
1.  Introduction
The bright luminous channel of lightning is a highly ionized plasma with high electrical conductivity. The plasma 
channel of lightning leaders is so hot that molecular oxygen dissociates into atomic oxygen, often detected at 
the atomic O I line in 777.4 nm (Blakeslee et al., 2020; Christian et al., 1989; Goodman et al., 2013; Grandell 
et al., 2010; Yang et al., 2017). Streamers are low-density, cold plasma filaments that emerge from propagat-
ing ionization fronts (da Silva & Sao Sabbas,  2013; Ebert & Sentman, 2008; Luque & Ebert,  2009; Nijdam 
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et al., 2020). Bursts of streamers may be generated without a leader, or may be formed in the high electric field 
region that precedes the leader formation (da Silva & Pasko, 2013; Raizer & Allen, 1991). In the atmosphere, at 
altitudes up to about 50 km, they appear blue with strong emissions at 337 nm from the second positive system 
of N2 (N22P) in the near-ultraviolet band (Chanrion et  al.,  2019; Gordillo-Vázquez & Pérez-Invernón,  2021; 
Montanyà et al., 2021; Raizer & Allen, 1991; Walker & Christian, 2019) with weak or no emissions in the atomic 
oxygen band of lightning leaders at 777.4 nm.

Observing blue corona discharges, especially those occurring inside or near the top layer of clouds, is challenging 
when attempted from the ground due to scattering and absorption in the cloud. As a result, they are best observed 
from space. The Imager of Sprites and Upper Atmospheric Lightning on FormoSat-2 (Chou et al., 2018; F. Liu 
et al., 2018) reported blue luminous events that radiated unambiguous middle ultraviolet (UV) to blue emissions 
(230–450 nm) and also contained dim red emissions (623–754 nm). In 2015, an astronaut onboard the Interna-
tional Space Station (ISS) also made observations of blue corona discharges with rates of around 120 per min 
observed in a single storm (Chanrion et al., 2017). The Atmosphere-Space Interactions Monitor (ASIM) more 
recently installed on the ISS (Neubert et al., 2019) provides a unique opportunity for systematic monitoring of 
these phenomena on a global scale.

We refer to the discharges with dominant 337 nm emission, as observed by ASIM, as blue corona discharges. We 
include other similar phenomena reported in the literature into the category, such as small blue surface discharges 
(also called blue glimpses), pixies and gnomes which occur in-cloud or close to the cloud-top layer within a 
few kilometers (Chanrion et al., 2017; Gordillo-Vázquez & Pérez-Invernón, 2021; Lyons et al., 2003; Neubert 
et al., 2021; Pasko, 2008; Wescott et al., 1996, 2001), or blue starters and blue jets that emerge from the cloud 
tops reaching altitudes of up to tens of kilometers (Wescott et al., 1996, 2001). However, the detailed mechanisms 
underlying these different types of blue luminous discharges remain to be fully understood.

Recent studies have linked blue corona discharges to short-duration (10–20 µs) bipolar pulses with strong Very 
High Frequency radiation, called Narrow Bipolar Events (NBEs) (Chou et al., 2018; Li et al., 2021, 2022b; F. 
Liu et al., 2018, 2021a, 2021b; Smith et al., 1999, 2004; Soler et al., 2020; Wu et al., 2012). NBEs are thought 
to be produced by localized and fast propagating streamers, known as fast breakdown (Li et al., 2022a; N. Liu 
et al., 2019; Rison et al., 2016; Tilles et al., 2019). They are likely to occur independently from other lightning 
discharges within tens of milliseconds or at the onset of lightning leader formation (Kostinskiy et al., 2020; López 
et al., 2022; Lyu et al., 2019; Marshall et al., 2019; Rison et al., 2016). The relationship between blue corona 
discharges and NBEs is still under investigation (Li et al., 2022b, 2023).

There is a growing number of studies of blue corona discharges based on ASIM measurements (Bai et al., 2023; 
Dimitriadou et al., 2022; Husbjerg et al., 2022; Li et al., 2021, 2022b; F. Liu et al., 2021a; Soler et al., 2020, 2021). 
On a global scale, they are estimated to occur at a rate of about 11 s −1 at local midnight (Soler et al., 2021) and up 
to 0.1 km −2 night −1 (Husbjerg et al., 2022). Previous studies modeled photon scattering and absorption emissions 
to estimate the depths of the blue corona sources. They assumed cloud microphysical parameters, such as a mean 
particle radius of 10–20 μm and densities of 1–2.5 × 10 8 m −3, resulting in photon mean free paths of 1–20 m 
(Heumesser et al., 2021; Husbjerg et al., 2022; Li et al., 2021, 2022b; Luque et al., 2020; Soler et al., 2020). 
The results indicated that blue corona discharges are expected to occur between cloud tops and the interior to a 
depth of ≤4 km in the tropics and ≤1 km at mid- and higher latitudes, or globally within clouds at depths ≤8 km 
according to Husbjerg et al. (2022). We know they are generated in both the growing and collapsing stages of the 
convective cells (Dimitriadou et al., 2022) and favor stronger convection and higher cloud tops than normal light-
ning (Husbjerg et al., 2022). However, the conditions in the clouds that generate them are not well understood.

Here we present an analysis of 92 blue corona discharges observed within the cloud cells of cyclone Fani, along 
with independent measurements of the cloud-top microphysics of one of the parent thunderstorm cells taken 
12 min later by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO). We analyzed 
the depth of the optical pulses observed by ASIM using the first-ever measured cloud-top microphysics related 
to blue corona discharges from CALIPSO and the ground-based electromagnetic (EM) measurements of NBEs 
from the Earth Networks Total Lightning Network (ENTLN) (Zhu et al., 2017, 2022). We first present the instru-
ments and observations. Then, we apply a light-scattering model by considering the cloud properties to derive the 
depth of the discharges and compare them with the radio-derived altitudes. Finally, we discuss the relationship 
between the blue corona discharges, the NBEs and the lightning activity.
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2.  Instruments and Observations
On 26 April 2019, a tropical depression in the southern region of the Bay of Bengal intensified into Cyclone 
Fani. As Fani moved northward, it developed into a category 5 cyclone on 2 May with wind speed up to 250 km/
hr. It was the most severe cyclone in the Bay of Bengal since 1999, killing 81 people and causing damage of 
approximately 8.1 billion US dollars at landfall in Bangladesh and India (Chauhan et al., 2021; Zhao et al., 2020).

ASIM passed over Fani on 30 April 2019, when it was a category 3 cyclone. Its nadir-pointing instruments 
include three photometers that sample at 100 kHz and two cameras that image at 12 frames per second. The 
photometers measure part of the Lyman–Birge–Hopfield (LBH) band of N2 in the UV band at 180–230 nm, a 
line of the second positive system of N2 at 337 nm (blue) with 3 nm bandwidth, and an atomic oxygen line at 
777.4 nm (red) with 5 nm bandwidth. The cameras measure in the blue and red bands of the two photometers with 
1,000 × 1,000 pixel resolution. The cameras' square Field-Of-View (FOV) was 400 × 400 km 2 on the ground, and 
the photometers' circular FOV had a radius of ∼283 km, as shown in Figure 1a. The figure also shows the cloud-
Top Blackbody Brightness (TBB) temperature derived from the Himawari-8 satellite data (Bessho et al., 2016) 
at 20:10:00 UTC. During its 1-min overpass from 20:10:55 to 20:12:05 UTC, ASIM detected 92 blue corona 
discharges from two convective cells in the outer rainband region of the cyclone system (marked by α), about 
200 km from the cyclone center. Although the cells have independent storm structures, they are likely affected 
by the cyclone environment. However, due to insufficient measurements of the cyclone system's thermodynamic 
structure, we cannot explore if these convective cells can be considered part of the cyclone or an adjacent but 
independent system.

The smaller region marked with β in Figure 1a, with a size of about 50 km 2, was observed by CALIPSO from 
20:23:58 to 20:24:14 UTC, about 12 min after ASIM. The CALIPSO lidar is oriented toward the nadir. It measures 
the vertical distribution of cloud hydrometeor properties with a footprint of about 90 m (Delanoë & Hogan, 2010; 
Gryspeerdt et al., 2018; Z. Liu et al., 2009; Sourdeval et al., 2018). The black stars are the sensor locations of the 
ENTLN that measure the EM radiation from lightning discharges and NBEs.

ASIM has an absolute timing uncertainty of tens of milliseconds since the data are not time tagged by a dedicated 
Global Positioning System (GPS). The absolute time of ASIM is provided from the ISS GPS receiver. It is passed 
to the payloads through the ISS networks and the Data Handling and Power Unit (DHPU) of ASIM. Because the 
central time process in the DHPU is clocked at 60 Hz and the time input from the ISS is not prioritized,  the  times-
tamp gets an uncertainty of up to two clock cycles, that is, 2 · 1/60 = 33.333 ms (Heumesser, 2021). We can 
improve its accuracy to the millisecond level by cross-correlating the times of 777.4 nm-pulses detected during the 
overflight by the Lightning Imaging Sensor (LIS) collocated with ASIM on the ISS. To obtain a “light” curve for 
LIS, we integrated the LIS group radiance by binning it over 2 ms and then cross-correlated it with the peak time 
of the 777-nm photometer pulse to determine the time shift of ASIM (Bitzer et al., 2021; Heumesser et al., 2021). 
Based on our analysis, we found that the systematic time shift of ASIM with respect to LIS, Δt = TLIS − TASIM, 
was approximately 1.4 ± 1.1 ms (see Figure S1 in Supporting Information S1). Note that Δt could be affected by 
the binning boundaries for the LIS data, but it stayed under 1 ms (half of 2 ms).

Previous studies suggest that ASIM image data projected to cloud-top altitudes have an uncertainty of less than 
10 km in latitude and longitude (Husbjerg et al., 2022; Neubert et al., 2021). In our study, we estimated the loca-
tions of the blue corona discharges by projecting the 337 nm camera images or camera metadata (if the camera 
images were not available, see Table S1 in Supporting Information S1) to an altitude of 16 km, based on the World 
Geodetic System (International Civil Aviation Organization, 2002). The altitude is an estimation of the average 
altitude of the blue corona discharges inferred from the Cloud Top Height (CTH) obtained from CALIPSO and 
the depths calculated using a light-scattering model (see Section 3.2 for more details). The accuracy of the CTH 
from CALIPSO has been previously estimated to be within 1 km (Di Michele et al., 2013; C.-Y. Liu et al., 2020). 
Considering ASIM's observation geometry, an uncertainty of 1 km in the CTH measurement corresponds to a 
location shift of approximately 0.5 km in the projection of the camera image. The uncertainty of the location is 
relatively small compared to the size of the cloud, and therefore, it is not considered to impact our conclusions.

The Convective Available Potential Energy (CAPE) from ERA5 hourly re-analysis data at 20:00:00 UTC is 
shown in Figure 1b. ERA5, known as the European Center for Medium-Range Weather Forecasts Reanalysis 
version 5, provides hourly estimates of atmospheric, land and oceanic climate variables on a 30 km horizontal 
grid, and resolves the atmosphere into 137 levels from the surface to 80 km altitude (Hersbach et al., 2020). We 
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saw the blue corona discharges in regions where CAPE reached about 6,000 J kg −1, which, according to Husbjerg 
et al. (2022), was one of the highest values associated with blue corona discharges during the past 3 years of 
ASIM observations. The cloud cells formed as air was carried by cyclone winds from mainland India over the 
Bay of Bengal. The magnitude of the 200–850 hPa vertical wind shear at the center of region β, ∼20 m s −1 (not 
shown here), was typical for severe convective storms (Pucik et al., 2021).

Figure 1.  An overview of cyclone Fani. (a) The Top Blackbody Brightness (TBB) temperature provided by the Himawari-8 satellite at 20:10:00 UTC with the 
footprints of Atmosphere-Space Interactions Monitor (ASIM) moving eastwards and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) 
moving westwards. Black stars mark the locations of the ENTLN network stations. The convective clouds with blue corona activity are in region α, and the smaller 
region sampled by CALIPSO is region β. (b) Convective Available Potential Energy (CAPE) based on ERA5 hourly reanalysis data at 20:00:00 UTC. (c) Region α 
with the blue corona discharges, Cloud-to-Ground (CG) and Intracloud (IC) lightning activity superimposed. The fields of view of both photometer (purple circle) and 
camera (purple square) of ASIM corresponding to the overpass time at 20:11:20 UTC (purple solid dot) are shown in (a).
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Figure 1c shows a zoom of the corona-active α region. ASIM and CALIPSO passed over the smaller β region 
within 12 min of each other. The blue corona discharge locations (pink squares) are shown with Cloud-to-Ground 
(CG) (green circles) and Intracloud (IC) lightning (black crosses) detected by ENTLN during the time of ASIM 
observations.

The statistical significance of the optical pulses detected by the three photometers for 92 blue corona discharges 
was estimated by calculating the mean (μ) and standard deviation (σ) for the binned average of 40 data samples 
(0.4 ms), as described by Li et al. (2021). Pulses for which the blue peaks were above 5σ were accepted as blue 
corona discharges. Their rise times ranged from 10 to 370 µs and their durations from 90 to 7,670 µs (see Table 
S1 in Supporting Information S1). The UV emissions coinciding with the blue peaks were negligible and below 
the 1σ level. Of the 92 cases, 89 had red peaks below 1σ. The remaining 3 cases were associated with weak red 
emissions below 3σ (see Figures A2–A4 in Appendix A), with blue (337 nm)/red (777.4 nm) ratios of 5.0, 8.5 
and 8.8. They were not detected in the red camera norby LIS. Two examples of blue corona discharges, one with 
negligible and one with weak red emissions, are shown in Figure 2 (see the statistical significance of these signals 
in Figures A1 and A2 in Appendix A).

3.  Analysis and Results
3.1.  Cloud Microphysical Properties Detected by CALIPSO

The CALIPSO lidar measures the properties of optically thin clouds (optical depth between 0.3 and 3) with a 
sensitivity that allows the detection of small ice crystals (effective diameter D < 15 μm) in cloud tops that gener-
ally are missed by meteorological radars (Hagihara et al., 2014; Mitchell et al., 2018; Winker et al., 2010). In 
our analysis, we focus on the β region over which CALIPSO passed ∼12 min after ASIM. During this time, the 
number of lightning events in the β region decreased from 63 min −1 to 51 min −1 and the average TBB temperature 
varied by less than 1 K, suggesting that only minor changes happened in the cloud (see Appendix B for more 
details). Thus we assume that the CALIPSO measurements were applicable during the occurrence of blue corona 
discharges. The measurments from CALIPSO represent an improvement over the assumed cloud microphysical 
properties in previous studies analyzing the effects of cloud scattering on the pulse shapes of optical blue corona 
discharges.

Figure 3a shows the 532 nm total backscatter coefficient along the trajectory of CALIPSO in the region α, and 
Figure 3b gives the CTH derived from these measurements. The tropopause height in the CALIPSO data product 
is provided by NASA's Global Modeling and Assimilation Office (Lidar Level 1 V4.10 Data Product Descrip-
tions, 2016). Time increases toward the right along the horizontal axis, indicating the latitude and longitude of the 
satellite. The main cloud reached above 17 km from 11.76° to 11.50° latitude, which was likely where the main 
updraft occurred. The cloud protruded above the tropopause, with a gullwing-shaped cirrus layer of ice crystals 
pumped into the lower stratosphere (O'Neill et al., 2021; Wang et al., 2016) and carried from the region by wind 
shear near the cloud top.

Figures 3c–3f show a selection of microphysical properties based on the raDAR/liDAR (DARDAR) cloud prod-
ucts (Delanoë & Hogan, 2010): the categorization (c), particle radius (d), ice crystal number density (e) and 
photon mean free path (f). These products are normally found with a variational method and, in the case of the 
ice crystal number density, by combining lidar and CloudSat radar measurements (Delanoë & Hogan,  2010; 
Gryspeerdt et al., 2018; Sourdeval et al., 2018). Because CloudSat data were unavailable, we determined the ice 
crystal number density (e) from the ice water content following Sourdeval et al. (2018), assuming crystal diam-
eters are above 5 μm.

Photon mean free path Λ is the average distance that a photon can travel before being scattered or absorbed by the 
cloud particles. The amount of scattering and absorption depends on the density and size of the particles, as well 
as the wavelength of the light. The shorter the photon mean free path, the more scattering and absorption in the 
cloud. The mean free path is estimated through:

1

Λ
=

∞

∫
0

𝜋𝜋

4
𝐷𝐷2𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑁𝑁(𝐷𝐷) 𝑑𝑑𝑑𝑑𝑑� (1)
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Figure 2.  Two examples of blue corona discharges with negligible (a, c, e) and weak red emissions (b, d, f). (a, b) Three photometer signals (blue: 337 nm, red: 
777.4 nm and purple: 180–230 nm (ultraviolet [UV]) × 100), (c, d) the 337 nm camera images and (e, f) the 777.4 nm camera images.
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Figure 3.  The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) measurements along the 
trajectory in region α with the blue corona discharges in region β. Time increases along the horizontal axis toward the right; 
the black dashed line marks the tropopause height. (a) A cross-section of the 532 nm lidar backscattering coefficient profile 
with a gullwing-shaped cirrus in the lower stratosphere, (b) The Cloud Top Height (CTH) measured by CALIPSO with the 
depths of the blue corona discharges in region β inferred from the optical pulses. The fast and slow pulses are shown in empty 
and filled circles, respectively. The inserted histogram shows Earth Networks Total Lightning Network lightning activity in 
region β binned with 0.02° (approximately 2 km) in latitude along the CALIPSO trajectory during the Atmosphere-Space 
Interactions Monitor overpass. The remaining panels are based on DARDAR cloud products including (c) categorization, (d) 
particle radius, (e) ice crystal number density, and (f) photon mean free path.
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where D is the particle diameter; Qext ≈ 2, is the extinction efficiency in the 337 nm band using Mie theory; N(D) 
is the distribution function of the particle diameters.

Figures 3c–3f show that the main cloud on the left (11.76°–12°) below the tropopause had relatively low number 
density. A gull-wing-shaped layer of cirrus cloud extended from the highest cloud top. The cloud tops on the right 
(11°–11.76°) contained highly concentrated ice with a photon mean free path ∼3 m. DARDAR Cloud products 
identify different types of attenuating 532 nm backscatter layers and classify them according to temperature and 
parameters from the radar and lidar masks (more details on this categorization process can be found in Ceccaldi 
et al. (2013)).

Note that the accuracy and reliability of CALIPSO measurements decrease as the cloud optical depth (COD) 
increases. CALIPSO cannot penetrate relatively thick clouds with COD between 3 and 5 (Z. Liu et al., 2005). As 
illustrated in Figure 3, CALIPSO provided information at altitudes above 11 km in regions larger than 11.76° lati-
tude, and above 15 km below 11.76° latitude as indicated by the label “Presence of liquid unknown” in Figure 3c.

By utilizing CALIPSO's measurements to estimate the photon mean free path, mean particle size, and density, 
we calculated the cloud scattering and absorption of the optical emissions from blue corona discharges without 
making assumptions. Figures 3d and 3e show that most blue corona discharges were associated with ice particles 
with a radius of ∼50 μm and a number density of ∼2 × 10 7 m −3 at an average altitude of approximately 16 km. 
Using Equation 1, the photon mean free path Λ was calculated to be 3 m. Previous studies modeled the scatter-
ing and absorption emissions from blue corona discharges by assuming mean particle radius of 10–20 μm and 
densities of 1–2.5 × 10 8 m −3, resulting in photon mean free paths of 1–20 m (Heumesser et al., 2021; Husbjerg 
et al., 2022; Li et al., 2021, 2022b; Luque et al., 2020; Soler et al., 2020). Our data-based results support the 
assumptions used in previous works.

We spatially grouped the lightning flashes detected by ENTLN in the region β during the ASIM overpass from 
20:10:55 to 20:12:05 UTC. The bins are 0.02° in latitude (approximately 2 km). As shown in Figure 3b, lightning 
and blue corona discharges were observed in the overshooting top region, indicating a strong updraft that lifted 
ice particles into the stratosphere and formed the gullwing-shaped cirrus. Interestingly, CALIPSO measured a 
high concentration of large ice particles at latitudes between 11.0° and 11.5°, but no lightning or blue corona 
discharge were detected in this region. Note that the global stroke detection efficiency of ENTLN is approxi-
mately 97%; however, it may vary in regions with limited sensor coverage (Zhu et al., 2022). We estimated the 
ENTLN detection efficiency in the region shown in Figure 1 by comparing it with LIS observations. The results 
indicated that ENTLN had a detection efficiency of around 50% for both IC and CG flashes across the entire 
region during the ASIM overpass period. Nevertheless, it is expected that the detection efficiency for the more 
intense NBEs will be higher.

3.2.  Estimation of Source Depth

As photons travel through a cloud, they can be scattered or absorbed by the particles inside the cloud. The time 
it takes for the photons to reach the detector is determined by the path of the scattering and absorption by cloud 
droplets and ice crystals (Light et al., 2001; Luque et al., 2020; Thomson & Krider, 1982). Therefore, photons that 
originate from deeper within the cloud with more scattering and absorption will on average take longer to reach 
the detector, resulting in a longer rise time for the corresponding optical pulse.

In our study, we estimate the depth relative to the cloud top of the blue corona discharges from the 337 nm photom-
eter pulses detected by ASIM. We only focused on the blue corona discharges in the β region that ASIM and 
CALIPSO both passed over. We assumed that the particle radius and number density determined by CALIPSO 
represent the cloud microphysical properties relevant to the blue corona discharges in β region. We used the mean 
free path that we previously estimated, Λ = 3 m, based on the first-hitting-time (FHT) model (Li et al., 2023; 
Soler et al., 2020) in Equation 2, and fitted the parameters A and L to the optical pulses, with L being the depth 
of the blue corona discharges in the cloud.

The FHT model assumes the discharges are instantaneous and localized point sources inside a homogeneous, 
isotropic scattering cloud (Luque et al., 2020; Soler et al., 2020). For the wavelength of our interest (337 nm), 
we only considered Mie scattering and absorption by cloud particles because they dominate over Rayleigh scat-
tering and atmospheric absorption, respectively. The collision rate is ν = c/Λ, where c is the speed of light and 
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the photon mean free path Λ is assumed constant in the cloud. Mie scattering and absorption at 337 nm are 
characterized by the scattering asymmetry parameter g ≈ 0.87; the respective extinction coefficient Qext ≈ 2.015; 
and the single-scattering albedo ω0 ≈ 1 − 10 −7, which describes the probability that a photon is not absorbed in 
a scattering event. The photon flux has the following expression, which is valid for t > 0, with the time origin 
defined as the moment of light emission (Luque et al., 2020):

𝐹𝐹 (𝑡𝑡) = 𝐴𝐴
𝑒𝑒−𝑡𝑡∕𝜏𝜏𝐴𝐴−𝜏𝜏𝐷𝐷∕𝑡𝑡

√

𝜋𝜋𝜋𝜋𝐷𝐷

(𝑡𝑡∕𝜏𝜏𝐷𝐷)
−3∕2

, 𝑡𝑡 𝑡 0� (2)

where A is the number of photons emitted by the source; τA = 1/(ν(1 − ω0)) is the photon absorption time; and 
τD = L 2/(4D) is the diffusion time corresponding to the distance L to the source location. The diffusion coefficient 
is D = c 2/(3ν(1 − ω0g)).

The FHT model only describes single pulses with clear impulsive signals, so we created two criteria to filter out 
more complex events involving multiple pulses (Li et al., 2022b). The analyzed optical pulses had to have a deter-
mination coefficient (R 2) greater than 0.6 and a Pearson correlation coefficient (ρ) lower than 0.5.

Based on the 10 μs temporal resolution of the photometer signals, we categorized the optical pulses as fast if their 
rise time was ≤30 µs and slow if they were longer, following the method used in Husbjerg et al. (2022). In the β 
region sampled by CALIPSO, 30 out of 40 optical pulses were fitted using the FHT model. Among them, 4 were 
categorized as fast and 26 as slow. The source altitudes (CTH − L) inferred from these optical pulses are presented 
in Figure 3 with empty and filled circles. Figures 4a and 4b shows two examples of fast and slow discharges along 
with the fitting results based on the FHT model.

3.3.  Blue Corona Discharges With NBEs

To verify if the blue corona discharges are NBEs, we searched for NBEs in the ENTLN radio signals with a 
machine-learning algorithm proposed by Zhu et al. (2021). To make the identification more robust, and to allow 
us to estimate the source altitudes, we required the NBEs to last for 5–50 µs and have clear ground waves and 
reflected sky waves. Based on the atmospheric electricity sign convention, the polarity of NBEs was defined 
by the polarity of the first half cycle of its ENTLN radio waveform. Figure 4 shows two examples of both fast 
and slow discharges associated with −NBE and +NBE observed by different ENTLN sensors located at differ-
ent observation distances, where the ground wave is marked “G” and the reflected sky waves  are marked “S.”

As discussed above, we corrected the time uncertainty of ASIM by cross-correlating with LIS data. Using this 
time correction, we first adjusted the detection times of the blue corona discharges to their source times based 
on the source locations. We then identified the corresponding radio signal of NBEs by considering the effect of 
propagation delay from the source to the detector, only accepting a match if the radio signal peak was within 1 ms 
before the optical peak.

With this procedure, we found 15 out of 92 blue corona discharges were identified as NBEs, including 12 +NBEs 
and 3 −NBEs. The number of matched blue corona discharges and NBEs may have been underestimated due 
to the fact that ENTLN only saves radio signals in proximity to their detected peaks. In addition, our analysis 
only accepted short radio pulses lasting for a few to tens of microseconds, with clear ground waves and reflected 
sky waves, as NBE events (see Figure 4). It is possible that ENTLN captured only a few data points of weaker 
NBE pulses, which were excluded from our statistics. However, the low number of matched events suggests that 
optical measurements from the ISS may be more sensitive than the current radio observations for detection of 
blue corona discharges/NBEs when these occur in the upper regions of clouds. It is also possible that some of the 
discharges may be related to streamer activity at the onset of lightning leader formation (Kostinskiy et al., 2020; 
Li et al., 2022b, 2023; López et al., 2022; Lyu et al., 2019; Marshall et al., 2019; Rison et al., 2016), or that the 
radio signals are weak due to their horizontal orientation (Li et al., 2022b, 2023).

Previous studies indicated (F. Liu et al., 2021a; Soler et al., 2020) that +NBEs were more likely to be associated 
with blue corona discharges exhibiting longer rise times (slow corona discharge) deep within the clouds, while 
−NBEs were connected to blue corona discharges with short rise times (fast corona discharge) at the cloud tops. 
Out of the 12 +NBEs, one matched a fast corona discharge, and 11 matched slow corona discharges. Among the 
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3 −NBEs, one was linked to a fast corona discharge, and two were connected to slow corona discharges. However, 
the number of events in the Fani storm is too limited to allow any generalization.

To compare the source altitudes derived from both the optical and radio bands, we estimated the altitudes of 
nine blue corona discharges that were identified as NBEs, using two different methods. One method was based 
on the optical measurements and the other used radio signals. For the optical band, the depth in the cloud, L, 
was found by fitting the photometer signal with the FHT model in Equation 2, using the photon mean free path 
Λ = 3 m, consistent with the CALIPSO measurements. Figure 5a shows the height estimated from the optical 
pulses HOptical = CTH − L, where CTH was derived from CALIPSO measurements. The altitude HRadio from the 
radio signal (see Figure 5b) was estimated using the simplified ray-propagation method developed by Smith 
et al. (1999, 2004), based on the observation distances and the time differences between the ground wave and 
1-hop sky waves. The two approaches are in agreement, as seen in Figure 5c, with a maximum deviation of 1 km 
for event 6.

Figure 4.  Two example of blue corona discharges (fast discharge (a) and slow discharge (b)) associated with −NBE (c) and +NBE (d) observed by different Earth 
Networks Total Lightning Network sensors located at different observation distances. The ground wave and the reflected sky waves are marked as “G” and “S” in (c) 
and (d).
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According to Li et al. (2020), the HRadio calculated using the simplified ray-propagation method, which assumes 
straight ray paths and ideal reflections between the ground and an effective (or virtual) ionospheric reflection 
height, had an uncertainty of approximately ±1 km compared to the full-wave method. The full-wave method 
takes into account different frequency components that are reflected at different heights in the ionosphere. The 
uncertainty of HOptical was evaluated by taking the square root of the estimated variance of the fitting coefficient 
in the FHT model, which was found to be less than 0.06 km. Note that this represents a measure of the statistical 
uncertainty; the model uncertainty due to our ignorance about the precise cloud composition is harder to estimate, 
but likely much larger.

Figure 5.  Comparison of the source altitudes estimated from the 9 blue corona discharges identified as Narrow Bipolar Events (NBEs) in region β. (a) The optical 
inferred altitudes of blue corona discharges (HOptical). (b) The radio inferred altitudes of NBEs (HRadio). The black solid curves in (a) and (b) mark the Cloud Top Height 
(CTH) measured by Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and the dashed line mark the tropopause height. (c) Comparison of 
the altitudes determined by the two methods. Error bars corresponding to both radio and optical method are shown on HRadio and HOptical.

 21698996, 2023, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

038328 by C
sic O

rganización C
entral O

m
 (O

ficialia M
ayor) (U

rici), W
iley O

nline L
ibrary on [13/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

LI ET AL.

10.1029/2022JD038328

12 of 21

Figure 6 displays a comparison of nine optical pulses in the β region between the observed 337-nm photometer 
signals and the FHT modeling results based on optical and radio derived heights with a photon mean free path 
of 3 m. To assess the uncertainty of the height estimated from the optical pulses HOptical, we considered the 
altitude HRadio derived from the radio band to be the “true” source altitude since the actual uncertainty of the 
optical method associated with the specific cloud microphysical features was challenging to quantify. We see 
that events 4 and 6 have poor radio fits with the coefficient of determination R 2 < 0.2. They are the shallowest 
and deepest events. The poor fit likely reflects the uncertainties in estimates of optical depths based on the 
FHT model. In the model, we assumed the photon mean free path to be homogeneous, but for sources that are 
located near the top or deep inside the cloud, the cloud composition may be more complex and inhomogeneous. 
If the assumed Λ is too small, the estimation of the optical depths will be higher than the actual sources in the 
cloud, which appears to be the case for event 4 in Figure 6d. Comparing Figures 5a and 6f, we see the photon 
mean free path, Λ, is likely higher than 3 m for the deepest event 6, due to the complex cloud microphysical 
features.

Figure 6.  The 337 nm photometer signals of the 9 blue corona discharges with Narrow Bipolar Events in region β. The first-hitting-time (FHT) modeling results by 
using the altitudes derived from the optical and radio observations are superimposed. The photon mean free path is assumed Λ = 3 m for all the events.
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3.4.  Electrical Activity in Relation to the Phase of the Storm Cell

The blue corona discharges observed by ASIM represent a snapshot of the cell's electrical activity. To understand 
the development phase of the thunderstorm cell in which the discharges were generated, we analyzed the TBB 
temperature provided by the Himawari-8 satellite and ENTLN lightning data from 2 hr before and after ASIM 
overpass. Figure 7a shows the lightning, NBEs and the TBB temperature at the center of region β. Figures 7b–7d 
shows the TBB in the corona-active region α in Figure 1c, before, during, and after the ASIM overpass. A movie 
with all TBB images during the 4-hr period is included in Supporting Information S1 (Movie S1).

We see that the localized storm cell in region β started to develop around 19:00 UTC, where lightning and +NBE 
activity began. About 30 min later, the cloud top temperature dropped from 210.6 to 191.4 K until the cloud 
cell completely filled the β region. The number of lightning and +NBE event increased to a local maximum of 

Figure 7.  The time evolution of electrical activity. (a) Lightning and Narrow Bipolar Events (NBEs) in region β along with Top Blackbody Brightness (TBB) 
temperature at the center of region β. The time period of the 92 blue corona discharges detected by Atmosphere-Space Interactions Monitor (ASIM) is marked by the 
gray rectangle and (b–f) TBB temperature in region α at 19:30 UTC, 20:00 UTC, 20:10 UTC and 20:30 UTC.
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219 and 17, respectively, at 19:30 UTC, when −NBEs were also detected. After a decline, the activity picked 
up again a few minutes before 20:00 UTC, reaching a higher maximum of lightning and +NBE counts of 697 
and 59, respectively, at 20:10 UTC when ASIM passed over. Finally, the activity decreased around 20:40 UTC. 
During the second surge, the TBB temperature in the center of region β gradually increased from 20:00:00 to 
20:30:00 UTC because the cloud cell continued to expand and drifted out of the region toward the East, as shown 
in Figures 7c, 7d, and 7f. The overshooting cloud top with a TBB temperature of less than 190 K, lasting for more 
than 20 min, indicated that the blue corona discharges occurred in a convection region where a strong updraft 
lifted the high-density ice particles to altitudes in the lower stratosphere.

+NBEs were found to correlate with an increase in lightning activity and a decrease in the TBB temperature, 
while −NBEs and blue corona discharges appeared when the TBB temperature dropped below 190 K and light-
ning was maximized. The maximum lightning rate was about 70 per min around 20:10 UTC. The first increase in 
electrical activity was clearly connected to convection seen as the rapid development of the cloud cell. The second 
larger increase was likely due to the merging of two localized cloud cells: the one in region β and another centered 
at longitude ∼83.5° (see Figure 7b), which led to a more complex development of the cloud tops.

4.  Discussion
ASIM measured 92 blue corona discharges during ∼70 s as it passed over the thunderstorm cells in the outer 
rainbands of tropical cyclone Fani. The data we present are unique because they include measurements of both 
the optical and EM radiation from the discharges and as well as the microphysics of the cloud tops, where most 
of the discharges are located. The measurements show that the blue corona discharges occur close to the strong 
updraft region just a few kilometers below the cloud top.

The blue corona discharge rate is about two-thirds of the rate reported in Chanrion et  al.  (2017), which was 
observed in the Bay of Bengal and in a similar phase of thunderstorm cell development, that is, close to the 
maximum occurrence of lightning. However, it is important to note that ASIM was only able to observe during 
its overpass time. Therefore, it is possible that blue corona discharges may have occurred before and/or after the 
ASIM observation period. Our results suggest that blue corona discharges might be commonly generated near the 
top of the convective cells, where they are observable from space.

Blue corona discharges had rise times ranging from 10 to 370 µs and durations varying from 90 to 7,670 µs. They 
had a compact shape with an illuminated cloud top area ranging from approximately 4 to 140 km 2, with brightness 
from 180 to 7,600 μW/Sr/m 2. They occur near the cloud overshooting top region, with depths ranging from 0.4 
to 3.5 km. Note that the estimation of the rise time and duration of blue corona discharges are heavily influenced 
by the waveshapes of the optical signals detected by ASIM, especially for the cases with large oscillations. Since 
ASIM observes the thunderstorm in a nadir direction, it is difficult to distinguish between different blue emis-
sions. Some of the recorded fast blue discharges with short rise times may be related to small blue starters and 
small blue jets that occur close to the cloud top, partially outside the cloud (Edens, 2011; Wescott et al., 2001), 
or they may be gnomes, less than 1 km above the cloud top with uniform optical emissions and compact shape 
(Lyons et al., 2003). Other possibilities include cloud-top pixies, which appear on the overshooting tops along 
with the gnomes (Lyons et al., 2003), or kilometer-scale surface blue discharges or blue glimpses that appear to 
“dance” on the upper layer of the cloud (Chanrion et al., 2017). The slower blue discharges with longer rise times, 
located deeper inside the cloud, are more complex and may be related to “in-cloud streamer corona discharges” 
(Gordillo-Vázquez & Pérez-Invernón, 2021) or to the burst of streamers at the onset of lightning leader formation 
(Li et al., 2022b, 2023; López et al., 2022). However, leader initiation was not observed in our study.

Our observations indicate that blue corona discharges occurred in a convection region with CAPE reaching 
∼6,000 J kg −1, where a strong updraft lifted high-density ice particles to the lower stratosphere, which lasted for 
more than 20 min from 20:00 UTC to 20:20 UTC. This extended duration of overshooting cloud top may have 
facilitated conditions for blue corona discharges. Our findings that the blue corona discharges correlated with 
strong convection are consistent with previous studies (Chanrion et al., 2017; Dimitriadou et al., 2022; Husbjerg 
et al., 2022).

According to our observations, around 20% of the blue corona discharges detected were identified as NBEs by 
the ENTLN lightning detection network. It is generally agreed that −NBEs are discharges between a cloud's 
upper positive charge layer and the negative screening layer attracted to the cloud tops (Smith et al., 1999, 2004; 
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Wu et al., 2012, 2014) and that +NBEs are located between the negative layer further down in the cloud and the 
upper positive layer (Karunarathne et al., 2015; Smith et al., 1999, 2004; Wu et al., 2012, 2014). Previous studies 
(F. Liu et al., 2021a) have suggested that blue corona discharges with longer rise times, occurring at deeper levels 
within the cloud, are associated with +NBEs, while −NBEs at the top of clouds are associated with blue corona 
discharges with short rise times (≤30 µs). The trend is similar in the storm reported here, however, the conditions 
appear more complex. In the cases we report here, both polarities of NBEs were observed at similar altitudes, 
indicating that the organization of the charge layers were more complicated. This complexity could be due to the 
strong updraft and turbulence that lead to variations at smaller spatial scales in the charge layers near cloud tops, 
as suggested by earlier studies (Li et al., 2023; MacGorman et al., 2017; Stolzenburg et al., 1998; Stolzenburg & 
Marshall, 2009).

Our study indicated a close correlation between blue corona discharges and NBEs, which are characterized by 
a short duration (10–20 µs) and a relatively compact spatial range of several hundred meters. The NBEs char-
acteristics justify the assumptions used in our light-scattering FHT model: the blue corona discharge emission 
source is an instantaneous and localized point source. Under this assumption, the photometer signal's rise time 
depends on the photon propagation path rather than the source itself. Additionally, all the blue corona discharges 
have strong blue emission at 337 nm above 5σ level, with either no or weak red emission at 777.4 nm. The results 
further suggest that the primary source of blue corona discharge is dominated by streamers with fast speed, rather 
than leaders. Given this context, it is highly unlikely that the blue corona discharges are emitted from slow and 
continuous sources.

Our analysis was based on the cloud microphysical parameters measured from the CALIPSO lidar without making 
assumptions as the previous studies. The altitudes of nine blue corona discharges that were identified as NBEs are 
derived from both the optical and radio bands. It revealed that in six out of nine cases, the R 2 value was greater 
than 0.85, indicating a good agreement between the two methods and supporting our estimate of the photon mean 
free path as 3 m. However, in the shallowest and deepest cases, there was some discrepancy between the altitudes 
determined by the two methods, suggesting more complex cloud microphysical parameters. It is possible that the 
FHT model's simplification, including the homogeneous approximation for the cloud's microphysical parameters 
and the simplification of the source length, contributed to this uncertainty.

Appendix A:  The Statistical Significance of Three Photometer Signals Detected 
by ASIM
In this appendix, we estimate the statistical significance of the three photometer signals (337 nm, 777.4 nm and 
180–230 nm [UV]) for 92 blue corona discharges by calculating the mean μ and standard deviation σ for the 
binned average of 40 data samples (0.4 ms) based on the method proposed in Li et al. (2021). The 337 nm peaks 
for all the blue corona discharges were statistically significant above the σ level. Out of the 92 cases analyzed, 89 
had red emissions below the 1σ level, indicating the absence of leader activity, as expected for corona streamer 
discharges. The remaining three cases were associated with weak red emissions below the 3σ level. Note that all 
of the UV emissions coinciding with the 337 nm peaks were below the 1σ level. The statistical significance of the 
three photometer signals for the blue corona discharges with negligible red emission corresponding to Figure 1a 
and another 3 cases (b–d) with weak red emissions are given in Figures A1–A4.
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Figure A1.  The statistical significance of the three photometer signals for the blue corona discharge with negligible red 
emission corresponding to Figure 1a. The horizontal dashed line is the mean of the background noises with the shaded bands 
indicating μ ± σ, μ ± 3σ, and μ ± 5σ.

Figure A2.  Similar to Figure A1, but for the first case of blue corona discharge with weak red emission corresponding to 
Figure 1b.
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Appendix B:  The Statistical Significance of the Hydrometeor Composition Within a 
12-min Time Difference Between ASIM and CALIPSO Observations
In this appendix, we estimate the statistical significance of the hydrometeor composition in the β region within 
a 12-min time difference between ASIM an CALIPSO observations. ASIM passed over the β region during the 
time period from 20:10:55 to 20:12:05 UTC, while the CALIPSO satellite passed over it subsequently, from 
20:23:58 to 20:24:14 UTC. There is a time difference of approximately 12 min between the ASIM and CALIPSO 
observations.

The TBB temperature of the clouds, derived from Himawari-8 satellite data, is shown in Figure B1 along with the 
total number of lightning detected by ENTLN at 20:10:00 UTC and 20:20:00 UTC, respectively. It is important 
to note that during this time period, the total number of lightning decreased from 63–51 min −1, while the average 
TBB temperature varied by less than 1 K and the cloud appeared to be relatively stable. Based on this observation, 

Figure A3.  Similar to Figure A1, but for the second case of blue corona discharge with weak red emission.

Figure A4.  Similar to Figure A1, but for the third case of blue corona discharge with weak red emission.
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we made the assumption that the hydrometeor composition measured by CALIPSO represented the cloud micro-
physical properties that were relevant to the blue corona discharges observed by ASIM 12 min earlier.

Data Availability Statement
The Modular Multispectral Imaging Array (MMIA) level 1 data is proprietary and not currently available for 
public release. Interested parties should direct their request to the ASIM Facility Science Team (FST). ASIM data 
request can be submitted through: https://asdc.space.dtu.dk by sending a message to the electronic address asdc@
space.dtu.dk. The Himawari-8 gridded products are public to the registered users and supplied by the P-Tree 
System, Japan Aerospace Exploration Agency (JAXA)/Earth Observation Research Center (EORC) (https://
www.eorc.jaxa.jp/ptree/). Earth Networks Total Lightning Network (ENTLN) products can be obtained from 
https://www.earthnetworks.com/why-us/networks/lightning/ by contacting Earth Networks team through info@
earthnetworks.com. The raDAR/liDAR (DARDAR) cloud products are public to the registered users at https://
www.icare.univ-lille.fr/dardar/overview-dardar-nice/. CALIPSO data products are public to the registered users 
at https://www-calipso.larc.nasa.gov/. ERA5 hourly reanalysis data are public to the registered users, for the 
single level data can be found at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-lev-
elsoverpassedtab=overview, for the pressure levels data can be obtained at https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levelsoverpassedtab=overview. NRT Lightning Imaging Sensor (LIS) 
on International Space Station (ISS) Science Data V2 is public to the registered users and is available at https://
search.earthdata.nasa.gov/search?q=isslis_v2_nrt.
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