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ARTICLE INFO ABSTRACT

Keywords: Lightning occurrence at higher latitudes in northwestern Europe is by far less frequent than mainland continental

Sflperb_olt and the Mediterranean during most of the year. Yet, as recent studies suggest, this region harbors a large fraction

]_Elgé’t"‘“g of the most energetic lightning flashes on Earth, commonly referred to as superbolts. In this study, we examine
S

the time/locations of intense cloud-to-ground (CG) strokes (>200 kA in absolute value), provided by Météorage
for the 10.5-year period (from Jan 2010 to Jul 2020), to present a high-resolution map of their distribution,
pointing out relevant discrepancies observed between -CG and + CG, respectively. We additionally investigate
the potential of superbolts to result in short-lived optical phenomena above thunderstorms, collectively known as
transient luminous events (TLEs). Observations in the region indicate that isolated superbolts with substantial
charge moment change can produce sprites during low active marginal winter thunderstorms, in the absence of
concurrent IC/CG activity several minutes before and after the event. An example is described when 3 sprites
were captured in a similar context during the night of 7th/8th February 2016. We suggest that: i) convergence
and aerosols advection from sea surface and busy shipping lanes may favour deep convection and cloud elec-
trification on the English Channel with respect to surrounding areas. Inherent differences in cloud charge
structure of sea based storms could lead to faster negative leader vertical velocity than those for storms over land,
on average, and hence in larger peak currents, determining the winter peak of negative superbolts in the area; ii)
areas occupied by the most populated superbolt clusters can be used to conduct future research in the region,
aimed at better characterising microphysical properties of superbolts and their potential in generating TLEs.

Atmospheric electricity
Natural hazards

1. Introduction (RF) and optical data from FORTE (Fast On-Orbit Recording of Transient

Events), Kirkland (1999) found that the brightest events recorded, fall-

The term “superbolt” was first introduced by Turman (1977) to
identify rare and extreme lightning strokes observed by optical sensors
on board of the Vela satellites, characterised by optical power of at least
100 GW (i.e. 100 times or more than median value) and found to occur
mostly in the coastal areas near Japan and over the northern Pacific
Ocean. Since then, however, a long debate has been sparked about
whether superbolt designated events were related with a specific class of
powerful lightning or an undiscovered exotic lightning process, or if
merely the result of a measurement bias. Combining radio frequency

ing within the range of peak optical power given by Turman (1977),
were globally distributed and mostly associated with both negative and
positive cloud-to-ground (CG) strokes, exhibiting peak current values
comparable on average to those associated with common lightning
strokes. This finding, along with the absence of any unique VHF emis-
sion, led Kirkland to suggest that superbolts were simply powerful op-
tical pulses originating from typical lightning strokes but occasionally
detected by the satellite instruments along unobscured line of sight to
the lightning channel. Yet, a more recent 12-years analysis of FORTE
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observations by Peterson and Kirkland (2020) indicates that only the
upper optical power range (> 350 GW), largely dominated by intense
+CG strokes, should be regarded as a distinctive class of superbolt-
lightning, while other less bright events (~100 GW) result from
normal lightning, observed under favourable viewing conditions and
would not be recognized as such by a different observer elsewhere.
Furthermore, the global distribution of superbolt activity exhibits a clear
asymmetry in the two cases, with weaker events distributed in the or-
dinary tropical lightning hotspots while larger optical powers exceeding
350 GW showing similarity with previous results from Turman (1977),
being highly concentrated in oceanic thunderstorms, and in particular at
the mid-latitudes of Mediterranean Sea, the Sea of Japan and the North
Pacific during the winter season. Winter thunderstorm dynamics in such
areas enhances the production of strong +CG strokes associated with
transient luminous events (TLE) activity (Takahashi et al., 2003; Hay-
akawa et al., 2004; Yair et al., 2015), suggesting the possibility that the
brightest events identified by Peterson and Kirkland (2020) may occa-
sionally precede TLEs development. Observations from the LSO (Light-
ning and Sprite Observations) experiment, on board of the International
Space Station (ISS), additionally provided early examples of optical
superbolt-TLE composite images (Blanc et al., 2007).

Instead of using the optical energy as measured from spaceborne
instruments, Holzworth et al. (2019) have given a different definition of
superbolt based on RF emission in the VLF (5 to 18 kHz) from CG strokes
recorded by the WWLLN global lightning network. A superbolt is hence
classified as such if it exceeds 1 MJ stroke energy, which is about 3 or-
ders of magnitude above the mean. WWLLN stroke energies are esti-
mated by integrating the E-field through the VLF sferic waveform and
the resultant radiated stroke power is found to be empirically propor-
tional to the stroke peak current, normally provided by other lightning
networks (Hutchins et al., 2012). The global distribution of these sources
for 2010-2018 remarkably differs from the location of tropical lightning
chimneys in Africa, Southeast Asia and South America, confirming the
location bias previously noticed for optically detected superbolts and
showing the highest concentrations in the eastern North Atlantic, the
Mediterranean, and over the Andes Mountains in South America. In
addition, Holzworth et al. (2019) found that superbolt activity is pref-
erentially recorded between November and February, during the
northern hemisphere winter. A recent study by Ripoll et al. (2021) re-
ported electromagnetic (EM) measurements from both ground and space
relatively to some of WWLLN superbolts detected in Europe, establishing
the exceptional nature of these sources and revealing they also leak
significantly larger VLF radiation into space than typical flashes.

Here, we provide a detailed analysis of superbolt activity in the re-
gion of northwestern Europe highlighted by Holzworth et al. (2019),
that includes the British Isles and the North Sea. Following the criteria
by Yair et al. (2020), we examine 10.5-year (2010—2020) of lightning
data obtained from the French national operational LF lightning location
system (LLS) (Météorage), defining as superbolts the negative and pos-
itive CG strokes, whose peak current amplitude is larger than 200 kA in
absolute value. The corresponding coordinates are later processed with
the DBSCAN (Density-Based Spatial Clustering of Applications with
Noise) algorithm to identify the dominant superbolt clusters, and addi-
tional timing information also allows their temporal and seasonal dis-
tribution to be characterised. Combined ground-based optical and EM
observations of TLEs in the same region are hence used to investigate the
link with superbolts, especially during wintertime when this part of
Europe experiences meteorological conditions like those in Japan
(Takahashi et al., 2003; Adachi et al., 2005).

The paper is organized as follows: in section 2 we describe the type of
data and analysis methods used in this study; in section 3 we present our
results, providing a comprehensive spatial/temporal overview of
superbolt distribution in the study domain and describing a peculiar case
of sprite-producing superbolts during a marginal winter thunderstorm in
the UK; in section 4 we discuss our results, giving some ideas to advance
knowledge; finally, in section 5 we summarizes the main conclusions.
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2. Data and methods

The data of this study cover the period ranging from January 2010 to
July 2020 and extend over an area delimited approximately between
(48°N, 60°N) in latitude and (12°W, 8°E) in longitude. This domain falls
within the range of Météorage LLS, which is based on a network of
Vaisala LS7002 sensors, working in the LF band 1-350 kHz. Each sensor
measures the EM signal emitted by both CG and intra-cloud (IC) light-
ning stroke activity. Multiple detections of the same event are combined
by applying magnetic direction finding and time-of-arrival techniques to
provide accurate information for each stroke as the occurrence time,
latitude, longitude, the peak current amplitude with polarity and the
type (IC/CG). The effective range of Météorage encompasses all of
Europe area and part of the North Atlantic Ocean, as a result of the
collaboration with EUCLID (European Cooperation for Lightning
Detection). Pédeboy et al. (2018) reported a detection efficiency of 97%
and 56% for CG and IC flashes, respectively, with the corresponding
median location accuracy of 100 m and 1.64 km, respectively. The
stroke peak current, used in the superbolt definition, is estimated from
the magnetic field remotely detected by the sensors. A transmission line
model is used to convert the measured EM fields to lightning current in
the return stroke (RS), assuming a constant propagation speed. How-
ever, since this speed is not fixed but varies, an error is committed on the
peak current calculation. Peak current estimates are calibrated with
direct current measurements of triggered lightning or at instrumented
towers and are validated with a median absolute accuracy of the order of
15-20% for negative CG subsequent RS (Schulz et al., 2016). Larger
uncertainty remains about the peak current estimate of first negative RS,
positive RS and intra-cloud IC discharges, as no direct validation method
is currently available. Despite such large uncertainties in the peak cur-
rent absolute magnitude, values larger than 200 kA are certainly
indicative of a particular class of lightning, corresponding in general to
less than about 0.15-0.05% of total lightning CG strokes recorded.

We use additional simultaneous EM measurements in the ELF-VLF
band to further characterise the TLE parent CG properties, previously
identified by Météorage. These include: 1) quasi-electrostatic currents in
the ELF range 1-45 Hz, recorded at 2 different sites in southern UK using
the technique proposed by Bennett (2013, 2017); 2) ELF magnetic field
recordings performed at Hylaty (Poland), processed to reconstruct the
current moment waveform (CMW) and estimate both the charge
moment change (CMC) and the impulsive CMC (iCMC) of sprite parent
+CG strokes (Kulak et al., 2014; Mlynarczyk et al., 2015); 3) two high
frequency magnetic induction coils detectors operating in the range
0.1-50 Hz and installed at the Eskdalemuir Geophysical observatory in
Scotland (Beggan and Musur, 2018); 4) Very Low Frequency (VLF) re-
cordings at Algiers, Algeria (36.45°N, 3.28°E) to monitor VLF trans-
mission signal perturbations for evidence of lightning-ionosphere
coupling effects associated with TLEs and superbolts (NaitAmor et al.,
2010).

Cloud Top Temperatures (CTT) are issued from the thermal infrared
band (IR) at ~11-13 pm of the Spinning Enhanced Visible and Infrared
Imager (SEVIRI) onboard the Meteosat Second Generation (MSG) sat-
ellite 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 thanks to the
satellite rotation and from south to north thanks 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 4.5 km at
the latitude of the study area. The study area is therefore scanned four
times in one hour, and around 10, 25, 40 and 55 min of each hour. The
accuracy of the CTT values depends on several parameters, as the type of
clouds, the time during the day, the geographical location around the
Earth. In the study by Taylor et al. (2017), that compared SEVIRI cloud
top temperatures from the new CLAAS-2 (CLoud property dAtAset using
SEVIRI, Edition 2) dataset against Cloud-Aerosol Lidar with Orthogonal
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Fig. 1. Histogram showing the superbolt (>200 kA in absolute value) distri-
bution by peak current and polarity. The median peak current is about 250 kA
for both +CG and -CG, respectively.

Polarization (CALIOP) data, the error was lower than 2-3 K in UK.

Optical observations of TLEs and particularly sprites in the same
spatial domain are coincidentally obtained by low light CCD cameras
with a standard PAL frame rate of 25 fps, operated in trigger mode by
networks of citizen scientists and more recently by the University of Bath
(UK). The timestamps of TLEs videos in the observation database has
been thus matched with the superbolt list to identify and locate the large
peak current parent stroke.
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All the spatial statistics are computed using 0.25° x 0.25° grid cells,
each cell corresponding to dimensions of approximately 28 km by 18 km
at 50°N. The superbolt density is obtained as the ratio of the total
number of events in a grid cell and the area of the grid cell, expressed as
flashes per square kilometre (fl km~2). In addition, an accurate idea of
the spatial shape of the data distribution is produced by applying the
kernel density estimation (KDE), which produces an estimate of the
probability density distribution which that data is drawn from, as a
weighted sum of Gaussian distributions. We also applied KDE to deter-
mine diurnal patterns of superbolt activity. This is done after reproc-
essing the lightning data into 1-h width counts of superbolts by season
(DJF, MAM, JJA, SON).

Individual superbolt location processing into clusters is achieved by
applying the DBSCAN algorithm (Ester et al., 1996; Kriegel et al., 2011).
DBSCAN was chosen as the clustering algorithm mainly for its capability
to handle noise, no requirement to specify the number of clusters and the
arbitrary cluster shapes. DBSCAN clusters n-dimensional points based on
the radius that defines a circular neighbourhood (epsilon) around each
point and the minimum number of points necessary to form a cluster
(MinPoints) (Kriegel et al., 2011). In the context of DBSCAN, each point
in the data set is classified as: 1) a core point of a cluster, if there are at
least MinPoints-1 other points in its neighbourhood; 2) an edge point, if it
is within the radius of a core point yet does not satisfy the minimum
samples requirement; 3) noise, if it does not contain the minimum
number of samples and it is not within the radius of a core point. Since
the two parameters are domain-dependent, their optimal choice is not
known a-priori but must be manually tuned, using domain-specific
knowledge related to the problem at hand. In this case, the identifica-
tion of a core point requires a neighbourhood search radius epsilon = 25
km (i.e. well above the lightning location error and larger than the
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Fig. 2. Overall distribution of Météorage superbolts by polarity for the study area: (a,b) scatter plot of superbolt coordinates; (c,d) corresponding probability density
plots (0.25° resolution), determined using the kernel density estimation (KDE); (e,f) superbolt flash density map, calculated adopting a spatial resolution of

0.25°x0.25° and smoothed by a.
Gaussian filter for clarity.
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Fig. 3. A.Overall distribution of Météorage positive superbolts during winter (NDJF) and summer (MJJA) months: (a,b) scatter plot of superbolt coordinates; (c,d)
corresponding probability density plots (0.25° resolution), determined using the kernel density estimation (KDE); (e,f) superbolt flash density map, calculated
adopting a spatial resolution of 0.25°x0.25° and smoothed by a Gaussian filter for clarity.
3B. Overall distribution of Météorage negative superbolts during winter (NDJF) and summer (MJJA) months: (a,b) scatter plot of superbolt coordinates; (c,d)
corresponding probability density plots (0.25° resolution), determined using the kernel density estimation (KDE); (e,f) superbolt flash density map, calculated
adopting a spatial resolution of 0.25°x0.25° and smoothed by a Gaussian filter for clarity.
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typical size of single-celled systems in the UK) and a minimum number
of neighbours MinPoints = 25 strokes. This choice produces results that
are consistent with previously defined density maps, while limiting the
influence of individual localized thunderstorms generating superbolts
on the clustering process that would increase by setting smaller radii and
number of strokes. On the other hand, a larger epsilon would produce
coarser resolution, masking eventual features such as the observed
contrast along coastlines for a given stroke polarity.

3. Results
3.1. Regional distribution of superbolts

During the 10.5-year period considered, Météorage detected a total
of 7578 negative and 7858 positive intense CG strokes (>200 kA in
absolute value) across the study area. Fig. 1 shows their peak current
distribution by polarity, indicating a similar absolute median value of
about 250 kA. This value is comparable to the mean (—267 kA) found by
Holzworth et al. (2019) for the limited subset of superbolts identified by
WWLLN over continental United States that matched with the corre-
sponding large negative strokes located by ENTLN. Such extreme events
are relatively rare if compared to the total number of CG strokes
recorded. Pedeboy et al. (2017) estimated an average occurrence rate of
about 0.18% of the overall CG activity recorded by EUCLID in Western
Europe for 2007-2016 period. Yet, the relative proportion of intense CG
strokes is found to exhibit significant differences on a regional and
seasonal basis.

Here such spatial and temporal patterns are discussed in greater
detail with respect to the previously defined domain. Fig. 2 presents the
overall plot of all the 15,436 large strokes broken into two colours by
polarity. From Fig. 2 (a, b) early evidence is seen of a location bias be-
tween powerful +CGs, which appear more scattered across the domain,
and -CGs which are preferentially found on the sea and exhibit a sharp
contrast on the coastlines. This geographical pattern of strokes of
different polarity is much clearer in Fig. 2 (c,d), showing the related
probability density estimated with 0.25° spatial resolution over the
entire domain using the KDE algorithm. The core activity of positive
superbolts is found on land, over the border between Belgium and the
Netherlands, reaching a maximum density of about 0.04 fl km™2
(Fig. 2e). By contrast, the main negative cores are observed on the En-
glish Channel and off the Dutch coast, with a maximum of 0.06 fl km ™2
(Fig. 2f). A slight increase in activity in both polarities can be also seen
on the West coast of Scotland and Northern Ireland, where convection
may be enhanced by the steep slopes of coastal mountains. Yet, an even
more remarkable discrepancy is noticed when also including the winter/
summer seasonal pattern, as seen in Figs. 3A and 3B. The strong -CGs
essentially occur on the sea surface during the winter season (NDJF),
with the highest density found across the English Channel (~0.05 fl
km2). The winter -CG core tends to overlap with the +CG one, which
shows a consistent shift westward with respect to the summer months
(MJJA). Winter lightning outbreaks are generally associated with deep
North Atlantic low-pressure systems, characterised by high pressure
gradients and strong winds, which move unstable cold and moist polar
maritime air over relatively warmer sea surface temperatures (as
opposed to the cold land) into the region of study. In this context,
instability and lightning potential is enhanced, especially in the western
side of the domain, by the contrast with warmer North Atlantic current
and by the orography, which forces air to lift for example near moun-
tainous terrain of western Scotland and Wales. Alongside the calculation
of density maps, the spatial data set is reduced into local superbolt
clusters by applying the DBSCAN algorithm to their coordinates. The
identified clusters and the relative centroids are plotted in Fig. 4. By
considering the full data set, irrespective of the stroke polarity, 28
clusters are localized, the largest of which is centred on the eastern side
of the Strait of Dover and encompasses an area that extends from the
English Channel to the North Sea, mostly delimited by the coastline
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Fig. 5. Monthly distribution and relative percentage of superbolts by polarity.

(Fig. 4a). Other relevant local clusters include the Bristol Channel and
Brittany. Looking at specific seasons, however, the seasonal shift in
cluster locations is further confirmed, showing that summer activity is
more evenly distributed and the largest summer cluster on land in
Belgium is significantly less populated than the winter peak cluster on
the English Channel (Fig. 4b and c).

Fig. 5 introduces the annual variation of superbolt activity in the
study area. The monthly absolute distribution and the relative per-
centage compared to the total with respect to the polarity indicate an
overall peak in negative superbolts in November and December, when
the number of events is about 2 times larger than summer months (JJA)
and up to 14 times with respect to spring (MAM). Looking at the whole
year, the months November-February account for more than 52% of all
negative superbolts. Additionally, the analysis shows that positive
superbolts follow a similar annual trend during most of the year but,
differently, tend to occur more often during spring and summer time
(April to July) with a secondary and smaller amplitude peak between
December and January.

Such finding suggests that superbolts are preferentially produced in
the transition periods before summer and winter, which can be
explained by different thunderstorm characteristics related to the
changing general synoptic patterns of thunderstorms producing super-
bolts. Additional indications in this sense can be obtained by observing
the diurnal distribution of these intense lightning strokes during
different seasons. This is summarized in Fig. 6, displaying the proba-
bility density distribution of superbolts using the KDE method by hour of
day and polarity. Autumn and Winter show the closest similarity, with
-CGs exhibiting a clearly bimodal distribution and dominating during
the early morning on +CGs, which conversely remain almost constant
throughout the day and exceed negative stroke activity during the late
morning and early afternoon. The diurnal variations observed are not in
phase with land-based convection but more likely to be marine-based, as
the stroke locations previously confirmed. The ~04 UT peaks in marine
activity may also be related to the time of maximum wintertime land-sea
temperature difference and corresponding land-breeze convergence.
Differently, the maximum annual peak in +CG occurs during Spring/
Summer season, with greatest activity during the afternoon. This sea-
sonal peak occurs when stroke locations are mostly distributed on con-
tinental mainland, where convection initiated by solar heating of the
land is important. Negative Spring superbolts activity shows a similar
double peak in diurnal variation as for positive, but the afternoon
amplitude is less pronounced. This is consistent with the suggestion that
land-based thunderstorms initiated by afternoon solar heating are more
likely to produce positive superbolts than negative ones.
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Fig. 6. Diurnal probability density of superbolts based on 2010-2020 data by season, estimated with KDE.

3.2. TLEs observations and superbolts in northern Europe

Particularly intense lightning, such as cloud-to-ground (CG) light-
ning discharges with large charge moment change (CMC) and occa-
sionally very high peak current as superbolts, can produce short lived
optical emissions above thunderclouds, among which sprite-halos and
elves are the most commonly observed (Pasko, 2010 and references
therein; Pasko et al., 2012). The mechanism of TLE formation is now
well established, but extensive research on their microphysical proper-
ties is still ongoing (i.e. for example, to explain the rich variety of sprite
morphologies). The occurrence of TLEs across Europe mirrors the
lightning density distribution and peaks at summer on continental
mainland (Arnone et al., 2020). Autumn and winter TLEs activity is
generally lower and concentrated on the Bay of Biscay and over the
coastal areas of the Mediterranean Sea in southern Europe and the
Middle East.

The areas of northern Europe that include British Isles and North Sea
generally experience significantly less thunderstorms (up to 10 times)
than the rest of Europe (Anderson and Klugmann, 2014). The knowledge
about TLEs occurrence in this area is relatively scarce. Optical obser-
vations at higher latitudes in northern Europe presents the basic prob-
lem of barely dark skies during summer, when most northern European
thunderstorms occur. TLEs observations (1 sprite,1 elve) on the Baltic
Sea have been reported by Makeld et al. (2010) and represented the
northernmost European TLEs until then. Arnone et al. (2020) indicated a
total of 25 additional TLEs observed (24 sprites, 1 bluejet) in 2009-2013
in the same area. A single column sprite was later recorded in 2018 by
the cameras of project Hessdalen even further north at a latitude of
approximately 63° along the coast of Norway. The EM signal of the
parent +CG was analysed by Pizzuti et al. (2021) and showed a peak
current of 163 kA and a total charge moment change (CMC) of 1750C
km.

The geographical domain considered in this study is partially
covered by cameras operated by the UK Meteor Network (UKMON) and
NEMETODE (Network for Meteor Triangulation and Orbit Determina-
tion). As these are primarily set up for meteor observations, recording of
TLEs is serendipitous and rare. Nevertheless, citizen scientists recorded

1940 23:12:51 0857 4

2020/12/1ir20ba2e: 81,780 Dath Uni (UK} 48

Fig. 7. The first ever elve detected from the UK on a low-light camera installed
at the University of Bath. The CG stroke (—750 kA) responsible of this optical
emission on the lower ionosphere was located close to the NW coast of France
(~400 km from the camera).

some tens of sprites in the area during 2010-2020. More recently, a new
low-light and high-resolution charge-coupled device (CCD) camera
(Watec 902H2) mounted on a fixed tripod and remotely controlled, was
installed in 2019 at the University of Bath (UK) and specifically
configured for capturing TLEs across the English Channel. The system
has been already successful at detecting the first ever ELVE from the UK
(Fig. 7). The donut-shaped optical emission was produced by the elec-
tromagnetic pulse (EMP) of an extreme -CG stroke (—750 kA) on the NW
coast of France.

Here the focus is on reported TLEs triggered by CG strokes matching
with the superbolt criteria. Fig. 8a shows the 10.5-year superbolt
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Fig. 8. (a) Distribution of TLE-associated superbolts with respect to the clusters identified with DBSCAN. The map shows that TLEs are not evenly distributed through
the entire domain but, in general, tend to be confined to cluster boundaries in the southern region and in general where the superbolt density is larger than the overall

average in the study area (b).

clusters and the corresponding locations of TLE parent CGs. While TLEs
(notably sprites) related to lower peak current CGs have been observed
throughout the entire domain, it is worth to notice that superbolt cluster
boundaries are representative of the areas where the probability of
eventually detecting an associated TLE is higher. As a result, the ma-
jority of observed TLEs related to superbolts is found on the sea or within
few tens of kilometres inland from the coastline in the southern portion
of the study area, where superbolt flash density increases with respect to
the domain average (Fig. 8b). These have been observed throughout the
year and in relation with different thunderstorm dynamics. A large
number of sprites produced by superbolts has been already reported
during an unusual late spring MCS in SW England (Pizzuti et al., 2021).
An interesting case is that of winter superbolts occurring during peculiar
thunderstorms observed in the UK that produce only few flashes per
hour and occasionally trigger sprites. Since they tend to have the same
polarity (often positive) and to be concentrated in a specific area and
time of storm development, such strong flashes are potentially disrup-
tive for power plants and airports giving the inherent sporadic onset. In
the following section we analyse in more detail one of these cases during

which concurrent sprites were optically captured.
3.3. Case study of 7th February 2016

Cold unstable airmass associated with a low-pressure system centred
NW of Scotland reached the British Isles in the evening hours of 7th
February 2016, and propagated eastwards across part of mainland UK
overnight (Fig. 9). The frontal weather system with a dynamic wind field
resulted in marginal thermodynamic instability with low topped con-
vection along the frontal zone, as suggested by embedded bands of
heavy rainfall (corresponding to radar reflectivity >50 dBZ, locally)
derived from Met Office radar imagery (Fig. 10). Despite the relatively
low minimum cloud top temperature (CTT) (~ — 45 °C at 23 UT), the
presence of graupel and its motion, inferred by spectral width and
Doppler velocity available from the Chilbolton 35-GHz radar (Coperni-
cus), lead to convective invigoration and electrification with subsequent
lightning onset at around 2250 UT, along the southern coast of England.
The thunderstorm development was likely favoured by warmer and
humid air advected from the English Channel as a consequence of the
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Fig. 9. Infrared (IR) satellite image (a), geopotential at 500 hPa and surface pressure plot issued from the Global Forecast System (GFS) model (b) for the 8th
February 2016 at 0000 UT. The colormap scale is in decametres (dam). The dashed red frame indicates the investigated storm region. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Met Office Radar (a) and Meteosat cloud top temperature (CTT) (b) maps of the 7th February 2016 thunderstorm at about 2325UT, few minutes before the
approximate time of first sprite onset. The region of interest is defined by the red dashed circle. The red cross indicates the location of a concurrent +CG stroke at
about 23:26:01 UT, during the satellite scan and associated with a separate storm region. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

low level south-westerly non-convective winds. Interestingly, the po-
larity of CG flashes detected by Météorage during electrically active
periods was exclusively positive, which possibly allows making some
hypotheses on charge configuration within the thundercloud (i.e. for
example, the tilted positive dipole configuration, often observed during
winter thunderstorms in Japan) (Nag and Rakov, 2012), though yet to
be confirmed given the lack of electric field change measurements at
ground under the storm. Electrical activity was rather weak (i.e., less
than 10 CG flashes per hour detected and nearly absent IC activity in the
period 2250 to 0000 UT) and limited in both time and space and un-
derwent a substantial lull that culminated with the first sprite observa-
tion at about 2334 UT. Atmospheric soundings indicate that the 0 °C
isotherm height was at ~1.1 km and the temperature at 700 hPa was ~
— 12.5 °C, in agreement with the criterion (<—10 °C) for winter light-
ning occurring in cold air mass thunderstorms used by Montanya et al.
(2016). The +CG flashes were located close behind the leading
convective line, at about 30 km from the cold core of the cell which was
around —50 °C at that time (Fig. 11). The total of 3 sprite events
occurred in the onward half hour period at regular intervals of

approximately 12 min from each other. Sprite development was quite
unique in this case, as no other flashes were detected except those that
triggered the sprites and the sprites themselves showed similar features,
being classifiable as angel sprites (Bor, 2013) (Fig. 12). The absence of
simultaneous electrical activity related to IC or other less intense CG in
the preceding and following minutes around each event allowed for
enough charge to build up and then be transferred to ground which
enabled streamers development and propagation at mesospheric alti-
tudes. The emergence of lateral streamers, typical of complex angel
sprites, implies that the quasi-electrostatic field at sprite altitude, as a
result of charge removal by the strong parent +CGs, is generally larger
than that required for column sprites (Malagon-Romero et al., 2020).
The 20 ms time resolution (de-interlaced) of available sprite videos do
not allow tracking such a detailed evolution directly, but the approxi-
mate streamer initiation time within the sequence of the video fields
agrees with the accepted temporal evolution (Fig. 13). The details and
properties of the 3 sprite-parent +CGs are summarized in Table 1.

Fig. 14 shows the 100 Hz sampled quasi-electrostatic current
detected at ELF frequency (1-50 Hz) on the Thunderstorm Detector (TD)



A. Pizzuti et al.

(a) CTT and radar scan for sprite 1 at 2334UT
53

[lat] = deg

(b) CTT and radar scan for sprite 2 at 2346UT

Atmospheric Research 270 (2022) 106047

(c) CTT and radar scan for sprite 3 at 2357UT
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Fig. 11. Meteosat cloud top temperature (CTT) maps in the thermal infrared band (IR) (10.5-12.5 pm) and Met Office radar reflectivity (dBZ) at about 2334 UT (a),
2346 UT (b) and 2357 UT (c), corresponding to the 3 sprite events. The spatial resolution of radar maps is 1 km horizontally (central panel) and 500 m vertically,
extending to an altitude of about 12 km (top and side panels). The sprite parent +CG (indicated by purple/red crosses on the maps) are located about 30 km south of
the coldest (convective) core ~ —50 °C, for the three cases. The sprite locations trail behind a high radar reflectivity elongated band and it could indicate the di-
rection of positive charge advected from the convective core. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 12. The 3 sprites observed during the night of 7th/8th February 2016 (south London) between 2330 UT and 0000 UT, showing angel-sprite morphologies.

(Courtesy: UKMON, Nemetode.org).

described by Bennett (2013) and installed at Reading (UK), at about 40
km from the sprite parent CG stroke locations. Sudden electric field
changes related to the sprite parent +CG are visible as large amplitude
signal with respect to the background. Since the TD is sensitive to all
types of lightning within range, including weak IC, its raw output con-
firms the absence of other cloud or CG flashes in the area of interest
during the half hour period starting from 2330 UT during which the
sprites occurred. Simultaneous high-frequency (100 Hz) horizontal
magnetic field recordings in the range 0.1-50 Hz were collected on two
induction coil magnetometers at Eskdalemuir (UK). The North-South
channel output, reported in the middle panel, shows the 3 sprite
parent strokes in the magnetic field component and indicates a
maximum peak-to-peak amplitude of ~530 pT for the event at 2357 UT.
A further comparison with the electric field related signal detected on a
BTD-300 (Bennett, 2017) installed at Portishead (UK), ~200 km away
from the storm, shows a very good agreement with the magnetic data
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and highlights the idea that ELF flashes radiated by intense CG return
strokes can be picked up at even larger distances using the same
detection principle of the TD, when electrostatic field changes at ground
following charge removal in lightning become negligible (Pizzuti et al.,
2021). Additional lightning signals but associated with other active
areas in the same period are also visible in the BTD output, as a result of
the increased sensitivity with respect to the TD.

Early/fast events are lightning related disturbances in sub-
ionospheric VLF radio transmissions (in amplitude and/or phase) that
occur within 20 ms of the causative lightning and rise to full amplitude
or phase change within the next 20 ms (Inan et al., 1996). They typically
recover in 10-100 s or many minutes in some cases (Haldoupis et al.,
2013; Koh et al., 2019), governed by the local chemical relaxation times
in the ionosphere. These events have long been correlated with light-
ning, and more recently with sprites and TLEs in general (Inan et al.,
1995; Dowden et al., 1996; Haldoupis et al., 2010). Such events are
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Fig. 13. Development of the first sprite at 23:33:44 UT on 7th February 2016: current moment waveform (CMW) with black curve, charge moment change (CMC)
with dashed curve and peak current with red plus, of the causative +CG stroke. The images of the sprite correspond to 20 ms fields obtained by de-interlacing the
video frames. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
List of sprite-parent +CGs.

Peak
current
(kA)

iCMC
(C km)

Date Time (UTC) Lat CMC

(C km)

Lon

23:34:44.643  51.236 —-0.4016  +389 +172 +990

23:46:46.499  51.2839  —-0.1238  +295 +127 +829

23:57:18.319  51.2748  0.0528 +393 +174 +1307

detected because the VLF transmitter signal received is highly sensitive
to the local ionospheric conductivity, which is affected by modifications
in the electron density or collision frequency (through heating and
ionization). The perturbation parameters are function of the relative
distances between the lightning and eventually associated TLE and the
great circle path between transmitter and receiver (NaitAmor et al.,
2010). At the time of sprite observations, one of such narrowband VLF
receiver was operating at Algiers, monitoring at 20 ms time resolution
the VLF signal from various transmitters located globally. On this
favourable occasion, the great circle path between the receiver and the
GQD transmitter (22.1 kHz) approximately crossed the sprite region.
The data in Fig. 15 indicate that all the 3 superbolts and subsequent
sprites observed in the UK were the sources of early signal perturbations
in the GQD-Algiers transmission path. The type of perturbation recorded
belongs to the class of LOREs (LOng Recovery Early VLF events) with
>200 s recovery times, documented by Haldoupis et al. (2012). In
particular, the first event at 23:34:44 UT is found to recover to the level
preceding the lightning flash in about 6 min. The other two events at
23:46:46 UT and 23:57:18 UT show similar features to step-like LOREs
described by Haldoupis et al. (2013), exhibiting even larger recovery
times or no recovery. The onset of LOREs may indirectly suggest the
existence of elves preceding the observed sprites, as a result of the strong
EMP radiated by such large peak current +CG and its interaction with
the lower ionosphere. No concurrent effects were recorded on NRK and
DHO paths, because of the significantly larger distance from the storm
centre.
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4. Discussion

We have presented details of ~15,000 very large peak current (i.e.
about 10 times larger than average values) strokes for 2010-2020 in a
spatial domain centred on the British Isles. These strokes have seasonal
and geographic distributions that match with the patterns of superbolts
observed by Holzworth et al. (2019) in the same area, suggesting that a
significant proportion of events selected using the peak current criteria
may actually coincide with superbolts detected by WWLLN and classi-
fied in terms of radiated VLF energy over 10° J. Flash density calcula-
tions and clustering of the superbolt locations by means of DBSCAN
algorithm allowed us to identify the areas of larger concentration of
these events with increased resolution and to highlight the different
patterns observed by considering additional properties, such as the
stroke polarity. The cluster positions are found to vary through the year
in agreement with the dominant seasonal weather patterns and the
corresponding lightning occurrence distributions that affect Britain and
surrounding areas (Wilkinson and Neal, 2021). An interesting case for
the UK is that of low active convective storms during the winter season,
which produce one or few CG flashes per hour over a limited size area.
On these occasions, large peak current CGs are often the predominant
type of lightning observed. They usually occur in rapid succession and
are delimited to a specific area and time of the storm development, as
seen in section 3.3, when about 72% of the total CGs occurred in the
period examined exceeded 100 kA and half of this population of strong
CGs were superbolts.

Observations in this study further confirm that the most intense
superbolts are preferentially found over the sea or along the coastlines
(e.g., Fiillekrug et al., 2002), as indicated by the most populated cluster
stretching from the English Channel to the coast of the Netherlands. The
large cluster on the English Channel persists during the winter season
(NDJF) but is largely dominated by negative polarity strokes with a peak
at early morning hours. The SW-NE orientation of the English Channel
favours enhancement of wintertime convection during the unstable
conditions resulting from both SW and NE airflow (Galvin, 2021), both
of which are common wind directions for the region. For the case of an
unstable wintertime SW airflow, convection initiated over the sea within
the returning Polar Maritime air mass is enhanced in the channel by low-
level convergence resulting from the backing of wind due to friction over
the rougher land surface of France (Gille and Llewellyn Smith, 2014).
Similarly, convection in an unstable NE Polar Maritime air mass will be
enhanced in the channel by low-level convergence of airflow backed
over the relatively rougher land surface of England. This enhanced
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Fig. 14. Monitoring of electrical and magnetic activity dur-
ing the interval 2330/0000 UT, when the sprites occurred
(indicated by the red arrows and labelled as S1, S2 and S3,
respectively), in the ELF band (<50 Hz). The signals associ-
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ated with the strong parent strokes were clearly detected in
both the components at various distances from the stroke
locations. The TD (the closest to the storm centre, <50 km)
output also confirms the absence of concurrent electrical
activity around the time of each event, except for the +CGs
that triggered the sprites. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the web version of this article.)
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convergence in the Channel would increase the probability of convective
initiation and deepen existing convective cloud, thereby increasing
winter lightning occurrence on that stretch of sea. Given the proximity
between the superbolt cluster and one of the most congested maritime
routes in Europe (Fig. 16), we cannot exclude that, while atmospheric
instability and vertical updrafts enhanced by low-level convergence are
the dominant factors determining lightning activity, advected aerosols
from the sea and shipping lanes in winter conditions may act as a
modulating factor in the ice microphysics leading to intensification of
convection and storm electrification and consequently in lightning
enhancement (e.g., Lyons et al., 1998; Altaratz et al., 2010; Thornton
et al., 2017; Yair, 2018; Yair et al., 2021). Higher concentrations of
cloud condensation nuclei (CCN) have been found to lead to enhanced
updrafts (Mansell and Ziegler, 2013) and an increase of supercooled
droplets reaching the mixed-phase region of the cloud, culminating in a
more effective charge separation and cloud electrification (Deierling
et al.,, 2008). Various physical mechanisms may act in concert to
determine the large proportion of high peak current strokes and the
observed polarity disparity, biased towards negative superbolts across

23:55

12

00:00

the area. In a recent experiment, Asfur et al. (2020) hypothesized that
the higher conductivity of the saline water, compared to moist soil, re-
sults in a more efficient charge transfer to the surface and subsequently
in larger peak current discharges and brighter optical flashes. On the
other hand, Cooray and Rakov (2012) described a formula to predict the
peak current in first negative return strokes as a function of either the
potential difference between the cloud charge region and the ground or
the background electric field, that is theoretically limited to a maximum
value of about 150 kV/m. In general, this background electric field will
not be reduced over open water, given the decreased opportunity for
corona (point) discharge and absence of upward leaders from tall
structures on ground, thereby favouring a larger maximum return stroke
peak current attainable with respect to land-based thunderstorms.
Another possible explanation for the predominance of large peak current
-CGs reported by lightning location systems on the English Channel is
the faster average vertical velocity of negative first stroke leaders
propagating downward over the ocean, as reported by Nag and Cum-
mins (2017). If confirmed by future observations, this mechanism would
also allow to make specific assumption on the charge configuration of
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Fig. 15. Long recovery and step-like early/fast VLF signal perturbations associated with the large peak current sprite-parent +CG in the UK and recorded by the
receiver in Algiers. An approximate geometry of the transmitter-receiver paths is shown in the map.

EDGAR shipping emissions of PM2.5 (2015)

Fig. 16. Map of shipping emissions in the study area using data from EDGAR (Emissions Database for Global Atmospheric Research) for the year 2015, showing the

largest concentrations of PM, 5 particles on the English Channel.

maritime thunderstorms producing negative superbolts, such as large
main negative charge region and small or absent lower positive charge
layer. In particular, the development of lower positive charge region
would be inhibited over the water surface by the decreased upward
transport of positive charge produced by corona effect at ground and the
presence of traces of NaCl in maritime air, which leads to negative
charge on graupel irrespective of temperature in the graupel-ice colli-
sion mechanism (e.g., Cooray and Rakov, 2012, and references therein).

We additionally reported evidence that winter storms producing
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superbolts in the study area, despite the low electrical activity and
limited size extent, can be capable of triggering sprites, as in the unique
case described of 7th Feb, 2016, when 3 sprites coincided with the only
3 + CG strokes occurred in an half hour interval of the storm evolution.
Various studies have shown that winter weather regimes and cloud
properties, determining low IC rate thunderstorms on the sea and coastal
areas of Atlantic Europe (e.g. the Bay of Biscay), are prolific producers of
large peak current CG strokes of either polarity and associated elves
(Van der Velde et al., 2011), but only rarely produce sprites, whose
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activity is generally limited to the Mediterranean during winter (Yair
et al., 2015; Arnone et al., 2020). The key factor for the formation of
sprites is the magnitude of the vertical CMC of parent +CG stroke (Hu
et al., 2002) and the subsequent rapid change in the above-cloud quasi-
electrostatic (QE) field. CMC values estimated for the sprite-parent
strokes in this study are found to be in the range of average values of
1400 + 600C km for winter thunderstorms reported by Yair et al.
(2009). An additional more stringent metric than the return stroke peak
current to evaluate the sprite-producing potential of lightning strokes is
the iCMC, defined as the total CMC within the first 2 ms after the
lightning return stroke. Lu et al. (2013) observed a 90% likelihood for
+CG strokes with a mean iCMCs > +300Ckm to produce a sprite, which
is considerably lower than the mean iCMC value of +571C km associ-
ated with halo-sprite events (Lu et al., 2018). An extensive survey on
iCMC measurements across the U.S. by Cummer et al. (2013) analysed
the relationship between the peak current and the iCMC, showing that
the distribution for very high peak current positive strokes (> 4200 kA)
is peaked at very low iCMC (~ + 20C km) and substantially drops for
larger values, thus implying positive superbolts as a not favourable
sprite-producing source. If the same distribution is assumed to be valid
also for positive superbolts occurring in the study area, the sprite ob-
servations here described are therefore rather atypical events. By
contrast, the measurements reported by Cummer et al. (2013) show an
opposite result for negative CG strokes, indicating that the peak in the
iCMC distribution increases with the return stroke peak current and a
significant spread of the distribution for large peak current -CG (<—200
kA). This may suggest an increased potential for negative superbolts
over open water (such as the English Channel) to result in mesospheric
halos (Frey et al., 2007) that, however, needs to be supported by future
observational campaigns. A significant discrepancy is found between the
winter sprites observed during the night of 7th/8th Feb, 2016, associ-
ated with relatively small iCMCs (e.g., below +200C km), and the other
documented cases of sprites observed above a rare late spring MCS in the
UK, characterised by similarly high peak current values but a mean
iCMC of about +680C km (Pizzuti et al., 2021). This can be reasonably
attributed to relevant differences in cloud properties, such as the thun-
dercloud charge and electric field configuration, and the subsequent
details of charge transfer in the CG strokes. Yet, modification of atmo-
spheric medium in response to sequential strong electromagnetic pulses
emitted by superbolts may contribute to the emergence of short time
delayed sprites associated with parent +CGs exhibiting smaller iCMCs.
Haldoupis et al. (2013) showed that intense +CG with peak currents
>200 kA in absolute value cause long-lasting (e.g., many minutes)
ionization changes in the lower nighttime ionosphere, resulting in
detectable long-recovery perturbations on man-made VLF trans-
missions, as shown by VLF measurements in this study. Salut et al.
(2013) also reported that the number of long-recovery (>500 s) early
VLF events increases with the peak current of CG return, especially when
occurring over the sea, although Kotovsky et al. (2016) argued that the
intense initial breakdown observed in lightning producing LOREs do not
necessarily imply the involvement of high peak currents and large
electromagnetic pulse radiation in producing the long-lived ionospheric
disturbance. According to theoretical models (e.g., Taranenko et al.,
1993; Marshall, 2012), the interaction of lightning EMP with the lower
ionosphere results in electron density enhancement by impact ionization
above ~85 km and electron density depletion due to electron attach-
ment at lower altitudes (e.g., below about 80 to 85 km). The sharp
steepening of the ambient electron density by consecutive strong CG
may thus have a direct concurrent effect on the initiation of sprite
streamers, in combination with the CMC of the parent +CG (Qin et al.,
2011; Qin et al., 2012).

5. Conclusions

This study provides the first detailed climatology of superbolts in the
region of northwestern Europe that comprises the British Isles, enabling
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further comparisons with previous studies and setting the basis for new
research. We conclude that, in addition to relevant discrepancies found
between the distribution of positive and negative superbolts, 1) super-
bolts occurring at this latitude can be a potential source of TLEs (espe-
cially elves and halos), such as under weather patterns typical of winter
season, thus deserving further investigation on specific properties of
lightning inception and leader propagation characteristics, 2) conver-
gence and advection of salt water aerosols and shiptrack emissions over
the English Channel may effectively contribute to convective invigora-
tion and the development of cloud charge configurations favouring such
extreme events, during nearly zero flash rate marginal thunderstorms, 3)
the identification of highly populated superbolt regions via clustering
methods may be useful to target new observational campaigns in this
part of Europe which is normally out of range of most of European TLEs
observation networks.
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