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ABSTRACT: The recently deployed GOES-R series Geostationary Lightning Mapper (GLM) provides forecasters with
a new, rapidly updating lightning data source to diagnose, forecast, and monitor atmospheric convection. Gridded GLM
products have been developed to improve operational forecast applications, with variables including flash extent density
(FED), minimum flash area (MFA), and total optical energy (TOE). While these gridded products have been evaluated,
there is a continual need to integrate these products with other datasets available to forecasters such as radar, satellite
imagery, and ground-based lightning networks. Data from the Advanced Baseline Imager (ABI), Multi-Radar Multi-Sensor
(MRMS) system, and one ground-based lightning network were compared against gridded GLM imagery from GOES-East
and GOES-West in case studies of two supercell thunderstorms, along with a bulk study from 13 April to 31 May 2019, to
provide further validation and applications of gridded GLM products from a data fusion perspective. Increasing FED and
decreasing MFA corresponded with increasing thunderstorm intensity from the perspective of ABI infrared imagery and
MRMS vertically integrated reflectivity products, and was apparent for more robust and severe convection. Flash areas
were also observed to maximize between clean-IR brightness temperatures of 210–230 K and isothermal reflectivity at
2108C of 20–30 dBZ. TOE observations from both GLMs provided additional context of local GLM flash rates in each case
study, due to their differing perspectives of convective updrafts.

SIGNIFICANCE STATEMENT: The Geostationary Lightning Mapper (GLM) is a lightning sensor on the current
generation of U.S. weather satellites. This research shows how data from the space-based lightning sensor can be com-
bined with radar, satellite imagery, and ground-based lightning networks to improve how forecasters monitor thunder-
storms and issue warnings for severe weather. The rate of GLM flashes detected and the area they cover correspond
well with radar and satellite signatures, especially in cases of intense and severe thunderstorms. When the GLM
observes the same thunderstorm from the GOES-East and GOES-West satellites, the optical energy (brightness) of the
flashes may help forecasters interpret the types of flashes observed from each sensor.
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1. Introduction

Lightning data can provide a wealth of information for the
operational and severe storms research communities related
to thunderstorm microphysics, convective morphology, severity
potential, and the hazard of lightning itself to the public. The
formation of oppositely charged regions within convective
clouds}which creates the necessary conditions for lightning
flashes to initiate}is driven by the ambient thermodynamic,
kinematic, and microphysical properties imparted on hydrome-
teors. Charge separation of hydrometeors within convective
clouds frequently occurs in the mixed-phase region between
the 2108 and 2408C isotherms, as collisions between ice and
graupel particles in the presence of supercooled liquid water
impart opposing charges on the hydrometeors (Takahashi
1978; Emersic and Saunders 2010). Lightning flashes initiate
between oppositely charged regions (MacGorman et al. 1981;
Williams 1985), and the organization of the electrical potential
controls the frequency and propagation of the flash (Bruning

and MacGorman 2013). The presence of mixed-phase hydro-
meteors for thunderstorm electrification can be inferred from
radar reflectivity at various altitudes (Hondl and Eilts 1994;
Wolf 2006; Mosier et al. 2011) or dual-polarization radar varia-
bles (Woodard et al. 2012; Stolzenburg et al. 2015). Addition-
ally, hydrometeor glaciation driven by convective updrafts
creates cooling cloud tops which are observed from visible,
near-infrared, and infrared satellite imagery (Roberts and
Rutledge 2003; Elsenheimer and Gravelle 2019).

As a thunderstorm intensifies, lightning information pro-
vides insight into key processes related to its increasing sever-
ity potential. Growth of the updraft volume and increasing
graupel mass coincide with rapid increases in lightning pro-
duction, which can be a useful signal of impending hazards
such as large hail, damaging winds, and tornadoes (Williams
et al. 1999; Schultz et al. 2009, 2017). Additionally, trends in
local flash rates are inversely related to the areal extent of
lightning flashes (Bruning and MacGorman 2013; Calhoun
et al. 2014), and an increasing frequency of spatially smaller
flashes can also signal the growing severity potential of a thun-
derstorm (Schultz et al. 2015; Thiel et al. 2020). Features from
radar and satellite imagery can also be used to identifyCorresponding author: Kevin Thiel, kevin.thiel@ou.edu
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intensifying thunderstorms. Intense convective updrafts are
frequently depicted from satellite imagery as decreasing local
minima in infrared brightness temperatures (Roberts and
Rutledge 2003), increasing isothermal areas of anvil shields
(Makowski et al. 2013), overshooting tops (Adler et al. 1983;
Bedka et al. 2010), and above anvil cirrus plumes (Bedka et al.
2018). The lofting of larger hydrometeors above the freezing
level by the updraft can also be observed from increasing ra-
dar reflectivity at key isothermal levels and used to identify
hail formation and precipitation loading as precursors to se-
vere weather occurrence. Also, vertically integrated reflectiv-
ity products provide insight into the strength and severity
potential of convective updrafts, along with their potential to
produce lightning (Greene and Clark 1972; Witt et al. 1998;
Carey and Rutledge 2000), and can be generated in three-
dimensional rapidly updating reflectivity fields for operational
and severe storms research applications (Smith et al. 2016).

Remotely sensed observations of lightning from ground-
based networks have been leveraged by the forecasting and
severe storms research communities (Rison et al. 1999;
Cummins and Murphy 2009). Launch of the first Geostation-
ary Operational Environmental Satellite (GOES)-R series Geo-
stationary Lightning Mapper (GLM) (Goodman et al. 2013) in
2016 provided a new perspective of total lightning observations
across the continental United States (CONUS) from GOES-
East and GOES-West at 758 and 1378W, respectively. The GLM
was designed with an average flash detection efficiency (DE)
over the entire field of view of 70% and a false alarm rate of 5%.
Several data validation efforts have attempted to describe and
quantify the relative quality of GLM data over the CONUS
region (Murphy and Said 2020; Zhang and Cummins 2020;
Bateman et al. 2021), along with providing caveats when ap-
plying these data (Calhoun et al. 2018; Rutledge et al. 2020;
Peterson 2021). Overall, the GLM exceeds the required
70% average DE during both the day and night (Bateman
et al. 2021), with lower detection efficiencies within 2000 km
of the edge of the field of view (Murphy and Said 2020).
Gridded GLM imagery has been developed for research
and operational applications to exploit information from of
the spatial footprint of each lightning flash observed from
the GLM (Bruning 2019; Bruning et al. 2019). These prod-
ucts were evaluated in NOAA’s Hazardous Weather
Testbed from 2018 to 2022 and provided insights into the
operational value of products related to flash density, area,
and optical energy (Calhoun 2019; Thiel and Calhoun 2021;
Thiel 2022).

With two GLMs in geostationary orbit, there is a large re-
gion of sensor overlap from approximately 808 to 1308W. This
provides the opportunity for GLM-to-GLM comparisons of
the same thunderstorms. When comparing GLM data in these
overlap regions, Rudlosky and Virts (2021) found spatial
trends in relative DE and flash characteristics between the
GOES-16 and GOES-17 GLMs. The GOES-16 GLM (here-
inafter GLM16) observes more flashes that are on average
larger and less luminous when compared to the GOES-17
GLM (hereinafter GLM17) east of 1038W, and vice versa
west of 1038W. Further comparisons between the GOES-East
and GOES-West GLMs may provide additional insights into

the variations of GLM data characteristics, their quality, and
their operational forecast applications, especially when com-
bined with other remote sensing observations. This study
examines convection from the perspective of the GOES-East
and GOES-West GLMs, with respect to merged reflectivity
and satellite imagery datasets, in an attempt to identify key ap-
plications and caveats when using these datasets for severe
thunderstorm identification and monitoring. Intercompari-
sons between datasets were examined through two case
studies of discrete supercells in Kansas (24 May 2019) and
Alabama (25 March 2021), along with a bulk 7-week study
over the central and eastern United States in April and
May of 2019.

2. Data and methods

a. Satellite data

The GOES-R series Geostationary Lightning Mappers
(Goodman et al. 2012, 2013) provide continuous lightning ob-
servations over most of the Western Hemisphere between the
6548 latitudes (Rudlosky et al. 2019). Gridded GLM data
from GOES-16 and GOES-17, the operational instruments
during the period of study, were generated using glmtools
(Bruning 2019; Bruning et al. 2019) and include flash extent
density (FED), minimum flash area (MFA), and total optical
energy (TOE). Increasing FED and decreasing MFA values
have been identified in thunderstorms with increasing updraft
strength and severity potential (Thiel et al. 2020), similar to
the relationships identified in recent numerical and observa-
tional studies (Calhoun et al. 2013, 2014; Schultz et al. 2015).
Gridded data were accumulated over a 5-min interval, up-
dated every minute, based upon consistent recommendations
from the Hazardous Weather Testbed (HWT) to quickly di-
agnose convective trends (Calhoun 2018, 2019).

Infrared brightness temperatures from cloud top were
collected from the Advanced Baseline Imager (Schmit et al.
2017), a 16-band radiometer onGOES-16 andGOES-17 (herein-
after ABI16 and ABI17). Radiance measurements across the
CONUS scene, which updates every 5 min in Mode 6 (Super
Flex), were used for the bulk study, and from the mesoscale
and full disk scenes from ABI16 and ABI17, respectively, for
the two case studies. Cloud-top infrared data are used in oper-
ational and scientific applications to interrogate convection ini-
tiation, updraft strength, and the potential to produce severe
weather (Reynolds 1980; Roberts and Rutledge 2003; Thiel
et al. 2020), along with GLM data quality (Peterson 2021).
Imagery from the ABI16 10.3-mm “Clean-IR” band (Schmit
et al. 2012) were used to manually identify overshooting tops in
the supercell case studies using signatures consistent with Adler
et al. (1985) and Bedka et al. (2010), along with using the ap-
proximate tropopause level from adjacent rawinsonde observa-
tions. In the bulk study, IR data from ABI16 were collected at
cloud top by administering the ABI clear-sky mask (ACM)
(Heidinger and Straka 2013) product on the IR data to remove
the pixels classified as clear sky. Last, data from the ABI cloud-
top height algorithm (Heidinger 2013) were collected in the
bulk study to improve data quality as described later.
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b. Ground-based data

Select products from the Multi-Radar Multi-Sensor (MRMS)
System (Smith et al. 2016) were recorded for their ability to in-
fer thunderstorm morphology, electrification processes, and
variations in optical depth through layered and vertically inte-
grated reflectivity and velocity products. MRMS provides reflec-
tivity data from the Weather Surveillance Radar-1988 Doppler
(WSR-88D) network on a 0.018 horizontal grid with 33 vertical
levels, and new data are made available operationally every
2 min. Isothermal reflectivity at 2108C and vertically integrated
ice (VII) (Mosier et al. 2011; Carey and Rutledge 2000) were se-
lected for their ability to represent the amount of graupel within
the convective updraft and therefore provide context to a thun-
derstorm’s total lightning production (Schultz et al. 2015; Carey
et al. 2019). Additionally, changes in VII may be used to infer
the local scattering environment within the mixed-phase region
of the convective cloud which, along with source height, has
been shown in simulations to impact the amount of light emitted
from cloud top (Brunner and Bitzer 2020). Data from the Maxi-
mum Expected Size of Hail (MESH) (Witt et al. 1998) product
were also recorded to infer cloud optical depths of the convec-
tive updraft, which can correspond inversely with GLM optical
energy measurements in severe thunderstorms and potentially
impact data quality from the sensor (Calhoun et al. 2018). Last,
the MRMS 0–2-km azimuthal shear product (Lakshmanan et al.
2006; Mahalik et al. 2019) (hereinafter AzShear) was collected
for each supercell case study. Azimuthal shear has been used to
diagnose low-level mesocyclones and tornadoes (Cintineo et al.
2020; Sandmæl et al. 2023) with values ranging from the 98th
percentile to the maximum value within a storm. In this study,
the 99th percentile and maximum values were sampled from
each supercell.

Ground-based total lightning data (intracloud and cloud-to-
ground flashes) from the Earth Networks Total Lightning
Network (ENTLN) (Zhu et al. 2022) were compared against
GLM storm-total flash rates. The ENTLN contains over
900 sensors across the CONUS (Zhu et al. 2017), with a re-
ported DE of total lightning over the southern CONUS ex-
ceeding 70% (Rudlosky 2015) and exceeding 90% in areas
with increased sensor density (Zhu et al. 2017). A 2021 proc-
essing upgrade to the network increased pulse detection
across North America by 45%, with the largest observed im-
provements made over the oceans (Zhu et al. 2022).

Severe weather events from NOAA’s Storm Data archive
(Strassberg and Sowko 2021) were also included to provide
verification of hazardous weather events associated with the ABI,
GLM, and MRMS datasets. While reports of severe weather pro-
vide a number of caveats related to reporting biases, detection
rates, and miscellaneous human factors (Kelly et al. 1985; Potvin
et al. 2019; Trapp et al. 2006), their spatial and temporal refer-
ences to severe weather occurrences were leveraged for this
study with regard to severe hail ($1 in.), wind ($58 mph), and
tornadoes.

c. Data processing

Data were collected for two case studies along with a bulk
data study which expands upon the dataset created by Thiel

et al. (2020). The two case studies featured discrete supercell
thunderstorms from 24 May 2019 (southeastern Kansas) and
25 March 2021 (central Alabama) to provide a variety of
supercell types, associated environments, hazards, and satel-
lite viewing angles. Discrete supercells were selected for their
ability to produce severe and high-impact phenomena such as
large hail, damaging winds, and tornadoes, along with produc-
ing a quasi-steady updraft that could be studied with respect
to its lightning, radar, and satellite signatures. The approxi-
mate GLM16 and GLM17 viewing angles of the 24 May 2019
supercell (from zenith) were 508 and 608, respectively. In com-
parison, GLM16 and GLM17 viewing angles of the 25 March
2021 supercell (from zenith) were approximately 408 and 658,
respectively. The 1-min data from both GLM instruments
were directly compared for the case studies, with MRMS data
recorded every 2 min. Storm-total flash rates from both
GLMs and the ENTLN were also accumulated over 5 min
and updated every 1 min. Time series data were generated by
manually tracking the supercell of interest and selecting the
maximum GLM and MRMS values from the supercell.

ABI16, GLM16, and Storm Data information for the bulk
study were collected using the same time period (13 April–
31 May 2019) and 20-km target grid based on the GOES-16
CONUS sector as Thiel et al. (2020). Additionally, ABI16
and GLM16 data were collected using the same KD-tree
method to find the desired maximum or minimum value near
each grid point. While Thiel et al. (2020) use preliminary local
storm reports from the National Weather Service, quality-
controlled events from Storm Data can combine multiple
reports into one event with additional time and path informa-
tion. Therefore, Storm Data events were linearly interpolated
in space and time to improve their coverage in the bulk study.
The number of marked samples when using the interpolated
Storm Data events was nearly identical when compared
against the preliminary local storm reports, which displayed
the robust nature of a 15-km radius of influence and 10-min
temporal window used by Thiel et al. (2020). The GLM and
ABI data filters cited in Thiel et al. (2020) were also used in
the current study, as adjustments in the GLM ground process-
ing to remove false flashes in certain regions of the CONUS
scene had not been made yet. These filters removed all data
with cloud-top heights below 1 km as well as pixels that met all
of the following conditions: 1) ABI cloud-top brightness tem-
peratures greater than 270 K, 2) FED values greater than
10 flashes per 5 min, and 3) ABI cloud-top heights less than
4 km. The bulk dataset does keep flashes that have been artifi-
cially split in the GLM Lightning Cluster Filter algorithm
(Goodman et al. 2012), which impacts approximately 3% of
all recorded GLM flashes (Peterson 2019). However, these ef-
fects are minimal when interpreting a storm’s maximum FED
and minimum MFA, or assessing the bulk distributions of
FED and MFA.

MRMS data from the original 0.018 grid were resampled us-
ing the bulk dataset’s 20-km target grid through a modified
KD-tree method (Maneewongvatana and Mount 1999). All
MRMS points from the most recent available time step and
within a 15-km radius of influence were selected from each
point in the 20-km target grid, with the maximum value from
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each MRMS variable then assigned to the grid point. The
15-km radius of influence was selected due to the decreasing
resolution of the ABI CONUS scene from nadir, along with
to mitigate horizontal displacement of satellite features due to
parallax. A 10-km radius of influence would result in a sub-
stantial undersampling of values over a majority of the
CONUS domain, while a radius of influence of 15 km created
more normally distributed sampling errors when testing the
KD-tree method. Additionally, the median parallax corrected
distance across the central and eastern CONUS from the bulk
dataset was approximately 12 km. To further increase the
quality of MRMS observations with respect to the current
density of the WSR-88D network across the CONUS, only
MRMS values located east of 1058W were leveraged within
the bulk dataset.

3. Supercell thunderstorm cases

a. 24 May 2019

On 24 May 2019, a stationary, longwave, upper-level trough
extended across the western United States, with downstream
ridging over the Ohio River valley. A stationary front was po-
sitioned between the ridge and trough axes over western
Texas and central Kansas. Persistent moisture advection be-
low the 850-hPa level from the Gulf of Mexico increased sur-
face dewpoints to exceed 218C across northern Oklahoma
and 188C in central and eastern Kansas at 1800 UTC. The
1800 UTC rawinsonde from Lamont, Oklahoma, highlighted
increased convective instability with a mixed-layer convective
available potential energy (ML-CAPE) value of 2005 J kg21,
mixed-layer convective inhibition (ML-CIN) of 210.1 J kg21,
and precipitable water (PWAT) of 49.24 mm (1.94 in.). Wide-
spread instability, minimal inhibition, and 0–6-km bulk wind
shear values exceeding 50 kt (1 kt ’ 0.51 m s21) provided a
suitable environment for widespread convection and the
potential for supercell thunderstorms. Convection initiated
along the stationary front in southern Kansas by 1600 UTC
with thunderstorms becoming more widespread over the fol-
lowing six hours. A discrete thunderstorm initiated around
2000 UTC in Sumner County, Kansas, and continued to inten-
sify into a supercell over the next 80 min until its first tornado
report at 2119 UTC (Figs. 1 and 2).

Genesis of the updraft was identified at 2000 UTC, near
Sumner County, in a region with adjacent convection ongoing
to its north and larger GLM flashes propagating between
these two regions. Local minima in MFA values at 2001 UTC
exceeded 1200 and 2000 km2 from GLM16 and GLM17, re-
spectively, with maximum FED values of 18 flashes per 5 min
from both sensors, while storm-total flash rates were excep-
tionally low. The maximum MRMS 2108C reflectivity value
was greater than 40 dBZ at 2000 UTC and steadily increased
over the proceeding 15 min to 49 dBZ, indicating a persistent
updraft able to lift hydrometeors into the mixed-phase region.
During this time, maximum values from the vertically inte-
grated variables, MESH and VII, remained below 5 mm and
6 kg m22, respectively, and FED increased to 47 flashes per
5 min for both GLMs. The local MFA minima decreased to

422 km2 from GLM16 and 301 km2 from GLM17 between
2001 and 2015 UTC. Maximum observed TOE values from
GLM16 during this time decreased from 988 to 195 fJ; how-
ever, GLM17-TOE observed a prominent spike at 2008 UTC
of 2545 fJ before decreasing to 341 fJ at 2015 UTC.

At 2030 UTC, GLM16-FED increased rapidly from 44 to
73 flashes within 1 min and was matched by a decrease in the
MFA from 636 to 71 km2. However, GLM17-FED remained
constant during this period and corresponding MFA values
decreased from 302 to 150 km2. TOE values from both GLMs
also increased but with different magnitudes. From GLM16,
TOE values increased from 562 to 923 fJ between 2028 and
2031 UTC, while TOE from GLM17 increased from 794 to
1822 fJ between 2028 and 2032 UTC. The increased intensity
across all three recorded GLM gridded variables around
2030 UTC coincided with the onset of rising values across all
four MRMS variables and preceded an increase in ENTLN
flash rates at 2040 UTC. Around 2040 UTC, the storm of in-
terest also deviated right of the mean storm motion and de-
veloped forward and rear flank downdrafts along with a
consistent overshooting top signature, indicative of a matur-
ing supercell thunderstorm.

During the next 20 min, from 2040 to 2100 UTC, the
gridded GLM values remained steady while the MRMS
variables steadily increased. MRMS MESH, VII, and 2108C
reflectivity during this 20-min period increased from 12 to
29 mm, from 13 to 40 kg m22, and from 53 to 63 dBZ, respec-
tively, indicating an increasing number of large hydrometeors
were lofted by the supercell’s updraft to higher altitudes, in-
cluding the mixed-phase region. Maximum AzShear values
suddenly increased between 2102 and 2014 UTC from 0.012
to 0.020 s21, the largest value of the entire case. Also, during
this period, GLM16 consistently recorded greater maximum
FED values and total flash rates by approximately 25 flashes
than GLM17, while maximum TOE values from GLM17
were approximately 200 fJ brighter than those from GLM16.
Over the proceeding 15 min from 2100 to 2115 UTC, maxi-
mum FED values remained elevated from both GLMs, while
minimum MFA values decreased from 283 to 71 km2 from
GLM16, and from 226 to 76 km2 from GLM17. At this time,
both local minima in MFA values were at their smallest possi-
ble areas from their respective sensor at their current viewing
angles. Maximum TOE values from both sensors increased
during this time, with GLM16-TOE increasing from 455 fJ at
2100 UTC to 1073 fJ at 2111 UTC and GLM17-TOE increas-
ing from 828 to 1520 fJ.

The maximum values of MESH, VII, and2108C reflectivity
increased to exceed 40 mm, 60 kg m22, and 60 dBZ, respec-
tively, between 2100 and 2120 UTC. At 2119 UTC, a tornado
was spotted south of Douglass, Kansas, and two instances of
wind damage in Douglass were reported. FED and MFA
values remained consistent during the onset of the severe
weather, while TOE values from both GLMs fell below 500 fJ.
Conversely, all three MRMS reflectivity products continued to
increase, achieving their maximum values in the case between
2125 and 2130 UTC. Hail of 1 in. was reported at 2140 UTC
west of Leon, Kansas, and another tornado report was re-
ceived at 2153 UTC as maximum FED values from GLM16

WEATHER AND FORECAS T ING VOLUME 382256

Brought to you by UNIVERSITY OF OKLAHOMA LIBRARY | Unauthenticated | Downloaded 11/07/23 03:49 PM UTC



and GLM17 reached 150 and 89 flashes shortly thereafter. Af-
ter the second tornado report, total flash rates from both
GLMs decreased as the supercell weakened and merged with
nearby convection. Through the entire 140-min lifespan of the
storm, GLM16 observed 26% more flashes than GLM17. Con-
versely, GLM17 observed 57% more optical energy than
GLM16, resulting in GLM17 observing almost twice as much
optical energy per flash when compared to GLM16.

b. 25 March 2021

Amidlevel, shortwave trough crossed from the southern Plains
to the Great Lakes region on 25 March 2021 and coincided with
a deepening midlatitude cyclone across Arkansas and western
Tennessee. At 1200 UTC, a 50-kt lower-tropospheric jet at
850 hPa across Mississippi and Alabama advected lower-
tropospheric moisture from the Gulf of Mexico into the region.
Surface dewpoints across central Mississippi and southern
Alabama exceeded 188C behind a diffuse surface warm front,
with a cold front positioned across western Texas and a broad
stationary front extended from northern Louisiana through the
Ohio River valley region. Rawinsonde observations at 1500 UTC
from the Jackson, Mississippi, upper air site, within the warm

sector of the cyclone, continued to show a lower-tropospheric jet
up to 55 kt centered at 750 hPa. ML-CAPE, ML-CIN, and
PWAT values of 2184 J kg21, 22.91 J kg21, and 35.75 mm
(1.41 in.), respectively, were observed, and 0–6-km bulk shear ex-
ceeded 60 kt with strong lower-tropospheric shear. This created
an environment conducive to semidiscrete supercells capable
of producing tornadoes spanning from central Mississippi and
Alabama to southern Tennessee. At 1500 UTC, a line of semidis-
crete convection initiated along a prefrontal band stretched from
southeast Mississippi to northwest Alabama, moving northeast
into a region with increasingly backed surface winds. Convection
along this line became more discrete over the proceeding hour,
with one discrete thunderstorm of note east of Meridian, Missis-
sippi, along the Alabama–Mississippi border at 1600 UTC. This
thunderstorm continued to intensify and develop into a supercell
thunderstorm by 1630 UTC in Sumter County, Alabama, which
produced three tornadoes across Alabama over the proceeding
4 h (Figs. 3 and 4).

At 1630 UTC, the supercell had maximum FED values of
31 flashes from GLM16 and 26 flashes from GLM17. Isother-
mal reflectivity values at 2108C exceeded 50 dBZ, with
MESH and VII values at 7 mm and 18 kg m22, respectively.

FIG. 1. Time series plots from the 24 May 2019 supercell case in Kansas, including the gridded
GOES-16 andGOES-17GLM (GLM16 andGLM17) variables: (a) flash extent density, (b) minimum
flash area, (c) total optical energy, and (d) 5-min flash rates from the GLM16, GLM17, and ENTLN.
The gray bar in each panel represents the time between the first and last storm reports associated with
the supercell.
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Maximum TOE values from GLM17 (259 fJ) were initially
3 times greater than the maximum recorded by GLM16 (80 fJ).
TOE from GLM17 increased between 1639 and 1645 UTC
from 300 to 1110 fJ, while TOE from GLM16 only increased
from 100 to 158 fJ. Then, 15 min later at 1701 UTC, the maxi-
mum TOE from GLM17 rapidly increased again to 1997 fJ,
while the maximum TOE from GLM16 was only 284 fJ. The
second increase in GLM17-TOE at 1653 UTC coincided with
increased FED values, along with increased total flash counts
from both GLMs and the ENTLN. A few minutes later around
1700 UTC, MESH, VII, and maximum AzShear began to
steadily increase with the emergence of an overshooting top
signature, indicating a strengthening updraft capable of lofting
larger hydrometeors into the mixed-phase region with an orga-
nized low-level mesocyclone. Storm-total flash rates from
GLM16 continued to increase after 1700 UTC, while flash rates
from GLM17 slowly decreased with a reduced optical signal to
the sensor as observed in lower TOE values. Consequently,
GLM16-FED remained over 100 flashes, while GLM17-FED
decreased to approximately 50 flashes by 1710 UTC.

At approximately 1718 UTC, the supercell produced its
first tornado in northern Hale County as the maximum
AzShear exceeded 0.03 s21, and achieved its peak value for
the case of 0.036 s21 at 1722 UTC. While the tornado was on
the ground for approximately 16 min, FED from GLM16 and
GLM17 initially decreased until 1725 UTC. After 1725 UTC,
GLM16-FED increased from 61 to 126 flashes at 1742 UTC,
while GLM17-FED increased from 30 to 131 flashes. During

the same time period, GLM17-TOE showed a third rapid
increase from 253 to 2530 fJ, while maximum GLM16-TOE
values increased from 215 to 608 fJ. The second tornado be-
gan at approximately 1752 UTC in northern Bibb County as
the maximum AzShear value began to rise less the 10 min
prior. Maximum FED, maximum TOE, and total flash rates
from GLM16 and GLM17 decreased from 1742 to 1830 UTC
and stayed at these lower values through 1900 UTC. The sec-
ond tornado dissipated around 1908 UTC in extreme south-
ern St. Clair County.

Around 1900 UTC, 8 min before the second tornado ended,
the parent updraft supporting the mesocyclone appeared to
dissipate as a new updraft formed along its rear flank. Isother-
mal reflectivity at 2108C rapidly increased from 48 to 59 dBZ
by 1912 UTC, and in response, MESH and VII also increased
to 18 mm and 20 kg m22, respectively, by 1916 UTC. As more
hydrometeors were lofted into the mixed-phase region,
GLM16 and ENTLN observed increasing flash rates while
GLM17 recorded little change. Flash rates continued to in-
crease across the three lightning location systems until genesis
of the third tornado at 1932 UTC, just after the maximum
AzShear value peaked at 0.03 s21 again. Less than 10 min
prior to tornadogenesis was the only instance where flash
rates from GLM17 increased slightly in tandem with GLM16
and ENTLN. All three MRMS variables also remained ele-
vated until the end of the third tornado at 2026 UTC.
Through the 270-min study of the supercell, GLM16 recorded
168% more flashes than GLM17. When accumulating the

FIG. 2. As in Fig. 1, but with (a) MRMS reflectivity products, (b) MRMS 0–2-km azimuthal
shear, and (c) ABI clean-IR brightness temperatures from the available ABI16 and ABI17
scenes along with overshooting top (OT) identification.
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optical energy from all of the flashes from each sensor,
GLM16 recorded 27% more optical energy than GLM17,
which means that GLM17 observed 112% more optical en-
ergy per flash than GLM16.

4. GLM, ABI, and MRMS bulk data intercomparisons

Over the 7-week period of study, 2.8 million instances of
gridded GLM data were collocated with ABI and MRMS
information across the central and eastern United States
(Fig. 5). Intercomparisons were largely limited to the continental
United States due to the spatial extent of theWSR-88D network
used by the MRMS system. Samples were most frequently lo-
cated in the Central Plains with a local maximum in southeast
Kansas and broad regions exceeding 600 samples existed across
the Central and Southern Great Plains.

Triple-sensor intercomparisons between ABI clean-IR cloud-
top brightness temperatures (hereinafter referred to as bright-
ness temperatures), gridded GLM variables, and the MRMS
isothermal reflectivity at 2108C in Fig. 6 provided a unique
perspective of convection across the three platforms with over
1.89 million samples. The 2D histogram in Fig. 6a, binned every

1 K and 1 dBZ, was used to examine the relationship between
brightness temperature and isothermal reflectivity with respect
to flashes recorded by the GLM. Flashes occurred at a variety
of brightness temperatures and reflectivity values between 190
and 260 K and from 10 to 65 dBZ, respectively. GLM flashes
most frequently occurred between brightness temperatures of
200–230 K and reflectivity values of 20–50 dBZ, with this region
containing 50.2% of all samples in the bulk dataset. Median
GLM values were sampled from the binned data in Fig. 6a to
assess trends in the gridded variables as a function of brightness
temperature and isothermal reflectivity. Binned, median FED
values in Fig. 6b display a dependence on brightness tempera-
ture when isothermal reflectivity values were less than 30 dBZ.
In this region, FED values increased from less than 2 flashes
per 5 min at brightness temperatures greater than 240 K to
FED values greater than 10 and 20 flashes for brightness tem-
peratures less than 205 and 200 K, respectively. At isothermal
reflectivity values greater than 30 dBZ, decreasing bright-
ness temperatures and increasing isothermal reflectivity
values correspond to greater FED values. Brightness tem-
peratures below 210 K and isothermal reflectivity values
above 50 dBZ correspond with FED values greater than

FIG. 3. Time series plots from the 25 Mar 2021 supercell case in Alabama, including the
griddedGOES-16 andGOES-17GLM (GLM16 and GLM17) variables: (a) flash extent density,
(b) minimum flash area, (c) total optical energy, and (d) 5-min flash rates from the GLM16,
GLM17, and ENTLN. The gray bars in each panel represent the estimated time periods that the
supercell was producing a tornado (estimated from NWS surveys and MRMS data).
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20 flashes per 5 min, indicating the presence of robust up-
drafts which generated more frequent local flash rates.
FED values dramatically increase with brightness tempera-
tures less than 200 K, exceeding 40 flashes across nearly all
isothermal reflectivity values.

Variations in the median MFA values in each bin from
Fig. 6c also exhibit a strong dependence on brightness temper-
ature when isothermal reflectivity values are below 30 dBZ,
similar to Fig. 6b. However, there is an observed peak in MFA
exceeding 500 km2 between brightness temperatures from 210
to 230 K and isothermal reflectivity values from 20 to 30 dBZ.
Median MFA values then slowly decrease to between 300 and
400 km2 within this reflectivity range as the brightness

temperature increases to 240 K. Conversely, decreasing
brightness temperatures after this peak around 220 K cor-
respond with MFA values decreasing to their smallest possi-
ble values below 100 km2. For samples exceeding 30 dBZ,
increasing isothermal reflectivity and decreasing brightness
temperature corresponded with decreasing minimum flash
areas. Median TOE values in Fig. 6d did not exhibit similar
relationships as in Figs. 6b and 6c. Across all isothermal reflec-
tivity values, TOE exhibited a strong dependence on brightness
temperature. A subtle maximum in TOE was observed between
25 and 35 dBZ coinciding with the peak in MFA in Fig. 6c. The
greatest median TOE values exceeding 60 fJ occur at brightness
temperatures below 200 K and isothermal reflectivity values
greater than 35 dBZ, which corresponded to the greater
FED values in Fig. 6b as more flashes contributed to the ac-
cumulated optical energy observed. Median TOE values ex-
ceeding 20 fJ typically occurred at brightness temperatures
below 210 K; however, between isothermal reflectivity val-
ues of 25 and 35 dBZ, this contour increased to brightness
temperatures of nearly 220 K at 30 dBZ.

While Fig. 6 broadly defined how ABI clean-IR brightness
temperature and MRMS isothermal reflectivity at 2108C cor-
respond to all gridded GLM variables, samples that coincided
spatially and temporally with Storm Data events provided ad-
ditional insight into these interrelationships with respect to se-
vere convection. The 2D histogram of all forty-four thousand
points in Fig. 7a reflects a shift in the proportion of samples
to colder brightness temperatures and greater isothermal

FIG. 4. As in Fig. 3, but with (a) MRMS reflectivity products, (b) MRMS 0–2-km azimuthal
shear, and (c) ABI clean-IR brightness temperatures from the available ABI16 and ABI17
scenes along with overshooting top (OT) identification.

FIG. 5. Location density values for all GLM-MRMS samples within
the 7-week period of study from 13 Apr to 31 May 2019.
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reflectivity values when compared to Fig. 6a. Most samples
are concentrated at brightness temperatures from 200 to 220 K
and isothermal reflectivities from 25 to 60 dBZ. A peak in sam-
ples at a brightness temperature of 205 K and isothermal reflec-
tivity of 50 dBZ is 5 K colder and 20 dBZ greater than the
approximate peak in samples in Fig. 6a. When coinciding with
severe weather occurrence, median FED and MFA values de-
pict a strong dependence on brightness temperature across all
isothermal reflectivities (Figs. 7b,c). MFA values below 100 km2

at brightness temperatures below 210 K highlight an overall
warmer threshold than similar MFA contours in Fig. 6c. FED
and MFA still show a prominent inverse relationship, especially
for the peak in MFA values exceeding 300 km2 from 25 to
30 dBZ and from 215 to 220 K. Trends in median TOE values
in Fig. 7d were difficult to identify, with exception to a gen-
eral dependence on brightness temperature similar to the

median FED and MFA contours in Figs. 7b and 7c. Overall,
the greatest median TOE values (exceeding 30 fJ) occurred
at brightness temperatures less than 205 K.

Distributions of the sampled MRMS MESH and VII values
within the bulk dataset resemble exponential distributions.
Thus, violin plots (Figs. 8 and 9) provide distributions of
gridded GLM values as functions of discrete MESH and VII
bins. FED distributions within the MESH bins (Fig. 8a) reveal
an initial increase in FED as MESH increases; however, for
MESH values greater than 20 mm, the distributions show lit-
tle change. MESH values less than 10 mm peak in the distri-
bution around 3 flashes per 5 min, with the median value of
8 flashes and 75th percentile value of 20 flashes. The 10–20-mm
bin displays an increase in these values, with a peak in the distribu-
tion closer to 6 flashes, along with median and 75th percentile val-
ues of 14 and 38 flashes, respectively. All successive distributions

FIG. 6. Gridded GLM variables compared to ABI clean-IR brightness temperature and MRMS 2108C reflectivity.
(a) The distribution of sampled GLM pixels, with the false flash filter applied, when binned by ABI brightness temperature
every 1 K and MRMS2108C reflectivity every 1 dBZ. Median (b) FED, (c) MFA, and (d) TOE values sampled from the
bins used in (a). (Median calculation requires a minimum of 100 samples.)
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contain peaks around 10 flashes per 5 min, with median values be-
tween 10 and 20 flashes and 75th percentile values between 25 and
40 flashes. MFA distributions in Fig. 8b show an inverse trend to
the FED distributions, with flash areas decreasing initially with in-
creasing MESH size. MFA values were consolidated around
150 km2 (two GLM pixels) when MESH was less than 10 mm,
and decrease to less than 100 km2 (one GLM pixel) for all MESH
bins greater than 10 mm. One ubiquitous aspect across all MESH
bins is that peaks in the frequency distributions occur at the size of
a single GLM pixel, showing that convection capable of producing
hail often coincided with the smallest possible GLM flashes. While
FED and MFA showed distinct trends across the various MESH
bins, TOE distributions in Fig. 8c present no discernible signals in
the median, 25th percentile, and 75th percentile values.

Gridded GLM and VII samples were binned every 5 kg m22

for the first two bins and every 10 kg m22 afterward. These

distributions with respect to VII in Fig. 9a show an initial in-
crease in the lowest VII bins similar to those observed in Fig. 8a.
Median and 75th percentile FED values increase across the low-
est two VII bins (,5 kg m22 and 5–10 kg m22) from 4 to 11 kg
m22 and from 12 to 27 kg m22, respectively. Moving to succes-
sively greater VII bins, the distributions again show little varia-
tions with median values of approximately 12 kg m22 and 75th
percentile values between 30 and 40 kg m22. MFA and TOE dis-
tributions in Figs. 9b and 9c also show similar results to those
found in Figs. 8b and 8c, respectively. Trends in MFA distribu-
tions are inversely proportional to those represented in the FED
distributions, especially when inspecting the decreasingMFA val-
ues at the median and 75th percentile as the VII bins increased.
TOE has little to no variations across the six discrete VII bins,
with only slight differences between the 75th percentile TOE
values.

FIG. 7. Gridded GLM variables compared to ABI clean-IR brightness temperature and MRMS 2108C reflectivity
near local storm reports. (a) The distribution of sampled GLM pixels, with the false flash filter applied, when binned
by ABI brightness temperature every 1 K and MRMS 2108C reflectivity every 1 dBZ. Median (b) FED, (c) MFA,
and (d) TOE values sampled from the bins used in (a). (Median calculation requires a minimum of 10 samples.)
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5. Discussion

a. GLM data fusion applications

GLM flash extent density corresponded inversely to local
flash area in both supercell case studies and the larger 7-week
study. Decreases in flash area, as reported from the local mi-
nima in MFA, for each supercell case (Figs. 1 and 3) coincided
with increasing maximum FED values and storm-total flash
rates from the GLM16, GLM17, and ENTLN. The inverse re-
lationship between local flash rates and areas was readily ob-
served in the bulk study when the median, gridded GLM
variables were plotted with respect to binned MRMS 2108C
isothermal reflectivities and ABI clean-IR brightness temper-
atures (Fig. 6). For samples that coincided with severe convec-
tion (Fig. 7), the inverse flash rate to flash area relationship
persisted. Additionally, when binned by MRMS VII and
MESH, FED and MFA presented relatively high and low
values, respectively, when MESH exceeded 20 mm and VII
exceeded 10 kg m22. The inverse relationship between local
flash rate and area observed in the case studies and bulk study
supports the results from previous studies (Bruning and Mac-
Gorman 2013; Calhoun et al. 2013; Schultz et al. 2015). Ele-
vated 2108C isothermal reflectivity values, often exceeding
30 dBZ, can signal active charge separation within intensifying

or robust convective updrafts (Buechler and Goodman 1990;
Hondl and Eilts 1994; Mosier et al. 2011).

During the 24 May 2019 supercell case, updraft intensifica-
tion at 2030 UTC from the GLM16 and GLM17 FED and
MFA values marked the onset of increasing trends from
MRMSMESH, VII, and isothermal reflectivity. When consider-
ing the ambient deep-layer shear and unstable thermodynamic
environment, this signaled the thunderstorm had transitioned
into a supercell. Onset of the rightward deviation of storm mo-
tion from the mean wind, noted at 2040 UTC, was driven by
the linear dynamic pressure perturbation of the mesocyclone
(Rotunno and Klemp 1982; Bunkers et al. 2000; Flournoy et al.
2021). Increasing lightning activity during this period of meso-
cyclogenesis further supports the observations from a majority
of supercells observed by Stough et al. (2017) and shows that
pairing MRMS isothermal and vertically integrated reflectivity
products with GLM gridded imagery can provide complemen-
tary information for thunderstorm morphology and subse-
quent trends in severity potential.

Environments conducive to larger GLM flashes were also
observed using the binned ABI brightness temperature and
MRMS 2108C isothermal reflectivity in Fig. 6, which exhib-
ited a peak in MFA values between isothermal reflectivity val-
ues of 20–30 dBZ and brightness temperatures of 210–230 K.

FIG. 8. Distributions of the gridded GLM variables (a) FED, (b) MFA, and (c) TOE binned
with respect to their corresponding MESH values every 10 mm.
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The combination of large flash areas with relatively low flash
rates suggests that these scenarios contained a greater propor-
tion of flashes which propagated through regions of stratiform
precipitation supportive of local charge separation. Mecikalski
and Carey (2018) showed from a sample of 27 mesoscale con-
vective systems that a greater proportion of flashes were shown
to propagate through regions of MRMS three-dimensional re-
flectivity between 20 and 30 dBZ, indicating an overall prefer-
ence to larger, stratiform flashes within these reflectivities.
While the reflectivity values sampled in the bulk study are
restricted to the2108C isothermal layer, the larger spatial foot-
print of lightning flashes provided by the GLM shows that a
majority of flashes between isothermal reflectivity values of
20–30 dBZ and brightness temperatures of 210–230 K were
associated with stratiform flashes. Operationally, a forecaster
could use these values to highlight regions with the potential
for large flashes that can expose the public to excessive light-
ning risk.

One additional caveat to this analysis can be found at the be-
ginning of the 25 May 2019 supercell case study. MFA values
from the storm exceeded 800 km2 and coincided with ABI
brightness temperatures between 210 and 220 K along with iso-
thermal reflectivity values between 40 and 45 dBZ. Ongoing

convection was noted near the storm of interest, with anvil re-
gions from decaying convection present to the west and within
5 km identified from ABI16 brightness temperature data. Local
charging within these anvil regions, and the presence of large
flashes beyond the existing footprint of the developing storm,
may have initiated in part due to interactions with the develop-
ing storm or from local initiation within the anvil as noted in
Kuhlman et al. (2009) and Weiss et al. (2012). Because large,
stratiform flashes can initiate in a variety of convective environ-
ments, the operational need to identify these electrified regions
within stratified reflectivity and infrared brightness tempera-
ture regions remains a necessary area of study.

Gridded GLM products from the current study were evalu-
ated in NOAA’s Hazardous Weather Testbed–Experimental
Warning Program (Calhoun et al. 2021). FED and MFA
consistently received recommendations for operational imple-
mentation (Thiel and Calhoun 2021; Thiel 2022). The TOE
product has been considered; however, specific applications
within the context of short-term convective forecasting have
been met with uncertainly by HWT participants (Thiel 2022).
The qualitative feedback from the testbed was observed
quantitatively in the presented study, as TOE did not present
robust interrelationships with ABI, MRMS, and the other

FIG. 9. Distributions of the gridded GLM variables (a) FED, (b) MFA, and (c) TOE binned
with respect to their corresponding VII values every 5 kg m22 below 10 kg m22 and every 10 kg m22

for values greater than 10 kg m22.
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GLM variables within the study. Within the bulk study, trends
in TOE did not correspond well with isothermal reflectivity in
Figs. 6 and 7 but did with respect to cloud-top brightness tem-
perature. One possible explanation for these poor relation-
ships is that the observed optical energy from a lightning flash
varies with respect to not only the optical properties of the
ambient convective cloud (Brunner and Bitzer 2020; Peterson

2020) but also the emitting properties of the lightning chan-
nels themselves (Thomas et al. 2000; Petersen and Beasley
2013). This presents considerable challenges for operational
implementation of TOE, as HWT participants have shown
reduced confidence and perceived utility in TOE when com-
pared to FED and MFA (Thiel and Calhoun 2021; Thiel
2022).

FIG. 10. Snapshots of GLM (a),(b),(e),(f) flash extent density and (c),(d),(g),(h) total optical energy for two case
studies from 24 May 2019 and 25 Mar 2021 from the perspective ofGOES-16 (758W) andGOES-17 (1378W).
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b. Dual-GLM observations

During both supercell cases, GLM16 observed greater
storm-total and localized flash rates than GLM17 overall.
However, the ratio of GLM16 to GLM17 flash rates varied
temporally, with periods in both cases where GLM17-FED
values exceeded those from GLM16. This occurred even at
greater GLM17 viewing angles such as the 25 March 2021
case in the southeastern CONUS. Bateman et al. (2021) found
average GLM16 detection efficiencies exceeded 70% in the
southeastern, south central, and central CONUS regions,
while GLM17 values were often below 50% in the southeast-
ern CONUS and between 50% and 70% in the south and cen-
tral CONUS regions. Rudlosky and Virts (2021) demonstrated
relative differences in local GLM flash rates between GLM16
and GLM17 in the region of sensor overlap. In the southeast-
ern CONUS, GLM16 observed nearly all of the flashes de-
tected by GLM17, which observed approximately 50% of all
GLM16 flashes. GLM16 also observed slightly more flashes in
the central and southeastern CONUS regions than GLM17.
Therefore, in both case studies presented, GLM16 should ob-
serve more flashes than GLM17. This expectation was met
throughout each case, with exception to times when the super-
cells intensified.

When GLM17-FED exceeded GLM16 values during the
24 May 2019 case between 2020 and 2030 UTC (Fig. 1), storm-
total flash rates increased, MFA values decreased, and maxi-
mum TOE values from GLM17 increased to become almost
twice as great as those from GLM16 by 2032 UTC. In the bulk
study, increased FED frequently corresponded with increasing
TOE near severe weather and all cases (Figs. 6 and 7). How-
ever, there was a discrepancy when examining the FED and
TOE imagery at 2032 UTC (Figs. 10a–d) where GLM17
observed greater TOE values in an area where GLM16 ob-
served greater FED. As discussed previously, the GLM inten-
sification signature signaled the onset of a mature supercell
with a robust updraft and mesocyclone. Comparably, the
25 March 2021 supercell case also contained a period where
local maxima in GLM16-FED and GLM17-FED were com-
parable (Figs. 10e–h), where GLM17 observed considerably
greater TOE. MFA values also decreased just after 1730 UTC
in Fig. 3, and there was a greater disparity in maximum TOE
values between GLM16 and GLM17 while their storm-total
flash rates became comparable. This occurred before the second
reported tornado in the case, along with over 30 min earlier be-
fore the first tornado. Both supercell storms, while viewed from
considerably different GLM viewing angles and convective envi-
ronments, presented different indicators of intensification.
GLM17 observed greater optical energy signatures from
greater TOE values, but only when the instrument had a direct
view of the side of the intensifying updraft. Because GLM16
was in a more favorable position for flash detections than
GLM17, the instrument still had greater FED values and
storm-total flash rates than GLM17.

The two case studies provide instances of anomalous
GLM16-to-GLM17 activity when compared to the bulk statis-
tics provided by Bateman et al. (2021) and Rudlosky and
Virts (2021) and show that the quality of GLM observations is

impacted by the propagation of visible and near-infrared light
originating from each lightning flash through a convective
cloud. Previous studies using Monte Carlo simulations and
Boltzmann transport theory to characterize the propagation
of photons through a convective cloud have shown that the
vertical and horizontal position of the simulated optical
source provides the largest effect on the amount of light that
escapes from the top and sides of the convective cloud
(Thomson and Krider 1982; Light et al. 2001; Brunner and
Bitzer 2020; Peterson et al. 2020). Brunner and Bitzer (2020)
found that while changes in the size distributions of cloud
droplets and ice particles more greatly influenced optical
emission than the concentration of the particles, the optical
source height provided the largest impact on the amount of
light that reached cloud top. This was especially apparent
for source heights below 7 km. In supercell thunderstorms,
Bruning and MacGorman (2013) showed that a greater num-
ber of flashes can occur upshear of the updraft. For both
supercell thunderstorms studied, GLM17 had a more direct
view of the flashes coinciding with each supercell’s updraft
due to its western perspective in these semidiscrete cases.
This suggests that in certain scenarios with discrete updrafts
in regions of moderate westerly shear, the GLM17 instrument
may be able to capture more of the small flashes on the up-
shear side with higher optical radiances that help characterize
updraft intensity trends.

Overall detection efficiencies from the GLM in the GOES-
East position are still greater than overall in the south central,
central, and southeastern CONUS regions than from the
GOES-West GLM. However, both case studies suggest that
the additional perspective from the GOES-West position may
provide useful lightning information in short-term convective
forecasting, specifically related to rapid increases in updraft
speed and volume prior to severe weather occurrence
(Schultz et al. 2015, 2017). Total optical energy in particular
appeared to be most useful when assessing temporal changes
in GLM DE from both supercells, and additional dual-GLM
studies are needed to confirm the consistency and predictive
value of this TOE signature. During the 2022 Satellite Proving
Ground, HWT participants viewed initiating convection in
the central United States from GLM16 and GLM17 (Thiel
2022), and similar anomalies in GLM16 and GLM17 FED
and TOE values to the two presented case studies were ob-
served in regions of increased deep-layer shear. The dis-
placed convective anvils to the east also provided GLM17 a
more direct perspective of the storm’s updrafts. Thiel (2022)
also reported that from these observations, testbed partici-
pants supported increased dual-GLM training along with
merged-GLM products in regions of overlap. Additionally,
the day/night variations in GLM flash DE (Bateman et al.
2021) from each sensor may limit the optical energy differ-
ences to daytime convection, as both supercells occurred
during the day.

6. Summary and conclusions

Gridded GLM products were examined with ABI clean-IR
imagery, MRMS vertically integrated reflectivity products,
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and one ground-based lightning network, to validate GLM
imagery and provide applications when merged with other op-
erational products. Two case studies of semidiscrete super-
cells in southeast Kansas (24 May 2019) and central Alabama
(25 March 2021) provided storm scale observations and trends
relative to convective evolution. A bulk, 7-week study of
convection across the central and eastern United States then
gave additional context and applications. Overall, the GLM
gridded products provided complementary information with
respect to convective evolution and severity potential. Similar
to previous studies, the inverse relationship between local
flash rate and area was identified using flash extent density
and minimum flash area. Increasing FED coincided with de-
creasing MFA with respect to decreasing IR brightness tem-
peratures and increasing isothermal reflectivity at 2108C,
vertically integrated ice, and maximum expected size of hail
within the bulk study. This relationship was especially appar-
ent when isothermal reflectivity values exceeded 30 dBZ or
when examining imagery near local storm reports. During
both case studies, increasing FED and decreasing MFA coin-
cided temporally with increasing intensity from the MRMS
variables and the convective evolution of each storm, and dur-
ing the 24 May 2019 Kansas supercell even preceded the de-
velopment of a robust mesocyclone. This FED–MFA signal,
when combined with other radar and satellite observations,
may provide additional confidence that a thunderstorm is
intensifying, and therefore, its potential to produce severe
weather is increasing. When examining the differences in
viewing angles from GOES-East and GOES-West of the
same storm, MFA provided more consistent signals near the
edge of the field of view making it a useful product for evalu-
ating updraft intensity when paired with FED. Additionally,
larger MFA values were discovered between clean-IR bright-
ness temperatures of 210–230 K and 2108C isothermal reflec-
tivity values from 20 to 30 dBZ, which can help forecasters
identify regions where larger flashes are more likely such as in
stratiform precipitation.

Throughout the study, GLM total optical energy values dis-
played multiple dependencies, which were especially apparent
with GLM-to-GLM intercomparisons within the two supercell
case studies. In both case studies, the western perspective of
the GOES-17 GLM provided a more direct observation of
flashes within the updraft, which during periods of intensifica-
tion led to rapid increases in TOE observations from the
GOES-17 GLM but not the GOES-16 GLM. While previous
studies suggest that the GOES-East GLM provides improved
detection efficiencies for areas east of 1038W, and vice versa
for the GOES-West GLM, operationally useful information
regarding the quality of GLM observations may be available
when using GLM data from both perspectives. Variability in
local and storm-total flash rates from each GLM further sup-
ported these results, as peaks in the GOES-17 TOE corre-
sponded with times of comparable FED and storm-total flash
rates when compared to the GOES-16 GLM. These results
suggest greater exploration of the total optical energy product
from the GOES-East and GOES-West GLM perspectives is
needed to fully assess GLM data quality, and that dual-GLM
observations of severe convective storms in regions of sensor

overlap may provide critical context to the flash characteris-
tics observed from each GLM with respect to other observing
platforms such as satellite imagery and radar. In an operational
environment, limited screen space and task saturation by fore-
casters in convective scenarios may inhibit the use of dual-
GLM observations. Therefore, automated data fusion methods
that leverage machine learning such as ProbSevere (Cintineo
et al. 2020) may be able to simplify this task when monitoring
convection while still providing operational forecasters critical
information with respect to thunderstorm evolution.
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