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Abstract While narrow bipolar events (NBEs) could be related with lightning initiation, their intrinsic
physics remains in question. Here we report on optical measurements by the Atmosphere‐Space
Interactions Monitor (ASIM) on the International Space Station (ISS) of blue flashes associated with NBEs.
They are observed in a narrow blue band centered at 337 nm, with no simultaneous activity at 777.4 nm,
considered a strong lightning emission line. From radio waves measured from the ground, we find that 7 of
10 single‐pulse blue events can be identified as positive NBEs. The source altitudes estimated from
optical and radio signals agree and indicate that the sources of the blue flashes are located between ∼8.5 and
∼14 km, in a cloud reaching 14–15 km altitude. The observations suggest that single‐pulse blue flashes
are from cold ionization waves, so‐called streamers, and that positive NBEs are corona discharges formed by
many streamers.

Plain Language Summary A special type of cloud electrical discharges called narrow bipolar
events (NBEs) could be related with lightning initiation, but their intrinsic physics remains in question.
Here we report on optical measurements by the Atmosphere‐Space Interactions Monitor (ASIM) on the
International Space Station (ISS) of blue flashes associated with NBEs. They are observed with no
simultaneous optical emissions from regular lightning. From radio waves measured from the ground,
we find that 70% of the detected single‐pulse blue events can be identified as positive NBEs. The source
altitude estimates from optical and radio signals agree and indicate that the sources of the blue events are
located between ∼8.5 and ∼14 km inside the thundercloud. The observations suggest that single‐pulse blue
flashes are from cold ionization waves, so‐called streamers, and that positive NBEs are corona discharges
formed by many streamers.

1. Introduction

In 1980, Le Vine (1980) first detected strong radio frequency (RF) sources from intracloud (IC) electrical dis-
charge processes characterized by short‐duration (10–30 μs) bipolar sferic waveforms detected in very low
frequency (VLF)/low frequency (LF) (10–400 kHz) radio signals and usually accompanied by strong very
high frequency (VHF) (30–300MHz) radiation bursts, which are called compact intracloud discharges
(CIDs) or narrow bipolar events (NBEs) (Smith et al., 1999). Because of the substantial NBE sferic strength,
they can be radio detected at hundreds of km distance (Rison et al., 2016). CIDs are also named strong tran-
sionospheric pulse pairs (TIPPs), which were originally recorded by the VHF receivers aboard the ALEXIS
satellite (Holden et al., 1995). The acronym TIPPs is based purely on the appearance of the VHF pulse
recorded on a satellite above the ionosphere containing a distinct double pulse which indicates an elevated
intracloud source. TIPPs are not uncommon in‐cloud events, being approximately half of all VHF events
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collected by the Fast On‐orbit Recording of Transient Events (FORTE) satellite launched in 1997 (Light &
Jacobson, 2002). The impulsive NBE events (or weak TIPPs) seen in the VLF/LF range are still typically
10 times more powerful than the emissions from normal lightning discharges at high frequencies (HF)
(3–30MHz) (Smith et al., 1999). The extensive FORTE VHF recordings distinguished between impulsive
events (TIPPs) and nonimpulsive events, the so‐called “non‐TIPPs” that include both cloud‐to‐ground
(CG) and in‐cloud lightning signals such as IC events (Light & Jacobson, 2002). Fast positive and negative
breakdown cause NBEs, and NBEs can initiate normal IC lightning (Rison et al., 2016; Tilles et al., 2019).
Recent results suggest that ∼10% of IC lightning discharges are initiated by NBEs, and the rest are triggered
by very fast (typically less than 0.5 μs) VHFpulseswith no obvious spatial development (Lyu et al., 2019). Note
that the terms regular or normal lightning are used hereinafter with the meaning of lightning flashes with
durations of a few tens of milliseconds to several seconds with hot leader channels rather than such processes
as isolated NBEs which last a few tens of microseconds or the continuous breakdown in overshooting tops.

Jacobson et al. (2013) reported dim optical detections from NBEs by a wideband (0.4–1.1 μm) photodiode
detector (PDD) sampling at 66 kHz (15 μs) on board the FORTE satellite. These dim satellite‐based NBE opti-
cal recordings produced a peak optical radiance (at 825 km altitude) above the effective trigger threshold of
350 μWm−2 corresponding to ∼3 × 108 W of peak optical isotropic power at the top of the cloud (Jacobson &
Light, 2012). Because of the wideband (700 nm) filter used, Jacobson et al. (2013) were not able to distinguish
the characteristic color of NBE optical emissions. More recently, Chanrion et al. (2017) reported profuse
activity of blue electrical discharges at the top of a thunderstorm observed from the International Space
Station (ISS).

In this paper, we present the first pure—only 337 nm (hereafter called blue for simplicity)—pulse‐like dis-
charge observations recorded by the Modular Multispectral Imaging Array (MMIA) of the
Atmosphere‐Space Interactions Monitor (ASIM) aboard the ISS during its flyby over a very active thunder-
storm on 14 May 2019 in Indonesia. We first show that the detected in‐cloud optical flashes are seen only in
the narrowband photometer centered at 337 nm with peak optical radiances below 25 μWm−2, that is,
between 14 and 15 times less than the 350 μWm−2 effective trigger threshold of the PDD on board the
FORTE satellite. We then go on to show VLF/LF radio detections (using a sampling frequency of 1MHz)
of positive NBEs that occur in coincidence with single‐pulse blue optical flashes recorded by ASIM. The
source altitudes of NBEs associated with single‐pulse blue optical flashes are determined by analysis of
ground and sky radio waves (Smith et al., 2004) and by a novel method based on the fitting and analysis
of the MMIA optical (photometric) signals. Finally, we conclude that the detected positive NBEs occurring
inside thunderclouds are caused by fast (10–30 μs) positive breakdown (Rison et al., 2016) accompanied by
distinct bluish optical emissions (337 nm) of corona discharges formed by many streamers with no measur-
able red (777 nm) light emissions typical of lightning.While double‐ andmultiple‐pulse blue flashes detected
by MMIA are very briefly discussed in this paper, we focus our discussion, analysis, and conclusions on
single‐pulse blue flashes.

2. Observations and Data

The optical data of blue flashes analyzed here are from the MMIA instrument of ASIM. MMIA incorporates
a pair of filtered cameras (operating at 12 fps), one in the near UV at the strongest spectral line of the N2 SPS
(337 nm/4 nm) and the other camera in one of the strongest lightning emission lines corresponding to
neutral oxygen (777.4 nm/5 nm). TheMMIA temporal resolution is provided by three photometers sampling
at 100 kHz in the UV at 180–230 nm, capturing part of the nitrogen Lyman‐Birge‐Hopfield (LBH) band, in
the near UV at 337 nm/4 nm and in the lightning band at 777.4 nm/5 nm (Chanrion et al., 2019; Neubert
et al., 2019). Therefore, MMIA currently offers the highest available spatial (∼400m/pixel), temporal resolu-
tion (100 kHz), and optical sensitivity of thunderstorm electrical activity from space. The transient pure blue
discharges analyzed in this paper are only detected in the 337 nm photometer and 337 nm filtered camera of
MMIA with signal at the noise level in the 180–230 nm photometer and in the lightning (777 nm) camera
and photometer.

In order to establish correlations between the blue flashes detected by MMIA, the nearby lightning activity
and NBEs, we have used the Vaisala global lightning data set GLD360 (Said & Murphy, 2016; Said et al.,
2010, 2013) and a broadband VLF/LF magnetic sensor composed of two orthogonal induction coils that
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was installed on the campus of University Teknikal Malaysia inMelaka (2.3139°N latitude, 102.3185°E long-
itude) since May 2017. The lightning signals were recorded continuously at 1MHz (with 50 ns time accu-
racy) with a detection range of 800 km (the sensitivity of the VLF/LF sensor decreases gradually with
distance from the lightning source). The Melaka VLF/LF station is part of the Chinese Lightning Effects
Research Platform (LERP) (Huang et al., 2018; Zhang et al., 2016).

The Vaisala GLD360 global lightning data set is generated by a long‐range network that employs both time
of arrival (TOA) and magnetic direction finding (MDF) technologies at each sensor to geolocate individual
lightning flashes. The sensors, sensitive to the VLF range, use a waveform recognition algorithm to identify
specific features in radio atmospherics generated by individual lightning discharges (Said & Murphy, 2016).

The times of the blue flashes are provided by the MMIA internal clock. The time provided by the GLD360 is
assumed to be the correct time of lightning strokes, and other times are adjusted to this. In this regard note
that, for the investigated thunderstorm in Indonesia, the MMIA lightning‐corrected detection times at the
source are found to exhibit a systematic shift of Δt¼−28.7 ± 0.1 ms with respect to ground‐based GLD360
lightning recordings at the source. This time shift is based on the analysis correlating hundreds of 777 nm
optical pulses recorded by MMIA during a time period of 119 s starting at 13:08:38.54 UTC. The Δt is already
included in theMMIA times shown in Tables 1 and 2. Finally, the times of the +NBEs are determined by the
sferic signals detected by the Melaka VLF/LF radio station.

3. Observation of Blue Flashes and Lightning

The blue emissions occurred during a very active thunderstorm on 14 May 2019 over Indonesia.
Figure 1shows the cloud top height (CTH)—up to 14–15 km—derived from measurements by the
Fengyun‐4A (FY‐4A) satellite launched on 11 December 2016 and located at 105°E longitude observing
the Indian Ocean. The CTH retrieved by FY‐4A has a vertical resolution of 1 km (Tan et al., 2019). FY‐4A
is the first of a new generation of Chinese geostationary meteorological satellites (Yang et al., 2017).
FY‐4A delivers imagery every 15 min from the 14 spectral channels of the Advanced Geosynchronous
Radiation Imager (AGRI) (Zhang et al., 2018). A repeat cycle of 15 min for full‐disk imaging provides multi-
spectral observations of rapidly changing phenomena like, for instance, deep convection.

A total of 30 blue events of different types (single‐, double‐, and multiple‐pulse) were recorded byMMIA in a
relatively short period of time between 13.09.21.4903 and 13.09.54.8739 Coordinated Universal Time (UTC)
on 14 May 2019 in a thunderstorm over the island of Sumatra (Indonesia). Figure 1 shows the cloud‐to‐
ground (CG) lightning activity in the region of interest together with the single‐pulse (large squares) and
double‐ and multiple‐pulse (small squares) blue flashes forming a cluster and an isolated double‐pulse blue
event appearing to the upper left of the cluster (see top panel of Figure 1). All blues occur in a region of cloud
tops of ≃14–15 km. The blue flashes recorded by MMIA exhibited an occurrence rate of ∼48 per minute
(almost one per second).

The short time interval during which blue flashes were detected together with their spatial distribution
based on clustering is in agreement with previous findings by Jacobson and Heavner (2005) in connection
to the spatial relationship between CGs and NBEs and to the fact that the occurrence of NBEs tends to cover
less of the spatial extent or temporal lifetime of the thunderstorm (Jacobson & Heavner, 2005). We found
that there are no neighbor CG lightning discharges in the 10ms preceding or following the blue flashes
(Jacobson & Light, 2012). In addition, by looking at Figure 1 one cannot consistently confirm the spatial cor-
relation between blue flashes and CGs. In addition, if we look at Figure 2 we cannot confirm that a sequence
of CGs is the cause or the consequence of a blue event. This was also found by Jacobson and Heavner (2005)
in the case of NBEs detected during the 4 year (1999–2002) operation of Los Alamos Sferic waveform Array
(LASA) in Florida.

Some key features of the 10 single‐pulse blues recorded by ASIM are shown in Table 1. The illuminated
cloud top area of the blue events ranges between ∼24 and ∼131 km2 with a variable number of active pixels
between 149 and 819. The number of pixels of the transient blue events are determined by choosing pixels
(with an area of ∼0.16 km2) with a threshold value of 20% of the maximum and 2 times the minimum pixel
value (2 × 55 μW/(m2 sr)). The total duration time of the photometer signal is obtained from the first‐hitting
model fit function (see next section) as the time since the fit starts until the value of the fit when it decays to
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10% of its maximum value or it is lower than the noise level value (0.5 μW/m2). The rise time is the time since
the fit function starts until it reaches its maximum. On the other hand, the single blue events rise time,
defined as the time up to the maximum, varies between 0.14 and 0.48 ms. The peak brightness as seen by
the 337 photometer in μW/m2 varies by a factor of 2.8 (between 7.76 and 21.67 μW/m2). In the same
period of time the peak brightnesses of regular lightning scale from about 1 μW/m2 to about 64 μW/m2.
The cloud‐top surface‐averaged brightnesses vary between 15.2 and 299MR. Note, however, that for
quantifying the peak brightness in Rayleighs we considered the illuminated cloud top area shown by the
337 camera, which will differ from the emitting area of the blue discharge.

The total duration of recorded single blue events varies between 1.60 and 3.60 ms, while the duration of
double‐ and multiple‐pulse blue flashes can be of ≃14 and ≃8ms, respectively. We have observed that the

Table 1
Narrow and Regular Single‐Pulse Blue Flashes Detected by MMIA on Board ASIM

Time (MMIA) Number of Peak Total Rise Total L
Blue flash pixels/area brightness brightness time duration (optical)
UTC (Source) ± 0.1 ms (km2) (μW/m2) / (MR) (μWms/m2) (ms) (ms) (km)

13:09:21.4903 243/38.9 7.76/65.90 7.14 0.24 2.59 2.06–4.13
13:09:27.1675 442/70.7 16.09/75.10 16.60 0.32 2.68 2.13–4.25
13:09:31.8650 488/78.1 8.49/35.90 8.55 0.27 2.80 2.33–4.66
13:09:34.8905 819/131.0 16.01/40.30 12.60 0.21 2.22 1.95–3.90
13:09:45.0861 196/31.4 14.44/15.20 8.05 0.14 1.60 1.68–3.37
13:09:46.7538 504/80.6 13.05/53.40 16.48 0.40 3.24 2.97–5.95
13:09:49.4230 149/23.8 21.67/299.00 19.94 0.24 2.59 2.35–4.70
13:09:49.9890 210/33.6 15.50/152.00 20.81 0.48 3.30 3.23–6.45
13:09:53.6693 161/25.8 9.20/118.00 7.36 0.20 2.33 2.08–4.17
13:09:54.8739 435/69.6 9.46/44.80 13.00 0.42 3.60 2.73–5.46

Note. The table shows the number of pixels and area, peak, and integrated photometer brightness together with the 337 nm photometer rise time, duration,
and depth (L) below cloud top ≃14–15 km (see Table 2) for this thunderstorm of each single‐pulse blue event. Note that the MMIA lightning‐corrected detection
times at the source are found to exhibit a systematic shift of Δt¼−28.7 ± 0.1 ms with respect to ground‐based GLD360 lightning recordings at the source for the
investigated thunderstorm in Indonesia. TheΔt is already included in theMMIA times shown in the table. Each camera frame lasts 83 ms. Note that the sampling
frequency of the photometers is 100 kHz and that the time provided by the GLD360 is assumed to be the correct time of lightning strokes, and other times are
adjusted to this.

Table 2
Times at the Source (Referred to GLD360 Lightning Detections at the Source) of Seven Narrow Single‐Pulse Blue Flashes Detected byMMIA and the Associated +NBEs
Including the Source Depth Below the Cloud Top L and the Altitude Above Sea Level H Determined by (i) Fitting the Photometer Narrow Single‐Pulse (Optical) Blue
Flash and by (ii) Analyzing the +NBE Sferic (VLF) Ground and Sky Waves

Time (GLD360) Time (MMIA) Time (VLF)
Lightning Blue flash L +NBE H d
UTC (Source) UTC (Source) (optical) CTH UTC (Source) (Radio) (Radio)
±0.1 ms ±0.1ms (km) (km) ±50 ns (km) (km)

13:09:21.4903 2.06–4.13 14
13:09:27.1676 13:09:27.1675 2.13–4.25 14 13:09:27.16753743 13 348

13:09:31.8650 2.33–4.66 15
13:09:34.8905 13:09:34.8905 1.95–3.90 14 13:09:34.89044770 12 345
13:09:45.0863 13:09:45.0861 1.68–3.36 15 13:09:45.08622757 14 351
13:09:46.7539 13:09:46.7538 2.97–5.95 13:09:46.75383847 11 348
13:09:49.4232 13:09:49.4230 2.35–4.70 13:09:49.42311687 13 354

13:09:49.9890 3.23–6.45 14
13:09:53.6694 13:09:53.6693 2.09–4.17 14 13:09:53.66928803 13 363
13:09:54.8740 13:09:54.8739 2.73–5.46 14 13:09:54.87398350 11 364

Note. The table also shows the specific cloud top height (CTH) in the location of the single‐pulse blue flash and the distance d of the events to the Melaka VLF/LF
ground‐based station derived by radio signal analysis. The times of the blue flashes are provided by the MMIA internal clock. The times of the +NBEs are
determined by the Melaka VLF/LF ground‐based station. Note that the MMIA lightning‐corrected detection times at the source are found to exhibit a systematic
Δt¼−28.7 ± 0.1 ms shift with respect to ground‐based GLD360 lightning recordings at the source for the investigated thunderstorm in Indonesia. The Δt is
already included in the MMIA times shown in the table. The uncertainty in H is ±1 km (Li et al., 2019, 2020). CTH is the cloud top height derived by the
FY‐4A geostationary satellite for the position of each ASIM‐detected single‐pulse blue flash. The CTH has a vertical resolution of 1 km (Tan et al., 2019).
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typical individual pulse contained in double‐ and multiple‐pulse events
lasts longer than the typical isolated pulse, suggesting that double‐
and/or multiple‐pulse events either have a deeper source or are produced
by discharge mechanisms with significantly longer time scales.

There were a total of 1,360 lightning strokes reported by Vaisala GLD360
within a 5min interval (from 13.07 UTC to 13.12 UTC) in an area (from
−1.6° latitude, 97° longitude to 3.4° latitude, 102° longitude) of the thun-
derstorm region within a square of 5° × 5° around the detected blue
events. The ground‐based Vaisala GLD360 global lightning network
detected 1,360 lightning strokes and classified 359 as CG and 1,001 as IC.

Figure 2 shows a temporal sequence of single‐pulse blue events (vertical
dashed lines) and the cumulative number of IC (green dots) and CG
(red dots) lightning strokes as classified by GLD360 occurring in a square
centered in the centroid of the detected blue flashes (see caption of
Figure 2 for details). Figure 2 also shows the cumulative number of 777
nm flashes detected by the MMIA 777 nm photometer between 5 s before
the first single‐pulse blue flash and 5 s after the last single‐pulse blue flash.

As seen in Figure 2, most of the MMIA‐detected single blue events do not
exhibit a clear predecessor or successor CG with most blue flashes being
temporally isolated with respect to CG strokes. There are two
single‐pulse blue flashes classified as +NBE at 13:09:46.7538 UTC and
13:09:54.8739 UTC that seem to occur simultaneously (within error; see
Table 2) with two CG lightning strokes as classified (possibly misclassi-
fied) by GLD360, but no concurrent 777 nm optical emissions were
detected by MMIA.

The seven identified +NBEs (in coincidence with single‐pulse blue
flashes) occur simultaneously (within error; see Table 2) with five IC
and two CG lightning strokes as classified by GLD360. However, no con-
current 777 nm optical emissions were detected by MMIA in any of the
seven cases. Out of these seven +NBEs, only the one occurring at
13:09:34.8905 UTC (fourth vertical dashed line from the left; see
Table 2) seems to initiate seven successive IC lightning strokes (out of a
total of 79 GLD360‐detected IC strokes in this time interval and spatial
area (see caption of Figure 2) in agreement with recent results suggesting
that ∼10% of IC lightning strokes are initiated by NBEs (Lyu et al., 2019).

As mentioned before from looking at the GLD360 data, there are eight
GLD360 strokes (seven classified as IC and one classified [possibly mis-

classified] as CG) within 15 km and up to 750ms after the fourth blue flash. These strokes probably belonged
to an IC flash which was initiated by the positive NBE associated with this fourth blue flash, which means
the light emissions from these strokes were probably about the same location in the cloud as the blue flash.
Figure 2 indicates that there were 777 nm emissions detected from these strokes. This suggests that 777 nm
emissions from these strokes were able to get out of the cloud, but no 777 nm emission from the blue flash
was able to get out of the cloud. This has allowed us to put limits on the 777 nm emissions from the blue flash
compared to the other strokes in this flash. We found that the maximum 777 peak intensity in this period
was ≃17 μWm−2. Considering that the noise level of the red photometer is ≃0.35 μWm−2, the 777 peak
intensity in the blue event is at least a factor 50 (or 25) below the 777 maximum (or mean) peak
emissions of other discharges in the same flash. The factor 25 is derived considering 777 peaks barely above
(2 μWm−2) the noise. These factors 50 and 25 are in agreement with streamer spectra recorded at 25 mbar in
air (equivalent to ≃25 km altitude) showing that the blue near‐ultraviolet optical emissions of the second
positive system (SPS) of N2 dominates over a small (almost indistinguishable) trace of the 777.4 nm line that
is less than 1% of the SPS of N2 (Ebert et al., 2010) as we comment in section 5.

Figure 1. (upper panel) Single‐ (big blue squares), double‐, and
multiple‐pulse blue events (small blue squares) and cloud to ground
(CG) lightning (small red dots) detected between 13:09 and 13:12 UTC by
GLD360 represented over a cloud top height (CTH) map derived from
(4 km × 4 km spatial resolution) measurements by the Chinese
Fengyun‐4A (FY‐4A) geostationary meteorological satellite. (bottom panel)
Zoom‐in of the top panel where more details can be observed.
Thundercloud CTHs between 14 and 15 km close to the tropopause are
visible. The white spots are missing values. The dashed line represents the
ISS orbit.
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There is a continuous CG and IC lightning occurrence in the nearby
(several milliseconds) times when single blue flashes are detected by
ASIM. This is consistent with the findings by Wu et al. (2011) reporting
that ±NBEs occur in relative temporal isolation with respect to normal
lightning discharges.

The detected transient events in this study are purely blue events, that
is, there was no detectable 777 nm optical emissions typical of ordinary
lightning. As previously mentioned, the duration of the single‐pulse
blue optical emissions is between 1.60 and 3.60 ms. Figure 3 shows three
representative examples of the types of blue events recorded with ASIM.
An example of a single‐pulse blue event lasting about 3.5 ms is shown in
the top panel of Figure 3. The middle and bottom panels of Figure 3
illustrate the temporal durations (photometer), shape, and appearance
(image) of, respectively, a double‐ and a multiple‐pulse blue event with
“long” durations of 14 and 8ms, respectively. The ASIM photometer sig-
nal of a single‐pulse blue flash shown in the top panel of Figure 3 is
fitted with a distribution function (orange line) resulting from consider-
ing the process of scattering and absorption (see next section) experi-
enced by photons traveling through the cloud.

3.1. Derivation of Altitudes From Photometer Signals

The temporal profile of optical emissions emanating from deep within a
cloud is dominated by the time of multiple photon scattering by cloud dro-

plets and ice crystals (Light et al., 2001; Thomason & Krider, 1982). Under the assumptions that the optical
pulse is impulsive and localized, that the cloud is homogeneous and bounded above by a plane, and that the
photons exit the cloud isotropically, with scattering outside the cloud being negligible, one can derive a sim-
ple expression for the signal registered by a photometer above the cloud top. As we see below, this expression
provides a rough estimate of event altitudes.

If the source is far from the cloud boundary, the photons experience so many scattering events before exiting
the cloud that their transport is well approximated by a diffusive process with a diffusion coefficient D¼Λc/
(3(1− gω0)) (Koshak et al., 1994), where Λ is the photon mean free path, c is the speed of light, g is the scat-
tering assymetry parameter, and ω0 is the single‐scattering albedo. Since the radius of the cloud droplets is
much larger than the optical wavelengths of interest, one can assume an extinction efficiency of 2 (Hulst,
1981) and express the mean free path as Λ¼ (2πr2n)−1 with r being the radius of scatterers and n their con-
centration. The single‐scattering albedo ω0 denotes the probability that a photon is reemitted after a scatter-
ing event, and under our conditions it is close to unity. Nevertheless, over the course of many collisions a
photon may accumulate a nonnegligible probability of being absorbed. We express this by means of an
absorption rate ν0¼ c(1− ω0)/Λ. However, the signal decay is not only determined by absorption in scatter-
ing events but also by photons leaving the cloud from the lower and lateral boundaries. Hence, we consider
an effective decay rate ν which is a model parameter derived from the photometer curve.

The time profile of the signal is then determined by the probability distribution of the time that it takes a
diffusing and weakly absorbed particle to reach a plane at a distance L from its starting point. In our case
L is the distance from the event to the cloud top. This problem belongs to the family of first‐passage (or
first‐hitting‐time) problems and can be solved by standard methods of statistical physics (see, e.g.,
Krapivsky et al., 2010). The solution reads

f ðtÞ ¼ θðt − t0Þe2
ffiffiffiffi
ντ

p

τ
ffiffiffi
π

p τ
t − t0

� �3=2

e−τ=ðt − t0Þ−νðt − t0Þ; with
Z ∞

−∞
f ðtÞdt ¼ 1; (1)

where θ is the step function, t0 is the emission time, and τ¼ L2/4D is the characteristic time of the process.
Given a photometer signal, one canfit it to (1) and obtain values for the parameters t0, τ, and ν. Then the depth
of the event can be estimated as L¼ (4Dτ )1/2≈ (4Λcτ/(3(1− g)))1/2. In this workwe used g¼ 0.87 (Thomason
&Krider, 1982) andΛ¼ 4 to 16m, corresponding to a scatterer concentration n¼ 108 m−3 and radii r¼ 10 to

Figure 2. The vertical dashed lines indicate the temporal sequence of
single‐pulse blue flashes detected by ASIM. The right axis marks the
cumulative number of ASIM 777 nm flashes (orange dots) detected in its
field of view between 5 s before the first single‐pulse blue flash and 5 s after
the last single‐pulse blue event. The left axis indicates the cumulative
number of cloud discharges classified by GLD360 as CG lightning
strokes (red dots) and IC lightning strokes (green dots) occurring within a
square of 1° side centered in the centroid of the blue events and counting
between 5 s before the first single‐pulse blue flash and 5 s after the last
single‐pulse blue event.
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20 μm (Thomason & Krider, 1982), which correspond to a range of the diffusion coefficient D from 3 × 109 to
12 × 109 m2 s−1. The resulting values of L are listed in Tables 1 and 2. Note that for our purposes the optical
properties of water and ice are close enough to ignore their difference.

It is worth mentioning that the distribution shown in Equation 1 could be applied to any type of single‐pulse
light emission sources inside clouds other than those only emitting in the near ultraviolet (337 nm). For
example, it could be applied to lightning pulses usually recorded in the 777 nm optical range. This will allow
an estimation of the altitude where different lightning sources are located in thunderclouds and a compar-
ison with other procedures like the use of lightning mapping arrays (LMAs), interferometric or VLF techni-
ques. In this study, we compare the relative to cloud top altitudes derived by optical fit with the altitude of
associated positive NBEs detected by the Melaka VLF ground‐based station (see Table 1).

Figure 3. (top panel) Photometer signal (left) and 337 nm image (right) recorded by MMIA at 13:09:45.0861 UTC (source) corresponding to a narrow single‐pulse
blue event illuminating a cloud top area of 31.4 km2. The photometric signal (blue line) is well fitted by a distribution accounting for the scattering and
absorption of photons in the thundercloud (orange line). Note that the 777.4 nm signal (red line) typical of lightning is in the noise level. The 180–230 nm
photometric signal is also represented (purple line) with a ×100 factor. (middle and bottom panels) Photometer signals (left) and 337 nm images (right) recorded
by MMIA corresponding to double‐pulse (middle panel) and multiple‐pulse (bottom panel) blue flashes lasting about 14 and 8ms, respectively. Signals in the
noise level are simultaneously detected in the MMIA 777.4 nm photometer and camera.
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The above analytic Equation 1 is consistent with a full scattering model of lightning optical emissions
(Luque et al., 2020) that simulates how a satellite observes optical radiation emitted by a lightning flash after
it is scattered within an intervening cloud. This model is specifically tailored to modern instruments such as
theMMIA component of the ASIM that operates from the ISS but can also be used in a wider context of light-
ning scattering.

4. Ground‐Based Radio Detection

For the comparison with VLF detections, we focus our analysis on single‐pulse blue flashes. While the time
correlation between blue (337 nm) pulses, 777 nm pulses, and the GLD360 network is weak, the correlation
between blue pulses and the Melaka NBE signature is excellent (about 100 μs), as shown in Table 2. Seven of
the 10 single‐pulse blue flashes detected by ASIM during its flyby over the Indonesian thunderstorm of 14
May 2019 occurred simultaneously to lightning detected by GLD360 and by the Melaka VLF/LF
ground‐based station. The analysis of the radio atmospheric signals (sferics) of IC lightning revealed that
seven of them exhibited the typical fast (10–30 μs) bipolar shape of positive NBEs. We consider narrow single
pulses having a duration of ≤4 ms. We hereafter distinguish between narrow single‐pulse blue events likely
associated to NBEs and those with no detected NBEs.

Table 2 shows all times at the source (referred to GLD360 lightning detections at the source) of narrow and
regular single‐pulse blue flashes detected by MMIA and the associated +NBEs including their depths below
cloud top (source altitude is determined by substracting depth from cloud top height) determined by (i) fit-
ting the photometer narrow single‐pulse (optical) blue flash and by (ii) analyzing the relative times of arrival
of +NBE signal reflections (sky waves) from the ionosphere and ground waves with an uncertainty of ±1 km
(Li et al., 2019, 2020). The table also shows the distance d from the events to the Melaka VLF/LF station
derived by GLD360 location and the altitude of NBEs that was determined by calculating the time difference
between the ground wave and two reflected sky waves in the VLF/LF radio signal (Smith et al., 2004). Note
that d is the great‐circle distance calculated by using haversine formula (Robusto, 1957) based on the posi-
tion between the source provided by GLD360 and the VLF sensor.

The optical source altitudes are determined by subtracting the depth below cloud top derived by analysis of
MMIA optical signals from the cloud top heights measured by FY‐4A. Table 2 shows that the source altitudes
derived by both methods (optical and radio) are consistent and point to source locations inside the clouds
producing blue (337 nm) emissions with no traces of near infrared (777.4 nm) optical emissions typical of
lightning.

Figure 4 (top panel) shows a comparison between the blue flash detected by MMIA at 13:09:54.8739 UTC
(source) ±0.1 ms and the VLF sferic waveforms—Br (red line) and Bϕ (green line) magnetic field compo-
nents—associated to the positive NBE detected at 13:09:54.87398350 UTC (source) ±50 ns by the Melaka
VLF/LF station. The blue flash and the positive NBE appear isolated from any other nearby cloud electrical
activity. Details of the optical signal and VLF sferics of this positive NBE can be seen in the three bottom
panels of Figure 4 where we show the zoom‐in of the top panel region around the sferic of the NBE.

Both the total duration of the single‐pulse blue flashes and the cloud‐top illuminated area are related with
the location (altitude) of the event in the cloud. In general, the larger the total duration and the illuminated
area, the deeper in the cloud the events are located. On the contrary, the shorter the total duration, the
higher an event is located in the cloud.

5. Interpretation and Analysis

Energetic electrons in corona streamers occurring at upper tropospheric pressures can excite molecules, but
also, depending on how high the gained energy is, electrons can dissociate and ionize ambient N2 and/or O2

molecules (Adachi et al., 2008; Gordillo‐Vázquez et al., 2011, 2012; Hiraki, 2010; Luque & Ebert, 2009; Luque
& Gordillo‐Vázquez, 2011; Parra‐Rojas et al., 2013; Pérez‐Invernón et al., 2016; Williams et al., 2012).

Blue optical emissions due to, respectively, the Second Positive System (SPS) of N2 and the First Negative
System (FNS) ofNþ

2 are typical of streamers and corona discharges formed by a large collection of streamers.
The high reduced electric field (300–600 Td) in the head of streamers (Luque & Ebert, 2010; Pasko et al.,
1998; Stenbaek‐Nielsen et al., 2010) acting during short times—from some nanoseconds (at ground pressure)
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Figure 4. (top panel) Comparison between the narrow single‐pulse blue flash (blue line) detected by MMIA at 13:09:54.8739 UTC (source) ±0.1 ms (shadowed
region in the three bottom panels) and the VLF sferic waveforms—Br (green line) and Bϕ (orange line) magnetic field components—associated to the
positive NBE detected at 13:09:54.87398350 UTC (source) ±50 ns by the Melaka VLF/LF station. Note that the 777 nm optical signal is at the noise level.
Details of the optical signal and VLF sferics of this positive NBE can be seen in the three bottom panels, which show the zoom‐in of the top panel region
around the sferic of the positive NBE. The inset in the Bϕ panel shows the μs time scale of the detected +NBE. The bipolar waveform of the +NBE ground
wave lasts for about 25 μs.
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to some milliseconds (at mesospheric pressure)—and the short (approximately milliseconds) glow that fol-
lows after the propagation of streamer heads can activate nonequilibrium electron‐driven kinetics in the sur-
rounding air (Gordillo‐Vázquez, 2008; Gordillo‐Vázquez & Donkó, 2009; Hoder et al., 2016; Parra‐Rojas
et al., 2015; Pérez‐Invernón et al., 2018; Sentman et al., 2008). In particular, the production of the 5P electro-
nic state of O I, whose radiative decay produces the 777.4 nm line, can be activated by (i) electron impact dis-
sociative excitation of O2 (e + O2 → O + O(5P) + e) generating ground state O I atoms and electronically
excited O(5P) atoms in a nonequilibrium air plasma and (ii) direct electron impact excitation of ground state
of ambient O I atoms producing electronically excited O(5P) atoms (e+O→O(5P) + e). The rate coefficients
of mechanisms (i) and (ii) in air increase as the reduced electric field grows, but the production of O(5P)
by dissociative excitation is always significantly higher than the one by direct electron impact excitation
from ground state oxygen atoms. Therefore, depending on the ambient pressure, it could be possible that
777.4 nm optical emissions appear in well‐resolved spectra of streamers. In this regard, it is worth mention-
ing that the recorded high‐resolution spectra of sprites at 74 km altitude (∼0.023 mbar) only show spectro-
scopic features of neutral molecular nitrogen (Gordillo‐Vázquez et al., 2018) with no traces of the strong
777.4 nm atomic oxygen (O I) triplet usually seen in lightning spectra in the troposphere. However, while
streamer spectra recorded at 25 mbar in air (equivalent to ≃25 km altitude) is dominated by the blue emis-
sions of the SPS of N2, it exhibits a small (almost indistinguishable) trace of the 777.4 nm line that is less than
1% of the SPS of N2 (Ebert et al., 2010).

Streamers can appear in isolated corona discharges but also in the forefront of downward or upward
propagating hot lightning leaders. Optical emissions of streamers in front of leaders should be accompanied
by 777.4 nm emissions originated by thermal excitation of the 5P electronic state of atomic oxygen in hot
lightning channels. However, the single‐pulse blue events reported in this paper lack a companion
777.4 nm emission. This could be due to (i) events occurring deep in the cloud so that accompanying 777.4
nm optical emissions from streamers and/or leaders are completely absorbed by cloud water droplets
and/or ice since both water and ice absorbtion is stronger in the near infrared (777.4 nm) than in the near
ultraviolet (337 nm) (Hale & Querry, 1973; Warren & Brandt, 2008), (ii) the presence of low‐temperature
(2000–4000 K) leader channels that produce inefficient thermal excitation of O(5P) that, consequently, pro-
duce negligible 777.4 nm emissions in comparison with prevailing blue emissions from corona streamers,
and/or (iii) the fact that the only source of the detected near‐ultraviolet (337 nm) optical emissions is a corona
of many streamers inside the cloud and that, consequently, the 777.4 nm optical emissions are negligible.

Moreover, as shown in Figure 2 the NBE at 13:09:34.8905 apparently initiated seven IC strokes detected by
GLD360. These strokes are almost certainly associated with hot leaders at about the same altitude as this
+NBE. It is clear from Figure 2 that the cloud did not absorb the 777 nm emissions from these strokes since
they were detected byMMIA. This strengthens the argument that there is little if any 777 nm emissions from
the short‐duration blue flashes. On the other hand, there is no evidence of low‐temperature leaders channels
which do not produce 777.4 nm optical emissions.

Having said the above, the fact that no 777.4 photometric signals are simultaneously detected with the
recorded blue (337 nm) signal—or that the 337 and 777 nm cameras of MMIA show spatially separated
structures—together with the derived altitudes of the discharge sources in the thunderclouds leads us to
think that the recorded single‐pulse blue events are the optical manifestation of corona discharges like posi-
tive NBEs occurring at different depths inside thunderclouds in the 8.5–14 km range between the midlevel
main negative and upper positive charge regions of thunderclouds (Bandara et al., 2019; Rison et al.,
2016; Smith et al., 2004; Wu et al., 2011). Negative NBEs can occur at higher altitudes (16–20 km), between
the upper positive charge cloud layer and the negative screening charge layer above the cloud where normal
lightnings rarely occur (Smith et al., 2004; Wu et al., 2011), and might be connected to emerged blue starters
(Chou et al., 2018; Liu et al., 2018) in regions with active deep convection.

6. Conclusions

The findings of this study are the following:

1. A succession of up to 30 blue flashes forming a cluster during about 33 s (almost one flash per second)
were recorded by the 337 nm filtered camera and photometer of the MMIA instrument on board
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ASIM. The detected blue events exhibit one, two, or multiple optical pulses (as seen from photometric
signals) lasting 1.60–3.60 ms (single) and beyond 14 and 8ms (double, multiple).

2. The seven identified +NBEs (in coincidence with single‐pulse blue flashes) occur simultaneously (within
error, see Table 2) with five ICs and two CGs lightning as classified by GLD360. However, no concurrent
777 nm optical emissions were detected by MMIA in any of the seven cases. Out of these seven +NBEs,
the one occurring at 13:09:34.8905 UTC (fourth blue dashed line from the left, see Figure 2) precedes
seven successive IC lightning strokes (out of a total of 79 strokes detected by GLD360 in the area of study),
probably initiating a seven‐stroke lightning flash in agreement with recent results suggesting that 10% of
IC lightning flashes are initiated by NBEs.

3. None of the recorded (single‐, double‐, or multiple‐pulse) blue flashes exhibit concurrent near infrared
(777.4 nm) optical emissions typical of ordinary lightning. It was found that the 777 peak intensity in
the single‐pulse blue events is at least a factor 50 (or 25) below the 777 maximum (or mean) peak emis-
sions of other discharges in the same flash.

4. A new method based on the fitting of single blue optical flashes detected by ASIM has allowed us to esti-
mate the depth below cloud top of the events occurring inside thunderstorm clouds. The optically derived
event altitudes—ranging between ∼1.7 and ∼6.5 km below a CTH of ∼14–15 km as recorded by the
FY‐4A satellite—are found to be consistent with heights (11–14 km) resulting from the analysis of
VLF/LF signals of concurrent positive NBEs detected by ground‐based VLF stations. The method devel-
oped here is generally valid for single optical pulses (no matter the color) associated to events occurring
inside (or almost) the clouds so that photons are affected by scattering and absorption in the cloud.

5. The consistent source altitudes derived by optical and radio signal analysis indicate that the detected sin-
gle blue flashes are due to optical emissions of streamers occurring in corona discharges forming positive
NBEs as suggested from simultaneous (within error) VLF/LF sferics detected by ground‐based stations.
Double‐ and multiple‐pulse blue flashes might also be due to deep in the cloud pure (with no lightning
leader) cloud coronas or lightning leaders and corona streamers with the 777.4 nm optical emission being
absorbed in its way to the detector through the cloud water droplets and ice.

Data Availability Statement

The data that support the findings of this study are available through figshare repository (at https://figshare.
com/s/5ed963f0315dfe04f6b1).
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