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Abstract. By means of the SAETTA 3D lightning mapping array, the total lightning activity has been detected in a 240 km
x 240 km square domain centred on the island of Corsica located in the West Mediterranean basin, and characterized by a
maritime and mountainous environment, with a complex and relatively high relief. The study period covers the months from
April to December of the 6 years from 2014 to 2019. Observations are reported with a horizontal resolution of 1 km and a
vertical resolution of 0.1 km in terms of density of VHF sources emitted by lightning, and of number of lightning day, in
plane- and vertical- projections. Vertical distributions of VHF sources are also provided monthly for the whole period and
over the full domain. These 3D long term observations show that the number of lightning days is more important on the main
relief of the island. The density of VHF sources exhibits a sharp maximum over the confluence area of the 3 main valleys in
the center of the northern part of the island, characterized by a recurrent and vertically well developed lightning activity. The
period from 11:00 UTC to 14:00 UTC in July, and in a lesser extent in June and August, is at the origin of this density
maximum. This behavior is thus due to a diurnal convection. The whole lightning activity is characterized by 2 maxima in
June and September. The first one is linked with the diurnal convection in phase with the maximum elevation of the Sun.
The second one must be due to usual large-scale organized thunderstorm events of the fall season. The vertical distribution
of VHF sources exhibits an increase in the number of VHF sources from April to August at all altitudes, as well as an
increase in the altitude of the main upper peak (from 5.8 km to 10 km) and of the secondary lower peak (from 4.2 km to 6.7
km) of this distribution. From August to December, the opposite evolution appears, except that October is characterized by a
strong anomaly with a single intense lower peak at 5.5 km, apparently due to 2 strong events corresponding to anomalously
electrified thunderstorms. Several of these anomalously electrified thunderstorms (negative dipoles) are reported. They are
all characterized by the movement of cloud cells spatially small and relatively undeveloped vertically propagating from
southwest to northeast and associated with a strong transport of desert dust from the African continent. The analysis of the
meteorological environment of some of the studied events allows concluding that in each of the studied cases elevated

convection was triggered, above the relatively dry atmospheric boundary layer characterized by a strong convective
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inhibition. The low cloud liquid water content which is a key parameter of the non-inductive charging process is probably a

good candidate to explain the anomalous electrification of these events.

1 Introduction
1.1 3D lightning observation

For meteorology, lightning is a signature for intense convective systems and provides interesting information on cloud
physics since lightning is at the end of the chain of physical processes involved in thunderstorms. Lightning observations can
then be used to characterize convection with an electric point of view. The most efficient solution to observe lightning in 3D
at high temporal and spatial resolutions - only at regional scale - is based on the use of a Lightning Mapping Array (LMA)
allowing detection of the radiation sources in the Very High Frequency (VHF) range (here after VHF sources) emitted by the

propagating discharges (Thomas et al., 2004).

Few previous studies have reported regional 3D lightning climatologies accomplished using on 3D imager data. Fuchs et al.
(2016) performed a first climatology based on VHF sources detected by 3 LMAs in the United States (Washington DC over
8 years, northern Alabama over 7 years, Northeast Colorado over 3 years) and also based on lightning deduced from a
clustering method. They focused on different characteristics of lightning (2D maps of annual densities and duration, radial
vertical profile of the initialization altitude...) for the total period without exploring daily, monthly, interannual variabilities.
More recently Coquillat et al (2019) showed a first 2D analysis of the behavior of electrical activity in Corsica over 3 years
in terms of density of VHF sources and days of electrical activity on various time scales (total period, day/night, June to
September, interannual). The present study takes advantage of the 3D lightning imager SAETTA deployed in Corsica since
summer 2014 (Coquillat et al., 2019) to further explore the characteristics of intense convection on this island. To our
knowledge, this is the first time that long-term 3D observations are devoted to the analysis of electrical activity on

interannual, monthly and hourly scales, using such a lightning imager.
1.2 Long-range lightning detection regional climatology

On the other hand, several lightning climatologies have been carried out over Europe in recent years by means of long-range
lightning detection network operating in the very low frequency. Soriano et al (2005) analyzed the 10-year annual and
diurnal cycles of the number of Cloud-to-Ground (CG) lightning observed in the Iberian Peninsula by the lightning detection
network of the Instituto Nacional de Meteorologia in Spain. Anderson and Klugmann (2014) and Enno et al. (2020) have
reported long-term observations made using the Arrival Time Differing NETwork (ATDnet). They showed 5-year lightning
densities at annual and monthly scales while Enno et al. (2020) extended the observation period over a decade and showed a
decadal climatology over Europe in terms of 2D lightning density and thunderstorm days, as well as in terms of months of
the year with higher activity with also a study of seasonal variability. Kotroni and Lagouvardos (2016) performed a 10-year

analysis of electrical activity over the Mediterranean, observed by ZEUS, and based on the number of days of thunderstorms
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over the total period and on the lightning stroke density at seasonal scale. Galanaki et al. (2018) provided additional results
to this study of Kotroni and Lagouvardos (2016) in terms of number of thunderstorm days. Poelman et al (2016) performed a
9-year climatology of CG lightning over Europe using the European Cooperation for Lightning Detection (EUCLID)
network. They produced 2D maps of lightning density over the total period on a monthly scale. Taszarek et al. (2019) have
more recently completed a pan-European thunderstorm day climatology based in part on 10 years of CG lightning
observations from the EUCLID and ZEUS networks. They have produced 2D maps of the number of days with

thunderstorms over the whole period and on a monthly scale, with a focus on the periods of highest activity.
1.3 Convection in the Corsican region

At regional scale, the influence of islands on the triggering of thunderstorms is of particular interest (e.g. Wilson et al., 2001,
Qian, 2007, Lagouvardos et al., 2020). Mountainous islands turned out to be most effective in this process, because sea
breezes and valley winds that are roughly in phase with each other may combine to strengthen the diurnal cycle of winds and
form convergence zones during daytime (Kottmeier et al., 2000, Barthlott and Kirshbaum, 2013). Corsica is relatively large
(8740 square kilometers) and is the highest island in the western Mediterranean basin. Its highest elevation reaches 2710 m,
with about 20 mountains being higher than 2000 m (see the relief in Appendix Al). For instance, among the 735 world
islands culminating at more than 400 meters of altitude and referenced by the UN, only 34 have higher summits
(http://islands.uneop.ch/). The main mountain range runs roughly from northwest to southeast and the island’s horizontal
extent is about 80 km (W-E) x180 km (S-N). Corsica is regularly affected by intense meteorological events such as heavy

precipitation, wind storms and lightning (Lambert et al., 2011).

Thunderstorms are common on the mountainous coastal regions boarding the Mediterranean. Scheffknecht et al. (2017)
presented a climatology of heavy precipitation over Corsica in the period 1985-2015. This climatology based on 173 events
shows that the eastern half of Corsica, specifically over the relief, is most affected by high precipitation events. The months
from September to December, most of all October, are identified as most prone to heavy precipitation events over Corsica.
Using a climatological approach for a 5-y period, Ricard et al (2012) have shown that lightning activity is present in almost
all heavy precipitation cases considered during autumn over southern France, including Corsica, indicating that deep moist
convection is usually involved to produce high rainfall rates. Composite maps of lightning impacts occurring all along these
Heavy Precipitation Events (HPEs) also show that the east of Corsica is one of the areas most exposed to a great number of
impacts. The convective activity is then sustained by a moist southerly low-level jet along the eastern coast of Corsica.
During the first Special Observation Period (SOP1) of the Hydrological cycle in the Mediterranean EXperiment (HyMeX)
project (Ducrocq et al., 2014), the impact of the island of Corsica in terms of orographic, thermal, diabatic, and aerodynamic
influence has been investigated on the initiation and evolution of diurnal convection, mesoscale convective systems, and on

the embedded convection in cyclones.
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Metzger et al. (2014) investigated the influence of upstream flow on the initiation of moist convection over Corsica using
semi-idealized simulations. It is found that deep convection can only develop with high solar radiation and the wind
direction can be the determining factor for the initiation of deep convection and also controls the location of precipitation. It
is further found that the impact of saturation deficit is higher than the impact of stability. With increased instability, the
atmospheric conditions are more favorable for the development of convection however the high saturation deficit in the
middle troposphere prevents the formation of deep convection. The variability of water vapour and pre-convective
conditions over the mountainous island of Corsica are presented by Adler et al. (2015). They show that spatial
inhomogeneities in the pre-convective atmospheric conditions evolved and the knowledge of these turned out to be crucial to

understand the timing and location of isolated deep convection over the island.
1.4 About the aerosol influence

According to Williams et al (2004) the flash activity on an island should be related to its area (surface). Smaller islands have
a low lightning activity typical of a marine environment and thus a low land-sea contrast, whereas larger islands have an
intense lightning activity with a high land-sea contrast. The transition between the two behaviors appears to be around 100 to
1000 square kilometers. Their analysis of the land-sea contrast was based on the thermal hypothesis on the one hand and the
aerosol hypothesis on the other. According to the thermal hypothesis, the earth's surface becomes warmer than the sea
surface under the influence of solar radiation, which destabilizes the atmosphere above the earth more easily and causes the
development of strong updrafts that reinforce the formation of ice crystals at high altitudes, thus strengthening the
electrification process. According to the aerosol hypothesis, an enhanced number of cloud condensation nuclei leads to an
enhanced number of small cloud droplets, which weakens the warm rain coalescence process and enables more cloud water
to reach the mixed phase region and participate in the electrification process. While they considered that the aerosol
hypothesis could explain the greater lightning activity over large islands as it is the case with the convection on a continental
scale, they concluded that the dependence of lightning activity vs. island area is more consistent with the thermal hypothesis.
It is worth noting that aerosols themselves have also a radiative impact. Flamant et al., 2015 numerically studied the radiative
impact of desert dust on orographic rain in the Mediterranean basin. In their study, while the dust radiative impact is well

captured, it only marginally affects the rainfall amounts and location.
1.5 Thunderstorm electrification

The primary source of thunderstorm electrification appears to be the non inductive charging mechanism (in the absence of a
pre-existing electric field) involving rebounding collisions between small ice particles and rimed graupel in the presence of
supercooled liquid water (see Saunders, 2008). If the cloud liquid water content (LWC) ranges from about 1 to about 3 g m?,
the collisions bring positive charge to ice crystals and negative charge to graupel for altitudes higher than the -10 °C
isotherm, and opposite charge for altitudes lower than this -10°C isotherm. Due to the sedimentation of the larger particles

(graupel) and the transport of the smaller in the updraft (ice crystals), the electric charges separate so that positively charged
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ice crystals are found at high altitude, negatively charged graupel and negatively charged crystals at mid level, and positively
charged graupel at low level in the cloud. The thunderstorm cloud is then theoretically constituted of three superimposed
layers of charges (positive/negative/positive), which corresponds to most observations in temperate latitude thunderstorms.
Laboratory studies (e.g., Emersic and Saunders, 2010; Jayaratne et al., 1983) have also found that the presence of unusually
high or low cloud LWC causes graupel to acquire a positive charge and ice crystals to acquire a negative charge during the
collisions, regardless of the temperature/altitude in the mixed phase region. In this case, negative ice crystals are transported
aloft meanwhile positive graupel sediment, resulting in the presence of a negative charge layer at high altitude with a

positive charge at mid level in the thunderstorm cloud.
1.6 Electrical structure of storms

In terms of electrical structure, thunderstorms can exhibit various electrical charge distributions, each corresponding to a
particular denomination of electrical structure. Figure 1 illustrates the usual vertical charge structures in updraft cores
reported so far (see Stolzenburg et al., 1998; Bruning et al., 2014; Fuchs et al., 2015). The usual normal tripole structure
(Figure 1a) is dominated by a negative charge layer at mid level of the thundercloud depth with a positive charge layer
above, and a secondary positive charge layer at the lowest level (Williams et al., 1989). This structure therefore consists of
an upper positive dipole and a lower negative dipole. The upper positive charge layer of the normal tripole structure is most
often considered more electrically active than the lower positive charge layer (Lang and Rutledge, 2011). This bulk
distribution of charge is likely to be observed in the updraft cores and it can be much more complex in the downdrafts with
more numerous charge layers (see Bruning et al., 2014). Complex charge structures have also been observed in supercells or

mesoscale convective system (Stolzenburg et al., 1998; MacGorman et al., 2005).

Anomalous charge structures corresponding to Figure 1b and 1c have also been observed in US great plains (Lang et al.,
2004; Rust et al., 2005; Tessendorf et al., 2007; MacGorman et al., 2008) and recently in the Southeastern United States
(Stough and Carey, 2020; Stough et al., 2021). The inverted tripole storms had a midlevel positive charge layer where a
negative one is expected in regular storms. These anomalous charge structures tend to produce severe weather (Lang and
Rutledge, 2011) and to be responsible of the production of storms with predominantly positive CG flashes (Tessendorf et al.
2005; Lang et al., 2004, Wiens et al., 2005). Nevertheless, some of these anomalous storms have also produced little flash
rate and no positive CG dominance. Bruning et al. (2014) suggested that the term “inverted” could be misleading since a
storm can have a more complicated or different vertical charge structure than the normal and inverted ones. In recent studies,
the term “anomalous” is used to classify storms or parts of storms which are not identified as classical tripolar charge
structure (Figure 1b, 1c, 1d). Since normal polarity storms have a dominant positive upper charge regions around -40°C,
Fuchs et al. (2015) have described anomalous storms as storms with a dominant positive layer at temperatures warmer than -
30°C. Thus, this classification of anomalous storms concerns storms with strong midlevel positive charge layer and storms

with a dominant lower positive layer.
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Williams et al. (2005) considered that an elevated cloud base height may result in a large cloud liquid water content in the
mixed phase region. They also considered that large quantities of Cloud Condencsation Nuclei (CCN) in the boundary layer
could lead to shift of the droplet size spectrum towards small dimensions resulting in a suppression of coalescence and hence
here again in a large cloud liquid water content in the mixed phase region. Both processes would lead to the positive
charging of graupel and hence to an anomalous charge structure of the cloud. Carey and Buffalo (2007) showed that
anomalous electrical structures of severe thunderstorms were notably characterized by an environment associated with,
among other things, a dry lower troposphere, a higher cloud base height, a smaller warm cloud depth, and more intense
unstable conditions. The lack of aerosol data prevented them from analyzing the possible role of CCNs on thunderstorm
electrification. Other authors have discussed the role of environmental conditions on the anomalous electrification of
thunderstorms (Lang & Rutledge 2011; Chmielewski et al. 2018; Fuchs et al. 2018). Stough et al. (2021) have addressed
comparisons between anomalous and normal supercells within a same region, i.e. the Southeastern United States. By
considering regional variability between charge structures and environmental conditions in intense deep convection, they
evaluated hypotheses concerning the kinematic, microphysical and environmental support for anomalous charge structures.
Other anomalous charge structures have been observed outside USA, for instance: negative dipole and inverted tripole in
Japanese winter storms (Zheng et al., 2019), a multicell storm in the Qinghai-Tibet plateau showed at some point negative
dipole structure (Li et al., 2017), bi-level negative flashes in a tropical thunderstorm in Columbia (Lopez et al., 2019) and

anomalous storms with low altitude lightning in Argentina during the RELAMPAGO field campaign (Lang et al., 2020).

Furthermore, the distribution of charge in the tripole structure can vary in an important way leading to top-heavy or bottom-
heavy tripole structures (Figure 1c) depending on the relative strength of positive charge layers (e.g. Mansell et al., 2010).
For instance, Qie et al. (2005) and Bruning et al. (2007) observed thunderstorms respectively over Tibetan Plateau (China)
and Oklahoma (USA) with a low flash rate (1flash/min or less on average) that appeared to begin with lightning in the lower
negative dipole, and the subsequent lightning activity occurred mainly in the lower part of the storm. These observations

appear thus consistent with the “bottom-heavy” qualification of Mansell et al. (2010).

Sometimes the upper positive charge layer of the normal tripole structure (Figre 1a) may be absent and the charge structure
of the cloud is then reduced to what is called a lower negative dipole (Figure 1d), with a negative charge layer at mid level
above and a positive charge layer below. This type of electrical structure was observed by Salvador et al. (2021) in
Catalonia, northeast of the Iberian Peninsula. They also reported charge structures under the form of an upper positive dipole

(i.e. a positive charge layer at high altitude above a negative charge layer at mid level).

The methodology followed in the present study is described in Section 2; the general characteristics of the convection over
the global period are presented in Section 3 and declined on inter-annual, monthly, and hourly bases. The next part (Section
4) is devoted to particular observations of anomalously electrified storms characterized by a negative dipole structure with a

focus on the environmental conditions that prevail in the case of these atypical events, which are then discussed (Section 5).
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2 Methodology
2.1 SAETTA data and processing

SAETTA is a 3D lightning imager based on 12 LMA stations (designed by New Mexico Tech, USA) deployed in Corsica
since summer 2014. Its overall characteristics and performances are described by Coquillat et al. (2019). Basically, the
electromagnetic radiation emitted by propagating discharges is detected in the form of pulses in a specific range of the VHF
domain (60-66 MHz) at time intervals of 80 ps. The use of at least 6 detection stations and the time-of-arrival method
(Thomas et al., 2004) allows to determine with high spatial and temporal accuracies the position and the date of the lightning
element that emitted the detected pulse in a given time interval (called VHF source in the following). The maximum
detection range is about 350 km from the center of Corsica. However, for reasons of location accuracy that degrades with
distance (Koshak et al., 2004; Thomas et al., 2004, Coquillat et al., 2019), of source and flash detection efficiency
(Boccippio et al., 2001; Thomas et al., 2001; Fuchs et al., 2016; Chmielewski and Bruning 2016), and of difficulty in
detecting VHF sources in the lower layers due of the rotundity of the Earth, the study area is limited to a square of 240 km

side centered on Corsica.

The study period covers the months of April to December from 2014 to 2019, but a few months are missing in the early
years because the network was initially operational from 13/07/2014 to 20/10/2014, then from 11/04/2015 to 01/12/2015,
and continuously after 13/04/2016 (see overview of available data in Appendix A2). Fortunately, the months that are missing
are not the most active months or months of interest except for June and November 2014. From then on, when a month is
mentioned it implies that the results concerning this month are de facto based on the availability periods only. The VHF
sources data and their quicklooks are available on the following web link: https://saetta.aeris-data.fr/. As in Coquillat et al.
(2019), present study considers only VHF sources that have been determined with a minimum of 7 stations and with a
goodness of fit value y,2 < 0.5 (for details see the conclusion and Section A2 of Thomas et al., 2004). Both values were

empirically determined at the flash scale to disregard all isolated points without altering the flash structure.

The 3D long term observations (LTO) are built on a 3D mesh domain with a resolution of 1 km x 1 km in the horizontal
plane of the 240 km x 240 km square, and a resolution of 0.1 km in the vertical direction between 0 and 15 km altitude. It
first concerns the number of VHF sources in each 1km x 1 km pixel, which gives a good indication of the intensity of
electrical activity. The same procedure is used in the vertical W-E and S-N projections in each 0.1 km x 1 km pixel. The
vertical profile of the number of VHF sources integrated on the whole domain is also computed and displayed under the
form of an altitude histogram of VHF sources from 0 to 15 km altitude with 0.1 km depth bins. LTO then concern the
number of days of lightning. The number of days of lightning in a given 1 km x 1 km pixel is defined as the total number of
days during which at least 5 VHF sources have been detected, i.e. number of so called lightning days hereafter. This
corresponds to 5 sources in a volume of 1 km x 1 km x 15 km, i.e. 5 sources in a voxel of 15 km®. The value of 5 sources

was determined empirically to ignore isolated sources corresponding to residual noise or poorly located sources, while
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retaining low lightning activity events (Coquillat et al., 2019). In the vertical projection, this threshold of 5 sources is no
longer appropriate because the pixels have a vertical area of only 0.1 km x 1 km and a horizontal length of 240 km, i.e. they
are voxels of volume equal to 24 km®. Keeping the same ratio of number of VHF sources to voxel volume so that the results
are homogeneous, the threshold of VHF sources for a lightning day was therefore set at 8 VHF sources per pixel in each W-

E and S-N vertical plane.

According to Chmielewski and Bruning (2016), who developed a performance evaluation tool for LMA networks in the
United States, source and lightning detection efficiencies remain relatively high (about 95%) within the nearest 100 km from
the center of these LMA networks. Performance logically decreases at longer ranges, with a dependence on the station
configuration and thresholds. In the present study, where the domain is a 240 km square (i.e., containing a 120 km radius
circle), we will see in Section 3.1 that most of the electrical activity detected by the SAETTA network is essentially
distributed within the first 100 km (cf. Figure 2c), so the potential decrease in detection efficiency with distance should not

substantially affect the observations reported in the present study.

LTO are also considered on inter-annual, monthly and hourly bases. For the inter-annual and monthly bases, the number of
VHF sources is determined over the entire 240 km x 240 km domain while the number of lightning days corresponds to the
dates when at least one pixel is affected by a lightning event (i.e. the pixel contains 5 VHF sources in the horizontal plan or 8
VHF sources in the vertical plan). One must keep in mind that if a day passes without any thunderstorm event on the domain
but a piece of lightning from a thunderstorm outside the domain is present even on a single pixel, then that date will be
considered a lightning day. For the hourly basis, the number of lightning days per pixel - only on the horizontal projection -
was determined for each one-hour period in UT time. This corresponds to the 2014 to 2019 cumulative number of lightning

days per pixel for each one-hour period.

One of the main advantages of lightning observation by the LMA network is to obtain a 3D mapping of the VHF sources
corresponding to the lightning branch elements. It is also possible to have access to the polarity of the charge layers in which
the discharges propagate. Indeed, the LMA system provides information on the power with which each VHF source is
detected. Now, the propagation of a positive leader through a negative charge region does not emit radiation as strongly in
the VHF portion of the electromagnetic spectrum as the propagation of a negative leader through a positive charge region,
and so there are fewer detections in the negative charge region (e.g., Shao and Krehbiel 1996; Rison et al., 1999; Maggio et
al., 2005; Rust et al., 2005). As a matter of fact, the power of the electromagnetic radiation produced by a discharge is
proportional to the time variation of its electric current. However, negative discharges - which propagate in the positive
charge layer - are intermittent and erratic discharges for which the electric current is highly variable and thus that radiate
with relatively high power, while positive discharges - which propagate in the negative charge layer - are more continuous
discharges with lower radiation. The intensity of the radiation received is thus an indicator of the polarity of the discharges

(Thomas et al., 2001) and therefore of the polarity of the cloud zones, which makes it possible to identify the electrical
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structure of a storm cell (normal tripole, anomalous charge structures like inverted tripole, bottom heavy tripole, negative

dipole, etc.).

To determine the polarity of the charge layers in which a flash propagates, we first look at its spatial and temporal
development (XLMA software, Thomas et al., 2003). According to the physical model of lightning discharge (Kasemir,
1960), the flash develops bidirectionally from a trigger point in the form of a negative leader propagating towards the
positive layer of the cloud and a positive leader propagating towards the negative layer of the cloud. As specified by Wiens
et al. (2005), the initial VHF sources of the flash are assumed to correspond to the negative discharge. Since this negative
discharge emits more powerful electromagnetic radiation, it is more easily detected by the LMA and therefore more
documented than the positive discharge. The positive layer can thus be identified from the numerous VHF sources of the
negative discharge after its initialization phase. The negative layer corresponds to the VHF sources of the positive discharge
whose weaker electromagnetic radiation leads to a much lower density of VHF sources. However, the diagnosis of the power
with which each source is detected is essential for the analysis to be totally reliable. It avoids misinterpretation as in the
example of Figure 10 where a normal tripole characterized by an upper positive dipole with low activity (Figure 10 bottom)
could be erroneously considered as a negative dipole (Figure 10 top) since both have the same vertical profile of the number

of sources (frames c).
2.2 Meteorological data

The study of the meteorological situations is made through the Earth visualization tool (https://earth.nullschool.net/)
allowing access to the Global Forecast System (GFsS, 0.25° horizontal resolution,
https://www.emc.ncep.noaa.gov/users/meg/gfsv16/) datasets delivered by the NOAA/NWS Environmental Modeling Center.
The geographical area of the western Mediterranean basin is considered, taking into account the island of Corsica. In order to
know the large-scale atmospheric flow sweeping the island of Corsica and its reliefs, it is possible to extract for a given grid
cell the wind modulus and direction for different levels of the model. The best compromise is to study these parameters at
the 850 hPa level in order to consider a large-scale atmospheric flow not disturbed by relief flow effects but potentially
influencing the atmospheric content and convective dynamics near the reliefs. Tests have been carried out between island
and maritime areas at different levels of the model to converge towards this compromise. For a given storm event the wind
speed and wind direction at 850 hPa are considered at the center of Corsica Island at the time before and during the event. As
GFS does not resolve meso-scale convective system, we can consider the wind data are representative of the large scale

flow.

Furthermore, a synoptic situation analysis is made for each of specific June 2019 events (see section 4.4). The synoptic
context is studied for the mid-altitude layer (ZT500 field, corresponding to the 500 decameter geopotential — damgp - height,
about half the tropopause height), for the surface layer (Mean Surface Level Pressure (MSLP) and wet bulb potential

temperature 0°,), and for the Potential Vorticity1.5 layer (PV height in decameter geopotential and wind speed). These layer
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characteristics were extracted from Météo-France (the French national weather service) archive corresponding to predictions
and analysis performed operationally by ARPEGE, the French hydrostatic Numerical Weather Prediction (NWP) model.
This study allows us to infer: (i) the convective situation - cold or warm air advection for mid altitude and surface layers, (ii)
the participation of tropospheric anomaly to the convection, and (iii) the layer global Lagrangian trajectory - wind direction.
Once the synoptic situation analyzed, we use the Applications of Research to Operations at MEsoscale (AROME) non-
hydrostatic high resolution French NWP model (Seity et al., 2011) to identify the origin of the convection by analyzing

vertical profiles representation of the complete temperature profile.
2.3 Aerosol data

The life cycles of clouds are controlled by an intimate interplay between meteorology and aerosol-and-cloud microphysics,
including complex feedback processes (Myhre et al, 2013, Chen et al., 2021). To complete this long-term lightning study, we
aim to provide information on the aerosol content of the atmosphere in order to possibly identify a trend on specific events.
To do so, we use the Goddard Earth Observing System data (GEOS-5) from the Global Modeling and Assimilation Office
(GMAO, Rienecker et al., 2008), and those from the Copernicus Atmosphere Monitoring System (CAMS- ECMWEF,
https://confluence.ecmwf.int/display/CKB/CAMS%3A+Reanalysis+data+documentation) visualized and extracted through
the Earth tool (https://earth.nullschool.net/), at the point of latitude 42.42° N and of longitude 9.19° E, on Corsica. We thus
have access to modeled data of Atmospheric Optical Thickness for Dust at 550 nm (AOT Dust). The more intense this
parameter is, the more dust is concentrated in the atmospheric column, which can attenuate the incoming intensity of the
considered wavelength. To evaluate these modeled data and to ensure the content of the Corsican atmosphere in coarse
aerosol, we also use the AErosol RObotic NETwork (AERONET) data (https://aeronet.gsfc.nasa.gov/; Dubovik et al., 2006)
from the Ersa measurement site (Cap Corse - 43.00367° N, 9.35929° E), when available. This remote site is isolated from
any major anthropogenic source of aerosols and the total AOT data can be considered as representative of an atmospheric
background, and of a long range transport of aerosols contained in the atmospheric column. Level 1 and level 2 AOT data at
500 nm as well as the Spectral Deconvolution Algorithm (SDA) fine mode fraction retrieved parameter (contribution of the
fine mode of the aerosol population to the 500 nm AOT value) are used when available. When AOT Dust (dust aerosols
only) is not available in the GEOS5 and CAMS databases (mainly in 2014 and 2015), we consider the total AOT from the
AERONET database at Ersa site. The total AOT stands for the extinction along the atmospheric column due to all types of
atmospheric aerosols. The SDA fine mode fraction is used to establish the size of the sphere in the figures as a proxy of the

aerosol size contributing mainly to the AOT Dust or to the total AOT.

3. Lightning event observations over the 2014-2019 period

3.1 Total VHF sources density and lightning day distributions
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The overall observations performed with the SAETTA network are firstly presented in terms of VHF source density and
lightning day frequency. Figure 2 left represents the density of VHF sources per square kilometer according to different
projections (horizontal, vertical cumulated on the latitude, vertical cumulated on the longitude). This materializes all the
VHF sources observed from 2014 to 2019 by SAETTA. In this Figure 2c, one can observe a high density of sources in the
center of Corsica which corresponds to strong vertical developments centered on a geographical area at the crossroads of
three large valleys (approximate coordinates on the map in Appendix Al: +10 km West-East and +12 km South-North).
However, this representation has little statistical representativeness because it may be conditioned by the single occurrence
of an intense event. Thus, Figure 2g gives the number of days where the detection of sources is higher than 5 sources per day
per square kilometer. This threshold of 5 excludes days with too few sources in a pixel, i.e., sources that do not correspond to
flash but to noise (Coquillat et al. 2019). Strong frequencies of lightning days, characterized by red color density in Figure 2
right, are located over the main central relief, and also and especially over the North-East center mountainous region called
Castagniccia (approximate coordinates on the map in Appendix Al: +20 km West-East and 0 km South-North). The
maximum of VHF sources observed there (Figure 2 left) corresponds thus to a high frequency of days in which storms
occurred. This reveals a place where there are often very active thunderstorms electrically with strong vertical development,
associated with strong and intense convection. We can also see in the northeast corner of the domain a trail corresponding to
non-negligible frequencies of occurrence (yellow/green colors) associated with a displacement/spreading of thunderstorm
cells to the leeward in the northeast, the wind often coming from the southwest. Another extension of secondary lightning
activity appears offshore near the southeast coast; it is favored by base-layer convergence processes by southeast flow (e.g.
Barthlott et al., 2016).

3.2 Monthly variability of lightning day distribution

If we are now interested in the monthly variability of the SAETTA cumulative observation over the period 2014-2019, the
densities of VHF sources and the frequencies of lightning days are represented for each month (see Figures 3, 4, 5) to give a
statistical weight on the recurrence of events. In April (Figure 3 left), the observations made show little electrical activity.
The electrical activity occurs on the relief, with a maximum of 6 lightning days per square kilometer. In May (Figure 3
center), the maximum number of lightning days in a given place is 10 per square kilometer. The events occur on the relief
and on the northeast coast of Corsica. In June (Figure 3 right), the density of sources intensifies over Corsica and over the
sea, but the frequency of lightning days is much larger on the relief. We also note that the heights of occurrence of VHF
sources (see panels b - or f - of each month in Figures 3, 4, 5) are increasingly high showing that the lightning events are
associated with convection on the relief, also in connection with the development of the height of tropopause. In July (Figure
4 left), the density of VHF sources (panel c) is high over the northeastern half of the domain but the corresponding lightning
events (panel g) occur most often over a relatively small area located in the center of the northern part of Corsica (maximum
of 28 lightning days per square kilometer over the cumulative observation of July, that is to say over 186 days). In August

(Figure 4 center), the spatial distribution and intensity of density (panel c) and frequency (panel g) are similar to July, with
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slightly higher altitudes. The frequency of events is distributed as in July but also on the relief a little further west. In
September (Figure 4 right), the number of sources (panel ¢) becomes important over the sea in the east of Corsica (warmer
than in the west of Corsica) where the frequency (panel g) exhibits a maximum of 22 lightning days per square kilometer.
This behavior illustrates a change in the meteorological regime. For the month of October (Figure 5 left), the VHF source
density (panel c) remains high on most of the domain except in south-west however the corresponding events (panel g) are
most often located over the sea (maximum of 18 lightning days per square kilometer). Rare are the events on the land. It is to
note an anomaly in their vertical distribution characterized by a maximum of the VHF sources located at unexpected low
altitudes between 5 and 6 km (see section 4). In November (Figure 5 center), the events become less frequent (panel g) but
almost strong in term of VHF source density (panel c), thus reflecting the occurrence of intense events. They occur mainly
on the sea, and their maximum number of sources is located at usual heights (9-10 km). The month of December (Figure 5
right) is characterized by a clear weakening of electrical activity, with a maximum frequency (panel g) of 4 lightning days
per square kilometer. Most of VHF sources remain located at usual altitudes (lower than 8 km) for late fall and beginning of

winter.
3.3 Monthly average trend for the entire domain

The overall observations are reported as histograms (see Figure 6) based on cumulative data. Figure 6 (top) exhibits the
monthly number of lightning days over the studied domain for each year from 2014 to 2019. The additional solid line shows
the monthly average of lightning days for the whole period. One can keep in mind that data corresponding to April, May
June, November, December 2014 and December 2015 are not considered in this average because the network was not
operational at those times. This average plot shows two main maxima: (i) in June, as expected according to the elevation of
the sun in the sky and corresponding to diurnal convection, and (ii) in September, corresponding to meso-scale systems
associated with synoptic flows usually encountered in the Western Mediterranean basin during fall season from September to

November (Ducrocq et al., 2013).

The pattern of the monthly average of lightning days is consistent with that of the average monthly variation in the number
of cloud-to-ground flashes over the Iberian Peninsula of Soriano et al. (2005) and with that of the seasonal cycle of
thunderstorm occurrence over the relatively large Mediterranean basin (between 25°N and 50°N) of Galanaki et al. (2018).
Both exhibit a first maximum in June, and a second maximum in late summer in August/September for Soriano et al. (2005)
and in September for Galanaki et al. (2018). We note that the second maximum is more intense than the first in the
climatology over the Iberian Peninsula (Soriano et al., 2005) and over Corsica (present study), while it is weaker than the
first in the climatology over the extended Mediterranean basin (Galanaki et al., 2018). It is likely that the thunderstorm
events of early autumn (Ducrocq et al., 2013) have a predominant influence on the Iberian Peninsula, whose electrical
activity is mostly concentrated in northeastern Spain under the direct influence of the Mediterranean, and on Corsica, which
is totally integrated into the western Mediterranean basin. The climatology over the Mediterranean basin of Galanaki et al.

(2018) is extended to many continental regions that favor diurnal convection in June which logically should minimize the
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signal in September. Referring to the mean monthly flash count reported by Poelman et al. (2016) for the whole Europe that
minimizes the Mediterranean signature compared to the Galanaki et al. (2018) study, we see that the continental influence

largely dominates and that the Mediterranean peak of activity in September is drowned in the monomodal distribution.

The average plot in Figure 6 (top) hides some variability from year to year however September shows a remarkable
reproducibility of the number of lightning days (around 15 per month) during the whole period. We can note that 2018 was
clearly productive in terms of lightning days, especially in August with an exceptional number of 28 lightning days. In
contrast, 2017 was relatively poor in lightning events from May to August, i.e. during the period most conducive to diurnal

convection.

Figure 6 (Bottom) reproduces the annual trend of the monthly average of lightning days, with the additional information of
the mean number of VHF sources per lightning day over the whole domain (min. value: 11 738 VHF sources/day in
December; max. value: 1 132 263 VHF sources/day in August). April and December correspond to relatively low numbers
of lightning days and simultaneously low number of VHF sources per lightning day. From May to November, the average
monthly number of lightning days is higher than 10, with however a low average number of VHF sources per lightning day
in May compared to the months from June to November. Therefore, April, May and December correspond to lightning
events weakly active and/or weakly developed, while the events with the strongest electrical activity are encountered in
August.

3.4 Hourly trends of lightning day distribution

The geographical distribution of the areas most frequently impacted by total flash activity is largely dominated by convective
events over landforms (Figures 2c and 2g). It is therefore expected that this distribution is predominantly influenced by
diurnal convection. To verify this, hourly distribution maps of the number of lightning days per square kilometer were
plotted. The most significant maps are shown in Figure 7 between 10:00 UTC and 16:00 UTC. Before and after these times
(not shown in Figure 7), the hourly distribution shows low values everywhere but with more frequent activity over the sea,
especially off the east coast side from 00:00 to 08:00 UTC. Barthlott et al. (2016) numerically identified two possible
mechanisms initiating nocturnal offshore convection in the East of Corsica by (i) low level convergence due to the
interaction between katabatic flow from the relief and the synoptic flow over the sea and (ii) lee-side convergence due to the

island barrier effect.

On the other hand, we can clearly see an increase in the number of days of lightning per square kilometer between 10:00 and
11:00 above the relief near the northeast coast. From 11:00 UTC to 12:00 UTC, the area of most frequent lightning activity
extends to all the reliefs, with a much localized maximum above the crossroads of the three large valleys, near the area
where the density of global VHF sources is maximum (see Section 3 and Figure 2c¢). Between 12:00 UTC and 13:00 UTC,
the daytime flash frequency reaches its maximum above the North-East center mountainous region (Castagniccia). This

region is by far the most frequently affected by lightning activity in the middle of the day. After 13:00 UTC, the highest
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frequencies of the number of lightning days decrease while being always located on all the reliefs but with gradually a small
displacement towards the Northeast of Corsica (i.e. downwind which is often from the southwest as seen in section 3.3 and
Figure 2g). This displacement overflows on the sea between 14h00 UTC and 15h00 UTC. Between 15h00 UTC and 16h00
UTC, the lightning activity disappears from the Castagniccia and remains a little more frequent on the Western relief and at

sea near the North-East coast.
3.5 Monthly altitude distribution of VHF sources

The altitude histograms displayed in Figure 2b or 2f gather all observed events since 2014. When each month of the year is
studied separately (Figure 3, 4, 5), these histograms provide information on the average evolution of thunderstorm cell
development over the year. The comparison between all these monthly altitude histograms is proposed in Figure 8,
separating the months of April to August on one side (Figure 8 left) and the months of August to December on the other
(Figure 8 right). The histogram for August is displayed in Figures 8 left and right as a reference. From April to August, the
general trend is on the one hand an increase in the number of VHF sources whatever the altitude, and on the other hand a
shift towards the high altitudes of the maximum number of VHF sources. This observation indicates that from April to
August, on the one hand, the electrical activity on the domain increases, on the other hand, its vertical development is
increasingly high. This vertical development follows the seasonal evolution of the tropopause. From August to December,
the opposite behavior is observed with a decrease in the number of VHF sources whatever the altitude - except for the month
of October below 7 km altitude - and a decrease in the altitude of the maximum number of VHF sources - except for the

month of November because of the very peculiar behavior of the month of October.

Unexpectedly, October is characterized by a maximum number of VHF sources located at an altitude between 5 and 6 km
abnormally low compared to the altitude histograms of other months (between 7 and 10 km). The review of the 76
thunderstorm events from October 2014 to 2019 (see Figure 9) allowed us to identify 2 very huge events that produced 13.2
million VHF sources (14/10/2016, https://saetta.aeris-data.fr/quicklooks/#/day/2016-10-14) and 16.3 millions VHF sources
(29/10/2018, https://saetta.aeris-data.fr/quicklooks/#/day/2018-10-29), to be compared to the 3rd most important event which
produced only 3.1 million VHF sources. The appearance of the altitude histogram in October is thus mainly due to these two
intense events. Without these two intense events, the trend of decreasing activity and altitude of lightning persists from

August through December (Figure 8b).

4. Specific results
4.1 Negative dipoles

Not presented here, a detailed manual analysis on a flash-by-flash basis of SAETTA data of both huge events (14/10/2016
and 29/10/2018) responsible for the vertical distribution anomaly of the VHF sources in October (see Section 3.5) showed

that the thunderstorm cells were characterized by a zone of negative charge at the top and a zone of positive charge at the
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bottom, that is to say by what is called a negative dipole compared to the usual tripole structure of a thunderstorm cloud with

a zone of positive charge at the top and a zone of negative charge at mid-height and a secondary positive pole at low level.

An example of negative dipole is shown in Figure 10 (10/08/2017, Figure 10 top) and compared to a more usual positive
dipole event (15/10/2019, Figure 10 bottom) with about the same general characteristics, namely relatively small cells
moving in a southwesterly flow and few VVHF sources at the upper level (about 9 km altitude), and many VHF sources at the
mid-troposphere level (about 5 km altitude) according to the vertical histograms in Figure 10. However, two details allow to
differentiate their electrical structures: (1) the flashes of the negative dipole are intra-cloud flashes propagating over the
whole thickness of the cloud (see altitude vs. time panel) while those of the positive dipole exhibit mostly a weak vertical
development at low level (probably CGs) with only 3 IC flashes developing over the whole thickness of the cloud hence
inducing a low number of VHF sources around 9 km (see altitude vs. time panel); and (2) the diagnosis of the power with
which the VHF sources are detected (Figure 10 right) clearly shows that for the negative dipole (Figure 10j top) this power is
weak at the upper level (blue color, positive discharge propagating in a zone of negative charge) and strong at the lower level
(green color, negative discharge propagating in a zone of positive charge), meanwhile for the positive dipole (Figure 10j
bottom) this power is strong at the upper level (negative leader propagating in a zone of positive charge) and weak at the

lower level (positive leader propagating in a zone of negative charge).

The cloud systems concerned are very different from supercellular systems with inverted polarity observed in the US Great
Plains (Lang et al., 2004; Rust et al., 2005; Tessendorf et al., 2007; MacGorman et al., 2008). On the other hand,
Chmielewski et al. (2018) documented several single-cell and multicell storms with anomalous charge structures
characterized by a primarily positive charge at midlevels (cf. Figure 1b). In the present study, the SAETTA 3D mapping
shows that the negative dipoles are characterized by a moderate vertical development, a relatively weak horizontal extension
of about ten kilometers and move in a quasi rectilinear way on distances being able to reach 230 km with rather fast speeds
ranging between 80 and 90 km/h on average and up to more than 100 km/h for some of them (speed calculated from the
SAETTA observations). For example, the sequence displayed in Figure 10d top corresponds to a speed of 118 km/h
calculated from the distance between the vertical channels of the 1% and last flashes of the sequence divided by the duration

between the dates of these 1% and last flashes.
4.2 African dust influence?

One can point out that both huge events of October (14/10/2016 and 29/10/2018) are also characterized by a strong southerly
flow, which is associated with an important transport of desert dust from Africa. This is easily identifiable with the
visualization tool available on earth.nullschool.net with a display of the wind at 850 hPa and a background color
corresponding to the AOT Dust (Appendix A3 and Appendix A4, where AOT Dust and wind direction are equal to 0.745
and 175°, and to 0.618 and 170°, respectively). The observation of African dust presence can be made for the negative dipole
of Figure 10 top (10/08/2017, AOT Dust = 0.149, wind direction at 850 hPa = 235°), but not for the upper positive dipole of
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Figure 10 bottom (15/10/2019, AOT Dust = 0.080, wind direction at 850 hPa = 225°). Concerning the latter, the upstream

flow does not come from Africa but from the Atlantic Ocean through Spain and northwestern Mediterranean basin.

The question of the influence of African dust to the thunderstorm development thus arises. To address this issue, the whole
dataset of thunderstorm days has been explored and characterized from the point of view of the aerosol context and of the
influencing atmospheric fluxes. 29 negative dipole events have been identified, most of them less intense than the two
October events mentioned above. Figure 11, which gathers the information for the whole set of thunderstorm events, shows
that the negative dipole cases (red, orange and yellow spheres) occur in a highly aerosol-laden atmospheric context (AOT
Dust or total AOT > 0.2) and in a south to southwest flow sector (wind direction at 850 hPa between 160° and 250°). The
yellow spheres of arbitrary size and orange ones highlight the desert dust context with strong AOT Dust. The large sizes of
the orange spheres show that the GEOS5 and CAMS data are consistent with the in-situ AERONET photometric data in
terms of the strong presence of aerosols belonging to the coarse mode of atmospheric aerosol populations (dust type). The
large diameter red spheres show very high total AOT values and a low contribution of the fine mode of aerosols, thus
reinforcing the observation of a strong loading of the atmosphere with large aerosols. It can be noted that one lightning event
with negative dipole comes out of this trend, showing an incident wind direction at 850 hPa from the East (yellow sphere,
AOT Dust = 0.638, wind direction = 95°). After analysis, this event of 22/04/2019 remains well in a context of desert dust
which crossed the Mediterranean basin by southern flow coming from Libya, and which was gradually advected on Corsica
by an eastern flow. It can also be pointed out that some positive dipole events occurred with winds in the 210°-260° sector
and with a non-negligible dust AOT or total AOT ranging from 0.2 to 0.3. However, the small size of the corresponding blue

spheres shows that the aerosols concerned belonged mainly to the fine mode.
4.3 June 2019: aerosol and meteorological context analysis

One month in particular was very rich in negative dipole lightning events. In fact, June 2019 had 8 negative dipole events out
of 9 thunderstorm episodes, which makes June 2019 stand for 27,6 % of the 29 negative dipole events over the whole studied
period (dots with warm colours in Figure9 and dates of negative dipole events in Appendix 5 Table A5). Figure 12 provides
the aerosol context and the influencing atmospheric fluxes for all days in this month of June 2019 (including days without
thunderstorms). The 8 negative dipole events all correspond to a wind direction close to the south (200°) and to an AOT Dust
higher than the monthly average. That is to say that they are all formed by southern flow with transport of Saharan dust. As
for the 9th day of storm, the wind direction and AOT Dust are very different and the storm has a regular electrical structure.
It seems therefore that there is a strong correlation between the formation of negative dipoles and the presence of Saharan

dust particles.

On the other hand, we explored in detail the prevailing meteorological context during these 9 thunderstorms events of June
2019 in order to identify possible dynamic and thermodynamic ingredients specific to the formation of such negative dipole

thunderstorms. The objective was to characterize the large scale meteorological context associated to each of them. We will
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first do a detailed analysis for one specific and interesting stormy night (June 9-10), then expand to all other negative dipole

events.

Specific case of the 9-10" of June night: in the Figures 13 and 14 we present the synoptic situation for the event that
occurred during the night from the 9 to 10" of June. The ARPEGE run from midnight is used as an analysis of the situation.
Figure 13 shows the geopotential and temperature (ZT500) field the 10/06/2019 at 00 UTC: geopotential height, temperature
and wind barbs display a SSW flux due to the presence of a deep trough from Ireland to Morocco. On Figure 14 we display
the surface situation (MSLP and the wet bulb potential temperature, 8’w at 850 hPa level) for the same night at same hour: a
flat low is present above the entire Mediterranean sea, values of 6’w are normal over the gulf of Genoa. Figure 15 shows
infrared (10.8 GHz) Meteost Second Generation (MSG) measurements a 01:00 UTC together with Radar reflectivities and
cloud-to-ground strikes (red triangles). These pictures show (i) a top cloud temperature around -60 °C, which — crossed with
Figure 16 emagram - means that the top altitude is on the profile inversion and that there is no overshooting top, and (ii) that
precipitations and electrical activity are not intense. These figures give us some general information: (i) the global flow of
the mid altitude layers is southwesterly; (ii) convection takes place in the eastern region of a trough, where ageostrophic
horizontal winds are known to diverge and to be source of upstream winds (Holton and Hakim, 2005, chapter 6); and (iii) no
PV forcing are involved in the convection. To complete the meteorological analysis, we should assess the tropopause
configuration: a PV forcing (not shown) is present from the west of France to Iberic Peninsula, but far from Corsica and gulf

of Genoa. We can therefore suppose that this forcing had no effect on convection for this situation.

The 1.3 km scale AROME model was used to identify convection origin at lower scale. We selected the AROME run
simulating the total reflectivities (due to simulated rain) the closest to the one observed by the French precipitation radar
system. We then have made temperature profiles in simulated convective clouds. Figure 16 shows a vertical profile
corresponding to the same situation (10/06/2019 at 22H00 UTC using the AROME run of 18H00 UTC). It shows an inverted
temperature profile near the ground, overhang by a very dry layer from 970 hPa to 700 hPa. Even if the profile is unstable,
such a dry and thick layer avoids convection from the surface; only convection from the 700 hPa layer can take place where
humidity is sufficiently high. This is the case of elevated convection that occurs above the boundary layer (Corfidi et al.

2008). This profile is very close to the observations one hour later (Ajaccio radiosounding not shown).

We suggested in previous paragraphs that the negative dipole configuration could be linked to the presence of desert dust in
upper air. We have just shown that these events were observed when the mid-altitude flux was between 160° to 250°,
suggesting that air particles origin could be Sahara. We investigated this hypothesis using the HYSPLIT tool developed by
NOAA and available online (Stein et al. 2015). By considering two localizations and 3 levels (2500, 3200 and 4000 meters
high) we simulated the backward trajectories of these particles using the GFS model. The vertical profile shown in Figure 16
leads to the hypothesis that convection arises in the 700 hPa layer; this level corresponds to the 3200 meters height and
justifies the choice to compute backward trajectory at the 3200 m level. Results are shown in Figure 17 and clearly suggest

that all mid-altitude particles were above the Saharian desert 2 and 3 days before. Some of them could even be originally
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present just above the surface: red and blue curves are close to the 500-meter level between 2 and 3 days before. This may

support that air particles are full of desert dust.

All June 2019 events synthesis: the same analysis was done for each stormy day of June 2019. The Table 1 shows a
synthesis of this analysis for each of the 7 events (9 days involved). We reported the presence of negative dipole, the
direction of the mid-altitude flux, the MSLP conditions, the presence or not of a PV forcing near the Corsica island and the
gulf of Genoa and finally if it is elevated convection. All these events were associated with southwesterly mid-altitude flow
above a flat low around the Corsica Island. No PV forcing was identified except for the 21-22th event. All negative dipole
events of June 2019 corresponded to elevated convection. Moreover the HYSPLIT NOAA tool was used for all June events.
Once again a strong similarity was shown between all of them. At the altitude where elevated convection is triggered, all air
parcels were coming from the Sahara. At lower altitude, the origins where sometimes very different (Spain, Central Europe,
Mediterranean Sea). Hypotheses concerning the role of African dust in the electrification of these events will be addressed in

the following section.

5. Discussion

The 6-year LTO of the number of lightning days (Figure 2g) clearly show that lightning activity over Corsica occurs most
often over the main reliefs, with some relatively frequent events over the sea in the northeast region of the domain and to a
lesser extent near the southeast coast of Corsica. However, the hourly activity (Figure 6) confirms that this activity is
maximal between 11:00 UT and 14:00 UT, i.e. it originates from the typical diurnal convection. Moreover, Figure 3 right
side, and Figure 4 left side and center show that the months of June, July and August are the months that most clearly

influence this climatology.

Comparing Figures 4g center and 5g left side, we see that August and October are characterized by almost completely
opposite lightning day distributions. Lightning activity occurs most often over Corsica in August and most often over the sea
in October. When looking at the corresponding VHF source density distributions (Figures 4c center and 5c left side), this
behavior does not seem obvious. The reason is that rare but very active events occur over the sea in August and over Corsica
in October. August is also characterized by a distribution of VHF sources with relatively sharp contours (Figure 4c center),
while in October these contours are relatively diffuse and widespread, typical of moving cloud systems (Figure 5c left side).
Furthermore, both months exhibit almost the same average number of lightning day (Figure 6 bottom), i.e. 11.0 in August
and 12.7 in October. Yet, Scheffknecht et al. (2017) have shown that the corresponding heavy precipitations are much more
intense in October than in August. These comparisons highlight the difference in regime between these two months, with
mainly diurnal convection in August and the presence of organized convective systems in October. Beyond the dynamic and
microphysical characteristics that can explain the higher precipitation production in October, the duration of storm events is

obviously a key parameter. For example during the most active year of 2018, the average daily duration of electrical activity
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(a proxy of the duration of storm activity over the domain) - simply estimated from the start time to the end time of the total
electrical activity of all thunderstorms considered over the entire domain - is about 5 hours in August and 11 hours in

October. This should support more precipitation production in October.

Another feature of the lightning climatology that confirms the preliminary observations of Coquillat et al. (2019) is the
presence of a strong local maximum of VHF sources in a micro-region located at the convergence point of the 3 main valleys
of Corsica in the northern center of the island (Figure 2c). This area is also quite often the seat of convection (Figure 2g) and
especially between 11:00 and 14:00 UT, we can reasonably say that it favors the intense daytime convection. A more
detailed analysis of the monthly distributions of VHF sources (Figures 3c right side and Figure 4c left side and center) shows
that this micro region is particularly active in June, July and August, with perhaps a greater regularity in July (Figure 4g left
side). Tidiga et al (2018) showed that convection in this area could be favored by the convergence of low layer flows of

moist air from sea breezes channeled through these 3 main valleys.

Counting the number of days a thunderstorm hits the island each year from 2015 to 2019 (omitting the all-too-short year
2014, which underestimates the annual total), one finds an average annual number of lightning days over Corsica alone of
about 78 (over 103 on the studied domain). This number is minimal since the months of January to March are not taken into
account in this calculation because the corresponding data are either unavailable or too fragmented due to the wintering of
high mountain stations. If we compare this number of 78 annual lightning days for an island of 8740 km? with the results of
Figure 4 of Williams et al. (2004), we can say that Corsica is among the most electrically active islands, which is probably
due to its high relief. Furthermore according to Williams et al. (2004), Corsica must exhibit a more continental than maritime
behavior. As emphasized by them, the continental behavior should also be driven by the boundary layer aerosol
concentration. We have seen in section 4 that aerosols can have a clear impact on lightning activity, but surprisingly if we
refer to the study of Williams et al. (2004), it is not on the continental area but on the maritime area that this influence acts
most in the case of Corsica, and with a source of aerosols not endogenous but exogenous, and coming from Africa. This type
of behavior could also be found in the lightning events observed in Catalonia (Salvador et al., 2021).

The unexpected observation we made with SAETTA is that of anomalously electrified thunderstorms that until then were
usually known to be most often produced in supercellular systems such as those frequently observed in the US Great Plains
(Lang et al., 2004; Rust et al., 2005; Bruning et al., 2007; Tessendorf et al., 2007; MacGorman et al., 2008, Stough et al.,
2021). However Chmielewski et al., (2018) have reported some single-cell and multicell anomalously electrified storms.
They considered that dry air entrainment could promote positive charging of graupel at low temperatures by increasing the
proportion of small cloud droplets in the mixed phase layer where the noninductive charging process acts. In the present case
of the 8 negative dipole events of June 2019 for which the meteorological context has been analyzed, convection were
triggered at about 700 hPa in layers that usually contain much less water vapour than surface layer, and above a very dry

layer even though the events occurred in a maritime environment. Moreover all the negative dipoles observed by SAETTA
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are associated with a very specific aerosol environment. In such a way that we are in the presence of meteorological objects

that could provide interesting answers in the future on the involvement of aerosols in the electrification of clouds.

The present results show a very strong correlation between the appearance of cloud systems with a negative electric dipolar
structure, and the presence of large quantities of coarse dust aerosols from the African continent. This correlation does not
imply a cause-effect relationship, but it allows us to characterize the environment in which these anomalous cloud structures
develop. The question of the influence of aerosol on cloud physics is not straightforward. Rosenfeld et al. (2008) proposed a
conceptual model of a convective cloud fed with Cloud Condensation Nuclei (CCN) by polluted surface air, in which
precipitation formation is delayed by the presence of small liquid water droplets formed on the many CCN. These droplets
are transported higher to the supercooled levels where they freeze on the ice crystals. The release of latent heat induced by
this phase change at higher altitudes thus corresponds to a greater upward heat transport that reinforces convection. They
also discussed the relative impacts of the radiative and microphysical effects of aerosols, the former representing a factor

limiting convection by reducing the contribution of solar radiation to the ground.

In the present case of convective clouds exhibiting a negative dipolar structure in southern flows of African dust aerosols, the
vertical development does not seem to be reinforced compared to the usual events in the absence of African dust aerosols.
Moreover, the aerosols concerned are not of anthropogenic origin and do not come from the lower layers. Additionally,
elevated convection is triggered above a relatively warm and dry atmospheric boundary layer (at least in all cases of June
2019), so the cells are effectively fed by these desert dusts and convection is not closely related to thermal conditions on the
ground. We are therefore in the presence of a configuration that does not fit the conceptual model of Rosenfeld et al. (2008).
It can be noted that the large atmospheric optical thickness is expected to significantly limit solar radiation to the ground,
which is consistent with the relatively low surface temperature resulting in a high Convective INhibition (CIN) as seen in the

emagrams of the June 2019 negative dipole events (e.g. in Figure 16).

The question that arises is: how can the African dust aerosols (which we do not know if they are efficient CCN and even Ice
Nuclei (IN) or not) and the meteorological environment (characterized by a strong CIN, a warm and dry atmospheric
boundary layer, and an elevated convection triggering) lead to a polarity inversion? Let us assume that a positive dipole
corresponds to an intermediate cloud LWC (e.g. from about 1 to about 3 g m™, see Section 1) in the mixed phase region
where the non-inductive charging process acts. In the case of the present negative dipole events, the strong presence of desert
dust and/or the particular meteorological conditions of convection triggering in mid altitudes probably lead to cloud LWC
either weaker or stronger than these intermediate values, imposing the acquisition of a positive charge to the graupel
(Takahashi, 1978; Saunders, 2008). What are then the processes that act and how?

It appears that there may be several competing processes: (i) if the aerosols present are effective CCN, the multiplication of
supercooled water droplets can promote a high LWC in the mixed phase zone; (ii) if the aerosols present are not effective

CCN or, on the contrary, effective IN, the LWC in the mixed phase zone will be low to the benefit of the presence of many
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ice crystals, provided that the temperature conditions allow the activation of the IN; (iii) if the triggering of convection in
mid altitudes is confirmed for all the events of negative dipole on Corsica, the storm cell is fed with an air relatively poor in
water vapor (the water vapor content of the atmospheric air decreases with altitude as one rises far from the sources of
evaporation) so the LWC in the mixed phase zone is necessarily low; and (iv) if process (iii) is confirmed, process (i) will be
modulated by the smaller size of the supercooled water droplets that share the little water vapor present, so the LWC in the
mixed phase zone will be consequently low. These hypotheses tend mainly towards low LWC in the mixed phase region of
the cloud, which is probably induced by a low water vapor content that seems to be a key parameter. The relatively low
vertical development of the storm cells concerned (satellite images as in Figure 15) is consistent with this hypothesis since a

low water vapor content induces a low amount of latent heat released by condensation.

Generally, anomalous charge structures are favored in a context of high LWC riming that supports positive charging of
graupel (Saunders, 2008). For instance, Chmielewski et al. (2018) have suggested that dry air entrainment in several single-
cell and multicell storms with anomalous charge structure would enhance the proportion of droplets in the mixed phase
region by limiting the growth of precipitation sized particles through evaporation. This promotes the positive charging of
graupel by an increase in LWC. Stough et al. (2021) have analyzed supercellular thunderstorms with anomalous electrical
structure. They hypothesized that dry air may have instead reduced the superpersaturation with respect to ice, leading to an
increased magnitude of the positive charging of graupel for a given LWC, as shown from an experimental and modeling
point of view by Berdeklis and List (2001) and Mitzeva et al. (2005), respectively. Indeed during the non inductive charging
process involving graupel and ice crystals, faster growing ice surface will charge positively according to Saunders (2008),
i.e. positive graupel in case of lower supersaturation with respect to ice crystals. In present study, dry entrainment has not
been documented for the 8 negative dipole events for which the meteorological environment has been analyzed. However,
the convection was driven by air containing relatively little water vapor compared to a normal event. Thus, the hypothesis of
a strong LWC to explain this loading anomaly is unlilkely. The limitation of superpersaturation with respect to ice seems a

more likely explanation.

Another point that raises questions is that of the African dust aerosols themselves, which, by impact or friction between
them, could possibly carry an electrical charge. Should this be the case, what would be the influence of the proper charge of
the numerous aerosols on the cloud electrification processes? This question remains open in the absence, at first, of available
in situ measurements of their electric charge and of laboratory studies of water/ice condensation on initially charged

particles.

6. Conclusions and perspectives

Three-dimensional lightning observations using the SAETTA network of LMA stations have enabled accurate mapping of

total lightning activity over Corsica between 2014 and 2019. This is the first time that such long-term 3D observations have
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been produced. The depth of the data in terms of years is not sufficient to extract reliable inter-annual trends since over a 6-

year period, the variability of the signal outweighs any trend. However, the observations provide a good description of the

type of lightning events occurring in Corsica according to the months of the year, a precise location of the most affected

regions, and the most productive hourly period. Different characteristics were identified as follows:

1-

The general pattern of lightning activity is thus characterized by a maximum of activity on the relief in June, which
corresponds to the expected behavior of diurnal convection on an island of large dimensions. A second maximum of
activity of greater amplitude and associated with a more homogeneous activity from one year to another is located
in September. The lightning events concerned are mostly organized convective systems associated with the
dynamics at larger scale, and are located mainly on the east coast of Corsica and at sea with a notable recurrence in
the northeast of the area between the long cape in the North of Corsica and Italy

The accumulation of all the lightning activity over the 6-year period shows however the major role of the Corsican
relief on the recurrence of thunderstorm days. Moreover, if we consider the activity in terms of number of VHF
sources, which represents a kind of proxy of the intensity of this activity, a micro-region located at the crossroads of
the 3 main valleys (approximate coordinates on the map in Appendix Al: +10 km West-East and +12 km South-
North) is the place of a very pronounced maximum of activity. This maximum is particularly fed by diurnal
convection events in June, July and August between 11:00 and 14:00 UTC. The strong convergence of low level
flows of moist air coming from sea breezes channeled by these three valleys which meet there is supposed to be at
the origin of this maximum activity.

The information on the altitude of VHF sources also allows us to characterize the evolution of the electrical
structure of thunderstorm systems over the months. It has been shown that this structure is on average characterized
by a layer centered near the tropopause (10 km in August) showing strong electrical activity associated with
negative leader propagating in positive cloud charge carried mostly by ice crystals, and by a layer centered at mid-
troposphere (6.5 km in August) showing weaker electrical activity associated with positive leaders propagating in
negative cloud charge mainly carried by graupel (Ribaud et al., 2016). The altitude of these layers increases from
spring to August and then decreases.

The occurrence of storm systems characterized by an anomalous charge structure of negative dipole type, i.e.
consisting of a layer of negative charge on top of a layer of positive charge, has been highlighted thanks to the
vertical profiles of VHF sources. An exhaustive analysis of all the events observed over the 6-year period has
allowed us to identify the meteorological characteristics and aerosol environments associated with these negative
dipole events. All correspond to flows coming mainly from the South and carrying large amounts of dust of African
origin, characterized by high optical thickness and relatively large particle sizes. A more detailed study of the
meteorological conditions in June 2019, during which 8 of the 9 lightning events that occurred were negative

dipoles, also highlighted the very particular atmospheric conditions during these events. These conditions are
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characterized by a very dry boundary layer with a temperature inversion, thus significant CIN energy, and the

triggering of convection above the boundary layer in mid altitudes at around 700 hPa.

To explain why the observed storm systems present a negative dipole structure due to the aerosol environment and/or due to
the meteorological conditions mentioned above is a challenging question. The chain of processes involved (dynamic,
thermodynamic, microphysical, electrical) is indeed complex and the ability of African dust aerosols to act as condensation
nuclei or as ice nuclei is unknown. Based on the hypothesis of the predominance of the non-inductive charging process and
on the results of laboratory experiments (see Saunders, 2008), it seems that the hypothesis of the presence of a very low
cloud LWC in the mixed phase region is the most tempting. Indeed, in the case of very low LWC - probably exceptional -
the experimental results synthesized by Saunders (2008) in his Figure 12 show that the graupel remains positively charged
even at low temperature. This is the case for all the curves in this Figure 12 except for the curve of Saunders and Peck (1998)
for which the experimental conditions were different, as highlighted by Pereyra et al. (2000). One can also see the Figure 8
of Takahashi (1978). A very low LWC would be due on the one hand to the relatively low content of water vapor related to
the mode of initiation of elevated convection above 700 hPa. On the other hand, if the aerosols are good IN, the ice crystals
will multiply at the expense of the liquid water cloud droplets, whereas if they are good CCN, the multiplication of the liquid

water droplets may not allow to obtain a sufficient cloud water content because of the low initial water vapor content.

The negative dipole events observed in Corsica, which present very specific characteristics and which develop in an original
environment under the influence of African dust, are interesting objects which prompt us to question the microphysical and
electrical processes that act within thunderstorm cells. To answer these questions, in situ observations/measurements of
cloud microphysics, cloud LWC, water vapour content, aerosol environment, and aerosol properties - especially solubility -
would be essential. Moreover, it is not forbidden to imagine that the African dust aerosols could possibly be initially
electrically charged either during their formation or during their transport by shocks between particles. In this case, there
could be an additional unknown influence of the initial electric charge of the aerosols on the microphysical processes leading
to the formation of the drops and ice crystals and to the electric charge carried by each hydrometeor. Measurement of the
aerosol electrical charge as well as laboratory experiments of supercooled water droplet and ice crystal growth on electrically
charged CCN and IN may be required.

It would be appropriate to verify first that all the negative dipole events in Corsica, concerned by the African dust,
correspond to the triggering of elevated convection. We could also integrate a background aerosol statistic by identifying the
nature of the most influential/implicated aerosols at the climatological scale (dust, pollution aerosol, PM2.5, PM10, CO
tracer, marine aerosol). This questioning could possibly be addressed through modeling via sensitivity studies on
microphysical and aerosol schemes. Thus, many questions remain to be explored regarding these events, with a good
prospect of analyzing small-scale processes involving aerosol particles, cloud microphysics, and electrification processes.
The interactions between storm clouds and aerosols are the subject of additional studies thanks to the observations made
during the EXAEDRE campaign (https://anr.fr/Projet-ANR-16-CE04-0005).
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Figure captions

Figure 1: Updraft core charge distribution (red + and blue -) and approximate vertical distribution of the number of VHF
sources (green line) for normal and anomalous charge structures (adapted from Fusch et al., 2015): (a) normal tripole, (b)
inverted tripole, (c) bottom heavy tripole, (d) negative dipole observed in Corsica. Each dipolar substructure is indicated in
red (positive dipole constituted of a positive charge region overlying a negative charge region) and blue (negative dipole

constituted of a negative charge region overlying a positive charge region).

Figure 2: Number of VHF sources per km? (left side) and number of lightning days per kmz2 (right side) in linear scale (dark
blue: 0; dark red: maximum value indicated in each panel) over the 2014-2019 period. Each figure is composed of 4 panels:,
(a, e) vertical projection versus longitude in the top rectangle (per 0.1 km?), (b, f) altitude histogram in the top right small
square (per 0.1 km), (c, g) horizontal projection of the distribution in the bottom left square, (d, h) vertical projection versus
latitude in the bottom right rectangle (per 0.1 km?). The position of the SAETTA stations is indicated by small green or
white squares on the horizontal projections. The 1000 m altitude isocontour is displayed with a black solid line.

Figure 3: Monthly number of VHF sources per km? in log scale (top) and monthly number of lightning days per km2 in
linear scale (bottom) for April (left figures), May (center figures) and June (right figures) over the 2014-2019 period. Details
of each figure: the same as in Figure 2 caption for each month. Maximum values corresponding to the dark red color of the

color scale are indicated in each panel of each figure.

Figure 4: Monthly number of VHF sources per km? in log scale (top) and monthly number of lightning days per km? in
linear scale (bottom) for July (left figures), August (center figures) and September (right figures) over the 2014-2019 period.
Details of each figure: the same as in Figure 2 caption for each month. Maximum values corresponding to the dark red color

of the color scale are indicated in each panel of each figure.

Figure 5: Monthly number of VHF sources per km2 in log scale (top) and monthly number of lightning days per kmz2 in
linear scale (bottom) for October (left figures), November (center figures) and December (right figures) over the 2014-2019
period. Details of each figure: the same as in Figure 2 caption for each month. Maximum values corresponding to the dark

red color of the color scale are indicated in each panel of each figure.

Figure 6: Inter-annual monthly number of lightning days (upper graph) over the 2014-2019 period and monthly distribution
of the inter-annual average number of lightning days in terms of comparative VHF source humber per lightning day (bottom

graph). The number N of VHF source/day is indicated in or close to each sphere.

Figure 7: Hourly distribution of the number of lightning days per km?2 between 10:00 UTC and 16:00 UTC over the 2014-
2019 period. (a) 10:00 — 11:00; (b) 11:00 — 12:00; (c) 12:00 — 13:00; (d) 13:00 — 14:00; (e) 14:00 — 15:00; (f) 15:00 — 16:00.
Before and after this time period, the distribution exhibits only weak signals and most especially above the sea at night. The

1000 m altitude isocontour is displayed with a black or a white solid line.
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Figure 8: Monthly VHF source altitude histograms for the whole 2014-2019 period, from April to August (left) and from
August to December (right). The histogram for August is displayed in both figures as a reference. The orange and dashed
curve corresponds to the month of October without the two major events of 14/10/2016 and 29/10/2018. The very sharp peak
appearing around 9 km altitude on the October profile (see Figure 5) has been filtered out here because it is due to the

signature of aircraft trajectories.
Figure 9: Ranked histogram of the number of VHF sources detected per lightning event in October from 2014 to 2019.

Figure 10: Comparative sequences of a negative dipole (10/08/2017, top) and of a normal tripole exhibiting a upper positive
dipole at the same altitudes (15/10/2019, bottom) using XLMA displays of VHF sources versus time (left: (a) altitude versus
time from blue at the beginning of the time sequence to red at the end of the time sequence; (b) vertical projection versus
longitude; (c) altitude histogram; (d) horizontal projection; and (e) vertical projection versus latitude), and versus VHF
source power (right: (f) altitude versus time; (g) vertical projection versus longitude; (h) power distribution in dBW from
blue for the lowest power to red for the highest power; (i) horizontal projection; and (j) vertical projection versus latitude).

XLMA software was developed by Ron Thomas (Thomas et al., 2003).

Figure 11: Aerosol Optical Thickness for dust aerosols (AOT Dust (550 nm)) and wind direction at 850 hPa, for the whole
lightning event dataset over the 2014-2019 period. The red, orange and yellow spheres represent the negative dipoles. The
blue, purple and green spheres represent normal tripoles. The sphere size is a proxy of the aerosol size contributing mainly to
the AOT (calculated if the SDA fine mode fraction data (500 nm) from the Ersa site is available). The bigger are the spheres
the coarser are the atmospheric aerosols contributing to the AOT. “ADA” stands for All Data Available (i.e. AOT Dust,
Wind direction and proxy of size). “Total AOT” means that AOT stands for all types of atmospheric aerosols (data from
Ersa site) as AOT Dust (dust aerosols only) was not available in the GEOSS5 and CAMS databases in 2014 and 2015. “SNA”

stands for Size Not Available (proxy of size not available from Ersa site - arbitrary size of spheres chosen).

Figure 12: Atmospheric aerosol (AOT Dust) versus wind direction (850 hPa) background over Corsica for every day of June
2019 (stormy days or not). See Figure 11 caption for colour and size meanings. Dark grey spheres stand for ‘No Stormy’

days.

Figure 13: ZT500 at 00Z the 10/06/2019 simulated by ARPEGE hydrostatic model (00 UTC array run). Altitudes of the 500
hPa layer are labeled in damgp (decameter geopotential), Temperatures in °Celsius. Wind barbs depict wind direction and

force. The black rectangle materializes the SAETTA field of view.

Figure 14: MSLP (red line), and 850 hPa wet bulb potential temperature parameter (color with colorscale on the right side
of the image) as simulated by the ARPEGE hydrostatic model for the 10/06/2019 at 00:00 UTC (using the 00:00 UTC run).
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Figure 15: (a) MSG 10.8 IR channel the 10/06/2019 at 0:00 UTC, with colorbar in °C (b) Radar reflectivities expressed in
dBz with METEORAGE discharges accumulated during 1 hour are represented using triangles (with color depending on the

time).

Figure 16: Emagram corresponding to the geographical point of coordinates (42.08N, 08.65E), i.e. near Ajaccio on the
central West coast of Corsica, simulated by the AROME non-hydrostatic model for the 9th of June at 22:00 UTC (using the
18:00 UTC run).

Figure 17: Backward trajectories of 6 fictive particles using the GFS NWP model. Ending point altitudes are around 2500

(red), 3200 (blue) and 4000 meters (green curves).

Figure Al: Relief map of Corsica. The regions of Cap Corse and Castagniccia and the city of Ajaccio are indicated by white
arrows. All distances and altitude are in km. The origin of the reference frame corresponds to the geographical point of
coordinates 42.336°N and 9.099°E.

Figure A2: SAETTA data availability calendar (in green). The months of December to March are wintering periods for the

high altitude stations leading to a decrease in the sensitivity of the network.

Figure A3: Instant capture of wind map at 850 hPa and of Dust Aerosol Optical Thickness at 550 nm over the western
Mediterranean basin on 14/10/2016. Green circle indicates the point of study of Corsica Island to which data in the upper left

panel refer (wind direction, wind speed, and Dust AOT value). The colour bar gives the intensity of Dust AOT.

Figure A4: Instant capture of wind map at 850 hPa and Dust Aerosol Optical Thickness at 550 nm over the western
Mediterranean basin on 29/10/2018. Green circle indicates the point of study of Corsica Island to which data in the upper left

panel refer (wind direction, wind speed, and Dust AOT value). The colour bar gives the intensity of Dust AOT.

Table captions
Table 1: Meteorological features associated with each of the events identified in June 2019.

Table Al: Dates of the 29 anomalously electrified structures detected over the 2014-2019 period. The 8 events that occurred

in June 2019 and are standing for 27.6 % of all 29 events are mentioned in bold.
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Negative Z500 flux .
. L MSLP (hPa) PV1.5anomaly | Elevated convection
dipole direction
June 7" Yes SW 1015 - flat low No Yes
June 8" Yes WSwW 1020 - flat low No Yes
June 9"
( ing) Yes SW 1015 - flat low No Yes
morning
June 9-10"
(night) Yes SSwW 1015 - flat low No Yes
nig
June 14-15" Yes SSwW 1015 - flat low No Yes
June 21-22" Yes WSW 1015 - flat low Yes Yes
June 30" No W (through) 1015 - flat low No No

Table 1: Meteorological features associated with each of the events identified in June 2019.
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Figure 1: Updraft core charge distribution (red + and blue -) and approximate vertical distribution of the number of VHF
sources (green line) for normal and anomalous charge structures (adapted from Fusch et al., 2015): (a) normal tripole, (b)
inverted tripole, (c) bottom heavy tripole, (d) negative dipole observed in Corsica. Each dipolar substructure is indicated in
red (positive dipole constituted of a positive charge region overlying a negative charge region) and blue (negative dipole

constituted of a negative charge region overlying a positive charge region).
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Figure 2 : Number of VHF sources per km? (left side) and number of lightning days per km? (right side) in linear scale (dark
blue: 0; dark red: maximum value indicated in each panel) over the 2014-2019 period. Each figure is composed of 4 panels:,
(a, €) vertical projection versus longitude in the top rectangle (per 0.1 km?), (b, f) altitude histogram in the top right small
square (per 0.1 km), (c, g) horizontal projection of the distribution in the bottom left square, (d, h) vertical projection versus
latitude in the bottom right rectangle (per 0.1 km?). The position of the SAETTA stations is indicated by small green or

white squares on the horizontal projections. The 1000 m altitude isocontour is displayed with a black solid line.
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Figure 3: Monthly number of VHF sources per km? in log scale (top) and monthly number of lightning days per kmz2 in

linear scale (bottom) for April (left figures), May (center figures) and June (right figures) over the 2014-2019 period. Details

of each figure: the same as in Figure 2 caption for each month. Maximum values corresponding to the dark red color of the

color scale are indicated in each panel of each figure.
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Figure 4: Monthly number of VHF sources per km? in log scale (top) and monthly number of lightning days per km? in

linear scale (bottom) for July (left figures), August (center figures) and September (right figures) over the 2014-2019 period.

Details of each figure: the same as in Figure 2 caption for each month. Maximum values corresponding to the dark red color

1080 of the color scale are indicated in each panel of each figure.
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1085 Figure 5: Monthly number of VHF sources per km2 in log scale (top) and monthly number of lightning days per km? in

1090

linear scale (bottom) for October (left figures), November (center figures) and December (right figures) over the 2014-2019

period. Details of each figure: the same as in Figure 2 caption for each month. Maximum values corresponding to the dark

red color of the color scale are indicated in each panel of each figure.
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Figure 6: Inter-annual monthly number of lightning days (upper graph) over the 2014-2019 period and monthly distribution

of the inter-annual average number of lightning days in terms of comparative VHF source number per lightning day (bottom

1095 graph). The number N of VHF source/day is indicated in or close to each sphere.
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10:00-11:00 UTC 11:00-12:00 UTC
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1100 Figure 7: Hourly distribution of the number of lightning days per km2 between 10:00 UTC and 16:00 UTC over the 2014-
2019 period. (a) 10:00 — 11:00; (b) 11:00 — 12:00; (c) 12:00 — 13:00; (d) 13:00 — 14:00; (e) 14:00 — 15:00; (f) 15:00 — 16:00.
Before and after this time period, the distribution exhibits only weak signals and most especially above the sea at night. The

1000 m altitude isocontour is displayed with a black or a white solid line.
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Figure 8: Monthly VHF source altitude histograms for the whole 2014-2019 period, from April to August (left) and from

August to December (right). The histogram for August is displayed in both figures as a reference. The orange and dashed
curve corresponds to the month of October without the two major events of 14/10/2016 and 29/10/2018. The very sharp peak

appearing around 9 km altitude on the October profile (see Figure 5) has been filtered out here because it is due to the

signature of aircraft trajectories.
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Figure 9: Ranked histogram of the number of VHF sources detected per lightning event in October from 2014 to 2019.
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= T - =
E 12f (a): E e (f)_
Rl it gSllllllli l I It
= a4 E s 4 3
DY SO R D S R I E0 ........ N TE
0728:20 07:32:40 073530 o7:38:20 07:42:40 072820 oz 073600 07:38:20 07:42:40
£ 3 3 10}
£ 12f b 12 c b 10% FPowe
5 st {9 ( ) 8 o ( ) 5 e 1 (g) 1% \“l
™~ : b — — 2 o «(h) \
- NECE 2 L o AN
(o] 0 0 alt-histogram 0 10 20 30 40 2 0 20 40 60
~ . ‘ ‘ ‘ . ‘ e : o
S . ( { @ e T} B )
Bl (
o ) Y \
-~ . ] -
O Eef 80 E wof
- g !
] - )
2 3 )
£ sof 4 so - £ o /
2
: e~ i 21
240 -i»f/« I"&T g ESG ERRLY _1% 240 -g" { E
NEGATIVE | | NEGATIVE
30f i 4 20 0f B E
.. dipole . o Mipole
[) 10 20 30 40 0 1 8 12 0 10 20 0 10 0 4 8 12
[East-Wes! distance (km) Altitude {km) East-West distance (km) Altiude (km)
SAETTA LMA on 15 Oct 2018 SAETI'J\ LMA on 15 Oct 2019
£ 12F a)- £ 12E
£ o e I & {
Sl | i NNE 543"'“""" (LR L !|l
0 . 0
11:14:20 11:22:40 11:31:00 113820 |1'47:40’ 11560 11:14:20 11:22:40 11:31:00 112920 11:47:40 11560
| e - — T ——
E2 .y (b) S = (c) Ee (8) | =} A
£ °F \ ’ L 3 a',’_,,__‘; 2 L3 1 19 ,;h
o =l e 1 rEmes £ e - oph)E
S 50 40 a0 20 10 0 a-histogram 50 40 30 20 10 [ 2 0 2 40 80
ey T oy T T T T
¥ F N
Q 0 Jz;. ™y [} (e) of )b'“"v (I) e
o C i .
..‘:L g 10 P/f} A0fr . g 0F E
n ; 3 ny. 7 H 5
- Baf 2 V5 2p 4 % fa0f 2 3
h A ; “
5 o s %
i_j aof ?} 3 a0 ij ‘2 a0f E
5 5
) 40 "\; Upper 40 ;*#' ) 0 Upper
-40F ks 4 0f ¥ 40 e 3 -
S P i o
S0f £ L 1 L3 SO S0 4 o s I R W lud
50 40 0 20 10 0 0 4 8 12 50 40 30 20 10 [ 0 4 8 12
Easi-West distance (km) Alitude flem) East-West distance <m) Alitude fam)

Figure 10: Comparative sequences of a negative dipole (10/08/2017, top) and of a normal tripole exhibiting a upper positive
dipole at the same altitudes (15/10/2019, bottom) using XLMA displays of VHF sources versus time (left: (a) altitude versus
time from blue at the beginning of the time sequence to red at the end of the time sequence; (b) vertical projection versus
longitude; (c) altitude histogram; (d) horizontal projection; and (e) vertical projection versus latitude), and versus VHF
source power (right: (f) altitude versus time; (g) vertical projection versus longitude; (h) power distribution in dBW from
blue for the lowest power to red for the highest power; (i) horizontal projection; and (j) vertical projection versus latitude).

XLMA software was developed by Ron Thomas (Thomas et al., 2003).
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Atmospheric background conditions for storm events for 2014-2019 period
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Figure 11: Aerosol Optical Thickness for dust aerosols (AOT Dust (550 nm)) and wind direction at 850 hPa, for the whole
lightning event dataset over the 2014-2019 period. The red, orange and yellow spheres represent the negative dipoles. The
blue, purple and green spheres represent normal tripoles. The sphere size is a proxy of the aerosol size contributing mainly to
the AOT (calculated if the SDA fine mode fraction data (500 nm) from the Ersa site is available). The bigger are the spheres
the coarser are the atmospheric aerosols contributing to the AOT. “ADA” stands for All Data Available (i.e. AOT Dust,
Wind direction and proxy of size). “Total AOT” means that AOT stands for all types of atmospheric aerosols (data from
Ersa site) as AOT Dust (dust aerosols only) was not available in the GEOSS and CAMS databases in 2014 and 2015. “SNA”

stands for Size Not Available (proxy of size not available from Ersa site - arbitrary size of spheres chosen).
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Atmospheric aerosol background and wind direction
over Corsica during June 2019
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Figure 12: Atmospheric aerosol (AOT Dust) versus wind direction (850 hPa) background over Corsica for every day of June
2019 (stormy days or not). See Figure 11 caption for colour and size meanings. Dark grey spheres stand for ‘No Stormy’

days.
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Figure 13: ZT500 at 00Z the 10/06/2019 simulated by ARPEGE hydrostatic model (00 UTC array run). Altitudes of the 500
hPa layer are labeled in damgp (decameter geopotential), Temperatures in °Celsius. Wind barbs depict wind direction and
1150 force. The black rectangle materializes the SAETTA field of view.
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1155
Figure 14: MSLP (red line), and 850 hPa wet bulb potential temperature parameter (color with colorscale on the right side
of the image) as simulated by the ARPEGE hydrostatic model for the 10/06/2019 at 00:00 UTC (using the 00:00 UTC run)

1160

48



.‘No data

.\NO detection
]-9<= val(dBz) <-4
[ ]-4<=val(dB2) <0
lo<=val(dBz) < 4
.‘4<=val(dEz)<B

B 8<= val(dB2) <16
[l 16<= val(dBz) <20
.‘20<= val(dBz) <24
[ ]24<=val(dBz) <28
[28<= val(dB2) <32
32<= val(dBz) <36
.36<= val(dBz) <40
D‘40<= val(dBz) <44
D‘44<= val(dBz) <48
.‘48<= val(dBz) <52
Bl 52<= val(dBz) <56
W56<= val(dBz) <64
W val(dBz)>=64

W out of range

(a) (b)

Figure 15: (a) MSG 10.8 IR channel the 10/06/2019 at 0:00 UTC, with colorbar in °C (b) Radar reflectivities expressed in
1165 dBz with METEORAGE discharges accumulated during 1 hour are represented using triangles (with colour depending on
the time).
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Figure 16: Emagram corre

simulated by the AROME non-hydrostatic model for the 9th of June at 22:00 UTC (using the

central West coast of Corsica,

: dew point.

18:00 UTC run). Black line: temperature, blue line: wet bulb temperature, black crosses
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Figure 17: Retro trajectories of 6 fictive particles using the GFS NWP model. Ending point altitudes are around 2500 (red),
3200 (blue) and 4000 meters (green curves).

51



1180
Appendix Al: Relief map of Corsica
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Figure Al: Relief map of Corsica. The regions of Cap Corse and Castagniccia and the city of Ajaccio are indicated by white
1185 arrows. All distances and altitude are in km. The origin of the reference frame corresponds to the geographical point of
coordinates 42.336°N and 9.099°E.
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Appendix A2: Table of available SAETTA data
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Figure A2: SAETTA data availability calendar (in green). The months of December to March are wintering periods for the

high altitude stations leading to a decrease in the sensitivity of the network.
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Appendix A3: Instant capture of the aerosol and meteorological situation on 14/10/2016

1200
Figure A3: Instant capture of wind map at 850 hPa and of Dust Aerosol Optical Thickness at 550 nm over the western
Mediterranean basin on 14/10/2016. Green circle indicates the point of study of Corsica Island to which data in the upper left
panel refer (wind direction, wind speed, and Dust AOT value). The colour bar gives the intensity of Dust AOT.
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Appendix A4: Instant capture of the aerosol and meteorological situation on 29/10/2018

1210

Extinctio

Figure A4: Instant capture of wind map at 850 hPa and Dust Aerosol Optical Thickness at 550 nm over the western
Mediterranean basin on 29/10/2018. Green circle indicates the point of study of Corsica Island to which data in the upper left

1215 panel refer (wind direction, wind speed, and Dust AOT value). The colour bar gives the intensity of Dust AOT.
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Appendix A5: Dates of anomalously electrified structure over the 2014-2019 period

Date of anomalously electrified structure
over the 2014-2019 period

20/07/2014
03/08/2014
19/04/2015
13/06/2015
10/05/2016
23/07/2016
14/10/2016
06/05/2017
26/06/2017
28/06/2017
24/07/2017
10/08/2017
04/04/2018
11/06/2018
16/07/2018
21/07/2018
29/10/2018
01/11/2018
01/11/2018
22/04/2019
07/06/2019
08/06/2019
09/06/2019
10/06/2019
14/06/2019
15/06/2019
21/06/2019
22/06/2019
23/10/2019

Table Al: Dates of the 29 anomalously electrified structures detected over the 2014-2019 period. The 8 events that occurred

in June 2019 and are standing for 27.6 % of all 29 events are mentioned in bold.
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