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1. Introduction

Different observational evidence over the last 40 years suggests that cold, non-thermal streamer corona 
discharges are common in thunderstorms around the globe (Bandara et al., 2019; Le Vine, 1980; Neubert 
et al., 2021; Soler et al., 2020; Wiens et al., 2008). Fast breakdown (Rison et al., 2016; Tilles et al., 2019) sug-
gests streamer coronas to be the cause of narrow bipolar events (NBEs). NBEs were originally detected by 
Le Vine (1980) in the form of strong radio frequency sources from in-cloud electrical activity. Such sources 
were characterized by short-duration (10–30 E s) bipolar sferic waveforms recorded in the very low frequen-
cy (VLF)/low frequency (LF) (10–400 kHz) range (Smith et al., 1999). NBEs can also appear accompanied 
by strong very high frequency (VHF) (30–300 MHz) radiation bursts.

In terms of light emissions, both impulsive and continuous streamer corona discharges in air are distinct-
ly characterized by spectra strongly dominated by near-ultraviolet blue emissions (300–450  nm) corre-
sponding to the Second Positive System (SPS) of molecular nitrogen (

2

NE ) (Ebert et al., 2010; Gallimberti 
et al., 1974; Grum & Costa, 1976) with its strongest transition in 337.0 nm (Gordillo-Vázquez et al., 2012; 
Hoder et al., 2016, 2020; Malagón-Romero & Luque, 2019). Available laboratory measurements also show 
that red and near-infrared optical features from the First Positive System (FPS) of 

2

NE  and the spectral con-
tribution from oxygen atoms is negligibly small (0.5%–4%) compared to 

2

NE  SPS in both leader and leaderless 
streamer coronas (Ebert et al., 2010; Gallimberti et al., 1974; Grum & Costa, 1976). Finally, leader coronas 
spectra exhibit larger (double) intensity of 

2

NE  First Negative System (FNS) at 391.4 nm than leaderless co-
rona discharges (Gallimberti et al., 1974).

Transient (from a few to hundreds of milliseconds) bluish optical emissions from thunderstorm cloud tops 
were originally identified from aircraft by Wescott et al. (1995, 1996). They distinguished two types, fast 
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upward moving jets named blue jets reaching terminal heights of 45–50 km (Wescott et al., 1995), and blue 
starters that protrude upward from the cloud top to a maximum of E 25 km and that were not coincident 
with negative or positive cloud to ground (CG) lightning strokes (Wescott et al., 1996). Multispectral video 
recordings show evidence that a small fraction of bluish optical emissions from both blue jets and starters 
are due to 

2

NE  FNS (Wescott et al., 2001).

The term Blue LUminous Events (BLUEs) can then be safely applied to in-cloud and to (partially) emerged 
transient electrical discharges that emit pulses of light mostly blue, that is, it could include a small fraction 
of red and infrared optical emissions (600–900 nm). This definition includes blue jets and starters, but also 
positive and negative NBEs, which are the VLF/LF radio manifestation of in-cloud streamer coronas (Co-
oray et al., 2020; Li et al., 2021; Liu et al., 2018; N. Liu et al., 2019; Rison et al., 2016; Soler et al., 2020; Tilles 
et al., 2019).

Optical detection of BLUEs has been increasingly efficient since the beginning of the XXI century. During 
the Severe Thunderstorm Electrification and Precipitation Study ground-based campaign in 2000 (Lyons 
et al., 2003), brief (33E 136 ms) up-propagating discharges called gnomes were filmed slightly (E 1 km) rising 
out of the convective dome of a supercell storm in the Great Plains of the United States. In 2011, also from 
the ground, Edens (2011) reported a real color image with associated in-cloud VHF sources of a small blue 
starter that occurred on August 4, 2010 over an active thunderstorm in west central New Mexico. The event 
exhibited three diffuse streamer regions attached to leader-like channels, which appeared more white in the 
color image than the blue streamers emerging from the cloud top at E 15 km and reaching a terminal altitude 
of E 17 km (Edens, 2011).

Optical BLUE detections from space have been reported from the limb-pointing Imager of Sprites/Upper 
Atmospheric Lightning (ISUAL) onboard FORMOSAT-2 (Chou et al., 2011, 2018; Kuo et al., 2005, 2015; 
Liu et al., 2018). Chou et al. (2018) reported dim red emissions (623–754 nm) at the lower edge of some 
ISUAL detected BLUEs. A variety of BLUEs including kilometer-scale blue discharges at the cloud top 
layer at E 18 km altitude, blue starters and a pulsating blue jet propagating into the stratosphere were color 
photographed from the International Space Station (ISS) (Chanrion et al., 2017). BLUEs have also been 
recently observed by the nadir-pointing Modular Multispectral Imaging Array (MMIA) onboard Atmos-
phere-Space Interaction Monitor (ASIM) in the ISS since April 2018 (Li et al., 2021; Neubert et al., 2021; 
Soler et al., 2020).

By compositing 2 years of BLUEs data recorded by the MMIA instrument of ASIM on-board the ISS (Neu-
bert et  al.,  2019) we present the first worldwide nighttime climatology of BLUEs in thunderclouds. We 
discuss key aspects such as average annual and seasonal distribution, regional differences, land/ocean var-
iability, zonal/meridional distributions, and the global rate of BLUEs in local time.

2. Observations and Data

Observations of BLUEs were done with the MMIA high sampling rate (100 kHz) photometers in the near 
UV (337 nm/4 nm), tuned to the strongest line of the 

2

NE  SPS, and in the near infrared band (777.4 nm/5 nm) 
for recording the atomic oxygen triplet line of lightning strokes. MMIA also incorporates a high-speed 
photometer in the UV (180–230 nm) recording part of the 

2

NE  Lyman-Birge-Hopfield band, and a pair of 
337 nm/4 nm and 777.4 nm/5 nm filtered cameras (at 12 fps) with E 400 m/pixel spatial resolution (Chanrion 
et al., 2019). An important boundary condition of this study is that MMIA observes only during nighttime.

BLUEs exhibit strong features in the 337 nm/4 nm photometer with negligible (barely above the noise level 
0.4 E W/ 2

mE ) signal in the 777.4 nm/5 nm photometer, which is also continuously monitored. Once a true 
positive BLUE detection is confirmed, the cameras are checked for possible associated images. The clima-
tology now presented was built with two years of worldwide MMIA level 1 (calibrated) data covering the 
period from September 1, 2018 to August 31, 2020.

Due to the inclination (∼ 52E ) of the ISS orbit, locations near the equator are observed less frequently than 
those in higher latitudes. When calculating the average global rate of BLUEs from MMIA data, the number 
and location of BLUE flashes observed by MMIA were computed using the observation time of MMIA 
(see Text S1 and Figure S1). The surface of the Earth was divided into   2 2E  grid cells for the annual (and 
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seasonal) geographical distributions and into   1 1E  grid cells for the annual cycle of global BLUE rate in 
terms of zonal and meridional distributions.

Figure 1 shows the appearance of three representative cases of BLUEs investigated in this global study. 
The top, middle and bottom panels display the temporal shape, duration and intensity of the 337.0 and 
777.4 nm photometer light curves (left column), and the associated images in the 337.0 nm (central colum) 
and 777.4 nm (right column) filtered cameras. The impulsive behavior of the 337.0 nm is clear in the three 
cases with peak values (and durations), from top to bottom, of E 15 E W/ 2

mE  (E 2 ms), E 110 E W/ 2

mE  (E 4 ms) and 
E 150 E W/ 2

mE  (E 0.3 ms). The 777.4 nm component is negligible in BLUEs displayed in the top and bottom 
panels, which according to their 337.0 nm light curve shape corresponds to the optical manifestation of 
positive (top) and negative NBEs (bottom). The event in the middle panel could be a Blue Starter exhibiting 
a weak (but measurable) 777.4 camera signal due to an upward moving leader.

3. Methodology

As presented in the introduction, based on what it is known about optical emissions of leaders and streamer 
coronas (Li et al., 2021; Neubert et al., 2021; Soler et al., 2020), and of MMIA photometer sensitivity and 
noise levels (Chanrion et al., 2019), an algorithm for identification of BLUEs was designed. The algorithm 
analyzed all the 337 nm/4 nm (blue) and 777.4 nm/5 nm (red) photometer events recorded by MMIA in 
the period of study. A photometer event is composed of a number E N of frames (usually between 3 and 8) 
with a duration of E 83 milliseconds each. The algorithm relies on seven sequential steps that analyze the 
concatenated frames of an event.

(1) Consider only frames of photometer events with ”phot1trigger=1” (trigger of 337.0 nm photometer) 
regardless of other MMIA photometer triggers (details of triggering modes and MMIA-MXGS cross-trig-
gering can be found in Chanrion et al. (2019)). (2) Given a photometer event, calculate the blue and red 

Figure 1. Three representative types of Blue LUminous Events (BLUEs) investigated in this global study. The top, middle and bottom panels display the 
temporal shape, (a, d, g) duration and intensity of the 337.0 and 777.4 nm photometer light curves, and the associated BLUE images in the (b, e, h) 337.0 nm 
and (c, f, i) 777.4 nm cameras (with 400 m pixel resolution). The impulsive behavior of the 337.0 nm is clearly seen in the three cases while noise level signals 
are simultaneously detected in the 777.4 nm photometer and camera of common BLUEs (a, b, c and g, h, i panels). The (d, e, f) panels present the case of 
a possible Blue Starter, which include measurable 777.4 nm signals due to its leader and a 337.0 nm camera image that is saturated. The 337.0 nm light 
(photometer) curve of the Blue Starter hardly lasts beyond 4 ms, while the duration of the 777.4 nm light curve is about 2 ms. The three BLUEs shown occurred 
(from top to bottom) on April 14, 2019 at 04:49:41 UTC, Feb 26, 2019 15:10:41 UTC and July 23, 2019 at 08:15:36 in Lon, Lat (131. 25E W, 4. 99E S) middle of 
Pacific ocean, (164. 60E E, 3. 11E S) east of Solomon Islands, and (67. 58E W, 6. 01E N) north of Puerto Ayacucho in Colombia very close to the border with Venezuela, 
respectively.
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median values in each frame. Compute the blue and red thresholds by adding 3E  to, respectively, the means 
of the blue and red values below the corresponding medians. (3) If threshold values are below 1 E W/ 2

mE , 
as they are commonly found, they are replaced by 1 E W/ 2

mE  (about two or three times the noise level of the 
red and blue photometers). (4) Create groups defined by five or more consecutive blue counts (10 E s each) 
above the blue threshold. Groups separated by more than 10 milliseconds are considered different single 
BLUE events. (5) Given groups of blue counts, find the maximum (or peak) in each group and keep only the 
groups with no red sequence (above the red threshold) 15 and 5 milliseconds before and after the blue peak, 
respectively. (6) Disregard very weak BLUEs by requesting that the maximum blue signal is at least 3 times 
the blue threshold. (7) Given groups of blue counts with red signal, keep only those events for which: (a) the 
red peak is above 2.5 E W/ 2

mE  and the blue maximum is at least 10 times the red peak or, (b) the red peak is 
below or equal 2.5 E W/ 2

mE  and the blue maximum is at least 2 times the red peak. Note that 2.5 E W/ 2

mE  was 
chosen as the red border value because the red signal can start to be noisy below it.

In general and in order to minimize the number of false positives, the algorithm also removes all photom-
eter events with or without Modular X and Gamma ray Sensor (MXGS) trigger but no MMIA trigger, both 
outside and over the South Atlantic Anomaly (SAA) where MMIA also operates. Note that steps 5 and 
mostly 7 of the algorithm already filter out a lot of false positive BLUE events in the SAA where energetic 
particles can trigger the photometers and usually appear in the blue and red photometers as sharp and 
randomly distributed events.

4. Results

Worldwide BLUE geographical distributions are shown in Figures 2, 3, and 4 for annual and seasonal av-
erages, respectively. Because of the relatively short period analyzed (two years), the BLUE density maps 
are not fully smooth because of sampling limitations. We detected a total of about 53015 nighttime BLUEs 
within the ASIM-MMIA FOV. During nighttime only, ISS-LIS detected about 1.04M lightning flashes. Since 
ISS-LIS FOV is 2.56 times larger than MMIA FOV, we have that, during nighttime, ISS-LIS/MMIA = 1.04M/
(0.053M E  2.56) = 7.7.

4.1. Global Annual and Zonal/Meridional Distributions

The worldwide annual average (Figure 2a) exhibit high activity BLUE spots in northern Colombia/Lake 
Maracaibo region (Venezuela), Peru/Bolivia border, northwestern Brazil, central Africa, northeastern 
Himalaya, Bangladesh and northeastern Malaysia. BLUE flash rate densities peak over northern Colom-
bia (Santa Marta region) with values of E  30 BLUEs  2 1

km yearE  (provided night and day have the same 
global flash rate), rather than in central Africa (with 18 BLUEs  2 1

km yearE ) as occur with lightning flashes 
(Blakeslee et al., 2020; Christian et al., 2003).

The clear bimodal peak in the zonal distribution of nighttime lightning flashes detected by the Lightning 
Imager Sensor (LIS) onboard the ISS (gray line in Figure 2c) is not exhibited in the zonal distribution of 
BLUEs, which presents an uneven three-peak equatorial structure with the highest peak in the northern 
tropic (blue line in Figure 2c). The meridional distribution of BLUEs (blue line in Figure 2b) clearly shows 
three active chimneys in the Americas, Europe/Africa, and Asia/Australia. There is a fourth chimney slight-
ly visible around 150E W- 15E S near Tahiti in Figures 2a and 3c during MAM (see also Figure S11). While 
the nighttime lightning meridional distribution presents the largest (and sharp) peak in Europe/Africa as 
shown in Figure 2b (gray line), the net contribution of BLUEs from the Americas is larger than those in the 
other two regions (see blue line in Figure 2b).

The comparison between the annual average zonal distributions of BLUEs and nighttime lightning shows 
that the contribution of the tropical region between 20E S to 20E N latitude is almost a factor 3 to 4 that of the 
subtropics for BLUEs, while it is a factor E 2 for lightning, which indicates a faster (than nighttime lightning 
flash rate) decrease of the BLUE rate towards higher latitudes. This suggests that deeper storms give a lot 
more BLUEs and NBEs (C. Liu et al., 2007; Suszcynsky & Heavner, 2003). We have used the convective 
available potential energy (CAPE), a reasonable good proxy of deep convection (Ukkonen & Mäkelä, 2019; 
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Williams et al., 1992), to quantify the possible linear relationship between BLUEs and deep convection (see 
Figure S12).

4.2. Global Seasonal, Zonal/Meridional Distributions and Local Time Variability

The seasonal nighttime average distribution of BLUEs shown in Figure 3 indicates that the global BLUE 
electrical activity peaks during the boreal autumn (8.2 (SON), 5.9 (DJF), 6.2 (MAM) and 6.7 (JJA) BLUEs 
1

sE ) while lightning peak in the boreal summer (see Figures S4 and S7). The boreal summer and spring 
seasons also display important worldwide BLUE activity. The months of December-February have little 
BLUE activity in the Northern Hemisphere that, instead, concentrates in southern America, austral Africa, 
Indonesia and northern Australia. The central and northern Great Plains, the Tornado alley of the United 
States and the Mediterranean Europe exhibit their greatest nighttime BLUE activity in the boreal fall. The 
Lake Maracaibo region exhibits high BLUE activity all year long except during December-February. Most 

Figure 2. Panel (a): Two-year average (September 2018 through August 2020) nighttime climatology of global Blue LUminous Event (BLUE) electrical activity 
in thunderclouds. The map is generated using  2 2E  grid cells where the sharp pixels of the image are smoothed by drawing level lines using the python 
function called E contourf . Decimal logarithm is used in the colorbar scale so that 0.08 (roughly the maximum in the map) corresponds to E 30 BLUEs  2 1

km yearE  
provided night and day have the same global flash rate. Panels (b, c): Annual cycle (for the period investigated) of ASIM-MMIA nighttime global BLUE 
flash rate (blue line) and ISS-LIS global nighttime flash rate (gray line) represented in meridional (b) and zonal (c) distributions. Three BLUE and nighttime 
lightning chimneys are clearly distinguishable in the Americas ( 120E W- 25E W), Africa/Europe ( 25E W- 60E E) and Asia/Australia ( 60E E- 180E E) in the meridional 
distributions. There is a fourth chimney slightly visible around 150E W- 15E S near Tahiti. Tropical ( 20E S- 20E N), subtropical ( 40E S- 20E S, 20E N- 40E N) and midlatitude 
( 60E S- 40E S, 40E N- 60E N) regions are indicated in the zonal distributions with dashed orange and gray vertical lines, respectively. The (b) and (c) panels were 
generated using   1 1E  grid cells. A non smooth two-year average nighttime climatology map of BLUEs is shown in Figure S10. Note that the global BLUE rates 
are scaled up 7 times for best comparison with global nighttime lightning flash rates.
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Figure 3. Nighttime seasonal distribution of Blue LUminous Event (BLUE) electrical activity in thunderclouds. The global nighttime seasonal BLUE rates 
are: 8.2 (SON), 5.9 (DJF), 6.2 (MAM) and 6.7 (JJA) BLUEs 1

sE . Note that these global nighttime seasonal BLUE rates are biased (underestimated) due to 
the nighttime only ASIM-MMIA observation time mode (see Figure 5) that shortens as ISS moves since it is not a geostationary platform. Thus, the most 
representative nighttime BLUE rate would be that at 0 h local time (see Figure 5). These maps are generated using  2 2E  grid cells where the sharp pixels of the 
image are smoothed by drawing level lines using the python function called E contourf . Note that decimal logarithm is used in the colorbar. Non smooth seasonal 
maps are shown in Figure S11.



Geophysical Research Letters

SOLER ET AL.

10.1029/2021GL094657

7 of 11

Figure 4. Seasonal meridional (left) and zonal (right) nighttime distributions of 2-year (September 1, 2018 to August 31, 2020) Blue LUminous Event 
climatology and ISS-LIS nighttime lightning in the same period. Grid cells and vertical lines as in Figure 2. Note that, for comparison, seasonal meridional/
zonal 24 h (day and night) distribution of the two-year ISS-LIS lightning climatology is shown in Figure S8. Note that the global seasonal BLUE rates are scaled 
up 7 times for best comparison with global nighttime lightning flash rates.
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BLUEs in the Indian subcontinent and the Bay of Bengal occur during 
the monsoon season from early June to the beginning of October. BLUEs 
in the pre-monsoon period (MAM) are also distinguishable in the Bay of 
Bengal (see Figure 3c). The nature of convection is very different in the 
pre-monsoon and break period, and the real monsoon season shown in 
Figure 3d (Williams et al., 1992). See Figure S12 and further comments in 
the Supporting Information S1.

The very weak BLUE activity along the United States/Canada border 
(a pyroconvection region) extending to eastern and western regions in 
the 45E N- 52E N latitude band, from the boreal autumn to spring, could 
be related to the United States/Canada fire season (April-October) when 
plenty of pyrocumulus and pyrocumulonimbus are formed (Fromm 
et al., 2010). However, the fact that there is no BLUE activity in the bo-
real summer months in that region suggests that BLUEs in that region 
could be connected instead with boreal winter lightning (Montanyà 
et al., 2016), which are negligible in the US/Canada border during the 
boreal summer. Similarly, bushfire season in Australia (with significant 
pyroconvection activity) normally starts in July/August and extends up 
to March (Dowdy & Pepler, 2018) partially overlapping with the austral 
winter lightning season (June-August). On the other hand, the unusually 
intense 2019/2020 bushfire season peaked in austral summer (December 
2019/January 2020) (Y. Liu et al., 2021; Schwartz et al., 2020) with some 

(but very weak) overlapping BLUE activity to the south of Australia, which might indicate a possible BLUE 
connection with Australian bushfires (plus a possible austral autumn-winter lightning component).

Figure 4 presents the seasonal meridional (left column) and zonal (right column) nighttime distributions 
of the 2-year BLUE climatology (blue line) and ISS-LIS nighttime lightning (gray line). According to the 
meridional representation, the largest BLUE (and nighttime lightning) chimney is in the Americas during 
the boreal autumn and summer, but the largest BLUE chimney shifts to Asia/Australia and Europe/Africa 
in the boreal winter and spring, respectively. This behavior slightly differs from that of the boreal winter and 
spring nighttime lightning meridional distributions, which present their largest chimney in the Europe/
Africa (mostly Africa) region. The fact that the Northern hemisphere has 68%E  of the Earth's land by area 
shapes the BLUE and nighttime lightning seasonal zonal distributions. BLUEs and nighttime lightning only 
dominate in Southern Hemisphere during the austral summer.

As shown in Figure 5, on average, BLUEs peak at E 11 flashes 1

sE  in the local midnight (00.00 local solar 
time), and show a decreasing global rate as local daytime approaches (and there is less MMIA observation 
time) characterized by a sharper slope than nighttime lightning flash rate (see Figure S9) for the same peri-
od. BLUEs exhibit a local midnight land/sea ratio of E 7:4 (for E 3:1 for lightning).

5. Discussion and Conclusions

The ASIM-MMIA nighttime climatology of BLUEs presented in this paper is the first of its kind and com-
plements the global frequency and 24 h lightning distribution (within  70E  latitude) first available since 
2003 (Christian et al., 2003). This was generated with data from the Optical Transient Detector, a prototype 
of LIS, in operation from May 1995 to March 2000. LIS was later onboard the Tropical Rainfall Measuring 
Mission (TRMM) also providing full day global lightning data within  38E  latitude from early 1998 to April 
2015 when TRMM was deorbited (Cecil et al., 2014). More recently, since March 1, 2017, LIS is onboard the 
ISS providing high latitude (up to  52E ) all-day (24 h) lightning data (Blakeslee, 2019; Blakeslee et al., 2020).

Research results through the last 40 years indicate that, in addition to lightning, kilometer scale corona 
electrical discharges formed by hundreds of millions of streamers (Cooray et al., 2020; Li et al., 2021; N. 
Liu et al., 2019) are common in thunderclouds around the globe but their genesis (Le Vine, 1980; Neubert 
et al., 2021; Rison et al., 2016; Smith et al., 1999; Soler et al., 2020; Tilles et al., 2019), dynamics (Bandara 
et  al.,  2019,  2021; Jacobson & Heavner,  2005; Jacobson et  al.,  2013; Wiens et  al.,  2008) and probable 

Figure 5. Diurnal (24 h) variability of global total (green line), land 
(orange line) and ocean (blue line) Blue LUminous Event flash rate as a 
function of the local solar hour. The net zero rate during local daytime 
is caused by the fact that ASIM-MMIA can only observe during local 
nighttime. Local nighttime periods appear shadowed in the figure. Note 
that, for comparison, Figure S9 shows the diurnal (day and night) cycle of 
ISS-LIS total, land and ocean lightning flash rates for the two-year period 
investigated.
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atmospheric chemistry impact (Bozem et al., 2014; Gordillo-Vázquez & Pérez-Invernón, 2021; Minschwan-
er et al., 2008; Pérez-Invernón et al., 2019; Shlanta & Moore, 1972; Simek, 2002; Zahn et al., 2002) remain 
to be well understood.

While the hot and thermal lightning plasma mostly excites atomic species like oxygen atoms released from 
thermal dissociation of 

2

OE  leading to 777.4  nm optical emissions typical of lightning, streamer corona 
discharges are cold non-thermal plasmas where only heavy particles are cold and electrons are very hot. 
Thus corona discharges are able to activate molecular species like 

2

NE , 
2

OE  and 
2

HE O by non-equilibrium 
electron-impact collisions (Gordillo-Vázquez et al., 2018). This underlies their different efficiencies in pro-
ducing key chemical species. For instance, lightning is a key direct source of tropospheric nitride oxide (NO) 
that, when oxidized, produces 

2

NOE  leading to the known lightning NO

x

E  (LNO

x

E ) with significant impact on 
tropospheric chemistry (Gordillo-Vázquez et al., 2019; Finney et al., 2016; Schumann & Huntrieser, 2007). 
In contrast, laboratory produced streamer coronas generate only small amounts of NO but considerable 
greenhouse gases such as ozone (

3

OE ) and nitrous oxide (
2

NE O) (Brandvold et al., 1996; Donohoe et al., 1977), 
which is an ozone depleting gas and the third strongest greenhouse gas after carbon dioxide and methane. 

2

NE O has the largest (E 300 times that of 
2

COE  for a 100-year timescale) global warming potential of these gases 
(Myhre et al., 2014). Perturbations to concentrations of greenhouse gases affect the radiation balance more 
the higher the altitude of the sources. In this respect ASIM can facilitate their detection since it is more 
sensitive to discharges higher in the clouds.

The present results suggest that streamer corona discharges in thunderclouds are relatively common as 
observed by ASIM-MMIA. Thus, thundercloud streamer corona discharges, which can occur continuously 
in the vicinity of ordinary lightning strokes, but also in isolation, may be a critical upper troposphere source 
of greenhouse gases such as 

2

NE O and 
3

OE , and of oxidant gases like OH and 
2

HOE , in convectively active areas 
that deserves further detailed studies.

Our global and seasonal nighttime thundercloud streamer corona distributions, zonal and meridional av-
erages, and nighttime variability provide the first worldwide view of coronas occurring in thunderstorms. 
These results can set the path for future studies that should deepen our knowledge on key themes such as 
types of corona discharges in thunderclouds, morphology (and dynamics) of optical (and radio) emissions 
from the heads and long-lasting glows of streamers in thundercloud coronas (Luque et al., 2016; Pérez-In-
vernón et al., 2020), role of meteorological conditions (F. Liu et al., 2021) in favoring their initiation/deac-
tivation (Huang et al., 2021) and, finally but no less important, to explore the impact of non-equilibrium 
(electron driven) chemical reactions triggered by hundreds of millions of streamers in kilometer long cloud 
coronas (Brune et al., 2021; Gordillo-Vázquez & Pérez-Invernón, 2021) on the atmospheric chemistry of the 
upper troposphere and lower stratosphere.

Data Availability Statement

ASIM level 1 data are proprietary and cannot be publicly released at this stage. 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. ISS-LIS data 
in https://ghrc.nsstc.nasa.gov/lightning/data/data_lis_iss.html are freely accessed from the NASA Global 
Hydrology Resource Center.
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