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Negative and positive lightning flashes involve a number of different processes, including the preliminary
breakdown, stepped and dart leaders, return strokes, continuing currents, M-components, etc. The Geostationary
Lightning Mapper (GLM) onboard of Geostationary Operational Environmental Satellites (GOES 16, 17 and 18) is
an optical lightning detector with a time resolution of 2 ms and spatial resolution of about 8 km at nadir. The
GLM provides three types of data: events, groups, and flashes. According to GLM designers, the group data are
intended to track individual lightning strokes. We recorded wideband lightning electric fields using fast and slow
antennas in the Amazon and compared them with the corresponding GLM group data (optical energy in Joules)
to investigate what lightning processes can be detected from space by GLM. Based on a sample of 15 -CG flashes
containing 56 strokes and 15 +CG flashes containing 24 strokes, we found that GLM detected some luminosity in
89 % of 2 ms time windows corresponding to -CG return strokes and 96 % of windows corresponding to +CG
return strokes. It also detected luminosity in 100 % of time windows corresponding to preliminary breakdown
processes in positive flashes versus 53 % in negative flashes. Further, the GLM detected luminosity emissions
associated with 80 % and 40 % of first-stroke leaders in positive and negative flashes, respectively. In general,

GLM is more efficient in detecting processes in positive lightning flashes than in negative ones.

1. Introduction

Negative and positive cloud-to-ground lightning flashes (-CGs and
+CGs) involve a number of different processes, some of which occur (at
least in part) outside the cloud, such as leaders initiating first strokes,
subsequent-stroke leaders, return strokes, continuing currents, and M-
components, while others involve channels that are confined to the
cloud such as preliminary breakdown and compact intracloud dis-
charges (CIDs, also known as NBEs) [1,2]. The main difference between
-CGs and +CGs is the polarity of charge removed from the cloud: -CGs
remove negative charge, while +CGs remove positive charge (usually
residing at higher altitudes in the cloud than negative). All the lightning
processes are associated with charge motion and, hence, produce elec-
tromagnetic fields that can be recorded at ground level.

Lightning also emits electromagnetic waves in the visible range.
Those emissions can be detected with optical sensors at ground level and
also from space. Optical sensors at ground level are usually high-speed
framing cameras, photodiodes, or phototransistors. High-speed

cameras usually operate at wavelengths covering the entire (or most of
the) visible range. On the other hand, photodiodes and phototransistors
are good tools for recording emissions with specific wavelengths using
appropriate lenses and filters [3,4]. Recently, the Geostationary Light-
ning Mapper (GLM) onboard the Geostationary Operational Environ-
mental Satellites (GOES 16, 17 and 18) started its operation. GLM
detects lightning by looking for transient optical pulses at the 777.4-nm
wavelength [5]. The GLM has a sampling rate of 500 frames per second
and each pixel permits a consistent resolution of ~8 km across most of
its field of view and increases to 14 km near its edge [5]. The GLM was
designed to detect >70 % of all flashes when averaged over 24 hrs, with
better performance at night (~90 %) than during the day (~70 %) [5,6].
In central Florida, GLM (on GOES-16) flash detection efficiency (DE)
was found to be 73.8 % [7]. For the entire field of view of GLM (on GOES
16) the average DE is 97 % for a coincidence time window of +10 min,
and for the period between August 1, 2019 and January 31, 2020 [8]. In
the study region of this work, the GLM (on GOES-16) detection effi-
ciency for -CG flashes is expected to be about 79 % [9].
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Many researchers have investigated -CG processes using electro-
magnetic fields recorded at ground level [9-17]. Positive CG flashes are
relatively rare, but still, there are several studies in which their processes
were investigated based on electromagnetic fields recorded on the
ground [18-22]. However, most of those studies are limited to relatively
small regions (up to a few hundreds of kilometers). The GLM has uni-
form coverage all over the Americas. Additionally, similar technology
has been implemented in Asia (Lightning Mapping Imager - LMI [23])
and Europe/Africa (Lightning Imager - LI [24]). Hence, global-scale
studies can now be performed using data from space-borne detectors.

Simultaneous observation of lightning from space and ground were
recently performed in Colombia [25-28]. In [25], they observed one
negative cloud-to-ground lightning flash at nighttime from the ground
with a high-speed camera at 5000 fps and from space by the Modular
Multispectral Imaging (MMIA) instrument on the Atmosphere-Space
Interactions Monitor (ASIM) (MMIA-ASIM) on the International Space
Station (ISS), the Lightning Imaging Sensor also on the ISS (ISS-LIS), and
the Geostationary Lightning Mapper (GLM) on GOES-16. They found
that GLM reported 3 times higher energy than MMIA-ASIM, and light
intensity curves of MMIA-ASIM matched well with those recorded by a
high-speed camera at the ground around the time of a return stroke. In
[26], MMIA-ASIM, ISS-LIS and GLM observations were complemented
by data from the Colombia Lightning Mapping Array (Colombia-LMA)
and radar reflectivity products. The main findings in [26] are that surges
in radiance at 777.4 nm appear to be related mostly to lightning pro-
cesses involving hot channels, as well with branching of lightning
leaders with new leader development. Additionally, it was found that in
cloud areas with reflectivity <18 dBZ above the lightning leader chan-
nels at altitudes >7 km, both MMIA-ASIM and GLM detected some
emissions. But in the region with reflectivity <23 dBZ above the light-
ning leader channels, the lightning optical emissions were almost un-
detectable. In [27], the initiation of four lightning flashes detected from
ground by the Colombia-LMA and from space by the MMIA-ASIM,
ISS-LIS and GLM was investigated, and in [28] the use of lightning
detection from space in electric power systems was explored.

Fairman and Bitzer [29] used the GLM optical attributes associated
with each flash to predict the presence of continuing current across the
GLM field of view. For North Alabama in the USA, their model had a
probability of detection of about 78 % and a false alarm rate of about 6
%. They compared GLM flashes containing continuing current with
electric field measurements and high-speed video recordings and
concluded that continuing currents can be detected from space by the
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GLM, although further research for other regions (beyond North Ala-
bama) is needed.

In this study, we investigate the ability of GLM to detect optical
emissions from -CG and +CG lightning processes, including preliminary
breakdown pulses (PB), first stroke leaders (FL), return-strokes (RS), and
subsequent stroke leaders (SL). To do so, we recorded wideband light-
ning electric field waveforms using fast and slow antennas in the
Amazon, identified time windows of individual lightning processes in
those records, and examined the corresponding GLM group data (optical
emissions). The results were interpreted in terms of detectability of in-
dividual lightning processes by GLM. This is an expanded version of
[30], which includes a more robust dataset for -CGs and a new dataset
for +CGs.

2. Data and methodology

The lightning electric field waveforms analyzed in this study were
recorded using two flat-plate antenna systems (fast and slow) located on
the roof of the Lightning Research Laboratory at the Federal University
of Para, Brazil (-1.47°, -48.45°, see Fig. 1). The flat-plate antennas were
connected to a preamplifier via a 10-m long coaxial cable. The fast an-
tenna system had a decay time constant of about 1 ms, while the slow
one had a decay time constant of about 500 ms. The preamplifier con-
sists of an integrator and a unity-gain, low-noise amplifier. The lightning
electric field signals were sampled at 5 MHz with a Picoscope. The re-
cord length was 2 s with a pretrigger time (time interval between the
beginning of the record and the first pulse whose magnitude exceeded
the trigger threshold) of 600 ms. A similar setup was used in [9], and the
calibration was performed based on [31]. Each event received a GPS
timestamp relative to the trigger time. All the electric field waveforms
were recorded between May and June of 2022.

The GLM data are organized into three different processing levels,
from raw data at level O (essentially raw images from the optical sensor)
to the final product data at level 2. In this work, we use level 2 data
which are divided into event, group, and flash data. An event is defined
as a single pixel that exceeds the dynamic background average radiance
by a selected margin. Events are the basic data product of GLM. Each of
them represents a single cloud top pixel illuminated by lightning during
a single time frame (2 ms). A group is a result of two or more adjacent
events within the same 2 ms time frame. Groups are intended to be
directly related to individual lightning strokes (see Fig. 4 of [5]). A flash
consists of one or more groups within 330 ms separated by no more than

Map|tiles|by/Stamen Design. CC18Y/3/0/-- Map data(C) OpenStreetMap contributors.
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Fig. 1. Study region.
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16.5 km from each other. More details on GLM can be found in [5].

We used the GPS timestamp to match the measured E-field wave-
forms with GLM group data. Fig. 2 shows an example of a -CG flash
containing 3 RSs that was simultaneously recorded by the E-field
measuring systems at ground level and from space by the GLM. In Fig. 2,
we show the lightning electric field records, GLM group energy time
series, GLM events and groups location, cloud top brightness tempera-
ture (CTBT), and return stroke locations reported by Earth Networks
Total Lightning Network (ENTLN). In Supplementary Material, we show
similar figures for all flashes examined in this study.

3. Results and discussion
We examined the GLM detection efficiency for four lightning pro-

cesses in both positive and negative CGs: preliminary breakdown (PB),
first-stroke leaders (FL), subsequent-stroke leaders (SL), and return
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strokes (RS). First, we inspected the electric field waveforms in order to
identify PB (if any) and count the number of RSs in each flash. Second,
we plotted on the same time scale the GLM group energy and E-field
waveforms, in order to find GLM groups related to PB, FL, SL, and RS.
Table 1 summarizes the results for -CGs and Table 2 for +CGs. The mean
values of the number of strokes per flash, distance, and E-field peak
normalized to 100 km for -CGs were 3.7, 10 km, and 3.5 V/m, and for
+CGs they were 1.6, 33 km, and 12 V/m. Thus, +CG return strokes
examined in this study were a factor of 3 to 4 more intense than their -CG
counterparts.

It is important to note that, in the present study, whenever we state
that GLM detected any particular lightning process, we refer to light
emissions detected from space, which are produced by any channel or
channels (both inside and outside the cloud) during the time window of
that process, with this window being identified in the corresponding
record from the ground-based electric field sensor.
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Fig. 2. A -CG flash that occurred 13 km from the E-field measuring system. The flash contained 3 return strokes (numbered in the top panel) all of which were also
recorded by the GLM. Only the second stroke was detected by the ENTLN. (a) top panel, lightning electric field records (fast and slow), middle panel, GLM groups in
the 0 to 30 fJ range to accentuate small energy groups, and bottom panel, GLM groups in the full energy range. fJ stands for femtojoule; 1fJ = 10~ ° J. GLM group
energy are colored by time to comparison with the spatial plot. (b) GLM groups, and ENTLN reported locations of return strokes (in this case only one stroke), and
cloud top brightness temperature in the background. (c) GLM groups, GLM events, and ENTLN reported locations of return strokes.
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Table 1
Summary of data and results for 15 negative CGs.
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Flash Number of Distance E-field peak at 100 km Detectable PB in E- PB- FL- RS detected by SL- Local time (H:
D strokes (km) (V/m) field GLM GLM GLM GLM M)
2 1 8.7 2.1 YES YES YES ALL - 16:59
3 6 13.7 5.5 YES YES YES ALL YES (3) 17:00
4 1 3.8 0.6 YES YES YES ALL - 17:06
7 5 7.3 2.9 YES NO NO 4 NO 17:11
9 6 9.3 1.7 YES NO NO 5 NO 17:14
10 1 5.1 1.2 YES YES YES ALL - 17:15
11 5 10.7 3.3 YES NO YES ALL YES (3) 17:18
12 4 111 4.0 YES NO NO ALL YES (2) 17:19
14 1 11.8 3.4 YES NO NO ALL - 18:28
142 3 15.3 2.3 YES NO NO ALL YES (1) 18:01
143 5 15.1 1.9 YES NO NO ALL YES (2) 18:03
151 1 10.8 6.5 YES NO NO ALL - 18:19
152 10 6.6 3.0 YES NO NO 7 YES(3)  18:20
153 3 13 8.1 YES YES YES ALL YES(2) 18:23
154 4 14 6.4 YES NO NO 3 NO 18:24

PB-GLM, Did the GLM detect any PB pulses?

FL-GLM, Did the GLM detect the first-stroke leader?

SL-GLM, Did the GLM detect any subsequent-stroke leaders?

*Sunset at 18:15 (Local time) at E-field sensor location.

Table 2

Summary of data and results for 15 positive CGs.
Flash Number of Distance E-field peak at 100 km Detectable PB in E- PB- FL- RS detected by SL- Local time (H:
D strokes (km) (V/m) field GLM GLM GLM GLM M)
82 2 37.4 23.6 YES YES NO ALL YES (1) 16:08
106 1 17.2 7.3 YES YES YES ALL - 20:04
117 1 19.7 7.8 YES YES YES ALL - 20:25
119 1 40 11.0 YES YES YES ALL - 16:49
338 2 13.4 11.9 YES YES NO 1 NO 19:03
365 3 62.9 24.2 YES YES YES ALL YES (2) 19:32
369 1 15 7.2 YES YES YES ALL - 19:39
371 1 56 11.2 YES YES YES ALL - 19:40
377 2 68.3 13.8 YES YES NO ALL YES (1) 19:51
379 2 15 12.5 YES YES YES ALL YES (1) 19:55
380 1 23.5 8.1 YES YES YES ALL - 19:57
382 3 22.2 20.2 YES YES YES ALL YES (2) 20:03
386 1 15.7 2.0 YES YES YES ALL - 20:15
388 1 67.34 15.2 YES YES YES ALL - 20:18
389 2 26 4.1 YES YES YES ALL YES (1) 20:26

PB-GLM, Did the GLM detect any PB pulses?

FL-GLM, Did the GLM detect the first-stroke leader?
SL-GLM, Did the GLM detect any subsequent-stroke leaders?
*Sunset at 18:15 (Local time) at E-field sensor location.

3.1. Preliminary breakdown (PB)

In all +CG and -CG flashes we observed electric field signatures of PB
(preliminary breakdown pulses). GLM detected all PBs in positive
flashes and 53 % in negative flashes. Stolzenburg et al. [32] observed
optical emissions from PB at ground level using high-speed cameras.
Most of their optical emissions from PB were weak, but still detectable
from ground level. Lopez et al. [27] simultaneously observed the initi-
ation of four lightning flashes from space and the ground using
MMIA-ASIM, ISS-LIS, GLM, and Colombia-LMA. In three of their four
flashes, red emissions (777.4 nm), the same line that GLM operates at,
were not detected during their initiation. In these cases, the initiation
was accompanied by bipolar VLF/LF waveform with a short duration
(<40 ps). However, blue emissions (337 nm) were detected. In this
study, the GLM detection efficiency for PB in -CGs (53 %) was consid-
erably lower than that in +CGs (100 %). There are two possible expla-
nations for this disparity: (1) relatively weak (in most cases) amplitudes
of electric field signatures of PB in -CGs and (2) the stronger scattering of
optical emission from PB in -CGs by the thundercloud which makes them
difficult to be observed from space. Indeed, the preliminary breakdown
in -CGs usually occurs near the bottom of the thundercloud, and because

of that, optical signals experience more scattering than in the case of
+CGs. Specifically, in the Amazon region, where we have deep thun-
derclouds, we believe that the thickness of the cloud often does not allow
the detectable luminosity originating near the cloud bottom to reach the
GLM sensor. However, in 4 out of 9 flashes that GLM did not detect light
emission related to PB pulses, the flashes seem to occur in a not so thick
region of the cloud, as inferred from relatively high CTBT. Figures with
GLM events and groups location, and CTBT for all flashes are found in
Supplementary Material.

Fig. 3 shows one example of a PB whose light emission was not
detected by the GLM. Fig. 4 shows two examples (-CG and +CG) of
electric field signatures of PB whose light emission was detected by
GLM. It is interesting to note the difference in the magnitudes of GLM
groups energy related to PB and to RS. For -CG shown in Fig. 4 (a), the
energy from the groups related to RS is about 100 times higher than the
energy from the groups related to PB, while for +CG shown in Fig. 4 (b),
the difference is considerably smaller (about a factor of 25).

3.2. First-stroke leaders (FL)

For negative CG flashes, GLM detected light emissions of the first
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Fig. 3. E-field waveforms of the first return stroke preceded by the preliminary breakdown (PB) pulses in -CG flash 152 and the corresponding GLM group energy

record. Note that PB was not detected by GLM.
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Fig. 4. E-field waveforms of first return strokes preceded by preliminary breakdown (PB) pulses in (a) negative and (b) positive CG flashes and the corresponding

GLM group energy records.

stepped leader in 53 % (8 out of 15) of the flashes. For positive CG
flashes, GLM detected the first leader in 80 % (12 out of 15) of the
flashes. We assumed that GLM detected FL if it detected at least one
group prior to the first return stroke group. One example of GLM-
detected FL in a negative CG flash is seen in Fig. 4 (a).

The energy of GLM groups that are related to FLs is lower than for
groups related to RSs, for both negative and positive flashes. For flashes
153 and 106 shown in Fig. 5 (a) and (b), respectively, it is interesting to
note that the group energy increases with time. Perhaps this is because
of the elongation of the leader channel branches developing outside the
cloud, which allowed more energy to reach the optical sensor of GLM.

3.3. Subsequent-stroke leaders (SL)
Out of 41 subsequent return strokes in negative CG flashes we

observed GLM groups related to subsequent-stroke leaders in 16 (39 %)
cases (see the last column of Table 1). For positive subsequent return

strokes, we observed GLM groups in 8 out of 9 (89 %) cases (see the last
column of Table 2). We defined an SL as detected by GLM if it detected at
least one group prior to the corresponding subsequent return stroke
group. The lower percentage of detection of SL in negative flashes by
GLM can be related to their relatively low intensity. Fig. 6 shows the
second RSs in negative and positive flashes, for which GLM groups
related to E-field signatures (labeled SL) prior to the RS can be seen.
Again, it is important to note that the energy of the groups related to SL
in both positive and negative flashes is much lower than that of groups
related to RS.

3.4. Return strokes (RS)

The RS is the most powerful process in a CG lightning flash, and this
is why the GLM was able to detect most of the return strokes that we
recorded by the electric field sensor at ground level. Boggs et al. [33],
using a high-speed optical spectrograph, observed a peak at 777.4 nm in
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ergy records.

the return-stroke spectrum, and it is the same wavelength at which the
GLM sensor operates. It is worth noting, however, that all hot lightning
channels (including leaders and continuing currents) are expected to
radiate at 777.4 nm. We observed that only the RSs with relatively low
electric field amplitude (normalized to 100 km) were missed by GLM.
We investigated the sustained optical emissions after the onset time
of each RS in order to find flashes containing continuing currents and M-
components. To do so, we computed the number of GLM groups, with no
frame gaps (<1 frame gap between groups), after the onset time of each
return stroke. Table 3 summarizes the statistics on the number of GLM
groups per RS. The average number of groups in negative RS is 1.6 which
is considerably lower than that for positive RS (15.8). If we multiply
these numbers by the GLM frame duration (2 ms) we find that the
average sustained optical emission for negative RSs is 3.2 ms versus
31.6 ms for positive RSs. About 26 % (6 out of 23) of positive RSs were

Table 3

Statistics on the number of GLM groups per return stroke for -CG and +CG
flashes.

Min Max Mean SD
-CG 1 8 1.6 1.2
+CG 1 85 15.8 19

followed by optical emissions characteristic of long-continuing-current
(LCC). LCCs are usually defined as those having a duration of more
than 40 ms ([1], ch. 4). No negative RSs in this study were followed by
sustained optical emissions longer than 40 ms. One positive flash (see
386 in Table 2) had a sustained optical emission that lasted for about
170 ms after the return stroke, and it was the longest LCC in our dataset.
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Data for this flash are shown in Fig. 7(b).

We observed variations in GLM group energy resembling M-com-
ponents after the RS in 6 +CG flashes. No such variations were observed
in -CG flashes. M-components are defined as perturbations super-
imposed on the slowly varying lightning current, which are accompa-
nied by enhancements in the lightning channel luminosity ([1], ch. 4).
They are well studied in -CG flashes, where their typical durations are a
few milliseconds. Fig. 7 shows examples of two positive RSs followed by
pronounced luminosity variations that occurred during long continuing
currents. We tentatively labeled those luminosity variations as M-com-
ponents, although their durations (up to tens of milliseconds) are
considerably longer than those of “classical” M-components in -CG
flashes. Note that most of the M-components labeled in Fig. 7 appear to
be accompanied by electric field variations and, hence, cannot be
attributed to the varying exposure of continuing current channel to the
GLM optical sensor. There is little information in the literature on M-
component-type processes in +CG flashes (see [34]). Further research is
needed to understand the nature of large luminosity humps seen in
Fig. 7. We wonder if they could be accompanied by the so-called delayed
sprites (e.g., [35,36]).

4. Summary
In this work, we recorded wideband lightning electric field wave-

forms in the Amazon and compared them with the corresponding GLM

Flash ID - 106
Distance — 17.2 km

(a)
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group data (optical energy) to investigate what lightning processes can
be detected, via their optical emissions at 777.4 nm, from space by GLM.
Based on a sample of 15 -CG flashes containing 56 strokes and 15 +CG
flashes containing 24 strokes, we found that GLM detected more than 90
% of all return strokes in our dataset. GLM missed more RSs in -CGs than
in +CGs, and the missed RSs had relatively small electric field peaks
(and by inference current peaks). Preliminary breakdown processes
were detected by GLM in 100 % of +CGs and in 53 % of -CGs. Further,
GLM detected 60 % of all first-stroke leaders (+CGs and -CGs combined).
GLM detection efficiency for subsequent-stroke leaders was 39 % for
-CGs and 89 % for +CGs. It was found that positive RSs were associated
with longer sustained optical emissions 31.6 ms versus 3.2 ms for
negative RS. About 26 % of positive RSs were followed by optical
emissions characteristic of long (>40 ms) continuing current that
exhibited previously unreported large variations resembling M-compo-
nents. Our findings can help future efforts to distinguish between -CG
and +CG flashes and improve the methodologies to track hazardous
lightning flashes with continuing currents from space.
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