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ABSTRACT

We investigate the initiation of four lightning flashes detected from ground by means of the Colombia Lightning Mapping Array (Colombia-LMA) and simultaneously
observed from space by the optical sensors of the Atmosphere-Space Interactions Monitor (ASIM) on board the International Space Station (ISS), the Geostationary
Lightning Mapper (GLM), and the Lightning Imaging Sensor on the ISS. The initiations of the flashes are characterized by isolated and predominant optical blue
pulses (337.0 nm). In three of the flashes, red emissions (777.4 nm), a dominant line of hot lightning, were not detected during their initiation. In these cases, the
initiations were also accompanied by bipolar VLF/LF waveform with a narrow short duration (<40 ps) and VHF emissions with high radio frequency power (<269
kW). The detection of the blue emissions without any red luminosity supports that the fast breakdown processes at the flash initiation can be exclusively of streamer
nature. The onset of the fourth flash was associated with both blue and red radiation, and with weak narrow bipolar waveform in VLF/LF and low VHF power. The
flashes initiated between the midlevel negative and upper positive charge regions. This paper presents and discusses the first fast breakdown processes observed
simultaneously from ground by means a Lightning Mapping Array (LMA) and from space during the onset of lightning flashes.

1. Introduction

Much is still unknown about the initiation of lightning. Despite the
fact that the electricity associated with thunderstorms and lightning has
been studied since the 17th century, as of today, the exact mechanisms
of initiation of lightning flashes remain insufficiently understood. It is
well known that non-thermal streamer discharges are primarily required
for the formation of hot leader channels (e.g. Bazelyan and Raizer,
1997). In lightning, the leader discharge allows the extension of the
channels covering distances of several tens of kilometers (e.g. van der
Velde and Montanya, 2013). It has recently been evidenced by Rison
et al. (2016) that the initiation of lightning flashes might be associated
with extensive streamer intracloud corona (ICC) discharges that produce
intense Very High Frequency (VHF) power pulses with associated radio
sferics (narrow bipolar events or NBEs). The simultaneous occurrence of
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powerful VHF emissions and NBEs related to in-cloud processes are
known as compact intracloud discharges (CIDs) and were first reported
by Le Vine (1980) and described in detail by Eack (2004), Jacobson et al.
(2013), Lu et al. (2011) and Liu et al. (2019), among many other works.

Several recent studies have used high-resolution lightning mapping
systems such as VHF broadband digital interferometers and Lightning
Mapping Arrays (LMASs) to investigate the occurrence and propagation
of electric breakdown at the initiation of lightning flashes. Rison et al.
(2016) showed that the initiation of intracloud (IC) and cloud-to-ground
(CG) lightning discharges often exhibited powerful VHF emission asso-
ciated with NBEs, consistent with radiation from fast positive break-
down processes (FPB) of streamer nature. A similar study by Kolmasova
et al. (2018) correlated measurements of VHF radio emissions by an
LMA with a sequence of preliminary breakdown pulses of IC and CG
lightning flashes obtained from a broad-band magnetic field
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measurements. In that study, strong VHF radio power emissions were
mainly matched with the first preliminary breakdown pulse. Tilles et al.
(2019), reported the occurrence of fast negative breakdown (FNB)
processes during the initiation of lightning flashes which were also
associated with NBEs. In addition, by using a high-speed VHF radio
interferometer, Lyu et al. (2019) showed that fast positive breakdown
processes can initiate some, but not all, lightning flashes. In the same
year, Marshall et al. (2019) expanded the study of the initial breakdown
pulses (IB pulses) as an essential factor for the initiation of IC and CG
flashes. These authors found that the initial electric field changes of 1B
pulses were associated with short VHF broadband pulses mainly
attributed to positive corona streamers. More recently, Bandara et al.
(2020) showed, that in some cases, NBEs do not necessarily report a
large radio power emission to initiate an IC discharge, which is consis-
tent with results previously reported by Lyu et al. (2019). These recent
findings suggest that the initiation of IC or CG discharges may be asso-
ciated with VHF power radiation from breakdown processes of corona
streamer discharges, which can also be the source of strong VHF radi-
ation as in the case of NBEs.

Up to now there is no optical evidence of the streamer nature of the
fast breakdown at the onset of lightning. In this sense, Soler et al. (2020)
using observations from the Atmosphere-Space Interactions Monitor
(ASIM) (Neubert et al., 2019), has associated strong sferics radio bursts
to blue (337.0 nm) optical emissions from lightning. These emissions are
assumed to be produced by streamer corona discharges in thunder-
clouds, whose nighttime climatology, global geographical and seasonal
distributions have been recently published (Soler et al., 2021). Results
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from Soler et al., 2021 indicate that the northwest region of Colombia is
the region of the world with most cloud corona discharges. Finally, it has
been also suggested that fast streamer breakdown may be also related
with the occurrence of TGF (Tilles et al., 2020).

In this paper we report the initiation of four lightning flashes
simultaneously observed by the Colombia-LMA and the photometers of
ASIM-MMIA. The paper is organized as follows. The data is introduced
in the next section. In section three, the initiations of the four lightning
flashes are described by means of the LMA and the optical detections by
ASIM. The occurrence of the fast breakdown in the electrical charge
structure is determined and the sferics of the NBE presented. Section
four contains the discussion and the paper ends with the conclusions.

2. Data

Locations of VHF sources from lightning are provided by the
Colombia-LMA. This network has been operational since 2015 as part of
the ground support for the ASIM mission in the tropics (Lopez et al.,
2019). Since June 2018, the Colombia-LMA operated at the Magdalena
River Valley in the center of Colombia including 8 stations. Each station
has a VHF receiver tuned at the frequency range between 60 and 66
MHz. Baselines between stations range from 7 to 25 km around Bar-
rancabermeja city (Fig. 1). The LMA detects and locates sources of VHF
emissions produced by electrical breakdown processes (Rison et al.,
1999). Radio frequency power at the LMA frequencies is determined for
each detected source. More information about the LMA and its perfor-
mance can be found in Rison et al., 1999 and Thomas et al., 2004.

-70

-70

Fig. 1. Geographical location of the Colombia-LMA network. Each triangle represents an LMA receiver around Barrancabermeja city. The high-efficiency coverage
area is approximated by a buffer of 65 km. In the same figure, the positions of the ISS (black diamonds) are plotted at the time of each detected LMA flash. P1-P4

labels correspond to the ISS-LIS location at the time of each LMA flash.
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Detections of VLF/LF emissions from total lightning flashes (IC and
CG) are supplied by the national VLF/LF LINET lightning detection
system in Colombia (Betz et al., 2009; Aranguren et al., 2017). LINET-
Colombia is composed of 21 radio receivers (VLF/LF) with baselines
from 100 km to 200 km (Aranguren et al., 2017). In addition, we have
also considered lightning stroke information from the Global Lightning
Detection network (GLD360) (Said et al., 2013). Finally, magnetic field
waveforms (5-200 kHz) for each of the analyzed lightning flashes are
included in this study.

Optical emissions at the initiation of the investigated flashes are
obtained from three space-based optical instruments. The primary in-
strument is the Modular Multispectral Imaging (MMIA) instrument on
the ASIM (Chanrion et al., 2019) on board the International Space Sta-
tion (ISS). MMIA is composed of an array of three photometers and two
cameras. The three photometers observe in the 180-250 nm, 337.0 nm
(£4 nm) and 777.4 nm (£+5 nm) spectral bands at a sample rate of 100
kHz. The two cameras are one-megapixel recording 12 frames per sec-
ond with spectral bands centered at 337.0 nm (+5 nm) and 777.4 nm
(£3 nm). In addition to ASIM, optical information from two space-based
lightning imagers is included. These lightning imagers measure narrow-
band, near-infrared optical emissions at 777.4 nm produced by excited
atomic oxygen radiative emissions from lightning. One of these in-
struments is the Geostationary Lightning Mapper (GLM) on the Geo-
stationary Operational Environment Satellites (GOES) 16 and 17,
launched in 2016 and 2018 respectively. GLM is the first geostationary
instrument dedicated to the continuous monitoring of intracloud and
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cloud-to-ground lightning. The instruments monitor the Americas with a
temporal resolution of 2 ms, a bandwidth of 1 nm and a spatial accuracy
at satellite nadir of about 8 km (Goodman et al., 2008; Goodman et al.,
2013). The other instrument is the Lightning Imaging Sensor on the ISS
(ISS-LIS) (e.g. Blakeslee et al., 2020). ISS-LIS has a pixel position accu-
racy <4 km and an image sample rate of 2 ms. For each elementary
detection (called events), the GLM and ISS-LIS provide the optical
radiance. In the following, we use “red” for 777.4 nm band (ASIM-
MMIA, GLM and ISS-LIS) and “blue” for the 337.0 nm band (only ASIM-
MMIA). Finally, the time accuracy of the ASIM photometers was
sequentially improved mainly by aligning the highest irradiances re-
ported by GLM, ISS-LIS and MMIA-ASIM (analyzing the photometers
centered at the 777.4 nm band) and by the GPS time of the corre-
sponding ground-based detections of lightning strokes.

3. Results
3.1. General overview

On 30 October 2019, a total of 20 lightning flashes were simulta-
neously observed from ground by the Colombia-LMA and from space by
ASIM, GLM and ISS-LIS. Out of the 20 flashes, four exhibited clear iso-
lated optical pulses during their initiations detected mostly by the blue
ASIM photometer, alongside intense VHF power emissions. All these
flashes were produced in a secondary small convective cluster of a multi-
cell thunderstorm system located in the Magdalena River Valley to the
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B -55.6 °C
Il -48.8 °C
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Il -7.5°C
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Fig. 2. Cloud top temperature of the thunderstorm associated with the four investigated lightning flashes. White circle markers correspond to the first detected VHF
source of each flash whereas the white diamond is the location of the magnetic sensor and the black triangles are the LMA stations.
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southwest of Barrancabermeja (7°15'N; 73°34'W) (see Fig. 2). The four
flashes occurred at 06:05 in the seconds 11; 28; 41 and 46 UTC,
respectively. The range of the cloud top temperatures around the initi-
ation area of the four flashes was between —69 °C and — 76 °C, ac-
cording to GOES-16 infrared cloud measurements (white circle markers
in Fig. 2), with corresponding altitudes between 14 and 15 km, as
inferred from the nearest balloon sounding. The height of the tropo-
pause was approximately 17.5 km according to the sounding.

3.2. Cloud irradiance energy and lightning VHF power emissions

Figs. 3 to 6 show the temporal evolution of the optical and VHF
signals associated with each one of the four analyzed flashes. In these
figures, panel (a) displays the LMA VHF power for each of the detected
sources. Panels (b) and (c) are the optical blue and red photometric light
signals recorded by ASIM-MMIA, respectively. In these plots, the 100
kHz photometer signals have been smoothed by a 10-sample moving
average. Panel (d) depicts the cloud energy of the 777.4 nm optical
emissions recorded by the GLM and ISS-LIS, binned at the interval of
every two milliseconds.

The first flash (Fig. 3a) initiated with the strongest VHF power
emission of the entire flash. The power was estimated to be 52.5 dBW
(~178 kW). This was accompanied by an isolated optical blue pulse
(Fig. 3b) with no simultaneous detection in the red (Fig. 3c). One can
deduce a rise time of this blue pulse of about 380 ps lasting ~2.3 ms
similar to those reported by Soler et al. (2020). At the same time, a
stroke by LINET and GLD360 was detected at the time of the first LMA
source and at the rise of the blue optical pulse (see dot and triangle
markers in Fig. 3). After the initiation, the rest of the detected blue
emissions had a coincident red signal (e.g. see the negative CG stroke
produced 259 ms after). At this time, blue and red signals presented high
amplitudes but accompanied with much lower VHF power. Note that the
detections of GLM and ISS-LIS in Fig. 3d match well with the ASIM red
channel signals in Fig. 3¢ with higher amplitudes as also reported before
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by van der Velde et al. (2020).

The second flash (Fig. 4) produced the strongest VHF power emission
among the other flashes. This emission occurred at the onset of the flash
(Fig. 4a) with an amplitude around 54.3 dBW (~269 kW). The initiation
of this flash was again characterized by an isolated blue emission
(Fig. 4b). The blue optical pulse exhibited a rise time of about 200 ps and
lasted for about 3.3 ms. There were no detections of concurrent red
optical emissions during the initiation of this event, as can be seen in
Fig. 4c—d. As in the previous flash, a stroke was detected by the GLD360
at the time of the initiation. This stroke was detected only 31 ps after the
first LMA source and was classified as CG. Three additional strokes were
later detected by LINET during the flash, two of which were classified as
IC discharges and one as CG, as shown in Fig. 4 (see points and cross
markers).

The third flash (Fig. 5) also initiated with VHF emission. In this case,
the power level was lower than the former cases with about 40 dBW
(~10 kW), see Fig. 5a. This initial VHF source was accompanied by an
isolated blue optical pulse (500 ps rise time and 3 ms duration) with no
detection of red emissions (see Fig. 5c-d). After the first VHF source,
there was a gap of about 27 ms without LMA VHF sources. After this
period, a series of VHF radiation bursts located at slightly higher altitude
(>12.5 km) were almost always accompanied by frequent pulses of blue
light (and very weak red emissions) during two relatively long periods of
time lasting for about 90 ms and 30 ms at the beginning and at the end of
the flash, respectively. We speculate that the previously described
sequence of VHF-blue, radio-optical pulses could be a distinct manifes-
tation of sequence of cloud corona discharges that occur near the upper
boundary of the upper positive layer (see Fig. 7) growing as an negative
leader through the positive layer. It is worth mentioning that the
amplitude of the first blue optical pulse, likely from fast breakdown, is
roughly twice the amplitude of each of the more than 10 subsequent
blue pulses in the supposed cloud corona discharge. The assumption of
the cloud corona activity is supported by the limited red optical emis-
sions. Additionally, the highest detected blue and red optical pulses that
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occurred near the end of the flash were accompanied by an intense VHF
source of 38.9 dBW (~7.7 kW).

The VHF power emitted at the onset of the last flash (Fig. 6) was the
smallest and around 20 dBW (~100 W), as is shown in Fig. 6a. The
bright optical emission during the initiation of this flash was dominated

by a blue pulse (Fig. 6b) alongside a weaker red emission (Fig. 6¢). The
rise time and duration of the first and isolated blue pulse are calculated
resulting 392 ps and 2.7 ms, respectively. Additionally, there were no
detections (strokes) by the lightning location systems associated to the
beginning of the flash.
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3.3. Range heights of the studied flashes and thunderstorm charge

structure

Using the identification of the polarity of lightning leaders (van der
Velde and Montanya, 2013) and the vertical propagation of the initial
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Longitude [°]

-73.69 -73.68 -73.67 -73.66 -73.65 -73.64

sources (Lopez et al., 2019), the electrical charge structure of the

thunderstorm during the period of the investigated flashes is deter-
mined. Applying this methodology, we find that the storm exhibited a

tripolar charge structure as can be seen in Fig. 7. The upper positive
charge layer (upper red markers) is located above 11 km and extends to
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approximately 15 km. The mid-level negative charge region (see mid-
level blue markers) is located between 5 km and 9 km, whereas the
lower positive charge region is identified below 5 km altitude. It is worth
mentioning that the detection of electrical breakdown above the upper
positive charge region suggests the presence of a negative screening
layer, located at an altitude between 15 km and 16 km, as shown by the
upper blue markers in Fig. 7. In the same figure, the locations of initi-
ation of each flash, defined as the location of the first LMA source, are
labeled. Initiations of flashes were located between 9 km and 11.4 km
height in a quasi-neutral charge region between the upper positive and
mid-level main negative charge layers.

3.4. Sferics

In the previous sections we have shown that the lightning flashes
initiated with strong VHF emissions and blue optical luminosity. These
features suggest that the initiations are related to fast breakdown that
may generate NBEs sferics. To confirm the presence of NBEs, we
analyzed the related magnetic field sferic waveforms. Fig. 8 presents the
four magnetic field waveforms (5-200 kHz) at the time of the initiation
of the flashes. In the first three flashes (Fig. 8a-c), the magnetic field
signatures show isolated bipolar waveforms with durations between 20
and 30 ps confirming the NBE nature of the events. Assuming that the
source region of the magnetic field signals is at the location of the first
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LMA source, we correct the transit time from the source to the receiver
(~20 km) assuming a wave propagation at the speed of light. In flashes
1-3, the sferic was produced about 25 ps after the first VHF source
(asterisk makers). The onset time of the magnetic field matches with the
detection of LINET in the first flash (Fig. 8a) and with the GLD360
detection in the second flash (Fig. 8b). In the fourth flash, the magnetic
field shows a more complex waveform (Fig. 8d). In this case, a small
isolated bipolar pulse occurred about 300 ps before the first detected
VHF source. At the time of the VHF source the magnetic field presents a
more complex waveform that lasts for about 120 ps.

When the radio signals are compared with the optical radiation
detected by ASIM, it is necessary to take into account the time un-
certainties resulting from several factors. The first one is due to the
uncertainty of the ASIM absolute time accuracy which is assumed to be
about a few tens of ms with respect to the GPS time (Heumesser et al.,
2021). This uncertainty can be reduced by correcting the time by
identifying the same optical pulses detected by GLM and ISS-LIS. With
this method, the uncertainty can be reduced at the order of 1-2 ms. In
addition to the absolute time accuracy, there is the influence of the light
scattering and absorption in the cloud plus the transit time to reach the
ISS. Taking these factors into account, the shaded areas in Fig. 8 indicate
the range of the UT time uncertainty of the blue luminosity signals. In
the first three flashes, the blue luminosity starts simultaneously with the
VHF and VLF/LF emissions. This seems to not be the case in the fourth
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flash where a small bipolar magnetic field pulse is located at the rise
time of the blue luminosity and the first VHF source at the peak of the
blue. At the peak of the blue emission, the magnetic field signal presents
a complex waveform. The VHF power at the initiation of this flash was
low (20 dBW) compared to the other three flashes. It is important to
remark that in all the four cases (Fig. 8), the blue signals can shift in time
within the marked uncertainty ranges (shaded areas).

4. Discussion

In the previous section the optical, VHF and sferics properties of the
four initiations of the lightning flashes have been described. These
flashes occurred within 1 min and clustered in distance within 5 km.
These space-time cluster characteristics have been already reported by e.
g.: Tilles et al. (2019) and Stanley et al. (2018) showing short periods of
high rates of NBE (e.g. ~40 NBEs within 1 min). The proximity in space
and time of each flash initiation suggests that the charge removed by
each flash, including the NBE, is not enough to suppress the conditions
of new initiation of fast breakdown. Alternatively, the thundercloud
charging mechanisms or the redistribution of charge within the clouds at
these locations may be very effective during this period.

The initiation of the flashes one and two exhibited typical features of
fast breakdown: radiation bursts of high VHF power (>100 kW) simul-
taneously with intense bipolar VLF/LF sferics (NBEs) (Smith et al., 2004;
Wu et al., 2012; Rison et al., 2016; Tilles et al., 2019). Assuming their
locations are those of the first LMA sources, the NBEs initiated between
the midlevel negative and the upper positive electrical charge regions
(markers 1 and 2 in Fig. 7). In both flashes, the direction of the currents
of the NBE, derived from the components of the magnetic fields (not
shown in Fig. 8), were pointing downwards. Rison et al. (2016) and
Tilles et al. (2019) already noticed the existence of a weaker version of
the fast breakdown in terms of LMA VHF power and associated sferic
amplitudes. In the case of the third flash, the LMA VHF power at initi-
ation was one order of magnitude lower than in the first two flashes
(Table 1), but was also accompanied by VLF/LF radio bipolar emission
and dominant blue luminosity. The direction of the current derived from
the magnetic field components as well as the source location was similar
to flashes 1 and 2. In the case of the fourth flash, although initiated with
a blue pulse that might indicate the occurrence of fast breakdown, we
cannot accurately determine the direction of the current because of the
complex magnetic field signals at the time of the VHF source.

The coincidence in time (Fig. 8a-c) between the blue luminosity and
the fast breakdown, with the absence of red emissions, is consistent with
the non-thermal discharge nature of the FPB and the FNB as it was
previously proposed by Rison et al. (2016), Liu et al. (2019) and Tilles
et al. (2019). In Fig. 8a-c, the onset of the blue emission likely corre-
sponds to the time of occurrence of the fast breakdown. The presence of
isolated 337 nm emissions is associated with corona streamer discharges
occurring inside thunderclouds as recently proposed by Soler et al.
(2020) using ASIM measurements. Following Soler et al. (2020) and
Luque et al. (2020), the temporal dependence of optical emissions from
the interior of thunderclouds is controlled by the time scale of multiple
photon scattering by cloud droplets and ice crystals (e.g. Thomson and
Krider, 1982; Light et al., 2001). Under the assumptions that the optical

Table 1
Summary of the properties of the investigated flash initiations.
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pulse is impulsive and localized, that the cloud is homogeneous and
bounded above by a plane, and that the photons exit the cloud iso-
tropically, with scattering outside the cloud being negligible, one can
derive a simple expression for the signal registered by a photometer
above the cloud top (see Appendix A). So, from the measured blue
pulses, the depth of the emission source within the cloud can be esti-
mated as done in Appendix A. The average altitude of the luminosity
source for the first two flashes is included in Table 1. The obtained al-
titudes from the optical signals (10.5 km and 11 km for flashes one and
two, respectively) agree with the altitudes of the first LMA sources (11.2
km and 11 km, respectively). This concurrence supports that the source
of the dominant blue optical emission is from non-thermal discharges of
the fast breakdown. Unfortunately, the optical pulses of the third and
fourth flashes do not allow a good estimation of the depth, as discussed
in Appendix A.

From the summary in Table 1, we found that there is not a simple
relation between the amplitude of the blue radiance with the VHF power
or the peak of the magnetic field. However, the first two flashes pro-
duced higher amplitudes of blue irradiance, VHF power, and LF/VLF
magnetic fields compared with the flashes three and four. In the third
flash, the higher altitude would lead to increased luminosity, but this is
not observed, suggesting that the optical emission is more related to the
‘intensity’ of the fast breakdown. Rison et al. (2016) and Tilles et al.
(2019) already noticed the existence of a weaker version of the fast
breakdown in terms of LMA VHF power and associated sferic amplitude.
Here we have shown that the weak fast breakdown events also produced
comparable optical radiance to the strong ones. From Table 1 we find
some proportionality between the levels of VHF radio frequency power
and the peak of the magnetic field. This relation is in good agreement
with Liu et al. (2019) who theoretically showed the dependence of the
amplitudes in the VLF to VHF radio spectrum on the number of
streamers. But this proportionality on the levels of radio emissions is not
found in the blue optical emissions. As is shown in Fig. 8, the two strong
NBE in the flashes one and two produced similar peaks of radiance (~10
pW/m?), whereas the weak NBE in the flashes three and four produced
slightly lower peaks of radiance (~6 pW/m?). In addition, there is not
much difference between the peak of the radiance of the blue emission in
the third flash that initiated around 11.4 km and the fourth that initiated
at much lower altitude (9 km). Actually, the cloud top energy (van der
Velde et al., 2020) of blue emissions of flash 4, calculated for a time
interval of 2 ms, is comparable to those of flashes one and two (Fig. S5 to
S8 in the supplementary material). In the case of the third flash, the
cloud top energy is the lowest, although the source was assumed to be
higher, as discussed before. The lack of a clear relation between the
amplitude of the blue luminosity and the strength of the fast breakdown,
characterized by radio wave emissions, may suggest a dependence of the
photon flux at the detector on the vertical and horizontal extent of the
source, and of spatial inhomogeneities of the cloud properties.

5. Conclusions
In this paper we presented four simultaneous observations with a

ground-based LMA and from space by ASIM-MMIA of fast breakdown
processes that occurred at the initiation of four lightning flashes. Two of

Flash LMA LMA Peak blue Rise time Duration Peak blue cloud Peak red cloud top  Altitude of blue Peak magnetic
power initiation radiance (WW/ blue (ps) blue (ms) top energy“* (J) energy“* (J) emission”* (km) field (d.u.)
kW) (km) m?)

1 178 11.2 10.6 380 2.3 3240 - 10.5 5003

2 269 11.0 10.3 200 3 2306 - 11.3 4410

3 10 11.4 6 500 1.8 828 - - 601

4 0.1 9 6.5 390 2 2480 324 - 120

" Average altitudes calculated in Appendix A.
" Cloud top optical energies are included in the supplementary material.
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the events presented clear features of strong fast breakdown character-
istics: very high VHF power (>100 kW) and bipolar magnetic fields
(NBE). Three of the events were identified to be fast positive breakdown
where the detected blue luminosity was not accompanied by red optical
emissions. The findings of this study can be summarized as follows:

1. The detection of blue luminosity without red optical emissions at the
flash initiations with the occurrence of high VHF power and NBE
confirms the streamer nature of the fast breakdown (Rison et al.,
2016)

2. Despite the significant differences in the amplitudes of the VHF
power and the sferics between the ‘strong’ and ‘weak’ NBEs the
amplitude of the blue radiance did not change accordingly.

3. The proportionality between the amplitudes in the VHF power and
the magnetic field of the sferics supports that these are highly
dependent on the number of streamers (Liu et al., 2019).

4. The lack of proportionality between the value of the radio emissions
and the optical blue luminosity needs further investigation.
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The equation below describes the light pulse shape observed above a cloud and provides a rough estimate of event depths (with respect to cloud

top) inside thunderclouds (Soler et al., 2020; Luque et al., 2020).
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(A1)

where 0 is the step function, tg is the emission time, and T = L2/4D is the characteristic time of the process. Given a photometer signal, one
can fit it to Eq. (A.1) and obtain values for the parameters ty, T, and v. Then the depth of the event can be estimated as L = 4D1)V2 ~ (4Act
/(31 — g)))l/ 2, In this work we used g = 0.87 (Thomson and Krider, 1982) and, since the radius of the cloud droplets is much larger than the
optical wavelengths involved, the photon mean free path A = (2nr?n) ! = 4 m to 16 m, corresponding to a scatterer concentration n = 10%
m~3 and radii r = 10 to 20 pm (Thomson and Krider, 1982), which correspond to a range of the diffusion coefficient D = Ac/(3(1 — gwo))
(Koshak et al., 1994), from 3 x 10° to 12 x 10° m? s~1, and where g is the scattering asymmetry parameter, and g (close to one under our
conditions) is the single-scattering albedo that indicates the probability that a photon is reemitted after a scattering event. A cloud top
height of 15 km of the thunderstorm is considered. We have fit Eq. (A.1) to the isolated 337.0 nm pulses associated to the first two flashes
(06:05:11 and 06:05:28) in order to derive their emission depth in the cloud. Unfortunately, the shapes of the blue pulses in the flashes three

and four (06:05:41 and 06:05:46) did not allow a good fit. The obtained ranges are indicated in Table Al.
Table Al

Estimated height of the blue source
emission in the cloud. The cloud top is
assumed to be at 15 km.

Flash Height

1 9-12 km

2 10-12.5 km
3 -

4 -

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.atmosres.2021.105981.
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