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Abstract Global satellite studies show a maximum in deep convection and lightning downstream of the
Andes in subtropical South America. The Remote sensing of Electrification, Lightning, And Mesoscale/
microscale Processes with Adaptive Ground Observations (RELAMPAGO) field campaign was designed to
investigate the physical processes that contribute to the rapid development of deep convection and mesoscale
convective systems (MCSs) in Argentina. A lightning mapping array (LMA) was deployed to Argentina as part
of RELAMPAGO to collect lightning observations from extreme storms in the region. This study combines
lightning data from the LMA and the Geostationary Lightning Mapper onboard GOES‐16 with 1‐km gridded
radar data to examine the electrical characteristics of a variety of convective storms throughout their life
cycle observed during RELAMPAGO. Results from the full campaign show 48% of flashes are associated with
deep convection that occurs along the eastern edge of the Sierras de Córdoba (SDC) overnight. These
flashes are 65 km2 smaller on average compared to stratiform flashes, which occur most frequently 50–100 km
east of the SDC in the early morning hours, consistent with the upscale growth of MCSs off the terrain. Analysis
of the 13–14 December MCS shows that sharp increases in flash rates correspond to deep and wide convective
cores that have high graupel and hail mass, 35‐dBZ volume, and ice water path. This work validates previous
satellite studies of lightning in the region, but also provides higher spatial and temporal resolution information
across the convective life cycle that has not been available in previous studies.

Plain Language Summary Satellites have shown a hotspot in extreme lightning in subtropical South
America that is associated with some of the deepest thunderstorms on Earth. A ground‐based lightning
observing platform was deployed to central Argentina to better understand the characteristics and three‐
dimensional structure of lightning in the region and how lightning flashes vary with storm intensity and life
cycle. Results show the majority of lightning flashes are associated with the deepest, widest, and most intense
parts of the storms. These flashes are concentrated near the higher terrain and tend to occur most frequently in
the evening and overnight hours. Further analysis of a case study shows that a rapid increase in lightning activity
is related to an increase in graupel and hail mass in the column below the flash centers. We find lightning
characteristics including flash area, duration, and energy vary as the storm evolves and can be separated into
distinct periods when the storm is developing, maturing, and decaying.

1. Introduction
A better understanding of global lightning distributions has been a subject of interest for the past several decades.
Knowledge of current global lightning distributions and their variations by climate regime and storm type is
important for understanding how these distributions may change in the future as a result of climate change.
Several satellite studies have documented the global climatology of lightning and have attempted to estimate
global flash rates. Using the Optical Transient Detector (OTD) onboard MicroLab‐1 (OrbView‐1), which was one
of the first instruments specifically designed to measure lightning, Christian et al. (2003) found hot spots in
lightning flash rates along the coasts, in mountainous regions, and in the Congo basin. Other studies such as Zipser
et al. (2006) and Albrecht et al. (2016) found maxima in lightning flash rates in the Congo basin and Lake
Maracaibo in Venezuela, as well as downstream of mountain ranges, including the Andes in subtropical South
America, using the Lightning Imager Sensor (LIS) onboard the Tropical Rainfall Measuring Mission (TRMM;
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Kummerow et al., 1998) satellite. In particular, storms in subtropical South America have the highest lightning
flashes per precipitation feature (PF) compared to any other location observed by TRMM (Zipser et al., 2006).
More recently, Peterson et al. (2021) used OTD and LIS to analyze the global climatology of flash extent density,
which includes the spatial extent of lightning. Their results agree with previous studies that have looked at global
flash rates, naming coastal and mountainous regions as lightning hot spots. Furthermore, analysis of diurnal
variations in flash extent densities show nocturnal to early morning moderate‐to‐high lightning activity in areas
downstream of mountain ranges such as the central‐southern U.S. Great Plains, northern Argentina, Southeast
Asia, and West Africa (Albrecht et al., 2016).

Deep convection is also known to occur downstream of mountain ranges around the world (Houze et al., 2015;
Zipser et al., 2006). This includes downstream of the Andes in subtropical South America where convection often
rapidly grows upscale into mesoscale convective systems (MCSs; Rasmussen & Houze, 2011, 2016; Rasmussen
et al., 2014, 2016). This convection is associated with extreme weather, including flash flooding, large hail,
tornadoes, and megaflashes (Bruick et al., 2019; Cecil & Blankenship, 2012; Peterson, 2021b; Rasmussen
et al., 2014; Zipser et al., 2006). It is hypothesized that the Andes and the Sierras de Córdoba (SDC) support a
favorable environment for deep convection and rapid upscale growth of MCSs in subtropical South America
(Rasmussen & Houze, 2011, 2016; Romatschke & Houze, 2010). Westerly flow over the Andes induces lee
cyclogenesis, which strengthens the pressure gradient and enhances the South American Low‐Level Jet (Vera
et al., 2006), that transports moisture from the Amazon into the region. The South American Low‐Level Jet
collides with the SDC and other Andes foothills, and convection rapidly develops, leading to extreme weather
across the higher terrain as well as farther east across the La Plata Basin as MCSs propagate off the terrain.

The collocation of deep convection and high lightning flash rates in subtropical South America was studied by
Rasmussen et al. (2014) who analyzed the spatial and temporal patterns of lightning associated with different
convective storm modes. They found lightning flash rates are highest in the deepest and widest convection, which
occurs along the SDC in the late evening and early morning hours (20–02 LT). Other studies from the U.S. and
Australia have similarly found high correlations between deep convection and lightning (Williams et al., 1992;
Zipser & Lutz, 1994). Unfortunately, satellite studies of deep convection in subtropical South America were not
able to capture the individual storm life cycles, given the low Earth orbit of TRMM. To collect higher spatial and
temporal resolution data of intense deep convection in subtropical South America, several instruments were
deployed to Córdoba, Argentina as part of the Remote sensing of Electrification, Lightning, And Mesoscale/
microscale Processes with Adaptive Ground Observations (RELAMPAGO; Nesbitt et al., 2021) and Cloud,
Aerosol, and Complex Terrain Interactions (CACTI; Varble et al., 2021) field campaigns. The intensive
observing period (IOP) of RELAMPAGO and CACTI occurred in November and December of 2018, but some
instruments continued to operate through April 2019. This IOP timing corresponds to the most intense lightning
activity over the SDC (Rasmussen et al., 2014).

One of the key platforms deployed during RELAMPAGO was a very high frequency (VHF) lightning mapping
array (LMA; Rison et al., 1999) operated by National Aeronautics and Space Administration George C. Marshall
Space Flight Center (Lang et al., 2020). This was a regional ground‐based total (in‐cloud and cloud‐to‐ground)
lightning observing platform deployed in subtropical South America that had very high lightning detection ef-
ficiency with the goal of validating satellite‐based lightning observations, particularly from the Geostationary
Lightning Mapper (GLM; Goodman et al., 2013; Rudlosky et al., 2019) onboard GOES‐16. Lang et al. (2020)
provided an initial overview of the data collected by the LMA network. They found flashes occur most frequently
at 10 km in height, have areas of 0–50 km2, and last for less than 0.5 s. Additionally, the diurnal cycle of flashes is
bimodal with peaks at 17 and 00 LT. This diurnal cycle matches well with previous satellite studies (Rasmussen
et al., 2014; Ávila et al., 2015) but provides a more temporally cohesive picture of how flashes evolve within
storms.

This work aims to further analyze flash characteristics observed by the RELAMPAGO LMA as a function of
storm mode based on ground‐based radar observations, similar to the analysis done by Rasmussen et al. (2014)
using LIS and OTD. These three‐dimensional storm modes represent the most extreme vertical and horizontal
components of storms and provide valuable information regarding the life cycle of convective events, including
MCSs, in the region. In addition to a campaign‐wide analysis of storm modes and associated flash characteristics,
a detailed analysis of the evolution of lightning and microphysics associated with the 13–14 December 2018 MCS
is presented. The goal of this case study analysis is to demonstrate the wide variety of flashes that can occur within
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a single convective system, and how rapidly flash characteristics can change with radar‐derived microphysical
properties such as graupel volume and ice water path (IWP). Several aspects of this case have been studied in
depth by Rocque and Rasmussen (2022) and Rocque (2023), including the impact of the Andes and SDC on the
synoptic‐scale environment and convective characteristics. Rocque and Rasmussen (2022) found that the Andes
play a significant role in the development of the MCS by creating a lee cyclone near the SDC and enhancing the
South American Low‐Level Jet. Rocque (2023) also showed that several back‐building episodes of deep con-
vection are related to the collision of cold pools with the SDC. Our goal is to extend this research by analyzing the
electrical and microphysical properties of these storms to better understand why convection and associated
lightning in this region are so intense.

2. Data and Methodology
2.1. Radars

The Colorado State University C‐band, dual‐polarization radar (CHIVO) is used in this analysis to identify PFs
(see Section 2.2) and better understand the microphysical characteristics of storms in subtropical South America.
CHIVO was deployed near Córdoba, Argentina for the RELAMPAGO field campaign from 10 November 2018
through 31 January 2019 (Arias et al., 2019). The radar conducted 360° plan position indicators (PPIs), 135°
sector scans (SEC), and range height indicators (RHIs), with update cycles every 5–10 min depending on pre-
cipitation events within the 150 km range. Due to its proximity to the SDC, CHIVO is blocked below 1–1.5°
elevation to the west (∼240–300° azimuth). There is also significant clutter at the lowest elevations to the north
and east of CHIVO that is addressed in the quality‐control (QC) process.

After data collection, a QC procedure was developed and applied to the CHIVO dataset. This procedure included
azimuth, attenuation, and differential reflectivity corrections, and the application of normalized coherent power
and correlation coefficient thresholds to remove non‐meteorological data and clutter. An additional QC pro-
cedure was applied to the 13–14 December 2018 strongly forced MCS case to remove remaining clutter
associated with the SDC. The removal of clutter was achieved by running the National Center for Atmospheric
Research (NCAR) particle identification (PID) algorithm (Vivekanandan et al., 1999). The NCAR PID algo-
rithm was used because it has specific categories for non‐meteorological echoes including insects, second trip,
and clutter.

After QC was performed, the PPI and SEC data were interpolated to a 1 km horizontal resolution and 0.5 km
vertical resolution grid using the Radx2Grid application in the Lidar Radar Open Software Environment (LROSE;
Bell et al., 2022). This method uses three‐dimensional linear interpolation and is best suited for fixed, ground‐
based radars (Miller & Fredrick, 1999). After the data were gridded, a hydrometeor identification (HID) algo-
rithm developed for C‐band radar (Dolan et al., 2013) was applied to the interpolated dataset. Soundings from the
Atmospheric Radiation Measurement Mobile Facility (AMF1) near Villa Yacanto (about 75 km southwest of
CHIVO) were matched with the closest CHIVO time to retrieve the temperature profile. The HID algorithm
categorizes data into 10 groups, but this work is focused on bulk microphysical characteristics related to lightning.
Thus, we classify the data into three groups: graupel and hail, snow, and ice. The graupel and hail category
contains low density graupel, high density graupel, and hail, while the snow category contains wet snow and
aggregates, and the ice category contains ice crystals and vertically aligned ice. While these three bulk categories
are all forms of ice, all discussion of ice mass and/or volume hereafter is specifically referring to ice crystals and
vertically aligned ice. After the data is categorized, Z‐M relationships are applied to calculate hydrometeor
masses. These relationships were first derived by Heymsfield and Palmer (1986) and Heymsfield and
Miller (1988) and have been used in other lightning studies including Deierling et al. (2008):

Mgraupel = 0.0052 × Z0.5 (1)

Mhail = 0.000044 × Z0.71 (2)

Msnow/ice = 0.017 × Z0.529 (3)

where M is in g m−3 and Z is in mm6 m−3. All hydrometeor categories are then vertically integrated through the
column above −5°C to retrieve IWP (kg m−2). Other Z‐M relationships have been derived in different regions of
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the world including the U.S. and Japan, but none have been developed in subtropical South America. Deierling
et al. (2008) compared several different Z‐M relationships and found that although the magnitudes of graupel and
ice mass can vary (sometimes by up to 1–2 orders of magnitude), the trends of masses are all the same. Thus, we
use the same Z‐M relationship used in Deierling et al. (2008) which is based on convection in the U.S.

2.2. Storm Mode Identification

To better understand how lightning varies with different storm modes, a PF identification algorithm, developed by
Rocque (2023), was employed. This algorithm is based on previous algorithms used in TRMM satellite studies
(Liu et al., 2008; Liu & Zipser, 2013; Nesbitt et al., 2000, 2006) and works by fitting an ellipse to the region of
interest. In this work, PFs are identified where contiguous echoes of 3–5 km MSL composite reflectivity are
greater than 0 dBZ. The height threshold of 3 km was chosen to remove any impacts from remaining clutter and to
eliminate any biases that may have been introduced from full or partial beam blockage due to the SDC. A
convective/stratiform partitioning based on the Steiner et al. (1995) algorithm was applied to the gridded CHIVO
dataset also from 3 to 5 km MSL. The upper height threshold of 5 km is the approximate height of the melting
level. Radar statistics associated with each PF are then calculated including echo top height and area. Radar
parameters that are related to lightning are also calculated including graupel, hail, snow, and ice mass and
volumes.

In addition to PFs, three‐dimensional storm modes are also identified to more closely track storm characteristics
in space and time. These storm modes have been used in TRMM satellite studies (Houze et al., 2007, 2015;
Rasmussen & Houze, 2011, 2016; Romatschke & Houze, 2010) and ground‐based studies (Rocque, 2023;
Zuluaga & Houze, 2013) to evaluate the life cycle of MCS events. For this analysis, we use the strong‐intensity
storm thresholds defined in Houze et al. (2015). Deep convective cores (DCCs) have 40‐dBZ convective echoes at
least 10 km above MSL, wide convective cores (WCCs) have contiguous 40‐dBZ convective areas greater than
1,000 km2, and broad stratiform regions (BSRs) have contiguous stratiform areas greater than 50,000 km2.
Additionally, if a feature satisfies both DCC and WCC criteria, it is considered a deep and wide convective core
(DWCC). Radar statistics including feature area are also output for each storm mode. Given the size of the
CHIVO radar domain, the size threshold associated with BSRs was modified to 10,000 km2 for this study as was
done in Rocque (2023). This PF identification algorithm was applied to the CHIVO gridded dataset which in-
cludes PPI and SEC scans. SEC scans account for approximately 20%–25% of the entire dataset and were most
often scanning over the SDC (200–300° azimuth) when deep convection was nearby. Although the dataset is
biased with more samples to the west, we decided to include SEC scans in the analysis because deep convection
and the flashes associated with deep convection would have otherwise been underrepresented.

2.3. LMA

Ground‐based observations of lightning were collected by a LMA (Rison et al., 1999) which was deployed near
Córdoba, Argentina as part of the RELAMPAGO field campaign (Lang et al., 2020). The LMA consisted of 11
stations which were operating from November 2018 through April 2019, and it detects electromagnetic radiation
emitted by lightning at VHF. LMA‐detected VHF sources were mapped in three dimensions using a time‐of‐
arrival technique (Proctor, 1971), where at least 6 stations detected the source and the chi‐square goodness of
fit value (Thomas et al., 2004) was less than 5.0 (Lang et al., 2020). Lang et al. (2020) tested a variety of other chi‐
square values and station requirements but found this combination was the best minimum threshold. Due to the
station configuration, horizontal errors in location within 100 km of the network are estimated to be less than
100 m while vertical errors are less than 1 km. After sources were mapped, they were clustered into flashes if they
were within 150 ms or 3 km of each other (Fuchs et al., 2016; Lang et al., 2020). This was accomplished with the
lmatools software developed by Bruning et al. (2014). The maximum duration allowed for a flash was 3.0 s, which
Lang et al. (2020) found was appropriate given the longest flash observed in their dataset was 2.6 s and did not
appear to be split. Megaflashes are known to occur in this region though, and a megaflash detected by GLM in
March of 2019 was also partially mapped by the LMA (Peterson et al., 2020). While these flashes are likely rare in
this dataset, it is possible that flashes occur for longer than 3.0 s.

Flash characteristics including centroid location, area, duration, and total energy are analyzed for each PF and
three‐dimensional storm mode identified by CHIVO. A flash was considered part of a PF or storm mode if the
centroid was within the PF or storm mode bounds anytime during the radar scan. Flashes that occurred outside of
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the PPI or SEC scans were not included in the analysis. Flash rates are also analyzed for the case study and are
calculated by summing the number of flashes centered within each PF over the time between the current and next
radar scan, and dividing by the scan cycle, usually 10 min.

2.4. GLM

One purpose for the deployment of the LMA during RELAMPAGO was to provide ground‐based validation of
GLM onboard GOES‐16. Thus, we briefly compare flash characteristics between LMA and GLM for the case
study. GLM detects lightning emissions at 777.4 nm through its 1,372 × 1,300 pixel Charge Coupled Device focal
plane (Goodman et al., 2013). The footprint of GLM varies from 8 km at nadir to 14 km at the edges and is roughly
10 km over subtropical South America. Lightning pulses that occur within a footprint over 2 ms are called an
event. The Lightning Cluster and Filter Algorithm LCFA then clusters simultaneous and adjacent events into
groups. Groups are then clustered into flashes if they occur within 330 ms or 16.5 km from one another (Goodman
et al., 2013). Due to the real‐time nature of the LCFA, longer flashes (>3 s or more than 101 groups) can be split
up. To account for these megaflashes, we use the L2‐CIERRA product which regroups flashes using larger
duration and area thresholds, allowing for longer flashes (Peterson, 2019a, 2019b, 2021b).

After comparing LMA flash centroid locations with GLM flash centroid locations for a few cases, it was
determined an additional parallax correction needed to be applied to the GLM data. The level 2 cloud top height
product from the GOES‐16 Advanced Baseline Imager (Schmidt et al., 2017) was used to calculate the median
cloud height across the CHIVO radar domain. This height was then used to adjust the latitude and longitude of the
flash centroids using equations described in Vicente et al. (2002). GLM flashes that were located within PFs
identified by CHIVO for the 13–14 December case were then analyzed.

3. Campaign‐Wide Lightning Statistics
3.1. Overview

A campaign‐wide analysis of lightning characteristics associated with storm modes identified by CHIVO is
presented first. Figure 1 shows a time series of LMA lightning flashes with at least 10 sources within 100 km of
the network collocated with PFs identified by CHIVO during the RELAMPAGO time period. Several cases are
easily identified, including the multi‐day supercell‐MCS event on 10–12 November (IOPs 4 and 5), the 13–14
December MCS (IOP17) and the 25–26 January MCS which exhibited the deepest convective core from the
entire campaign (40 dBZ echo >20 km). In fact, the latter two cases have the highest lightning flash counts during
the time frame, consistent with findings from Lang et al. (2020). In addition to flash counts, graupel and hail
volumes identified by CHIVO are also shown. Graupel and hail volume tracks well with flash counts, particularly
in December and January. However, graupel and hail volumes are much higher in the beginning of November
compared to the relative number of flashes observed. One possible reason for this lower number of flashes is that
the number of operational LMA stations was less than 10 until around 26 November (Lang et al., 2020). In
particular, only 7 stations were operational during the 10–12 November IOPs. While this is above the minimum
number of stations needed to detect a flash in this analysis (6), there is a drop in the number of flashes detected
when fewer stations are operational. Thus, fewer flashes were detected by the LMA network in early November.

3.2. Storm Modes

The identification of storm modes, and the lightning flashes associated with them, provides insight into the life
cycle of convective systems in the region. Previous analysis of lightning frequency in central Argentina has
shown that flashes associated with deep convection occur most frequently over the higher terrain, including the
SDC, in the evening hours (Rasmussen et al., 2014). Using high spatial and temporal resolution data from the
LMA network, the location and timing of lightning flashes with at least 10 sources associated with storm modes
observed during RELAMPAGO within 100 km of the LMA network are analyzed. We also analyzed lightning
flashes with 3–10 sources and found similar results in the timing and location of these flashes. To understand how
flashes vary within PFs and storm modes, the location of features identified by CHIVO is also analyzed. Figure 2
shows the frequency map of PF and storm mode locations (left) and LMA flashes with at least 10 sources centered
within a PF or storm mode (right). The greatest number of pixels associated with a PF occur just downstream of
the highest terrain of the SDC (Figure 2a). Lightning flashes associated with these PFs occur most frequently in
the same area, although slightly offset to the east (Figure 2b). This slight discrepancy could indicate that cells
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initiate along the highest terrain of the SDC, but do not develop deep enough to produce lightning until later in
time. This location of higher lightning flashes corresponds well with the highest frequency of DCCs and DCC
flashes (Figures 2c and 2d). Nearly 30% of all flashes identified within a PF are also identified within a DCC
(Table 1). Additionally, on average there is one flash every 2.4 km2 within DCCs. In contrast, fewer pixels are
associated with WCCs, and there is a broad maximum in WCCs along the SDC in the western portion of the
CHIVO domain (Figure 2e). Fewer flashes are associated with WCCs too, and there are scattered pockets of WCC
flashes with a larger maximum near the radar center about 25 km east of the SDC (Figure 2f). Very few WCCs
were identified during RELAMPAGO, and the average flash density is about one flash per 67 km2 (significantly
smaller than DCCs). DWCCs, on the other hand, have a higher flash density with one flash observed every
2.8 km2 on average. The majority of DWCCs occur along the SDC but can be observed 25–50 km downstream of
the SDC as well (Figure 2g). Interestingly, the most flashes associated with DWCCs occur slightly north of the
radar center off the terrain (Figure 2h). These flashes are east of DCC flashes, consistent with the upscale growth
of MCSs off the terrain with the highest flash rates along the topography (Rasmussen et al., 2014). About 19% of
all flashes identified within a PF are also associated with a DWCC (Table 1). Finally, BSRs are widespread across
the domain, but BSR flashes have a maximum about 50–100 km east of the SDC (Figures 2i and 2j). This pattern
is also consistent with the upscale growth of MCSs off the terrain. On average, one flash is observed every
345 km2 within BSRs, and flashes associated with BSRs account for just over 10% of all flashes (Table 1). One
caveat with the identification of storm modes is that there are only two categories in the Steiner et al. (1995)
algorithm. Several thresholds need to be met for an area to be classified as convective, but there are no thresholds
for an area to be considered stratiform, so the stratiform classification can be overestimated. Some flashes occur
along the edge of convection, which the algorithm will classify as stratiform and which could be incorporated into
BSRs. A third classification between convective and stratiform such as “mixed” would likely reduce the number
of stratiform flashes but is currently beyond the scope of this study. Additionally, this study uses the flash centroid
to group flashes based on storm modes. If a flash initialized in a convective region but propagated away from
convection, it could be considered a stratiform flash. To investigate this effect further, a sensitivity test was
performed where flashes were identified using their initialization points instead of centroid points. While the total

Figure 1. Time series of LMA flashes (≥10 sources; black) and graupel and hail volume (green; km3) associated with CHIVO PFs within 100 km of the LMA network.
Gray regions indicate when the radar was turned off.
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Figure 2. (left) Location of pixels associated with (a) PFs, (c) DCCs, (e) WCCs, (g) DWCCs, and (i) BSRs. (right) Location of LMA flashes with at least 10 sources
centered within (b) PFs, (d) DCCs, (f) WCCs, (h) DWCCs, and (j) BSRs for the CHIVO dataset. The total number of pixels (left) and flashes (right) is shown in the upper
right of each plot. The 500 and 2000 m terrain contours are shown in black, the “+” indicates the location of CHIVO, and the analysis is limited to within 100 km of the
LMA network.
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number of flashes did change for each storm mode with this method detecting more DCC and DWCC flashes and
less BSR flashes, the spatial distributions of the flashes were still similar.

To analyze the diurnal cycle of flashes associated with storm modes, the timing of PFs and flashes and their
location relative to the SDC are shown in the time‐longitude plots in Figure 3. The main maximum in PFs occurs
around 04–06 UTC (01–03 LT) and extends from the higher terrain of the SDC to the Plains (Figure 3a). The
maximum in lightning flashes for all PFs occurs along the edge of the SDC in the afternoon hours (14–17 LT;
Figure 3b). This maximum extends along the SDC and to the east of the SDC. A secondary maximum occurs
around midnight local time farther east. There is a minimum in lightning flashes that occurs in the morning hours
from 05 to 09 LT. This diurnal cycle agrees with that found by Lang et al. (2020) using the full LMA dataset.
DCCs are mostly found along the SDC in the afternoon hours as well (14–19 LT; Figure 3c). DCC flashes occur in
a similar location, although slightly more east, and also are most frequently observed in the afternoon (Figure 3d).
The main peak in WCCs occurs in the early morning hours around 04–08 UTC (01–05 LT) and is fairly wide-
spread over the lower terrain of the SDC (Figure 3e). Interestingly, WCC flashes tend to occur at the beginning of
WCC development around 01 LT and are observed farther east off the terrain (Figure 3f). WCCs could represent a
transition phase from deep convection to stratiform. Early in the WCC life cycle, lightning flashes are still high
from the decaying deep convection. As the WCC continues to evolve though, lightning flashes decrease, and more
back‐building along the SDC may be observed. Indeed, DWCCs are observed most frequently an hour or two
before WCCs around midnight local time (Figure 3g). These features have a strong connection to the terrain, as
was observed in Figure 2g. Lightning flashes associated with DWCCs align well with DWCC pixels (Figure 3h).
Two maxima in DWCC flashes are identified, one maximum around 18–20 LT downstream of the SDC and a
second wider maximum that extends from the highest terrain of the SDC to the eastern edge of the SDC around
midnight local time. This again highlights the upscale growth and movement of features off the terrain from deep
convection to deep and wide convection to wide convection. Finally, BSRs are most prevalent in the early
morning hours and extend from the SDC to 100 km east (Figure 3i). About 60% of all pixels associated with a PF
are also associated with a BSR which explains why the distributions in Figures 3a and 3i are similar. Stratiform
flashes similarly occur throughout most of the day but have two frequency maxima in the early afternoon hours
and in the early morning hours (Figure 3j). The first maximum in the afternoon begins west of the SDC around
noon local time and extends to the eastern edge of the SDC around 16 LT. This maximum is mainly associated
with one case, 6 January 2019. The second maximum that occurs around midnight and extends through 04 LT is
associated with MCSs that have propagated eastward over the Plains. These results generally agree with Ras-
mussen et al. (2014), although the hotspot in DCC flashes is shifted later in the evening in their analysis.

Distributions of flash area, flash duration, flash energy, and flash height are also examined to provide insight into
the electrical characteristics of each storm mode (Figure 4). In terms of flash area, the majority of all flashes
identified with each storm mode occur within the first bin (0–100 km2). This agrees well with Lang et al. (2020),
as well as with storms observed in the U.S. in Washington D.C., northern Alabama, and eastern Colorado (Fuchs
et al., 2016). Upon further investigation, we find that flashes associated with WCCs (Figure 4b) and BSRs
(Figure 4d) have higher mean flash areas (43.4 and 79.6 km2, respectively) compared to DCCs (Figure 4a) and
DWCCs (Figure 4c; 14.7 and 15.8 km2, respectively). The opposite is true when looking at flash durations. The
most frequent flash duration is between 0.1 and 0.3 s, which is also similar to storms in the U.S (Fuchs
et al., 2016). The mean flash duration for DCCs (Figure 4e) and DWCCs (Figure 4g) are 0.275 and 0.288 s,
respectively. The mean flash durations for WCCs (Figure 4f) and BSRs (Figure 4h) are 0.240 and 0.239 s,
respectively. Although the average flash duration is lowest in BSRs, the maximum flash duration of 2.6 s was
associated with a BSR flash. The distribution of flash energy is most similar to the distribution of flash area. This
makes sense as the flash energy is proportional to flash area (Bruning & MacGorman, 2013). The majority of

Table 1
Number of Flashes Associated With Each Feature (PF, DCC, WCC, DWCC, BSR), the Average Feature Area (km2), and the
Percentage of Total Flashes

PF DCC WCC DWCC BSR

Number of flashes 705,027 202,674 3,145 133,456 74,965

Average feature area (km2) 893 175 1,787 2,023 23,610

Percentage of total flashes 28.70% 0.40% 18.90% 10.60%
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Figure 3. Time‐longitude plots of (left) (a) all PFs, (c) DCCs, (e) WCCs, (g) DWCCs, and (i) BSRs and (right) LMA flashes
with at least 10 sources centered within (b) PFs, (d) DCCs, (f) WCCs, (h) DWCCs, and (j) BSRs for the CHIVO dataset. The
total number of pixels (left) and flashes (right) is shown in the upper right of each plot. The average terrain profile across the
CHIVO latitude band is shown in dark brown and a terrain height axis is included for reference. The local time (UTC‐3) is
shown on the right axis.
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flashes produce 1 GJ of energy, while the maximum energy produced was 662 GJ associated with a BSR flash.
Mean flash energies are 6–11 GJ lower, on average, in DCCs (Figure 4i) and DWCCs (Figure 4k) compared to
WCCs (Figure 4j) and BSRs (Figure 4l). Finally, the highest frequency of flash centroid heights occurs at 10–
12 km, consistent with analysis from Lang et al. (2020), and with storms observed in Washington D.C. and
northern Alabama (Fuchs et al., 2016). DCCs (Figure 4m) and DWCCs (Figure 4o) have higher mean flash
heights compared to WCCs (Figure 4n) and BSRs (Figure 4p). Additionally, there is a secondary relative
maximum in flash heights observed in WCCs and BSRs at around 6 km. This was also noted in Lang et al. (2020),
who attributed this secondary maximum to anomalous polarity storms and stratiform flashes. Indeed, the flash

Figure 4. Histograms of (a–d) flash area (km2), (e–h) flash duration (s), (i–l) flash energy (GJ) and (m–p) flash centroid height (km) for flashes centered within DCCs
(red; first row), WCCs (blue; second row), DWCCs (purple; third row), and BSRs (yellow; fourth row) for the CHIVO dataset. Mean, median, and maximum values are
shown in the upper right of each panel and the number of flashes is shown at the top of each column.
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height distribution associated with BSRs is shifted toward lower heights
compared to distributions from convective storm modes, consistent with
lower cloud top heights and horizontally extensive charge regions (Stolzen-
burg et al., 1994, 1998).

3.3. RELAMPAGO Lightning Summary

Flashes associated with PFs and storm modes observed by CHIVO were
analyzed for the RELAMPAGO time frame. The location and timing of flashes
associated with storm modes agrees fairly well with previous research using
satellite‐based observations (Rasmussen et al., 2014). DCC flashes occur
along the higher terrain of the SDC in the early afternoon and evening hours.
They are typically smaller in size and occur higher in the convection. DWCC
flashes occur along the eastern edge of the SDC and are most frequent over-
night, consistent with the life cycle of MCSs. These flashes also tend to be
smaller and occur higher in the convection. WCC flashes, although infrequent,
occur farther east compared to deep convective flashes, and they tend to be
larger in size, have larger energy associated with them, and occur slightly
lower in the storm. Finally, BSR flashes occur most frequently 50–100 km east
of the SDC in the early morning hours. These flashes have large footprints,
produce large amounts of energy, and occur more frequently at lower altitudes.
These characteristics are consistent with previous studies based on U.S. storms
(Bruning et al., 2019; Bruning & MacGorman, 2013; Mecikalski et al., 2015).

Several IOPs and convective episodes with upscale growth stood out in the
time series of flash counts, including the 13–14 December 2018 case (Figure
1). About 16% of all flashes that were associated with CHIVO PFs occurred
during this case, as well as 8.2% of all DCC flashes, 43.1% of all DWCC
flashes, and 9.1% of all BSR flashes. We further examine this case to better
understand the electrical characteristics of some of the most intense con-
vection on Earth.

4. Case Study: 13–14 December 2018 MCS
4.1. Overview

The 13–14 December 2018 case featured a severe MCS that was associated
with hail, flooding, and high lightning flash rates in the Córdoba region.
Detailed analyses of the synoptic and mesoscale characteristics of this case
can be found in Rocque and Rasmussen (2022) and Rocque (2023). This case
occurred under strong synoptic flow, including a deep upper‐level trough, a
strong South American Low‐Level Jet, and a strong cold front (Rocque &
Rasmussen, 2022). DCCs and DWCCs were prevalent across the case and
volumetric rain rates were particularly high (Rocque, 2023).

Spatial maps of reflectivity and graupel and hail mass summed for temper-
atures colder than −5°C are shown in Figure 5. At 0000 UTC on 14
December, one isolated cell is visible off the southern SDC (Figure 5a). This
cell has 40‐dBZ echoes that extend to 10 km height and is associated with
graupel and hail mass above 2.0 × 107 kg and peaks of 4.0 × 107 kg

(Figures 5a and 5b). Two hours later, the convective line develops just south of Córdoba (Figure 5c). There is also
a larger system to the southwest, and the graupel and hail mass is mostly concentrated over the SDC, with a larger
area of above 2.5 × 107 kg (Figures 5c and 5d). At 0400 UTC, a large MCS has developed across the radar domain
(Figure 5e). There are pockets of higher graupel and hail mass (>4.0 × 107 kg) that align well with the deepest
convection (Figures 5e and 5f). By 0600 UTC, the majority of the MCS has moved to the northeast out of the radar
domain (Figure 5g). There are still some intense lines of convection that remain tied to the SDC related to back‐
building characteristics that are also associated with enhanced graupel and hail (Figures 5g and 5h).

Figure 5. 3–5 km MSL composite reflectivity (left) and graupel and hail mass
summed above the −5°C level (right) every two hours starting at 0000 UTC
on 14 December. 40‐dBZ echoes at 10 km above MSL are shown in the navy
contours while the 500 and 2000 m terrain contours are shown in black. The
“+” indicates the location of CHIVO.
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The evolution of lightning flashes throughout the MCS is shown in Figure 6. At first glance, LMA and GLM flash
locations and timing appear to agree well. There is an isolated cell that develops off the southern SDC on 13
December and moves eastward out of the domain (Figure 5a). While there are a few GLM flashes that occur in the
southern portion of the domain before 01 UTC, there are much more LMA flashes. An intense line of convection
then rapidly develops around 0130 UTC south of Córdoba along the SDC (Figure 5c). This convective line
quickly grows upscale into a large MCS by 0230 UTC and continues to propagate to the northeast until it exits the
radar domain around 0800 UTC. The LMA observes much smaller flashes over the SDC, likely associated with
deeper convection. Larger LMA and GLM flashes are observed farther east toward the Plains.

4.2. Microphysics

Lightning forms as a result of the separation of charged particles within the atmosphere. Hydrometeors such as
graupel and ice crystals carry different charges depending on several different factors including temperature,
liquid water content, and particle size (Ávila & Pereyra, 2000; Reynolds et al., 1957; Saunders & Peck, 1998;
Takahashi, 1978). Knowing what type of hydrometeors are present in the mixed phase and where they occur is
critical for better understanding the electrical characteristics of convective storms. Thus, microphysical param-
eters calculated above the −5°C level including 35‐dBZ volume, IWP, and graupel, hail, snow, and ice mass and
volumes were derived from CHIVO and compared with lightning observations. The evolution of PF total
microphysical and electrical characteristics is shown in Figure 7. IWP, 35‐dBZ volume, graupel and hail volume
and mass, and snow and ice mass increase from the start of the event to their maximum around 0230–0300 UTC
on 14 December (Figures 7a and 7b). This corresponds to increases in LMA flash rates, with a large jump
occurring between 0130 and 0250 UTC, particularly for the smaller flashes (3–10 sources; Figure 7d). GLM flash
rate also increases during this period, but the rates are much lower than LMA flash rates (Fuchs, 2017). The most
rapid increase actually occurs with GLM event rates. After around 0300 UTC, flash rates start to decrease, along
with 35‐dBZ volume and graupel and hail mass and volume. Meanwhile, snow and ice volume peaks around 0430
UTC and then steadily declines afterward (Figure 7c). IWP also decreases, but not as steeply as the graupel and
hail components, highlighting the presence of more snow and ice aloft. PF total LMA flash areas reach maximum
values after the peak in flash rates, around 0330–0530 UTC (Figure 7e). LMA total flash energy follows a similar
trend as flash area (Figure 7f). Interestingly, PF total GLM flash area and optical energy reach maximum values
around 0230 UTC, consistent with the maximum in flash rates (Figures 7d–7f; Fuchs, 2017). Average LMA and
GLM flash durations tend to increase throughout the MCS life cycle, consistent with the transition from con-
vection to stratiform (Figure 7g).

Figure 6. Location of (a) LMA flash centroids and (b) GLM flash centroids during the 13–14 December 2018 case. Markers are colored by time (UTC) and sized by flash
area (km2). The 500 and 2000‐m terrain contours are plotted in black.
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The location of hydrometeors within the cloud can provide insight into the charge structure of the storm and
lightning characteristics. Thus, the evolution of hydrometeors through the MCS life cycle by height is examined.
Early in the time period when more isolated cells are developing, graupel, hail, snow, and ice masses are relatively
low (Figure 8). There is an increase in flash rates, particularly for LMA flashes, as well as an increase in the 0‐dBZ
and 40‐dBZ echo top heights. As the convective line develops around 0130 UTC, flash rates start to increase
considerably. Additionally, graupel and hail mass increases near the freezing level, with maximum values
reaching to about 7 km (Figure 8a). This coincides with LMA flash rates of 550 flashes min−1 at 0230 UTC. Ice

Figure 7. Time series of (a) PF area (km2; solid black), 35‐dBZ volume (km3; dashed red), and IWP (kg m−2; dotted gray), (b) graupel and hail mass (kg; dashed light
green) and volume (km3; solid green), (c) snow and ice mass (kg; dashed light blue) and volume (km3; solid blue), (d) LMA flash rates (≥10 sources, min−1; solid navy,
3–10 sources, min−1; dashed navy), GLM flash rates (min−1; magenta), GLM group rates (min−1; dashed pink) and GLM event rates (min−1; dotted pink), (e) LMA
flash area (km2; solid brown) and GLM flash area (km2; dashed brown) summed over each PF, (f) LMA flash energy (GJ; solid orange) and GLM flash energy (fJ;
dashed orange) summed over each PF, and (g) LMA average flash duration (s; solid blue‐purple) and GLM average flash duration (s; dashed blue‐purple) during the 13–
14 December 2018 case. All parameters shown here are summed or averaged across the PFs observed at each volume scan of the radar.

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039520

ROCQUE ET AL. 13 of 20

 21698996, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039520, W
iley O

nline Library on [12/03/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



mass also begins to increase at this time and has peak values just before 0300 UTC centered around 9–10 km
(Figure 8c). The mean flash height observed by the LMA is also around 10 km during this time. Snow mass is
highest around 0300–0500 UTC and extends from the melting level to around 10 km (Figure 8b). After the peak in
lightning flash rates occurs around 0230 UTC, flash rates decrease steadily, as do the 0‐dBZ and 40‐dBZ echo
tops. GLM flash rates follow a similar trend as LMA flash rates but are much smaller. This could be due to optical
attenuation caused by hydrometeors, especially ice, above the mean flash height (Fuchs, 2017; Rutledge
et al., 2020).

As shown in previous studies (e.g., Bruning et al., 2007; Bruning & Thomas, 2015; Mecikalski et al., 2015), the
temporal progression of flash characteristics trends shown in Figures 7 and 8 clearly serve as an indicator of the
stage in the life cycle of a storm and can be divided into three distinct intervals as suggested by Bruning et al. (2007).
Initially, as the convection becomes established (2300–0100 UTC), flash rate slowly increases (Figure 7d), flashes
propagate more vertically within the updraft, and flash centroids are lower in height (mean at or below 8 km;

Figure 8. Time series of (a) graupel and hail mass by height (kg; shaded), (b) snow mass by height (kg; shaded), and (c) ice
mass by height (kg; shaded) for the 13–14 December 2018 case. Hydrometeor masses are summed above the −5°C level.
Each plot also shows the mean LMA flash height (km; blue) with ±one standard deviation shaded, 40‐dBZ echo top height
(km; gold), echo top height (km; cyan), LMA flash rate (min−1; solid black), and GLM flash rate (min−1; dashed black).

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039520

ROCQUE ET AL. 14 of 20

 21698996, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039520, W
iley O

nline Library on [12/03/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Figure 8), leading to relatively small flash area and shorter flash durations (Figure 7g). Subsequently, a modulation
period ensues (0100–0200 UTC), when flash rates and LMA flash areas and durations decrease. However, the
height of the flash centroids increases (mean reaches 11 km; Figure 8), indicating an increase in the height of charge
centers and predominance of intracloud lightning closer to the cloud top. This shift in flash heights closer to cloud
top may be the reason why GLM shows the opposite trend in this period, with larger flash areas, duration, and
energy (Figures 7d–7g). Emissions from lightning closer to cloud top are more visible from space and thus GLM
detection efficiency is likely greater during this time. The sharp increase in lightning flash rates occurs thereafter,
when a continuous column of graupel and hail mass greater than 5.0 × 109 kg is observed from 5 to 12 km in height
(Figure 8a), sustaining higher flash rates for one hour (0130–0230 UTC). Following this (after 0330 UTC), the
MCS enters its decay phase. Flash area and duration continue to be large, with flash centroids in a broader range of
heights (increased standard deviation observed in Figure 8). Examining the energy trends, LMA energy levels are
higher in the decaying stage (after 0330 UTC) while flash rate decreases. This suggests that energy previously
stored within the storm is dissipated with a time delay with the continuation of stratiform precipitation.

It is important to notice that GLM shows a slightly different trend in flash area, duration, and energy. GLM
detection efficiency is dependent on flash height and amount of hydrometeor mass between the flash and cloud
top (Lang, 2023; Peterson, 2021a; Rutledge et al., 2020). GLM flash area and energy (Figures 7e and 7f) peak
before the IWP peak (Figure 7a) and the extended graupel and hail mass column (Figure 8a) around 0300 UTC.
During the decaying stage (after 0330 UTC), flashes detected by the LMA are lower in height, and GLM flash
area and energy decrease.

4.3. Storm Modes

As mentioned earlier, three‐dimensional storm structures that represent the most extreme components of the
storm are analyzed to better understand the evolution of systems, particularly MCSs. To put this case into context
with the entire campaign, the locations and timing of lightning flashes associated with storm modes observed by
CHIVO are shown in Figure 9. Flashes associated with DCCs occur throughout the entirety of the MCS
(Figure 9a). A large number of flashes (>700) occur within the isolated cell in the southern half of the domain
early on 14 December (Figures 9a and 9b). Flashes associated with these DCCs are small in size, short in duration,
and occur lower in the convection compared to later time periods (not shown). A hotspot in flashes south of the
CHIVO radar corresponds to the location of the convective line around 0200–0300 UTC (Figure 5c). Several
flashes are also observed over the highest terrain of the SDC around 0400 UTC. These flashes are also small in
size (0–100 km2) and short in duration. Flashes then move with the deepest convection to the northeast, and
average DCC flash area, duration, and energy increases (not shown).

Flashes that occur within DWCCs are observed from about 0200 UTC to 0800 UTC (Figures 9c and 9d). These
flashes are closely tied to the terrain and move to the northeast with the MCS. Additionally, 46% of all flashes
observed during this event were associated with a DWCC. The highest concentration of DWCC flashes is directly
north of CHIVO right along the edge of the SDC. Average DWCC flash areas are smaller in the developing and
mature phase of the MCS (0130–0400 UTC; 12 km2) compared to later in the MCS life cycle (22 km2). DWCC
flash energy and duration similarly increase through the MCS life cycle (not shown).

BSR flashes occur across the domain from about 0230 to 0700 UTC (Figures 9e and 9f). There are likely more
stratiform flashes that occur through the end of the MCS, but the size threshold for BSRs is not met when the
system exits the domain. The majority of BSR flashes occur about 50–100 km east of the SDC, consistent with the
movement of the MCS toward the east as it matures. These flashes are significantly larger than convective flashes
(on average, 55 km2 vs. 15–20 km2). There is also a subset of BSR flashes that occur lower in the convection
(around 5–6 km) toward the end of the MCS event (not shown). The flash characteristics associated with these
storm modes clearly highlight the life cycle of the MCS.

4.4. Summary

The 13–14 December MCS case produced the most lightning of all cases observed by the LMA network and
CHIVO. A deeper analysis into this case showed that the majority of these flashes were associated with the
deepest, most intense components of the MCS (DWCCs). These flashes were relatively small in size (<100 km2),
generally lasted for 0.3 s, and occurred most frequently around 10 km. A rapid increase in lightning flash rates was
observed and was related to increases in the graupel and hail mass and volume, 35‐dBZ volume, and IWP. The
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time evolution of flash characteristics follows the stage in the life cycle of the MCS and the development over
time of the three storm modes.

Flashes were also identified by GLM and correspond well in time and space compared to the LMA. However,
flash rates observed by GLM were much lower than the LMA. This may be due to the small flash size or the

Figure 9. Location of LMA flashes centered within (a) and (b) DCCs, (c) and (d) DWCCs, and (e) and (f) BSRs for the 13–14 December 2018 case. Markers in the left
panels are colored by time (UTC) and sized by flash area (km2). Total number of flashes observed within a 0.1° × 0.1° pixel are shown in the right panels. The number of
flashes is shown in the upper right of each plot. The 500 and 2000 m terrain contours are shown in black and the “+” indicates the location of CHIVO. No WCCs were
identified during this case.
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occurrence of the flashes around 10 km. The echo top heights are around 18 km, and thus optical attenuation
through the upper part of the cloud is likely. Lang (2023) found GLM detection efficiency during RELAMPAGO
decreased with LMA flash rate and flash height. Additional analysis could be performed to determine if GLM
detection varies based on storm mode.

5. Conclusions
Ground‐based lightning observations in central Argentina were combined with ground‐based radar data to
identify extreme three‐dimensional storm structures and associated lightning characteristics in a variety of events
observed during the RELAMPAGO field campaign. The use of these fixed platforms also allows for high
temporal and spatial resolution analyses of individual storms. General lightning characteristics associated with
each storm mode including location, timing, size, and duration are analyzed for all features identified during
RELAMPAGO. Lightning flashes are most frequently associated with deep and wide convection (DWCCs).
These flashes occur along the eastern edge of the SDC in the overnight hours. The location and timing of these
flashes agrees well with previous studies that have used data from TRMM (Rasmussen et al., 2014). However, the
use of the LMA and ground‐based radar provides more details into the electrification of storms in the region and
their evolution with respect to storm characteristics, microphysics, and detailed lightning flash characteristics. In
particular, flashes in deep convective cores tend to be smaller in size and occur higher within the cloud compared
to flashes within wide convective cores and stratiform areas, which are typically larger in extent and occur lower
within the cloud. These flash characteristics have been documented in other storms, especially in the U.S., but not
in subtropical South America, to our knowledge.

In addition to a campaign‐wide analysis, a case study was analyzed in depth to better understand the relationship
between the electrification and microphysics of MCSs in subtropical South America and demonstrate how these
characteristics can rapidly change throughout the MCS life cycle. The case recorded lightning flash rates
>600 fl min−1 and exhibited sharp increases in lightning associated with storm intensification and the upscale
growth of convection within the MCS. This rapid increase in lightning corresponded to an increase in graupel and
hail mass and volume, 35‐dBZ volume, and IWP. While GLM saw lightning flashes in similar locations, GLM
lightning flash rate was significantly lower than LMA. This may be explained by the high presence of hydro-
meteors in the mixed phased and/or the higher frequency of smaller flashes observed. Results from this case study
show how lightning varies throughout the life cycle of an intense MCS common in subtropical South America.

This work has validated previous studies that have investigated the location and timing of lightning flashes
associated with storm modes and demonstrates the unique nature of convection in subtropical South America.
This is the first analysis of how lightning characteristics such as flash heights, areas, and intensities vary
throughout the storm life cycle in subtropical South America. The use of high‐resolution datasets deployed during
RELAMPAGO has been useful in determining how convection and lightning are influenced by the terrain,
particularly the SDC, in this region. Future work using dual‐Doppler analysis will provide more information on
the updrafts associated with these storms and the relationship between kinematic, microphysics, and electrifi-
cation of storms in subtropical South America. Additional analyses of how lightning characteristics vary with
storm life cycle in other regions of the world such as Colorado in the U.S. should be completed to further evaluate
the uniqueness of convection in subtropical South America.

Data Availability Statement
CHIVO level 1a data is available from the EOL RELAMPAGO database (Arias & Chandrasekar, 2019). LMA
and GLM data are available at the NASA Global Hydrometeorology Resource Center (Lang, 2020; Peter-
son, 2019a, 2019b). GOES‐16 Advanced Baseline Imager data is available on NCEI’s Archive Information
Request System (GOES‐R Algorithm Working Group and GOES‐R Series Program Office, 2018). ARM
sounding data is available from ARM's Data Discovery (Keeler et al., 2022).

Acronyms and Abbreviations
AMF1 ARM mobile facility
ARM Atmospheric Radiation Measurement
BSR broad stratiform region
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CACTI Cloud, Aerosol, and Complex Terrain Interactions
CHIVO CSU C‐band radar
DCC deep convective core
DWCC deep and wide convective core
GLM Geostationary Lightning Mapper
HID hydrometeor identification
IOP intensive observing period
IWP ice water path
LCFA Lightning Cluster and Filter Algorithm
LIS Lightning Imager Sensor
LMA Lightning Mapping Array
MCS mesoscale convective system
MSL mean sea level
NCAR National Center for Atmospheric Research
OTD Optical Transient Detector
PF precipitation feature
PID particle identification
PPI plan position indicator
QC quality‐control
RELAMPAGO Remote sensing of Electrification, Lightning, And Mesoscale/microscale Processes with

Adaptive Ground Observations
RHI range‐height indicator
SDC Sierras de Cordoba
SEC sector
TRMM Tropical Rainfall Measuring Mission
VHF very high frequency
WCC wide convective core
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