geopotential (black) at 500 hPa, (c) 
temperature (red) and geopotential (black) at 850 hPa, and (d) surface pressure (black). Wind 
barbs indicate wind information from each SMN radiosonde station at the corresponding 
pressure level and light blue contours denote Córdoba province. 
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Fig. 3: Sondes from (a-b) Villa de María del Rio Seco – VMRS, and (c-d) Córdoba Airport – CBA. 
Sonde release time, shear between surface and 6 km height, CAPE, and 𝜇CAPE are indicated 
in each panel. Hodographs are color-coded by height of the sonde, red: surface-3 km, orange: 
3-6 km, violet: 6-8 km, and blue: 8-10 km. 
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Fig. 4: Hourly observations from 17:30 UTC to 20:30 UTC (a-d) on Dec 11, 2018 of GOES-16 IR 
10.3 brightness temperature (shaded) and 35, and 60 dBZ reflectivity at 1 km above ground 
(grey, and cyan contours respectively). RMA1 maximum range is indicated by dotted line. 
Reflectivity field at 0.5° elevation angle from the RMA1 at 18:30 UTC is also shown in (b). 
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Fig. 5: Position of (a) observed MinIR, (b) 35-dBZ echo centroid at 1 km above ground, HID-
retrieved hail at (c) 1 km, and (d) 15 km above ground, detected flashes from (e) GLM, (f) LMA, 
and (g) ENTLN. Observations are color-coded to correspond time in UTC. Location of RMA1 
(triangle), locations where severe weather was reported (flags), RMA1 maximum radius (black 
dashed line), 100 and 150 km radius from LMA-center (black dotted lines), GOES-16 IR10.3 
210 K integrated path (solid black line), and RMA1 35-dBZ integrated path (solid blue line) and 
km scale are shown in each panel. 
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Fig. 6: Time evolution of (a) all tracked MinIR (lines) and volume covered with RMA1 
observations with Ze ≥ 35 dBZ (shaded), (b) area associated with all tracked MinIR (OTA) 
(lines) and volume of HID-based hail (shaded), and flash counts from (c) GLM, (d) LMA, and 
(e) ENTLN. Each colored line corresponds to a tracked MinIR. Arrows denotes times when 
LMA-detected lightnings occurred 100 km and 150 km away from the LMA center. Red stars 
denote timing of LJ and blue star timing of hail observed at surface. 
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Fig. 7: Time evolution of (a) LMA source density as a function of height, (b) LMA flash area, 
and (c) ENTLN flash area. Colors in panels (b) and (c) denotes all the tracked MinIR. Stars 
denote timing of LJ. Each colored line corresponds to a tracked MinIR. Arrows in denote times 
when LMA-detected lightning occurred 100 km and 150 km away from the LMA center. 
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Fig. 8: Temporal evolution of HID-derived hail at 10 km (purple line) and MinIR trends as a 
function of the different temporal intervals used to compute the trend (from 1 to 10 minutes) 
and time (a) from 17 UTC to 20 UTC on December 11, 2018 and zoomed-in periods (b) from 
17:05 UTC to 17:45 UTC and from (c) 18:18 UTC to 19:01 UTC. Black rectangles in (a) denote 
the zoomed-in times presented in panels (b) and (c). 
 


