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Abstract we analyze simultaneous photometric observations of thundercloud discharges from the
Modular Multispectral Imaging Array of the Atmosphere-Space Interactions Monitor (ASIM) on board the
International Space Station with ground-based vertical electric field measurements in South Africa on 3
February 2019 at 23:00-23:05 UTC. During this time, ASIM flew over an extended thunderstorm front of
several hundreds of kilometers and recorded a blue discharge with the photometer at 337 nm which emitted
strong electric fields. It is found that the rising edge of the blue photomultiplier tube light pulse allows the
estimation of the blue discharge height: ~10.9-16.5 km which is constrained by cloud top height in a range of
~13.3-16.7 km deduced from infrared radiometry on board the geostationary Meteosat satellite. The electric
field measurements are used to infer the height of the blue discharge to be ~16.0-18.8 km by use of skywave
arrival times. It is shown that the height determinations are consistent with each other within the measurement
uncertainties and the possible presence of an overshooting cloud top is discussed. The height of blue discharges
is important to better understand how they can affect the chemistry in the upper troposphere.

Plain Language Summary Recently, Transient Luminous Events (TLEs) and lightning activity
from thunderstorm tops above thunderstorms have attracted great interest. The Atmosphere-Space Interactions
Monitor (ASIM) and the Modular Multispectral Imaging Array (MMIA) are on board the International Space
Station to record the lightning activity and TLEs in the UV band (180-230 nm) as well as the blue (337 nm)
and the red (777.4 nm) emissions. In total, 188 MMIA triggers were recorded and more than 2,000 lightning
strokes were reported by the lightning detection and location network during 23:00-23:05 UTC on 3 February
2019. We focus on a blue discharge event that happened at 23:02:41 UTC. The novelty of this work is that the
height determination is carried out by using ground-based electric field measurements and space-based optical
measurements from ASIM. This study can help to understand the chemistry effects at the tropopause level
caused by such blue discharge events.

1. Introduction

Optical observations of lightning discharges are often compared to their electromagnetic signatures at radio
frequencies, which are either recorded on board satellites or on the ground (e.g., A. R. Jacobson & Light, 2012;
Peterson et al., 2021; Smith et al., 2004; van der Velde et al., 2020; Zhang & Cummins, 2020). The main rationale
for this comparison is that the optical and electromagnetic signatures are both ultimately generated by the light-
ning discharge current. Most recently, scientific interest has focused on blue discharge processes near the top of
thunderclouds which are indicative of an interesting streamer to leader transition (e.g., Chanrion et al., 2017; Chou
et al., 2018; Husbjerg et al., 2022; Kuo et al., 2015; Li et al., 2021; F. Liu, Zhu, et al., 2021; F. Liu et al., 2018;
Neubert et al., 2021). The first study of blue luminous events observed by the Atmosphere-Space Interactions
Monitor (ASIM) was reported by Soler et al. (2020). Seven positive and three negative narrow bipolar events
(NBEs) were observed by the ground-based receivers that were associated with blue band emissions, that is,
337 nm (F. Liu, Lu, et al., 2021). One of the key challenges in this area is to simulate the propagation of the light
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emitted from the discharge process near the top of thunderclouds to the spacecraft (e.g., Brunner & Bitzer, 2020;
Goodman et al., 1988; Luque et al., 2020; Peterson, 2019; Thomson & Krider, 1982). The inversion of such opti-
cal simulations can potentially be used to determine the height of blue discharges for comparison with the height
inferred from the corresponding electromagnetic waveforms, which is the main aim of this contribution.

Global observations of Transient Luminous Events (TLEs) and lightning discharges have been conducted before
by the Global Llghtning and sprite MeasurementS (GLIMS) mission on the International Space Station (ISS;
Sato et al., 2015) and the Imager of Sprites and Upper Atmospheric Lightning (ISUAL) payload on board
the FORMOSAT-2 satellite (e.g., Adachi et al., 2016; Chen et al., 2008; Chern et al., 2003) amongst other
astronaut-led observations of TLEs on the ISS (e.g., Blanc et al., 2004; Chanrion et al., 2017; Yair et al., 2013)
and the Space Shuttle (e.g., Price et al., 2004; O. H. Vaughan et al., 1992; Yair et al., 2003, 2005).

The Earth’s ground and ionosphere form a nature waveguide to guide the radio wave propagation. The wave that
travels along the ground is called the ground wave, while the wave reflected back and forth between the Earth—
ionosphere cavity is called the skywave. The electromagnetic waveforms of energetic intracloud (IC) discharges
are affected by propagation effects and therefore can be significantly influenced by the ground wave, which can
lead to an attenuated peak amplitude, delayed zero-crossing time, and changed pulse width (Li et al., 2020). The
height determination based on the time delay between the ground wave and first skywave becomes less reliable
when the distance increases because the ground wave becomes more attenuated (e.g., Shao & Jacobson, 2009;
Zhou et al., 2021). Smith et al. (2004) used a spherical Earth model of skywave propagation, where the iono-
spheric reflection height during the nighttime is more stable compared to the daytime, which was reported to be
~86 km.

The analysis reported in this contribution uses a fortuitous overpass of the ASIM/Modular Multispectral Imaging
Array (MMIA) payload on board the ISS over an extended stretch of multiple thunderstorms in South Africa.
During a time interval of 5 min, the MMIA payload ~400 km above the ground was triggered 188 times by
exceptionally strong optical pulses, while >2,000 lightning strokes in the north-eastern part of South Africa were
reported by ground-based lightning detection networks. The electromagnetic waveforms of the lightning strokes
were recorded by a vertical electric field antenna, remotely located at Carnarvon in north-western South Africa
at distances ~700-1,200 km from the lightning strokes. The 337 nm photometer of MMIA recorded a total of 87
blue pulses as part of the 188 triggers. Eight of these blue pulses exhibit relatively fast rise times <10 ps and large
peak intensities, suggesting that the corresponding lightning strokes occurred near the top of the thunderclouds.
One of these eight blue optical pulses was also associated with particularly large vertical electric fields which
indicates that a strong blue discharge event occurred. This blue discharge event is discussed in detail in this paper.
In order to geolocate the blue discharge to the ground, we assume it originates from the cloud top and projects the
pixel corresponding to a maximum intensity of the blue discharge in the 337 nm camera at an altitude assumed to
be 16 km. Knowing the ISS position and altitude at the time of the detection, the pixel is projected to longitude
and latitude of 27.97°E and 26.47°S. It is noted that the projection is done with a zenith angle of 16.85°; this
means that 1 km uncertainty in the altitude assumption corresponds to only 0.3 km uncertainty on the ground
which is well within the uncertainty of the Meteosat pixel size. The experiment and data used are described in
Section 2, the meteorological situation and storm structure is analyzed in Section 3, the space-based optical
observations and ground-based electric field measurements are described in Section 4, the height determination
with the electromagnetic signatures is explained in Section 5, and the simulations of the light propagation through
the thundercloud are described in Section 6.

2. Measurements
2.1. Meteorology Measurements

Cloud top temperatures (CTTs) are recorded from the thermal infrared (IR) band at ~11-13 pm of the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) on board the Meteosat Second Generation (MSG) satellite
operated by the European Organization for the Exploitation of Meteorological Satellites (EUMETSAT). The
radiometer SEVIRI scans the Earth disk within about 12 min, from east to west due to the satellite rotation and
from south to north due to the rotation of a scan mirror (Aminou et al., 1997). It provides images in 12 spectral
bands every 15 min. The spatial resolution for the thermal channel is 0.027°, which corresponds to 3 km at the
subsatellite point and about 3.5 km at the latitudes of the study area. The study area is therefore scanned 4 times
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in 1 hr, around 2, 17, 32, and 47 min of each hour. The accuracy of the CTT values depends on several parame-
ters, such as the type of clouds, the time during the day, and the geographic location on the Earth. In the study by
Taylor et al. (2017), that compared SEVIRI CTTs from the new CLoud property dAtAset using SEVIRI, Edition
2 (CLAAS-2) data set against Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) data, the uncertainty
in night conditions was fluctuant between ~0°C and 5°C in South Africa (Taylor et al., 2017, Figure 6). Thus,
we consider in the present study the impact of an uncertainty of 2.5°C on the height determination, which is the
mean value from Taylor et al. (2017) for this area. In order to analyze the meteorological conditions in which
the storms developed on 3 February 2019 in the study area, we use the hourly ERAS reanalysis performed by
the European Copernicus/European Centre for Medium range Weather Forecast (ECMWF) data center for most
of the atmospheric parameters (Hersbach et al., 2020). We also use reanalysis from the National Centers for
Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR), specifically for
the tropopause temperature because it is directly provided. Thus, the analysis considers the Convective Available
Potential Energy (CAPE), geopotential height, wind at 500 hPa level, and the tropopause temperature.

2.2. Radio Waves Measurements

The vertical electric field waveforms are recorded with a flat plate antenna located in Carnarvon, 30.97°S,
21.98°E, in the north-west of South Africa. While the flat plate antenna can in principle record electromagnetic
waveforms from ~4 Hz to ~1 GHz, the data acquisition unit uses a sampling frequency of 1 MHz to record the
vertical electric field in the frequency range from ~4 Hz to ~400 kHz with an amplitude resolution of ~40 pV/m
and a timing accuracy ~20 ns determined by a GPS disciplined oscillator (Fiillekrug, 2010). This low-frequency
(LF) receiver is remotely located in a desert location near the Square Kilometer Array with a controlled radio
environment. There are not many strong LF transmitters in South Africa such that the electromagnetic record-
ings have a relatively small anthropogenic noise level when compared to recordings in northern Europe and
therefore do not require filtering. As a result, this location is ideal for recording lightning waveforms that exhibit
a clear separation between the ground wave and consecutive skywaves which arise from ionospheric reflec-
tions along the propagation path. The Vaisala Global Lightning Detection Network (GLD360) provides lightning
information, which includes the lightning type, that is, cloud to ground (CG) or IC discharges, occurrence time,
location, and peak current. The reported CG stroke detection efficiency of the GLD360 is ~40%—-60% (e.g.,
Said & Murphy, 2016; Said et al., 2010). The CG flashes are reconstructed from CG strokes by using criteria of
continuity for time interval and distance between successive strokes, here 0.5 s and 10 km, respectively. Thus,
for CG flashes, the detection efficiency is better than for CG strokes. The GLD360 data are mainly used for the
meteorology study in Section 3. The occurrence time, location, and peak current of this blue discharge event
are provided by Earth Networks Total Lightning Network (ENTLN; Marchand et al., 2019). A study evaluating
ENTLN performance was carried out in Florida, which shows that the flash detection efficiency is 99% for natu-
ral lightning. The median location error and median peak current estimation error for rocket-triggered lightning
are 215 m and 15% (Zhu et al., 2022). ENTLN is selected for providing the lightning information for this blue
discharge event because its peak current estimation agrees more with our simulation results. More details are in
Section 3.

South African Lightning Detection Network (SALDN) consists of 23 Vaisala lightning detection sensors,
which detect the lightning electromagnetic signals by using the Time of Arrival and Magnetic Direction Find-
ing techniques. The SALDN provides CG lightning stroke information, such as polarity, peak current, location,
and occurrence time. The SALDN has an estimated 90% detection efficiency and ~0.5 km location accuracy
(Gijben, 2012).

2.3. Optical Measurements

The installation of ASIM with its MMIA on the ISS has recently significantly renewed interest to study lightning
discharges, TLEs, and Terrestrial Gamma Ray Flashes from Low-Earth Orbit in near-Earth space (e.g., Chanrion
et al., 2019; Neubert et al., 2019, 2020, 2021; Bstgaard et al., 2021). The payload includes three photometers
sampling light at 100 kHz in the following bands: 180-230 nm, 337 nm with a bandwidth of 4 nm, and 777.4 nm
with a bandwidth of 5 nm. We will refer to them as UV, blue, and red, respectively, in the remainder of this contri-
bution. Two cameras imaging in 337 nm with a bandwidth of 5 nm, and 777.4 nm with a bandwidth of 3 nm, at up
to 12 frames per second, with a time resolution of 100 kHz, are also included in MMIA (Chanrion et al., 2019).
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The typical location uncertainty of ASIM data is assumed to be 5 km. All MMIA instruments pointed toward the
Nadir at the time of our observations.

3. Analysis of the Meteorology and Storm Structure

Figure 1b shows the geopotential height and the wind at 500 hPa, that is, the altitude of this pressure, with a
colored scale in km and arrows, respectively. Low values of the geopotential form a trough in the southern part
of the African continent between about 40°S and 30°S, insofar as they advance in an area of larger values. Thus,
the low pressure area drives a clockwise flow around it, as it is indicated by the wind arrows. This flow is south-
westerly in the western side of South Africa and westerly at about 20 m s~! in the frame of the study which is
crossed by the ISS path (Figure 1b). It can carry humid and warm air from over sea at this latitude. The map of
CAPE in the area of the white frame in Figures 1a and 1b where storm activity was observed (Figure 1c) shows
instability with large regions exhibiting values greater than 1 kJ kg~! and locally values up to ~2 kJ kg~!. This
distribution of CAPE can allow storms to develop for long periods and in a large area. Figure 1d shows the CG
flash density for the period 14:00-02:00 UTC on 3—4 February, calculated with a resolution of 0.05° x 0.05°.
This lightning density shows elongated southwest-northeast shapes that indicate the movement of thunderstorms
in this direction, confirming the airflow generated by the pressure distribution (Figure 1b). The lightning flash
density exceeds five flashes km~2 in some locations, which is very large for this 12-hr period. Figure 1e displays
the CTT over the whole area of the frame (same as panels ¢ and d) at 23:02 UTC, which is very close to the
time of the blue discharge observation (23:02:41 UTC). It indicates the elongated structure of the storm activity
including several cells with cold CTT (<—60°C) and convective cores with CTT < —70°C for some cells, espe-
cially the cell which produced the blue discharge at 23:02:41 UTC (indicated by a white cross in Figure le). At
that time, the CTT of this cell has its coldest value (—74°C), but it corresponds to only one pixel (3.5 X 3.5 km?).
Since there is only one pixel with a temperature colder than the tropopause (—72.5°C according to Figure 1a), the
cloud overshoot has a small horizontal extension. Thus, the resolution of the radiometer SEVIRI does not allow to
determine the minimum of the CTT in such conditions with a large horizontal gradient as indicated in Figure 1f.
Thus, the coldest temperature is probably smoothed and consequently the cloud height can be underestimated.

We can estimate the altitude of the cloud top from the ERAS reanalyses provided by the ECMWEF. These data
provide the altitude and the temperature at different levels of pressure in the atmosphere. Figure 2 displays both alti-
tude (blue curve) and temperature (orange curve) relative to pressure at the location of the cell producing the blue
discharge. The minimum temperature observed for the atmosphere at 23:00 UTC (—72.5°C), which is therefore the
tropopause, corresponds to a pressure of 100 hPa. This pressure corresponds to an altitude of 16.3 km, which is indi-
cated by the black lines in Figure 2. Since the cloud top has a minimum temperature of —74°C (Figures le and 1f),
it is 1.5°C less than the tropopause, which makes it 150 m above the tropopause according to the gradient of the
adiabatic (—9.8°C/km) that can be used at this altitude where the air lifted by convection is dry (M. Jacobson, 2005).
It is a small overshoot but it is consistent with low values of CAPE at this location (~600 J kg~!). The altitude of the
cloud top is therefore near ~16.4 km. If we take into account the location of the blue discharge from ASIM optical
detection (white cross in Figure 1f), which is very close to the top of the cell, the temperature of the cloud top there
is ~—70°C. This temperature on the graph of Figure 2 corresponds to an altitude of ~15.0 km (red lines projection).
If we consider a circle of 5 km in radius around the blue discharge for the location uncertainty by ASIM, this leads to
arange of temperatures in the interval (—74°C, —66°C). Furthermore, considering an error of +2.5°C for the CTT,
the corresponding new range of temperatures (—76.5°C, —63.5°C) corresponds to a maximum height of 16.7 km
(0.4 km above the tropopause) and a minimum of 13.3 km (red dashed lines in Figure 2). However, if the real CTT
values are colder than those determined at the resolution of 3.5 km X 3.5 km, these altitudes could be higher.

Figure 3 displays the rate of CG flashes detected within the cell that produced the blue discharge during 2 hr in
panel (a) and the peak current of the CG strokes during 5 min (23:00-23:05 UTC) of the cell activity in panel (b).
From (a), it seems the blue discharge occurs during a period with a relatively low CG flash rate (9.8 CG flashes
min~") compared to a few tens of minutes later (>40 flashes min~! at 23:55 UTC). Panel (b) confirms the low
CG flash rate during the 5-min period where the blue discharge (blue triangle) was detected. Most CG strokes
(from GLD360) are negative and gathered (vertically lined up on the graph) within sequences which correspond
to CG flashes, separated of a few seconds and sometimes a few tens of seconds. The blue discharge at 23:02:41
UTC corresponds to a detection by ENTLN (—18.9 kA) and is not associated with another CG detection within
2 s. According to the wave propagation model introduced by Kolmasova et al. (2016) and KaSpar et al. (2017),
the experimental attenuation coefficient can be calculated by knowing the propagation distances, peak currents,
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and measured maximum electric fields of a group of lightning events (Bai & Fiillekrug, 2022). In this work, the
CG strokes recorded between 23:00:00 UTC and 23:00:05 UTC are used to estimate the experimental attenua-
tion coefficient. Then, based on the propagation distance and the measured maximum electric field of this blue
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20 0 discharge event, the peak current is estimated to be —18.4 kA, which matches
well with the peak current reported by ENTLN. The peak current reported by
30 118 GLD360 for this blue discharge event is —11 kA. Therefore, the ENTLN is
w | I selected for providing the lightning information for this blue discharge event.
o E
T =0 ) | 14 g 4. Space-Based Optical Measurements
g 0 | 1 = The ISS with the ASIM/MMIA payload passes over South Africa, from 23:00
5 to 23:05 UTC on 3 February 2019 (Figure le). The track of the ISS crosses a
T oot 1 10 front of thunderstorms which extends over several hundreds of kilometers and
0 . comprises numerous individual active cells. The crossing angle is relatively
0 50 100 200 250 300 350 small such that the field of view of the MMIA photometers records optical pulses
Pressure (hPa) of lightning discharges for a relatively long duration of ~5 min (Figure le).

Figure 2. Temperature (orange curve) and altitude (blue curve) versus
pressure, in the upper troposphere (8-20 km). The minimum of temperature
is found at 100 hPa and corresponds with the tropopause at an altitude of

The photomultiplier tube (PMT) traces for red (777.4 nm), blue (337 nm),
and UV (180-230 nm) wavelengths exhibit large numbers of optical pulses
above the background. The largest number of optical pulses is observed in the

16.3 km (black lines). The red line indicates the cloud top temperature (CTT) red PMT trace, followed by the blue and finally the UV trace which exhibits
observed at the location of the blue discharge (—70°C) and the correspondence  the smallest number of optical pulses. This general behavior is illustrated as
with the altitude (15 km). The red dashed lines represent the uncertainty an example in the lower three panels of Figure 4 and it is attributed to the

for the CTT derived from Spinning Enhanced Visible and Infrared Imager
(SEVIRI; +2.5°C) and from the location uncertainty of the blue discharge
(5 km radius circle), which leads to a range of altitudes for the cloud top

(13.3-16.7 km).

wavelength-dependent scatter and absorption of the light propagating inside the
thundercloud. The main aim of this contribution is to compare the optical emis-
sions of lightning strokes to the corresponding vertical electric field recordings
which are shown in the upper panel of Figure 4. The peaks of the envelope of
the vertical electric field recordings are generally associated with the peaks of
the optical pulses after referencing both records to known lightning flashes, as explained in more detail in the follow-
ing paragraph. Some electric field pulses are not associated with optical pulses, for example, the electric field pulses
at 33.52 and 33.66 s. These pulses might originate from lightning discharges outside the MMIA field of view, or the
corresponding optical pulses from the lightning discharges are completely absorbed by the thundercloud.

The aim of this study is to investigate a blue discharge event near the top of a thundercloud. This event is therefore
defined by two key criteria, namely that the event occurs near the cloud top, that is, <10 ps rise time of the optical
waveform with large intensity, and that it is associated with a significant discharge process, that is, a relatively
large vertical electric field intensity, as explained in the introduction. An exemplary blue PMT recording with a
fast optical rise time, large optical intensity, and a strong electric field pulse is shown in Figure 5. The electric
field recordings are referenced to the occurrence time (23:02:41.234970 UTC) and location (26.48°S, 27.95°E)
of the blue discharge event as reported by ENTLN, after correction for the electromagnetic wave propagation time
from the source location to the receiver at the speed of light. The observed electric field pulse is akin to a NBE
which occurs near the top of the thundercloud such that several methods can be explored to determine the height
of the event as described in the following section.

Although the image for this blue event was not downloaded to the ground, the camera metadata giving the sum of
optical intensities along the rows and columns in the picture taken by the camera allows to find the geolocation
of the peak intensity corresponding to the discharge with an uncertainty of ~5 km.

5. Height Determination From Ground-Based Electric Field Measurements

The electric field recording of the blue discharge event is shown in Figure 6a. This is a negative lightning
event recorded at 23:02:41.238 UTC on 3 February 2019. There are two pulses for both, the first and second
skywave (Figures 5 and 6a), which indicates that the source height is high above ground. The complex analytic

Figure 1. Meteorological conditions on 3 February 2019. (a) Temperature of the tropopause in a large area including South Africa. (b) Geopotential (color) and wind
(arrows) at the level 500 hPa in the same area at 18:00 UTC. The white frame indicates the area for (c)—(e) panels and the white dashed line the ISS path. (c) Convective
Available Potential Energy (CAPE) values at 18:00 UTC in the area of the white frame. (d) Cloud to ground (CG) flash density from 14:00 on 3 February to 02:00

on 4 February, calculated at a resolution of 0.05° X 0.05° in the same area. (¢) Cloud top temperature (CTT) in the same area at 23:02 UTC. (f) Zoom of the CTT on

the thunder cell producing the blue discharge correspond to the squares shown in (c)—(e) at 23:02 UTC. The dashed line and the star indicate the path and the position
at the detection time, of the International Space Station (ISS)/Atmosphere-Space Interactions Monitor (ASIM), respectively. The white cross in (e) and (f) indicates

the location of the blue discharge by ASIM at 23:02:41 UTC. The red plus symbols and pink dots indicate the +CG and —CG flashes, respectively, detected by GLD
between 23:00 and 23:05 UTC. The red dashed line is the CALIPSO track.
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Figure 3. The cloud to ground (CG) lightning activity of the thunder cell producing the blue discharge (shown in panel f) of
Figure 1: (a) CG flash rate during 2 hr from 22:00 UTC on 3 February to 00:00 UTC on 4 February; (b) peak current of CG
strokes during 5 min from 23:00 UTC to 23:05 UTC on 3 February. The blue triangle in (b) indicates the detection by Earth
Networks Total Lightning Network (ENTLN; —18.9 kA) at 23:02:41 UTC.
signal of this blue discharge event is calculated to help define the pulse peaks for both skywaves. The height
determination is based on modeling the skywave propagation, and a simulation of the source height and the
ionospheric reflection height. For long distance propagation, the ground wave is heavily attenuated during a
long propagation path, and the rising edge of the ground wave is delayed during the propagation along the
Earth’s curvature (Hou et al., 2018). Therefore, the time delays between the two skywaves are used in this
work. The time delays At¢;, and At, are marked in Figure 6a. The time delay Az, refers to the time delay of
the ionospheric reflections of the first skywave and second skywave in the ionospheric reflection model in
Figure 6b. The time delay At, is the time delay of the ground reflections of these two skywaves in the ground
reflection model in Figure 6¢. The absolute value of the analytic signal of this event is calculated to ensure that
the two skywaves exhibit unique local maxima and to rule out the possibility of misidentification. The receiver
used in this work was placed at an altitude of 1.341 km (Fiillekrug et al., 2019) which is also considered in this
BAIET AL. 7 of 20
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Figure 4. Comparison of vertical electric field recordings with optical photometers recordings of Modular Multispectral
Imaging Array (MMIA) on the International Space Station (ISS). (upper panel) The envelope of the electric recordings
exhibits numerous pulses, most of which are associated with optical pulses recorded by the photometers (lower three panels)
which measured red, blue, and UV wavelengths. See text for details.
model. According to the time delays A¢, and At,, the corresponding distance differences AD, and AD, can be
calculated under the assumption that the wave propagation velocity is equal to the speed of light ¢ such that
AD, = cAt, and AD, = cAt,.
5.1. Spherical Model
The wave propagation models are illustrated in Figures 6b and 6¢c. These two models are combined to estimate
the ionospheric height and the source event height. The angle a can be calculated using
a=4, (1)
r
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Figure 5. All records are referenced to the occurrence time of a lightning flash reported by Earth Networks Total Lightning
Network (ENTLN; upper panel, red star). The vertical electric field waveform within the dashed lines is shown in Figure 6a
in more detail.
where d is the distance between the source event and the receiver, a spherical Earth model is adopted in this study,
and the distance between the receiver and the source is 766.4 km as reported by ENTLN, where r = 6,371 km is
the equivolumetric radius of the Earth.
5.1.1. Ionospheric Reflection Model
This model is suitable for the skywaves that are first reflected by the ionosphere (Figure 6b). Different combina-
tions of ionospheric height 4, and source event height & are simulated to calculate the first skywave ionospheric
reflection path x, + x,, and the second skywave ionospheric reflection path x; + 2 X x, + x;. Then, the distance
difference between the first and second skywave ionospheric reflection paths can be calculated and compared
to the measured distance difference AD,. As the ionospheric reflection height during the nighttime is stable, in
this work, we assume that the ionospheric height over the wave propagation path is constant. For a set composed
BAIET AL. 9 of 20
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Figure 6. Determination of the height of the blue discharge. (a) The consecutive maxima of the electric field recordings are used to determine the height of the
ionosphere and height of the blue discharge. The time difference AT is associated with the model in (b), and time difference AT, is associated with the model in (c).
The peak of the waveform corresponds to the ground wave. For AT, and AT,, the rising edges correspond to the first skywave, while the falling edges correspond to

the second skywave. (b, c) Observation geometry and path of the consecutive skywaves used to determine the source height /2, which are observed with a receiver at the
height h,. The first skywave propagation paths are marked in black, while the second skywave propagation paths are marked in red. (d) The height of the blue discharge
and the ionospheric height are inferred from simulations for various parameter combinations which offers an assessment of the relative uncertainty of the estimates.

(e) The waveform table calculated from many negative lightning discharges exhibits consecutive skywaves which are used to calculate an average ionospheric height
~93.4 km. For each distance bin, an averaged amplitude waveform is plotted with its y-axis entered at its corresponding distance bin where the color scale represents its
electric field.

of the ionospheric height /, and the source event height A, the ionospheric reflections can be calculated using
Equations A1-A5 in Appendix A, where d is the propagation distance, A, is the receiver height (i.e., 1.341 km), r
is the Earth radius, and «a is the center angle. Equations A1, A3, and A4 mean the incidence angle is equal to the
reflection angle. Equations A2 and A5 indicate the angle enclosed by the ionospheric propagation path equals a.

The difference between the observed and simulated results in ionospheric reflection model Y, is given by
Yi =x1+x2— (x3+2x4 +x5)+ AD;. 2)
5.1.2. Ground Reflection Model

This model is suitable for the skywaves that are first reflected by the ground (Figure 6¢). Different combina-
tions of ionospheric height &; and source event height A are simulated to calculate the first skywave ground
reflection path x, + x, + x;, and the second skywave ground reflection path x, + 3 X x5 + x,. Then, the distance
difference between the first and second skywave ground reflection paths can be calculated and compared to the
measured distance difference AD,. For a set composed of the ionospheric height 4, and the source event height
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h,, the ground reflections can be calculated using Equations A6-A11 in Appendix A, where d is the propagation
distance, ., is the receiver height, r is the Earth radius, and « is the center angle. Equations A6, A7, A9, and A10
mean that the incidence angle is equal to the reflection angle. Equations A8 and A11 indicate the angle enclosed
by the ionospheric propagation path equals a.

The difference between the observed and simulated results in ground reflection model Y, is given by
Y, = x; +X2+X3—(X4+3X5+X6)+AD2. 3)

For a simulated ionospheric height and source event height pair, the overall distance uncertainty Y is

2 2
¥ = YI;YQ, @)

The overall distance uncertainties Y are shown in Figure 6d based on different simulated ionospheric heights and
source event heights. The best fitting results should provide a minimum overall distance uncertainty Y. The best
matched ionospheric height is 95.0 km, and the event source height is 17.4 km.

A sensitivity analysis for the timing is carried out to constrain the simulations. With a timing uncertainty assumed
from the electric field measurements of +3 ps, the ionospheric height is within a range from 94.5 to 95.5 km, that
is, ~95.0 km (+0.5) km, and the source height is between 16.0 and 18.8 km, that is, ~17.4 km (+1.4) km. With
a timing uncertainty of +1 ps, the ionospheric height is between 94.8 and 95.2 km, that is, ~95.0 km (+0.2) km,
and the source height is between 16.9 and 17.9 km, that is, ~17.4 km (0.5) km.

5.2. Ionospheric Height From Amplitude Waveform Bank

A waveform bank consists of distance-dependent averaged waveforms, and it is a useful tool to investigate lightning
waveform characteristics (e.g., Bai & Fiillekrug, 2022; Z. Liu et al., 2018; Said et al., 2010). The waveform bank
is used here to calculate the ionospheric height. The lightning location used to calculate the amplitude waveform
bank is provided by SALDN data. In this amplitude waveform bank in Figure 6e, only negative CGs are included
to mitigate the larger positive peak currents and each waveform is scaled to the ground wave maximum. The
distance range of the amplitude waveform bank is 720-930 km, which covers the propagation distance of the blue
discharge event, which is 766.4 km. Therefore, the ionospheric height determined by the amplitude waveform bank
can be used as a reference to the ionospheric height determined by the blue discharge event. The distance bins for
the amplitude waveform bank are separated by 10 km. All the waveforms that fall +5 km around this distance bin
are averaged to one waveform to represent this distance. Each distance bin needs to include more than 100 events
to produce a reliable averaged waveform, which explains the gaps shown in Figure 6e. The skywave propagation
model used here is modified from the model created by Laby et al. (1940) and Schonland et al. (1940). The receiver
height is considered. Based on the time differences between the first and second skywaves, the ionospheric heights
are calculated for different distances with a mean value of ~93.4 km. This result matches well with the ionospheric
height determined from the measurements of the blue discharge event as explained in the previous section.

6. Estimation of the Source Altitude From the Optical Pulse

The altitude of the flash can also be determined from the analysis of the optical pulse observed in the 337 nm
photometer. Following the work of Luque et al. (2020) and Soler et al. (2020), we can estimate the height of the
blue discharge from the optical pulse shape with the assumption that the source is prompt and located at a cloud
depth L below the top of a planar cloud. Rewriting Equation 1 from Soler et al. (2020), which was originally
introduced by Krapivsky et al. (2010), with different variables and for an instantaneous source at ¢ = 0, we have

1, N t
I(t) = m 3e2741)f’

601} 2
L2

where [ is the photon intensity, I, is the maximum photon intensity, D is the diffusion coefficient for photon

(&)

scattering, and y is photon absorption frequency. For the 337 nm wavelength, the absorption frequency varies
between 1072 and 107! s~! (Soler et al., 2020) and it is reasonable to neglect the absorption for pulses of a few ms
duration. In this case, the equations becomes
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The maximum of the pulse is reached at the time L%/6D and the photon flux depends only on L%/ Dt, the 10%-90%
rise time T, is given by T, = 0.0742 L*D. The cloud depth L is then the square root of the rise time given by

(6

L=,/ 0?)'77::2 =4.041 - 10*/r4/T,/N,, where N, is the cloud particle concentration and r the radius of the parti-

cles. Subtracting this from the cloud top altitude gives an estimate of the event altitude.

The third panel of Figure 5 gives the light curve from the 337 nm photometer, a direct measurement the rise
time by linear interpolation would give 9 ps which is below the 10 ps period of the photometer sampling. To
measure the true rise time of a light pulse that follows Equation 5, we have modeled the sampling of the equation
by the photometer, simulating the light integration done by the instrument in every sample for different starting
times in 100—110 ps and rise times in 0-100 ps in Equation 5. We found a perfect match during the rising period
between the simulated sampling of the pulse and the photometer response for only one pulse having a start time
101.1 ps and a true rise time of 5.5 ps. The match is given in supplementary material as Figure S1 in Supporting
Information S1, in which we give plots of the pulse from Equation 5 together with its simulated sampling and the
ASIM photometer response, the sampling point matches perfectly at 100, 110, and 120 ps and we take the value
of 5.5 ps as best estimate. We also note that the rise time is associated with a time constant L%/4D of 18.5 ps. With
a cloud top altitude between 13.3 and 16.7 km from Figure 2, assuming a cloud particle concentration of 108 m=3
and a particle radius of 15 pm corresponding to a photon mean free path of 7 m (Soler et al., 2020), the cloud
depth is 0.64 km. To estimate the uncertainty, one can assume a cloud particle concentration from 107 to 108 m=3
(Knollenberg et al., 1993) and a particle radius from 10 to 20 pm (Bennartz, 2007) to get a cloud depth range of
0.5-3.1 km (see Figure 7a) and an event altitude of 10.2-16.1 km (see Figure 7b). We note that the estimation
of the maximum altitude with this method is at the bottom edge of the altitude range of 16.0-18.8 km estimated
by the radio measurements. The uncertainty range of the cloud particle concentration and particle radius will be
discussed further in the next section.

7. Discussion

The blue discharge was observed during the vertical development of a thunder cell embedded within a convec-
tive line of several hundreds of kilometers length. This cell exhibited a cloud top height ~16.4 km with a small
overshoot above the tropopause (~150 m in height and one pixel in lateral extent) according to the MSG/SEVIRI
observation. In Section 3, by combining the uncertainty about the CTT estimation (2.5°C) and that about the
location from ASIM imagery (5 km), we estimated the altitude of the blue discharge between 13.3 and 16.7 km.

However, according to the resolution of the SEVIRI radiometer in the region (3.5 km X 3.5 km for one pixel) and
the small area with lower CTT, it is difficult to estimate with large accuracy the CTT and therefore its altitude.
In order to have an independent estimate of the cloud top altitude, we use S-band Doppler radar measurements
at Irene, South Africa (28.21°E, 25.91°S), ~66 km away from the cell location. Figure 8 displays the composite
image made with 11 radar beam elevations from 0.5° to 22.3° centered in time around 23:04:51 UTC. Figure 8a
shows the maximum reflectivity vertically found within the cloud, while Figure 8b shows a reconstituted vertical
cross section along the 32 km long red dashed line in Figure 8a. Furthermore, Figure 8c shows a zoom of the
main cell corresponding to the white frame in Figure 8a. As in other studies of altitude discharges, the high region
of the thundercloud is not completely scanned by the radar beam and the cloud top may not be intercepted by
the radar beam between two neighboring scan elevations (Dimitriadou et al., 2022). When the elevation angle is
large between two successive scans at different elevation angles, there is a region of the cloud that is not covered
by the radar beam. Thus, the vertical cross section cannot completely account for the overshoot above 16 km in
the present case. The reflectivity is only reported at given distances (circles around the radar) that do not corre-
spond to the maximum of the reflectivity and therefore to the convective core. Indeed, values of reflectivity up to
33 dBZ are reported at a level very close to 16 km in the region of the storm indicated by the white arrow which
can be considered as the region of the overshoot. Figure 8c shows that the blue discharge indicated by the black
cross is located very close to this region, also indicated by the white arrow on the dashed line (<3 km). It confirms
the observation made from Figure 1f where the blue discharge was located very close to the minimum CTT. The
location of blue corona discharges detected by ASIM above two regions of the same thunderstorm in northern
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Figure 7. (a) Estimate of the cloud depth as a function of the ice particle density for three constant ice particle radius: 10, 15,
and 20 pm. (b) Estimate of the event altitude as a function of the ice particle density for three constant ice particle radius: 10,
15, and 20 pm. (c) Estimate of the cloud depth as a function of the ice particle density for two ice particle size distribution
corresponding to —48°C and —76.5°C. (d) Estimate of the event altitude as a function of the ice particle density for two ice
particle size distribution corresponding to —48°C and —76.5°C.

Australia was considered by Dimitriadou et al. (2022). These blue corona discharges were produced close to the
highest regions of the thunderclouds which reached to altitudes above the tropopause at 17 km in a more tropical
region when compared to the present case and with CAPE values of 4 kJ kg~!. The radar also could not detect the
cloud tops in this case, only giving values of ~22 dBZ at 17 km. In the present case, with values of 30-33 dBZ
observed at an altitude close to 16 km, it is thought that the cloud top was locally above 16 km. Indeed, according
to the study of tropical “hot towers” by Williams et al. (1992), the 30 dBZ reflectivity can reach 1617 km in the
towers near cloud tops.

The blue discharge altitude is also estimated by the electric field recordings of skywave arrival times. Except
for the sensitivity analysis based on the electric field timing, which gives the event altitude uncertainty range of
16.0-18.8 km, the height uncertainty is also given by a sensitivity analysis based on the altitude determination
algorithm. This method simulates different ionospheric heights and blue discharge heights to find a minimum
root mean square value of the distance differences of the propagation along two ionospheric reflection paths Y,
and two ground reflection paths Y,. The time uncertainty is not considered here. It can be seen from Figure 6d that
the height uncertainty for the blue discharge is estimated to between 15.5 and 19.0 km with a distance uncertainty
of 1 km for the distance difference Y (defined in Equation 4). The distance difference Y is a measurement related
to the propagation path, which is ~766.4 km, therefore an uncertainty range of 1 km corresponds to a relative
uncertainty of ~0.1%.

We now look further at the altitude determination from the optical pulse from the blue discharge event. From
Figure 7, it can be noted that the uncertainty comes mainly from two origins that can be discussed. The first is
the ice crystal size and second the ice crystal density. The ice particle size is assumed to be constant for the three
curves given in Figure 7a which is a strong hypothesis that can be relaxed by choosing a particle size distribution
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27.4

27.6 27.8 28.0

Figure 8. Radar composite image of the cell producing the blue discharge, at 23:04:51 UTC. (a) Horizontal cross section with the maximum reflectivity (dBZ) in the
column; (b) vertical cross section along the red dashed line in (a); (c) zoom into the white frame included in (a). The black cross indicates the blue discharge location
(27.97°E; 26.47°S). The white arrow in (b) and (c) indicates the location of the maximum altitude with the highest reflectivity observed along the vertical cross section.

(PSD) that is more realistic to the cloud top ice particle composition. Following Heymsfield et al. (2013, Equation
6), the PSD can be fitted to a gamma distribution of the form N(D) = N,D#e~* where u is the dispersion, 4 is the
slope, and N,, is the intercept (here, chosen such that the PSD is normalized) and the parameters 4 and p can be
expressed as a function of the temperature (Montanya et al., 2021).
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Figure 9. (a) Normalized particle size distribution (PSD) for ice crystals temperature at —48°C and —78.5°C; (b) ice water content (IWC) and ice crystal density (c) as
a function of the altitude along the track of CALIPSO recorded at about 23:35 UTC.

To estimate the temperature range between the discharge origin and the cloud top, we anticipate a maximal
cloud depth of about 2 km. It corresponds to an altitude range of 11.3—-16.7 km and a temperature range between
—48°C and —76.5°C. According to Heymsfield et al. (2013), at those temperatures A varies then between 176 and
2,300 cm~! and u varies between 0.71 and 4.6, giving the normalized PSDs plotted in Figure 9a. Knowing the
PSD as a function of the temperature makes it then possible to calculate the key parameters affecting the propa-
gation of light in the cloud. For a density varying between 107 and 108 m~ and a temperature varying between
—48°C and —76.5°C, the mean free path varies between 0.45 and 90 m, the absorption frequency between 49.6
and 0.37 s7!, and the diffusion coefficient between 3.7 X 10° and 7.9 X 10'® m?/s. With a true rise time of 5.5 ps
and with an ice particle density in the range of 10-108 m~3, the cloud depth is now estimated between 0.2 and
2.4 km from Figure 7c and the discharge altitude between 10.9 and 16.5 km from Figure 7d.

The last parameter to discuss for the estimation of the discharge altitude is the particle ice density. We looked at
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations, that is, CALIPSO, satellite data (e.g., M.
A. Vaughan et al., 2004; Winker et al., 2003) which allow to measure the ice composition at cloud top heights.
The CALIPSO track is marked as a red dashed line in Figure 1f. Unfortunately, it flew over another thunderstorm
cell centered at the longitude and latitude 28.75°E and 26.5°S. However, it is close enough to the cell from which
the blue discharge originated such that it is reasonable to assume that the thermodynamical composition of the
cell is similar, and that the ice PSD follows the same dependency with the temperature. The CALIPSO track is
indicated in Figure 1f by a red line corresponding to a pass ~23:35 UTC. CALIPSO allows to estimate the ice
water content IWC; Delanoé & Hogan, 2010) which is given along the track in Figure 9b. The IWC of the cell
observed by CALIPSO is discussed here for the purposes of determining the ice crystal density, which will be
used to further estimate the ice crystal density of the cell which produces the blue discharge.

We note that the IWC varies between 0.02 and 1 g/m? below a small overshoot that was measured ~23:34:50
UTC. Following Heymsfield et al. (2013), the IWC is given by IWC = fDnin(D)m(D)dD, where n,,, is the
ice crystal density, N(D) is the PSD, and m(D) is the ice crystal mass relationship developed by Schmitt and
Heymsfield (2009) m(D) = 0.91 §D3e‘94” with D in cm and m in g. The IWC allows therefore to estimate the ice
crystal density which is given in Figure 9c and we can see that the ice crystal density varies between 4 X 10° and
2.8 X 10° m~3 which appears low when compared to the estimate used in the preceding section and we remind the
reader it corresponds to another cell than the one from which the blue discharge originated.

The movie “CellEvolution.avi” in the supplementary material gives the temporal evolution in time of the cells.
It is noted that the CTT of the cell observed by CALIPSO ~23:35 UTC is —67°C, that is, ~5°C warmer than the
cell from which the discharge occurs. The cell observed by CALIPSO is therefore below the tropopause. From
the reflectivity presented in Figure 8, we can also note that the radar reflectivity reaches maximum values of
58.5 dBz for the cell with the blue discharge and 46.5 dBZ for the cell observed by CALIPSO. The difference
in dBZ is similar to the difference in radar reflectivity between a mature overshooting top and a decaying one,
for example, as observed by Homeyer and Kumjian (2015, Figure 11). The movie “CellEvolution.avi” also indi-
cates that the cell with the blue discharge is in a higher level of overshooting maturity than the cell observed by
CALIPSO. The first cell is 15 min after the maximum of its overshooting phase and the second does not over-
shoot at all. Such difference of reflectivity can be related to a ratio of ice particle density assuming the reflectivity
is directly proportional to it, and we find that the ice crystal density from the cell producing the discharge is about
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30 times higher than that of the cell observed by CALIPSO. Finally, we find that the ice density for the cell that
produced the blue discharge can be estimated to be between 1.2 X 107 and 8.4 X 107 m~3. Furthermore, and even
if the measurement of cloud tops ice density is difficult to obtain, we can note that this range is in good agreement
with Kriamer et al. (2020) and Protat et al. (2011) which report ice particle densities that reach values as high as
3 x 107 and 10® m~3, respectively. Those findings coincide with the range we have chosen in the preceding section
and the corresponding altitude range we obtained for the altitude of the discharge from the optical measurement
of ASIM, that is, 10.9-16.5 km.

This work enables a thorough estimation of measurement uncertainties of an exemplary blue discharge event
height, while the parameters are chosen to be consistent because only one event is available to us. The parameters
that affect the uncertainty are CTT estimation, location, reflectivity, distance, ice crystal size, and ice crystal
density, which are thoroughly discussed in this section.

8. Summary and Conclusions

The ASIM/MMIA overpass in South Africa described in this report enables an extension of previous results
with a focus on the comparison between space-based optical observations and ground-based electric field
recordings.

A strong link between optical and electric field observations was found for the blue PMT pulses which are asso-
ciated with lightning discharges reported by lightning detection networks. One question of particular interest in
this context is whether the height of the blue discharges can be determined with significant confidence. There are
three sources of height information which have been used, that is, the cloud top height inferred from geostationary
satellite imagery, the pulse height determination from skywave arrival times, and the height estimation from the
optical recordings.

The calculated cloud top height is 13.3-16.7 km. From the radio recordings, the altitude of this blue discharge
event is 17.4 km with uncertainty range of 16.0-18.8 km by using a spherical Earth model. The ionospheric
height calculated using the same model is 95.0 km, which is consistent with that determined from the waveform
bank of CG discharges (93.4 km). The height estimation derived from the rising edge of the blue optical emission
is between 10.9 and 16.5 km.

Besides studies of selected events, as pursued in this report, this unique and rich data collected by MMIA on
ASIM could also be used to study the statistical properties of many events, for example, a comparison of peak
pulse intensities and rise times of electric field recordings associated with many blue and/or red PMT pulses and
their association with reports from lightning detection networks.

Appendix A: Equations of Source and Ionospheric Reflection Heights Determination

Equations A1 and A2 refer to the ionospheric reflection model in Figure 6b. For the path x, + x,, the incidence
angle into the ionosphere equals to the reflection angle in Equation Al:

X2+ (hi+r) = (hs 4+ 24 (hi+r) = (h+r)
2x1(h; +r) h 2x2(hi + 1)

(AD)

For the first skywave propagation path, the center angle « can be seen as two portions: portion 1 is enclosed by
h,+ rand h, + r, and portion 2 is enclosed by 4, + rand &, + r:

e+ () =X L e H (i) = x5 )
@ =cos 27 + 1) + 1) +cos 2+ 1 +7) ' (A2)

For the path x; + x, and the path x, + x,, the incidence angle into the ionosphere equals to the reflection angle in
Equations A3 and A4

x5+ (hi + = (he+r? X2+ (b ) =1 .
2X3(hi +r) - 2x4(h,' +") 5
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X2+hi+r)=r X2+ (hi+r) = (h+r) (Ad)
2xa(hi+1r) 2xs(hi +r) '
For the second skywave propagation path, the center angle o can be seen as four portions: portion 1 is enclosed
by h,+ rand h; + r, portion 2 and portion 3 are both enclosed by 4, + r and r, and portion 4 is enclosed by &, + r
and h, +r:
f A+ (hitrY = X3 2 oos-! r+ (hi+r) = x2 L f e+ 4 (i 1) = X2 s
= + — )+ ,
T T 2 ) o 2r(hit 7) cos 20+ (it 1) (A3)
Equations A6—A10 refer to the ground reflection model in Figure 6¢. For the path x, + x,, the incidence angle into
the ground equals to the reflection angle in Equation A6:
X2+ 12— (hs +r) x2 412 = (hi+r) (A6)
- 2x1r T 2xar
For the path x, + x,, the incidence angle into the ionosphere equals to the reflection angle in Equation 4:
Zti+r)y—r X2+ i+r) = (h+r) (A7)
2x2(hi +r) 2x3(hi +r)
For the first skywave propagation path, the center angle a can be seen as three portions: portion 1 is enclosed by
h,+ rand r, portion 2 is enclosed by %, + r and r, and portion 3 is enclosed by &, + rand &, +
(hs+ry +7r2 = x2 P+ (hi+r) - x2 (hi + 1) + (he + 1) = X2
a=cos | —— | +cos!| ——————= | 4+ cos™! (A8)
2r(hs +r) 2r(hi+r) 2(hi + r)(h, +r)
Acknowledgments For the path x, + x;, the incidence angle into the ground equals to the reflection angle in Equation A9:
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2x4r 2xsr
For the path x5 + x,, the incidence angle into the ionosphere equals to the reflection angle in Equation A10:

X2+ (hi + r? =2
2xs(h; +r)

24 (hi+ 1) = (he + 1)
_ Xt ity —( r)' (AL0)
2x6(h; + 1)

For the second skywave propagation path, the center angle a can be seen as five portions: portion 1 is enclosed by
h,+ r and r, portions 2—4 are all enclosed by &, + r and r, and portion 5 is enclosed by &, + r and h, + r:

(he + 1) + (hi + 1) — X2
2(h, +r)(h; +r)

1 1

(hs + 1)+ = x2 B

2r(hs +r)

P+ (i + 1) = x2

3 cos
+ocos 2r(h; +r)

+ cos

a = cos” . (A11)

All the equations used here are according to the cosine rule.

Data Availability Statement
The data used for this publication will be available from https://doi.org/10.15125/BATH-01103.
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