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Abstract. The World Wide Lightning Location Network
(WWLLN) operates a distributed network of stations which
detect lightning signals at a planetary scale. Very high cur-
rents from lightning strokes radiate strong very low fre-
quency signals in the 6-22kHz band, which are detected
up to 10000 km away by the WWLLN stations and which
are used to determine the time and position of the lightning
stroke detected by triangulation, similarly to global position-
ing systems. Studies of the performance of the WWLLN in
different areas around the world have already been reported
in the literature, but similar studies for west European re-
gions are still unavailable. This work presents a study to de-
termine the detection efficiency and location accuracy of the
WWLLN over Spain by comparing its data with those of the
Spanish State Meteorological Agency, AEMET, during 2012
taken as the ground truth. The study provides a detection effi-
ciency for the WWLLN of around 29 % and a location accu-
racy of between 2 and 3 km. The efficiency for high-energy
strokes is considerably higher. A study of four subregions
with different geographical features is also considered. The
peak current distribution of lightning events in these regions
is obtained, and a possible link to the WWLLN performance
is discussed. Finally, an application of the WWLLN data for
three major storms in 2020, 2021, and 2022 in the Mediter-
ranean area of Spain demonstrates that the WWLLN is well
suited for tracking the time evolution of adverse meteorolog-
ical phenomena.

1 Introduction

An important objective of regional and national lightning lo-
cation networks is the detection and tracking of cloud-to-
ground (CG) lightning strokes. The CG lightning strokes
coexist with cloud-to-cloud (CC) and intra-cloud (IC) dis-
charges. While the study of IC events is of great interest be-
cause they are considered a more important natural source of
high-frequency and very high frequency radiation (Thomas
et al., 2001) and are of direct interest to air traffic controllers,
for instance, the social interest in monitoring and detecting
CG activity relies on the fact that CG discharges are the main
discharge type that pose a danger to people and cause death
and other economic damage, such as forest fire or other dis-
asters. Lightning activity is also important in areas such as
energy and telecommunication network management. In the
year 2023, the risk of forest fire was extremely high due to
the long period of drought affecting the Iberian Peninsula;
therefore, lightning activity information may be of great so-
cial interest in preventing fire (Benito-Verdugo et al., 2023;
Pérez-Invernén et al., 2023; Rodrigues et al., 2023). Addi-
tionally, lightning discharges are closely related to storm dy-
namics and provide much relevant meteorological informa-
tion, relevance which is currently growing because it seems
that global warming is accelerating (Ciraci et al., 2023).
Global networks, such as the Earth Networks Total Light-
ning Network (ENTLN), https://www.earthnetworks.com/
(last access: 6 March 2024); the Global Lightning Detec-
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tion Network GLD360 of Vaisala, https://www.vaisala.com/
en/products/systems/lightning/gld360 (last access: 6 March
2024); or the World Wide Lightning Location Network
(WWLLN), https://wwlln.net/ (last access: 6 March 2024),
provide global Earth information for the purpose of monitor-
ing these atmospheric phenomena and enabling users faster
access to locations and warnings of storms and other forms of
severe weather hazards, such as tornadoes, downbursts, and
hail. Knowing the accuracy of the data provided by these net-
works is very important for potential customers who might
use or analyze those data.

Different works clearly show the interest in the use of the
WWLLN as a fundamental tool to study different geophys-
ical aspects concerning global lightning activity across the
Earth. A comparison of the lightning activity in two areas of
the Congo Basin during the years 2012 and 2013, based on
data from the WWLLN, can be found in Kigotsi et al. (2018).
The network’s capacity for analysis at a global scale is used
in Ccopa et al. (2021) to compare the lightning activity dur-
ing the years 2012 and 2013 with the universal Carnegie
curve. The relation between storms and gravity waves and
their effect on the ionosphere are addressed in Chowdhury et
al. (2023) using data from the WWLLN and satellite obser-
vations from the Global Navigation Satellite System — Total
Electron Content (GNSS-TEC) database. A local use of the
WWLLN is presented in Chowdhury et al. (2023), in which a
study of the energetic electron precipitation in the Van Allen
belts induced by lightning activity is carried out. New and
unexpected studies naturally emerge from the existence of
these global networks. For example, Jacobson et al. (2021)
address the problem of identifying which part of the atten-
uation produced in the extremely low frequency band, from
5 to 20 Hz, originates from reflections in the D layer of the
ionosphere. It is precisely the information provided by glob-
ally distributed stations such as those of the WWLLN that
helps in designing a model to study wave propagation in the
natural electromagnetic cavity defined by the Earth’s surface
and the lower ionosphere.

Currently, the performance of the WWLLN is well es-
tablished for different areas of the Earth, including Brazil
(Lay et al., 2004), Australia (Rodger et al., 2004, 2005),
Aotearoa/New Zealand (Rodger et al., 2006), the United
States (Abarca et al., 2010), China (Fan et al., 2018), and
part of the Western Hemisphere (Rudlosky and Shea, 2013;
Thompson et al., 2014). However, analysis of the WWLLN’s
technical performance in other regions is still missing. The
main goal of this work is to determine the performance of
the WWLLN in Spain in terms of providing accurate data for
the study of lightning or related events in this zone and sur-
rounding areas. To this aim, an initial comparative study is
carried out to determine the detection efficiency (DE) and lo-
cation accuracy (LA) of the WWLLN over Spain in continen-
tal and insular regions together with surrounding seas. The
WWLLN data are compared with independent data taken
from the Spanish State Meteorological Agency, AEMET,
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which are considered the ground truth. These reference data
from AEMET were openly accessible and cover the period
from 1 January 2012 to 30 April 2012; soon after, a new
WWLLN station, the 69th one, was installed by the Uni-
versity of Valencia, and it has been continuously operating
since June 2011. Our work will show that the WWLLN
provides values for the DE and LA in the area of Spain
which are higher than those that have been reported up to the
present, with remarkable results for high-peak-current light-
ning strokes. A subsequent second study concerning four
Spanish subregions with different geographical characteris-
tics is detailed to detect possible variations in the WWLLN
performance and their link to differences in the energy dis-
tribution of lightning strokes in these areas. It must be noted
that the study presented here provides the performance of the
WWLLN during 2012 and that subsequent technical devel-
opments of the WWLLN mean that these values must be un-
derstood to be of direct interest only for studies focused on
lightning activity evolution or as lower bounds for the cur-
rent WWLLN performance in Spain and surrounding areas.
Once the technical capabilities of the WWLLN in Spain are
established in this work, its use in monitoring three events
of strong lightning and hail activity which more recently af-
fected the area of Valencia, in the east of Spain, in 2020,
2021, and 2022, respectively, will be analyzed.

The paper is organized as follows. Section 2 describes
the main characteristics of the WWLLN. Section 3 includes
some details on the AEMET network used as reference. Sec-
tion 4 presents and discusses the main results concerning the
initial study of the WWLLN performance in Spain, giving its
DE and LA parameters in five cases. First, the whole Span-
ish region is considered; this is followed by a study of four
geographically different subregions and the possible link be-
tween the variations in the energy distribution of the storms
in these areas and the WWLLN performance. A final and
more qualitative example is presented in Sect. 4.3, which
shows the capabilities of the WWLLN to successfully mon-
itor the evolution of three severe storms which affected Va-
lencia between 2020 and 2022. The main conclusions of the
work are finally summarized in Sect. 5.

2 The WWLLN: main characteristics and present
knowledge

The WWLLN under study in this work operates a ground-
based globally distributed network of stations with very low
frequency (VLF) antennas that detect lightning electromag-
netic signals around the Earth. Very high currents from light-
ning radiate strong VLF signals in the 622 kHz band, which
are detected at distances of up to 10000 km. The WWLLN
was deployed by the University of Washington (USA) and
the University of Otago (Aotearoa/New Zealand), with the
cooperation of and maintenance carried out by a large num-
ber of universities and research institutions around the world.
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The distribution of associated active stations across the whole
Earth, at slightly more than 60 active stations since 2014
(Holzworth et al., 2021), makes it possible for the WWLLN
to obtain the global locations of lightning strokes at a plan-
etary scale with continually improved accuracy (Dowden et
al., 2002; Lay et al., 2004; Jacobson et al., 2006; Rodger et
al., 2005, 2006, 2009; Shevtsov et al., 2016).

From an electromagnetic point of view, the Earth’s atmo-
sphere can be considered an almost lossless volume located
between the ground plane and the ionosphere. The system
acts as a parallel-plate waveguide with small losses and is
known as the Earth—ionosphere waveguide (EIWG). Light-
ning activity generates extremely high currents which ex-
cite electromagnetic propagating modes in the EIWG. Those
modes resonating along the radial direction, i.e., between
the ground and the ionosphere, have resonance frequencies
controlled by the ionosphere altitude, 7 ~90km, and are
known as sferic modes or, simply, sferics. For the fundamen-
tal mode, # is half the wavelength, which gives a resonance
frequency of around 1.67 kHz. This fundamental mode to-
gether with the first higher-order modes is located in the VLF
range and may propagate over long distances without signif-
icant attenuation. For this reason, the WWLLN stations are
designed to detect propagating electromagnetic fields in the
kilohertz range, a band where lightning strokes excite a large
amount of power and losses are low, enabling their detection
at distances of around 10 000 km. This explains the success-
ful operation of the WWLLN even when the distances be-
tween its stations were around 5000—15 000 km before 2012.
Finally, the detecting hardware of stations can take advantage
of audio frequency systems (below 20kHz), such as sound
cards, which are cheap and easy to obtain.

When a lightning stroke happens, a sferic mode is excited
and the antennas and hardware of some of the WWLLN sta-
tions around the Earth detect a time-limited electromagnetic
signal in the VLF band with a duration of milliseconds. The
time of arrival of the signal from the source to the antenna
of each detecting station is measured using the timing signal
of a satellite global positioning system. This time of arrival
is used to calculate the distance from the station to the sig-
nal source, and, finally, the location of the source is obtained
by triangulation, using the distance to several stations, simi-
larly to the Global Positioning System (GPS). The detection
of the sferic arrival at each station is a difficult task because
of the background noise. Therefore, improved trigger tech-
niques have been developed and combined with minimiza-
tion methods in order to provide the correct timing of the ar-
rival. The time-of-group-arrival method and some improve-
ments can be found in Dowden et al. (2002) and in Rodger et
al. (2009). The lightning is processed and registered by the
WWLLN system and is recorded as a correct detection if and
only if the signal is simultaneously detected by a minimum
of five stations. It is worth noting that care must be taken
when interpreting data of lightning locations below a given
length scale. This is because the distance determined by the
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WWLLN corresponds to an equivalent VLF antenna trans-
mitting from an effective point, but the actual lightning stroke
path is not usually a vertical one; thus, the distance detected
will not exactly coincide with the stroke contact point on the
ground. This distance is even more approximate because of
our comparison with independent AEMET results, which are
obtained with low-frequency (LF) technology where charac-
teristic distances differ from those of the WWLLN.

The WWLLN had 40 receiving sensors in 2010, providing
a DE of around 11 % for peak currents greater than 20 kA
(Abreu et al., 2010) and an LA of around 5km. A recent
comparison over time of the WWLLN detection efficiency
for different peak currents can be found in Holzworth et
al. (2019) for the Aotearoa/New Zealand area. The number
of active stations, an important number, has increased to an
almost stable number of around 60 active stations since 2014.
In particular, the WWLLN station at Valencia (Spain) was set
in operation by the team at the University of Valencia in June
2011; this team has been responsible for the maintenance of
this station since then. This fact partially justifies our interest
in assessing the still-unknown performance of the WWLLN
in the Spanish area, but it is not our only reason. Effectively,
despite the global nature of the network suggesting that the
WWLLN behavior in Spain would be similar to that known
for other areas of the world, the characteristics of Spain, with
important geographical differences over relatively short dis-
tances (coasts, islands, mountain ranges, an inland plateau
region surrounded by mountain regions, etc.), may greatly
affect storm characteristics and, therefore, WWLLN perfor-
mance over relatively short distances.

The WWLLN receiving sensors use a single 1.5 m whip
antenna to measure the vertical polarization of the electric
field associated with the sferic signal. The sensing procedure
does not differentiate between CG and CC/IC discharges,
since the whip antenna is sensitive to the vertical electric field
and the two types of discharges show a similar behavior as re-
gards this component of the electric field. The EIWG modes
associated with the sferic signals are mainly excited by CG
vertical strokes, although they may also be excited by strong
IC and CC strokes. Therefore, differences between 1C/CC
and CG strokes are difficult to infer from the sferic signal,
and both IC/CC and CG strokes are included in the signals
measured by the WWLLN (Hutchins et al., 2012a).

The WWLLN data are provided to customers and mem-
bers of the WWLLN in different formats. The APP files used
in this paper provide the following information for each light-
ning stroke detected:

— the date and time in UTC, with the time resolution in
microseconds;

— the latitude and longitude in degrees with four decimals;
— the residual fit time error in microseconds (< 30 us);

— the number of stations which detect the signal (a mini-
mum of five stations);
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— the root mean square (rms) power estimation in kilo-
watts (kW) from 7 to 17 kHz in a 1.3 ms sample time;

— the power uncertainty (kW) in the power calculation;

— the number of stations which detect the stroke used for
the power estimation, with a subset of stations within
a range of less than 10000 km distant from the stroke
used for the power estimation.

The whip antenna, the preamplifier, and the global posi-
tioning system are located outside the building on which the
station is mounted. The preamplifier is wired to a sound card.
The sound card is a typical commercial one that is inserted
into the board of a desktop computer that has broadband
connection inside the building. This computer processes the
sferic time-domain signal combined with the global position-
ing system timing signal and transmits the data to the pro-
cessing stations. The antenna is anchored to the steel struc-
ture of the building to have a good ground plane and thus
to provide a good signal-to-noise ratio in the sferic band-
width (Dowden et al., 2002). The WWLLN receivers are
designed to be sensitive to the vertical electric field from
lightning strokes, minimizing the influence of magnetic in-
duction; therefore, the sensors show the important property
of being strongly immune to artificial VLF magnetic fields
(Lay et al., 2004), signals which are difficult to isolate from
industrial machines, household appliances, and other elec-
tronic systems. Minimization methods are used to obtain the
time of group arrival and lightning locations. The quality of
these data is given by the residual fit time error, which is
lower than 30 us (Dowden et al., 2002; Rodger et al., 2005,
2009).

Prior to addressing in this work the task of determining the
features of the WWLLN in Spain, let us consider the present
knowledge of this network and its performance in different
areas around the world. As mentioned before, there is a re-
duced set of bibliographic works in which the WWLLN DE
and LA are analyzed. The more relevant ones among these
studies are summarized in Table 1, which includes details
on the time period of the study, the area of assessment, the
number of stations available in the WWLLN at that moment,
and the time-difference and spatial-distance criteria for con-
sidering the detected stroke to be coincident with a light-
ning stroke of the reference network. The network features
in each specific area are summarized in this table by means
of two parameters: the DE and the LA. It is worth noting that
these two quantities must be considered total detection val-
ues; i.e., they correspond to all the detected lightning strokes,
independently of their current peak amplitude. More detailed
information on the DE values for specific current peak am-
plitudes can be found in the works referenced in Table 1.
In these works, the WWLLN results are mainly compared
with data from other terrestrial networks and, to a lesser ex-
tent, with satellite detection systems. These reference terres-
trial networks operate continuously at a national or regional
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scale, while the information from satellites is not global and
is only available for limited periods of time, since these sys-
tems orbit over a certain area of the Earth at specific times.
In addition, they mostly detect IC and CC flashes by means
of photodiode detectors embedded in the satellite (Suszcyn-
sky et al., 2000; Rudlosky and Shea, 2013; Thompson et al.,
2014).

From a general point of view, the details reported in the
studies in Table 1 show interesting results which must be
taken into account when using data from the WWLLN. As
regards the influence of the distance at which the light-
ning stroke happens, the work by Rodger et al. (2006),
the founders of the WWLLN, reveals a decreasing DE in
the daytime for stations at a distance beyond 8000 km and
a DE that is negligible for stations at a distance beyond
14 000 km. However, the DE was accurate between 10000
and 12 000 km during the nighttime, which is valuable infor-
mation to use in determining the geographical distribution
of stations. As regards the effect of the lightning stroke en-
ergy, low-energy strokes may be dismissed mainly due to the
attenuation when distances are large. Therefore, an improve-
ment in the DE and LA for high-energy strokes is expected,
with values well above the low values included in Table 1,
which, as previously mentioned, correspond to all the light-
ning strokes detected independently of their peak amplitude.

Focusing on the results shown in Table 1 and the refer-
ences therein, an initial very low DE for the early WWLLN
measurements in 2003 was found, which was on the order of
1 % of the total lightning strokes detected by the reference
networks and reached values of around 10 % for the year
2012, i.e., the year of this study. This is a shortcoming of the
WWLLN compared to national or regional networks, but the
global-scale nature of the network compared with the local
or regional scale of the reference agencies must be taken into
account. Moreover, the DE has large variations depending on
the area of the Earth. Large differences are found in the DE
and LA estimations shown in Table 1. The DE was assessed
to be 0.3 % in March 2003 in Brazil (Lay et al., 2004), while
the value reported in Florida between April and September
2004 was about 4 % for currents larger than 50kA in abso-
lute values (Jacobson et al., 2006). The best data recorded
by the WWLLN so far comprise a DE of 31 % obtained
in the Pacific Ocean in January 2010 for a subarea of the
whole Western Hemisphere region considered in Rudlosky
and Shea (2013) and shown in Table 1. The discrepancies
in the results may be due to changes in the number and geo-
graphical distribution of active WWLLN stations because the
network has increased its number of active sensors over the
years. There were 11 stations in the first evaluation in 2003,
a number which was augmented to 20 stations in 2004, and
there have been around 60 active stations since 2012 (Holz-
worth et al., 2021). Differences seem to also be related to
increasingly sophisticated processing techniques (Rodger et
al., 2004, 2005, 2009). Moreover, the WWLLN has changed
the distribution of active receiving sensors in different areas
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Table 1. WWLLN performance compared with other networks between 2004-2015.
Authors Time period Area Available  Criteria DE LA
stations (%) (km)
Lay et al. (2004) 6,7, 14, 20, 21 Brazil [15°S, 25°S], 11 3ms, 0.3 2025+13.5
March 2003 [40° W, 55° W] 50km
Rodger et al. (2004) 23, 24 January 2003 Australia [25° S, 37°S], 11  3ms, 1.0 30.0
[142°E, 154° E] 50km
Rodger et al. (2005) 13 January 2004 Australia [25° S, 37°S], 18 3 ms, 13.0 34
[142°E, 154°E] 50km
Rodger et al. (2006) 1 October 2003 Aotearoa/New Zealand [34° S, 49°S], 26 0.5ms 5.4 -
to 31 December 2004  [165°E, 180°E]
Jacobson et al. (2006) 27 April to 30 Florida, circle with radius 19  1ms, <1.0 15.0-20.0
September 2004 of 400 km 100 km
Abreu et al. (2010) 1 May to Canada, [41.78°N, 45.78°N], 29  0.5ms 2.8 7.24+6.24
31 August 2008 [77.48°W, 81.48° W]
Abarca et al. (2010) 5 April 2006 to United States [25° N, 45°N], 38 0.5s, 6.2 NS: 4.03
31 March 2009 [75°W, 125° W] 20km EW: 4.98
Rudlosky and Shea (2013) 1 January 2009 to Western Hemisphere [38° N, 38-66 330ms, <9.2 11.0
1 January 2012 38°S], [165°E, 17° W] 25km
Thompson et al. (2014) 1 January 2010 to Western Hemisphere [38° N, 38° S], 3866 0.4s, <20 -
30 June 2011 [165°E, 17° W] 0.15°
Fan et al. (2018) 1 January 2013 to China [24° N, 40° N], 70 0.5s, 10.0 9.97+0.54
1 January 2015 [93°E, 105°E] 50 km
Kigotsi et al. (2018) 2005-2013 Congo Basin [4° S, 1°N], [25°E, 30°E] 11-67 0.5s, <175 -
and [4°S, 1°N], [18°E, 23°E] 50km

of the Earth. Other explanations for the discrepancies may be
due to the assumed “ground truth” of the different networks
used for comparison with the WWLLN (Abarca et al., 2010),
some of them reporting an LA with errors assumed to be be-
tween 80 %90 % (Lay et al., 2004; Brundell et al., 2002;
Rodger et al., 2006). Technology deployment is focused on
the detection of CG strokes, with the exception of the Los
Alamos Sferic Array (Jacobson et al., 2006), whose DE is
similar for both CG and CC/IC strokes. As regards the na-
tional and regional networks used as reference, these are de-
voted to the detection of both CG strokes and CC/IC strokes.
In Rodger et al. (2004, 2005) and at a regional scale, there
were an estimated 3.5 times more CC/IC strokes than CG
ones (Mackerras et al., 1998; Soriano and de Pablo, 2007),
and the WWLLN ratio of the detected CG events to CC/IC
events was estimated to be roughly 2:1 (Hutchins et al.,
2012b).

As regards the effect of the lightning stroke energy, the
DE of the WWLLN rises with increasing stroke peak cur-
rent for both positive and negative CG lightning strokes, as
it is first discussed in Rodger et al. (2006) and later in Fan
et al. (2018). In fact, results shown in Table 1 report low val-
ues of the DE, ranging from values of around 1 % to 20 %,
as mentioned above, partially due to the fact that this fig-
ure is a total value for all peak amplitudes. In addition to
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the summary data presented in Table 1, details in the stud-
ies referenced therein show that the WWLLN DE is above
50 % for CG strokes with currents greater than 40 kA, with a
large variability depending on the region, providing a spatial
accuracy of around 15 km. Another interesting fact also men-
tioned in these works is that the DE is always higher over the
oceans, although some variability is observed with the sea-
sons (Rudlosky and Shea, 2013). The same is observed in
Thompson et al. (2014), where higher values were obtained
for the Pacific and Atlantic oceans. This DE for high peak
currents is good enough to resolve convective-storm cells
within a larger storm complex, i.e., a large, circular, long-
lived cluster of showers and thunderstorms that can cover a
large region and lasts more than 12h. A storm complex of-
ten emerges during the late-night and early-morning hours;
is identified by satellites; and is characterized by heavy rain-
fall, wind, hail, lightning, and possibly tornadoes (Jacobson
et al., 2006).

The choice of the time- and spatial-coincidence criteria
is crucial and affects the results of the DE and LA, as can
be seen in Fig. 1 of Thomson et al. (2014). The choice
strongly depends on the characteristics of the available ref-
erence data. In this context, Fan et al. (2018) presents a
comparison of WWLLN data with two reference measure-
ment sets: data from national terrestrial sensors and data from

Nat. Hazards Earth Syst. Sci., 24, 3925-3943, 2024
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Figure 1. The WWLLN and national lightning detection networks
in Spain and surrounding areas. The green circles correspond to
the WWLLN sensors in 2012, and white circles represent the new
WWLLN sensors deployed between 2020 and 2022 relative to
2012. Red circles show the positions of the AEMET sensors in
2012: 14 sensors in continental Spain, 5 in the Canary Islands, and 1
in Mallorca. Four sensors of IPMA in Portugal are shown in yellow,
while blue shows the 10 sensors of Météo-France.

satellite observations. In making the comparison with the ter-
restrial network, the coincidence between lightning strokes
is constrained to events happening within a time difference
of 0.5s and a distance of 50 km; however, the comparison
with satellite data is not filtered for a distance of 50 km and
provides better accuracy in determining the distance of the
lightning stroke. As mentioned above, the WWLLN stations
are expected to detect VLF signals generated at distances
of around 10000 km. However, their effectivity worsens for
low-amplitude strokes; therefore, the geographical distribu-
tion of the stations may affect the network features. This is
a simplistic explanation because there are also influences of
the propagating conditions, the land or water presence, and
the noise environment in the station. However, a trend is ob-
served in the DE in Kigotsi et al. (2018), who use lightning
imaging sensor technology, whereby the DE increases from
around 2 % to 6 % between 2005 (23 WWLLN sensors) and
2013 (67 WWLLN sensors) in the continental areas of the
Congo Basin.

Concerning the study presented in this work, 69 WWLLN
stations were operative around the world in the time period
considered, the year 2012, of which around 60 were active.
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As regards the area under study, Spain, the six most rele-
vant WWLLN stations are shown in Fig. 1. Three stations,
represented by green dots, were already operative in 2012
and are located in Valencia (Spain), Lisbon (Portugal), and
Sheffield (England). Three new stations were deployed later,
between the years 2020 and 2022, and are shown with white
dots in the figure. These new stations were deployed at Gijon
(Spain), Tihany (Hungary), and Algiers (Algeria). Other sta-
tions from Spanish, Portuguese, and French national agen-
cies, which will be used as reference, are also shown with
red, yellow, and blue dots, respectively. It is worth noting
that this distribution of WWLLN stations is denser than that
of other areas, where stations are deployed at distances of
around 10 000 km.

3 The reference regional lightning detection system of
the Spanish State Meteorological Agency, AEMET

The WWLLN performance in Spain will be determined
by comparing its data with those measured by AEMET,
so let us briefly describe the main features of this mete-
orological national agency. AEMET’s sensors are spaced
at distances of less than 400km, distances well suited
for the dimensions of the whole area of Spain, both the
continental and the insular regions. These sensors detect
the LF emissions of lightning, where LF is the Interna-
tional Telecommunication Union (ITU) designation of the
radio frequency (RF) band with a range between 30 and
300kHz. The LF signals from lightning strokes are in-
tense and propagate with little attenuation as surface waves
over the Earth’s crust. Localization of lightning strokes is
carried out by AEMET stations using IMPACT LF sen-
sors, IMPACT ES/IMPACT ESP and LS7000/LS7001, pro-
duced by the Vaisala company: https://www.vaisala.com/en/
products/systems/lightning/single-point-sensors (last access:
6 March 2024). This equipment is employed in around 45
national networks worldwide. The procedure starts by de-
termining the direction from which the electromagnetic sig-
nal arrives using a magnetic direction finder (MDF) (Orville
and Huffines, 1999; Cummins et al., 1998; Pérez-Puebla and
Zanacajo-Rodriguez, 2010, 2012; Lépez-Diaz et al., 2012;
Cummins and Murphy, 2009). Using the information re-
ceived by at least two sensors, the intersection of the lines
establishes the location of the lightning. In addition, the prop-
agation time of the signal to the sensor is determined, which
depends on the distance of the sensor to the surface impact
point of the discharge. Using the information from two sen-
sors, the time of arrival delay between them determines a hy-
perbola with the possible locations of the discharge, and the
intersection of the different hyperbolas will define the possi-
ble discharge location. At least four sensors are needed for
the location to not be too ambiguous. Finally, to optimize the
location, the intersection of circles is used instead of hyper-
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bolas. Both techniques, MDF and time of arrival, are com-
bined to obtain better accuracy of the stroke location.

AEMET’s lightning detection network is made up of 20
electric discharge detectors distributed throughout the penin-
sular territory (14) and the Balearic (1) and Canary archipela-
gos (5) (Orville and Huffines, 1999; Cummins et al., 1998;
Pérez-Puebla and Zanacajo-Rodriguez, 2010; L6épez-Diaz et
al., 2012). These detectors capture, analyze, and discrimi-
nate the electromagnetic radiation generated in atmospheric
electrical discharges occurring within their range, between
50 and 1000 km. Through collaboration agreements, infor-
mation is also received from four sensors belonging to the
network of the Portuguese meteorological service (IPMA)
and from sensors of METEORAGE, who provides data to the
French meteorological service (Météo-France) (Rodrigues et
al., 2010; Santos et al., 2013). These sensors are shown on the
map in Fig. 1, together with the position of WWLLN sensors
installed in 2012 and 2024. The data from these sensors are
integrated into the system and allow optimal coverage of the
entire Iberian Peninsula and the surrounding seas.

The CG lightning detection probability of this type of net-
work ranges between 85 % and 95 %, while its localization
accuracy ranges from 100-200 m to 1 km. The median of the
peak intensity (maximum value of recorded electrical inten-
sity) has an accuracy error of about 15 %-20 %, and the ac-
curacy in determining the polarity (sign of the electrical dis-
charge) is 100 %. As regards high-intensity lightning strokes,
with intensity greater than 5kA, a detection efficiency of
more than 90 % is achieved with an LA value much lower
than 0.5 km (Rodrigues et al., 2010; Santos et al., 2013).

The networks detect and keep track of lightning events,
providing their times and geo-locations, together with infor-
mation on the originating current. The raw data files in ASCII
format containing this information for each lightning stroke
were available on the website of AEMET until the end of
the year 2012 (https://www.aemet.es, last access: 6 March
2024). Currently, access to data from this and other national
agencies for the research community is usually very difficult
or expensive, which increases interest in having more eas-
ily available data from other networks, such as the WWLLN
studied here. The data used in this work as ground truth for
comparison with our WWLLN data were obtained from the
AEMET website in 2012 for the area of Spain. These open
data provided the time of the lightning events with a 1 s time
resolution, together with information about the current for
the first lightning stroke.

The interest of national and regional agencies used as ref-
erence is directed towards the detection of CG lightning,
disregarding the detection of IC/CC strokes. IC/CC light-
ning strokes were initially registered by the stations; how-
ever, most of these strokes were discarded in post-processing
by taking into account their calculated current. Some IC/CC
lightning strokes could not be filtered out because of their
strong current, as happens in the US National Lightning De-
tection Network (NLDN) and the Canadian Lightning De-
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tection Network (CLDN) (Abarca et al., 2010; Fleenor et
al., 2009). Thus, an unknown reduced percentage of IC/CC
strokes is included in the files. There is not a clear current
threshold to differentiate CG strokes from IC/CC strokes,
which explains the small percentage of IC strokes in the
data. Some proposals have been made to distinguish be-
tween IC/CC strokes and CG strokes by analyzing the rate of
change in the electromagnetic field, which can be obtained
from the time-domain measurement of the signal (Rakov and
Uman, 2003). The misclassification IC/CC-CG was first ad-
dressed in 1994-1995 by the USA NLDN (Cummins et al.,
1998; Wacker and Orville, 1999; Jerauld et al., 2005; Orville
et al., 2002; Cummins et al., 2006; Biagi et al., 2007). Typi-
cally, low-current IC/CC events are erroneously classified as
CG events, and some proposals have been made to discard
positive CG strokes with peak currents of less than 10 kA or
to reclassify them as IC events (Grant et al., 2012).

4 WWLLN performance in the area of Spain

A study concerning the features of the WWLLN in differ-
ent areas of Spain is presented and discussed in this section,
followed by an example of the application of the WWLLN
stations. First, Sect. 4.1 shows the network performance for
the whole Spanish area during 2012, soon after the Valen-
cia station was deployed by two authors of this work. Storms
are strongly affected by geographical features; thus, it seems
reasonable to think that the WWLLN performance may also
be affected by these geographical differences. In this sense,
Sect. 4.2 presents a second similar study concerning four
qualitatively different Spanish subregions to find possible in-
homogeneities in DE values in the Spanish area. The four
regions comprise an inland region and three different regions
including mostly sea areas or land—sea transitions. Once the
quantitative studies to determine the WWLLN DE for the
whole area of Spain and these four subregions have been
presented, a final qualitative application of the WWLLN to
monitor three severe storms in Valencia, on the east coast of
Spain, in 2020, 2021, and 2022, is presented in Sect. 4.3.

Figure 2 describes the different areas of these studies. Red
and orange for the first study presented in Sect. 4.1. The
green, cyan, dark blue, and magenta regions correspond to
the areas considered in Sect. 4.2 which will be described
in more detail there. The cyan region also approximately
corresponds to the final monitoring application presented in
Sect. 4.3.

4.1 Detection efficiency and location accuracy of the
WWLLN in Spain

The WWLLN performance in the area of Spain is first ana-
lyzed using data from the WWLLN (http://www.wwlln.com,
last access: 6 March 2024) during the period from 1 January
2012 to 30 April 2012. The data were generated using the
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Figure 2. Different areas for the studies presented in this work.

most recent technique described in the work of Rodger et
al. (2009). Two aspects support the choice of this time span.
First, data from AEMET were openly available to the authors
for this period, and second, this period was close in time to
the moment at which the station in Valencia (Spain) was de-
ployed by the team behind this work in the year 2011. It must
be noted that the objective of this paper is not to compare
AEMET and the WWLLN in order to determine which is the
best network, since they have different local and global ob-
jectives, respectively. The main goal is to determine the DE
of the WWLLN in the whole region of Spain, which includes
continental and insular regions, using the AEMET data as
true data (Abarca et al., 2010). This study is the first one ana-
lyzing WWLLN performance in western Europe, specifically
in Spain, where large geographical differences occur over
relatively short distances. The use of data from 2012 does not
invalidate the conclusions of the first study, although, bearing
in mind the technical improvements of both the WWLLN and
AEMET since 2012, the results presented here must be con-
sidered a lower bound for the current network performance,
which, most likely, will have been improved since.

The time span of the lightning data chosen is usually a pe-
riod with low seasonal activity in the Iberian Peninsula. The
main storm activity in Iberia prior to 2012 was typically dis-
tributed in the period of May-September, in which around
84 % of the storm phenomena with lightning events were de-
tected (Soriano et al., 2005). Although the period under study
had low activity in terms of lightning strokes, the AEMET
data still contain a significant number of lightning strokes in
the whole Spanish region: 20651. The 2012 AEMET data
file has 20 651 lines, and each line has nine columns with the
following data: month, day, hour, minute, second, discharges,
peak current, latitude, and longitude.
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To analyze the WWLLN detection efficiency relative to
the AEMET network and to identify the stroke events shared
by both networks, we look for time and location coincidences
within a given deviation. Several criteria have been used by
different authors to define shared lightning strokes and, thus,
to establish a coincidence. The particular criterion chosen
greatly depends on the characteristics of the available data
of the independent networks. These reference networks are
assumed to provide true data, since the data’s certainty is re-
ported to be above 90 %. Obviously, the coincidences in time
and location are used with a given tolerance or deviation from
the ground truth. Lay et al. (2004) and Rodger et al. (2005)
used both a time deviation of 3 ms and a space deviation of
50km to establish coincidences. Jacobson et al. (2006) used
a time gap within 1 ms and a maximum distance of 100 km.
When the data available have a high temporal resolution, the
time criterion alone seems good enough to establish shared
events; i.e., there is no need to use a combined spatial coinci-
dence. This explains why the works by Rodger et al. (2006)
for Aotearoa/New Zealand and by Abreu et al. (2010) for
the area of Toronto only impose a time difference of 0.5 ms
to determine coincident events.

As regards the study in the area of Spain presented in this
work, the lightning activity data available from AEMET have
a time resolution of 1s. This coarse time resolution forces
the use of both temporal- and spatial-coincidence criteria
to ensure confidence in this analysis. As the AEMET data
were given with a resolution of 1s, we establish a maxi-
mum time difference of 0.5 s between AEMET and WWLLN
strokes to define the temporal coincidence. This large time
tolerance is far from the range 0.5-3 ms used by other re-
searchers (Rodger et al., 2005, 2006; Jacobson et al., 2006);
however it is the same as in Abreu et al. (2010), Abarca et
al. (2010), and the more recent work by Fan et al. (2018).
This time coincidence is combined with a spatial coincidence
of 20 km. Therefore, a WWLLN lightning stroke is shared by
the AEMET reference if both events happen with a difference
in time lower than 0.5 s and if the distance between them is
below 20 km.

In this first assessment study, the region of the world under
consideration is the whole area of Spain and small nearby ar-
eas of the Atlantic Ocean and the Mediterranean Sea, inside
the area defined by the latitude interval [27.39° N, 43.83° N]
and the longitude interval [18.01° W, 4.66°E] (red rectan-
gle in Fig. 2). The limits of this rectangular area are defined
by the maximum and minimum latitudes and longitudes of
the available AEMET data, which are spatially filtered to re-
duce them to those from the non-rectangular orange region
in Fig. 2, exclusively pertaining to the Spanish area. As re-
gards the WWLLN, it collects global Earth data; therefore,
the very large files contain all the registered events, and these
data must be geographically filtered to obtain data for the re-
duced area.

Figure 3a depicts the lightning strokes detected by
AEMET in the orange Spanish region of Fig. 2 during the
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period of 1 January 2012 to 30 April 2012, represented as
green dots on the map. The green dots in Fig. 3a comprise a
total of 20651 lightning strokes detected by AEMET, which
serve as reference for the WWLLN data during the above-
mentioned time period. We look for the AEMET lightning
strokes that are coincident with WWLLN data following the
abovementioned criteria of time and spatial coincidence. In
the WWLLN, lightning stroke data across the whole Earth
are stored in files on a day-to-day basis. Each file corresponds
to a single day and has a size of about 30 Mb. Therefore, we
first obtain the WWLLN files for the period 1 January 2012
to 30 April 2012, which occupy a total of 3.96 Gb. Later on,
we filter the data of these files to extract the data inside the
area defined by [27.39°N, 43.83°N] x [18.01° W, 4.66° E]
(red area in Fig. 2). This data file is a smaller one, with a
size of 2.7Mb, and includes 54 079 lightning strokes. This
last file was used for further processing in order to compare
it with the AEMET data. Although it does not correspond
to the same geographical area, it has a manageable size. Fi-
nally, this file was spatially filtered with the AEMET spatial
filter (orange region of Fig. 2), providing a small file with the
WWLLN data reduced to the Spanish region and containing
a total of 12 855 lightning strokes.

To identify the number of lightning strokes detected by
AEMET which were also detected by the WWLLN and thus
determine the DE of the global network, a correspondence is
searched for in the file of the WWLLN data for each light-
ning stroke in the file of AEMET data. In the first stage, we
look for temporal coincidence of each AEMET stroke with
WWLLN strokes using a maximum time deviation of 0.5s.
In the second step, a maximum distance of 20km between
the AEMET and WWLLN strokes is checked. In doing so,
we found that 5904 out of 20651 AEMET lightning strokes
matched with one of the 12855 lightning strokes detected
by the WWLLN. These coincidences are plotted in Fig. 3b
and are used for further analysis and to determine the DE
and the LA. These coincidences yield a WWLLN DE of
29 % relative to the AEMET network. The rest of the light-
ning detections of the WWLLN can be considered true de-
tections without any comparison frame, most likely because
they are CC/IC lightning strokes, which can be detected by
the WWLLN but not by AEMET. This DE of 29 % for the
WWLLN in the whole region of Spain is a good result when
compared with the DEs included in Table 1. Although, in
principle, it may seem that the high density of stations in
Spain may cause this relatively high DE value, this is prob-
ably not the case since close lightning strokes usually satu-
rate the nearest receivers. The explanation is probably linked
more to the higher DE values usually obtained in sea areas,
a finding which has already been reported in the literature
(Rudlosky and Shea, 2013; Thomson et al., 2014). The ge-
ographical peninsular characteristics of Spain, with an im-
portant part surrounded by the Mediterranean Sea and the
Atlantic Ocean, seem to indicate that the effect of the large
coastal regions prevails over the effect of smaller inland re-
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Figure 3. (a) Lightning strokes detected by the AEMET network
during the period 1 January 2012-30 April 2012. (b) Strokes de-
tected simultaneously by the WWLLN and the AEMET network
during the period of 1 January 2012-30 April 2012.
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gions and may explain this relatively good DE value. This as-
pect will be tested in Sect. 4.2 by considering geographically
different subregions and the energy distribution of lightning
strokes.

The distribution of the location error for the detected light-
ning strokes, according to the above criteria, is presented
in Fig. 4. The location error has a maximum probability at
3.5 km for the interval of 0-20 km. The distribution of loca-
tion errors in terms of longitude (Ax) and latitude (Ay) is
shown in Fig. 5 and as a scatterplot in Fig. 6, in which a
slightly systematic error in the location is observed in north-
ward and westward directions. The standard error is larger
in the west—east direction, since the Gaussian distribution
broadens in this direction.
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Figure 4. Location error for the lightning strokes and probability
distribution for the WWLLN correctly detected strokes according
to the 0.5 s and 20 km criteria.

Quantitative data concerning the LA for the WWLLN at
Spain can be inferred from the Gaussian shaped probability
distributions depicted in Fig. 6. More specifically, the aver-
age error along the west—east direction is Ax = —1.8 km (mi-
nus indicates a deviation towards the west), with a 95 % con-
fidence interval of [—1.9, —1.6] km, while the average error
along the south—north direction is Ay =2.2km, with a 95 %
confidence interval of [2.1, 2.3] km. The deviation is larger
along the west—east (o, = 5.3 km) than along the south—north
direction (o, =4.8 km).

The distribution of AEMET strokes in bins of 10kA, to-
gether with the distribution of strokes also detected by the
WWLLN, is shown in Fig. 7. The distribution of peak cur-
rents is shifted towards negative strokes, which is in good
agreement with the references of Table 1. There are 3471
positive CG lightning strokes (positive peak current) ver-
sus 17 180 negative lightning strokes in the AEMET data,
ie., 16.8% of the detected CG strokes. As regards the
WWLLN, the peak current is assigned as the one corre-
sponding to the matched AEMET stroke. The same ratio
between positive and negative lightning strokes is preserved
for the subset of 5904 AEMET strokes also detected by the
WWLLN. The figure shows the usual distribution of nega-
tive and positive CG strokes: nearly 90 % of the global light-
ning activity corresponds to negative peak currents. The av-
erage peak current in negative CG strokes is —25.40kA and
in positive CG strokes is 8.59kA for the AEMET data. As
regards the lightning strokes also detected by the WWLLN,
the average results are —37.9 kA for negative CG strokes and
14.0kA for positive ones. These results show a clear shift of
the WWLLN operation towards the detection of high-energy
lightning strokes.

To establish the dependence of the network features on the
energy of the lightning strokes, the distribution of the DE is
calculated in bins of 2kA. The result is mapped in Fig. 8,
where each point (red circles) represents the DE for an inter-
val of 2kA. These discrete results are smoothed with a five-
point mobile average (line in blue color), and standard error
bars are also included. The information provided by both data
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types in Fig. 8 shows that the DE increases with the peak cur-
rent; however, the DE looks slightly noisy for both positive
and negative high energies above 100 kA, which is likely due
to the small number of available data (see Fig. 7 for peak cur-
rents greater than 100 kA in absolute values). Despite these
slight fluctuations observed for high-energy strokes, Fig. 8
shows that the DE of the WWLLN is remarkably good for
lightning strokes with high peak currents, which are the more
dangerous ones. Results of Fig. 8 are very similar to those of
previous works referred to in Table 1 (Abarca et al., 2010;
Rodger et al., 2006; Fan et al., 2018).

4.2 Detection efficiency and location accuracy in four
subareas of Spain

In order to address the possible effects of geographical fea-
tures on the DE and the LA, we now restrict the analysis
to four particular regions with different geographical charac-
teristics. Firstly, the WWLLN performance is studied for a
reduced inland and geographically uniform region, the Span-
ish plateau region. Three sea and land—sea regions are con-
sidered next: the east Spanish Mediterranean coast, the south
Spanish Mediterranean coast, and the west African Atlantic
coast. The first sea region includes a transition between a
coastal and a maritime area near Valencia in which severe
storms usually happen at the beginning of autumn. The sec-
ond includes the Alboran Sea, which is directly affected by
strong marine currents that originate at the Strait of Gibraltar.
Finally, the west African Atlantic coast is mostly a maritime
region affected by ocean currents. The differences in the ge-
ographical characteristics in these regions produce important
differences for the climate in these areas. The aim of this sub-
section is to determine whether these differences are reflected
in the DE and the LA of the WWLLN.

The first region considered is defined by latitude [38°N,
42°N] x longitude [6° W, 1° W], which is inside the plateau
area of the Iberian Peninsula (green rectangle in Fig. 2). Ge-
ographically, it is a homogenous region which avoids the
main mountainous regions which surround it. In this case,
the AEMET file contains 3389 lightning strokes, while the
WWLLN file has 1229 strokes. A total of 435 of the light-
ning strokes detected by AEMET are also detected by the
WWLLN, which means that the DE for the Spanish plateau
is 13 %.

Figure 9 shows the errors along latitude and longitude
for this reduced area. The results in this figure yield an
average location error along the west—east direction of
Ax = —2.4km, with a 95 % confidence interval of [—2.9,
—1.9]1km and standard deviation of o, =5.3km. The av-
erage location error along the south—north direction is
Ay =1.3km, with a 95% confidence interval of [1.0,
1.7]km and standard deviation of oy = 3.9 km. These results
for Ax and Ay are not significantly different from the re-
sults obtained using the larger area of Sect. 4.1. However, the
results for the scatterplot of Ax—Ay seem better than previ-

https://doi.org/10.5194/nhess-24-3925-2024



E. A. Navarro et al.: The World Wide Lightning Location Network (WWLLN) over Spain

0.12 T T T

°

N

]
|

o
=
3

T

.

i

D

©

o

>
T

o

o

=
T

Probability distribution

o

o

]
T

o

-20 -10 0 10 20
Error-x negative/positive=West/East (km)

@)

3935

0.14

0.12f |

01t

0.08

Probability distribution

-20 -10 0 10 20
Error-y negative/positive=South/North (km)

(b)

Figure 5. Location error along longitude and latitude: (a) error in kilometers along the longitude and (b) error in kilometers along the latitude.

Error location y (km)

-20 -10 0 10 20
Error location x (km)

(@

45
40

P~ 35

€

< 30

>

IS 25

5

8 20

Q.

g 15

L

2
-20 -10 0 10 20
Error location x (km)

(b)
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(a) Error in kilometers. (b) Color code showing the number of lightning strokes at each x—y error.

ous ones, with lower standard deviation for the south—north
direction, as can be seen by the differences between Figs. 6
and 9. Effectively, Fig. 9 shows data that are more horizon-
tally concentrated around their mean value than those repre-
sented in Fig. 6, which corresponds to lower standard devia-
tions and, therefore, better location error. For this area and the
AEMET data, the average negative peak current is —17.92 in
negative CG strokes and 10.26 kA in positive CG ones. As re-
gards the strokes matched by the WWLLN, the correspond-
ing average results are —26.4 kA for negative CG strokes and
29.4 kA for positive CG strokes. In this area, the differences
in absolute value between positive and negative CG lightning
strokes are lower than in the former larger area. This is prob-
ably related to the different characteristics of the storms and
is more likely due to the influence of geographical features
than to the characteristics of the sensors.

The second subregion considered here includes coastal
and maritime parts. The region under study corresponds to a
small area of the west Spanish Mediterranean coast, with lon-
gitude and latitude limits given by [37.5°N, 41°N] x [1° W,
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1° E] and which is demarcated by cyan in Fig. 2. The compar-
ative study of the lightning activity detected by the WWLLN
with the AEMET data provides results similar to those shown
in Fig. 9 (not represented). A total of 2495 lightning strokes
were detected by AEMET for this area, of which 558 were
also detected by the WWLLN, giving a DE of 22 %. As re-
gards the location error, the results yield an average location
error along the west—east direction of Ax = —1.8 km, with a
95 % confidence interval of [—2.1, —1.5] km and a standard
deviation of o, =5.3km. The average location error along
the south—north direction is Ay =2.1km, with a 95 % con-
fidence interval of [1.9, 2.4]km and standard deviation of
oy =4.4km.

The third subregion, the south Spanish Mediterranean
coast, is determined by longitude and latitude limits of
[35°N, 37°N] x [5°W, 0°W]. This region is marked in
dark blue in Fig. 2. This area also includes a transition be-
tween land zones and the Mediterranean coast but, unlike
the area previously considered, is close to Strait of Gibral-
tar, with strong marine currents not present in the previous
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region. A total of 4104 lightning strokes were detected by
AEMET for this area, of which 2179 were also detected
by the WWLLN, which yields a DE of approximately 53 %
for this area. The location error along the west—east direc-
tion is Ax = —1.8km, with a 95 % confidence interval of
[—2.0, —1.7] km and standard deviation of o, = 5.3 km. Sim-
ilarly, the average location error along the south—north direc-
tion is Ay = 2.1 km, with a 95 % confidence interval of [1.9,
2.4]km and standard deviation of oy = 5.7 km.

Finally, the fourth subregion considered, the west African
Atlantic coast, is delimited by longitude and latitude of
[27°N, 37°N] x [18° W, 5° W]. It is mostly a maritime area
which includes the Canary Islands and the Atlantic Ocean
zone at the west African coast. This region is depicted
in magenta in Fig. 2. A total of 1247 lightning strokes
were detected by AEMET for this area, of which 613 were
also detected by the WWLLN, which yields a DE value
of around 49 %. The location error for this area along the
west—east direction is Ax = —1.4km, with a 95 % confi-
dence interval of [—1.8, —1.1]km and standard deviation of
oy =5.8km. Along the south—north direction, the location
error is Ay = 1.7 km, with a 95 % confidence interval of [1.3,
2.0] km and standard deviation of oy, = 5.3 km.

Table 2 summarizes the efficiency and location error for
Spain and the four subregions studied in Sect. 4.1 and 4.2
according to AEMET reference data from 2012. Consistent
Ax and Ay values are observed for the location accuracy. As
regards the DE, the comparison of the reduced areas points to
a higher DE value for areas containing sea zones, especially
in those sea areas where strong maritime currents are more
relevant.

As previously mentioned, the high DE value in sea regions
has already been reported in the literature (Rudlosky and
Shea, 2013; Thomson et al., 2014), and it could be related to
a difference in the energy distribution of lightning strokes in
sea areas. To support this statement, the peak current distribu-
tion of the lightning strokes detected for each subregion has
been calculated. The results are shown in Fig. 10. Effectively,
it can be appreciated from this figure that the continental area
at the Spanish plateau presents an important distribution of
lightning strokes at low energies. On the contrary, the pres-
ence of high-energy strokes increases in the other three areas
containing land—sea transitions in the following order: east
Spanish Mediterranean coast, west African Atlantic coast,
and south Spanish Mediterranean coast. This, combined with
the results shown in Fig. 8 depicting the increase in DE with
current peak, seems to explain the differences in the DE ob-
tained for the different subregions considered and draws at-
tention to the variability in this efficiency if important geo-
graphical differences are present. In this sense and as regards
the high value for the DE obtained for the WWLLN in the
whole region of Spain compared to that in other regions in-
cluded in Table 1, it seems that Spain’s peninsular geograph-
ical characteristics, with a large contribution from its coasts
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compared to that of the inland Spanish areas, may explain
this relatively high DE value of 29 %.

4.3 Three severe meteorological events at the Spanish
Mediterranean coast

Once the technical features of the WWLLN have been de-
termined, the network data can be useful in different appli-
cations. The following example demonstrates the use of the
WWLLN in monitoring the evolution of three major light-
ning and hail storms that affected the Valencia region on the
following days: 18 April 2020, 30 August 2021, and 17 Au-
gust 2022. The region under study is the small area of the
Spanish Mediterranean coast considered in the last case study
of the previous subsection, approximately corresponding to
the area plotted with cyan in Fig. 2.

Figures 11 to 13 show the results for the three storm
events. Figures 11a, 12a, and 13a are screenshots taken di-
rectly from the AEMET website, https://www.aemet.es/ (last
access: 6 March 2024), while Figs. 11b, 12b, and 13b have
been generated with WWLLN data. In these figures, the lo-
cations of the lightning discharges are indicated with dots.
A color code is used to temporally locate the lightning dis-
charges in 1 h bands. For each day and for each 1 h interval
starting from 00:00 and going to 23:00 GMT+1, the light-
ning location is plotted with a different color, which allows
the visualization of the evolution of each storm time.

The storm of 18 April 2020 is shown in Fig. 11. The light-
ning strokes detected by AEMET are shown in Fig. 11a,
while Fig. 11b shows the strokes detected by the WWLLN.
According to the AEMET data, there were more than 11 000
lightning strokes in Spain, over land and sea, and 510 CG
lightning strokes in the Valencia area. The storm of 30 Au-
gust 2021 is shown in Fig. 12. Fig. 12a shows the lightning
strokes detected by AEMET, while Fig. 12b shows the events
detected by the WWLLN. Finally, similar plots for the storm
of 17 August 2022 are shown in Fig. 13a for AEMET and
Fig. 13b for the WWLLN data. There were 28 666 lightning
strokes in Spain during that storm; in the Valencia region,
there were 810 CG events.

In our opinion, an acceptable qualitative match is ob-
served, although it must be noted that a rigorous statement on
the quality of the results would require a quantitative compar-
ison beyond mere image comparisons such as those shown
in Figs. 11 to 13. Bearing this subjective and approximate
sense in mind, reasonably good concordance can be appre-
ciated for the point distribution giving the location and the
color for the corresponding time. The WWLLN detects fewer
lightning strokes than AEMET because it does not detect
low-power discharges, showing an important DE decrease
below 50kA, as depicted in Fig. 8. This is especially notice-
able in the northwest and northeast areas in Fig. 13, where
lightning strokes detected by AEMET are not observed in
the WWLLN results. On the other hand, the WWLLN de-
tects IC lightning that AEMET has discarded, which explains
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Table 2. Location accuracy for the west—east and south—north directions and detection efficiency for the WWLLN in the case studies of
Sect. 4.1 and 4.2. Comparison is made with AEMET reference data from 2012.

Region West—east, 95% CI  South—north, 95% CI DE (%)
Ax (km) Ay (km)
Spain (orange in Fig. 2) —1.8 [-1.9, —1.6] 22 [2.1,2.3] 29
Spanish plateau (green in Fig. 2) —-2.3 [-2.8,-1.8] 1.4 [1.0,1.7] 13
East Spanish Mediterranean coast —1.8 [-2.1,—1.5] 2.1 [1.9,2.4] 22
(cyan in Fig. 2)
West African Atlantic —14 [-18,—1.1] 1.7 [1.3,2.0] 49
coast (magenta in Fig. 2)
South Spanish Mediterranean coast —-1.8 [-2.0,—-1.7] 2.7 [25,2.9] 53
(dark blue in Fig. 2)
why discharges detected by the WWLLN do not appear on
the AEMET map. The qualitative concordance shown in this
study indicates that the WWLLN data are a useful tool for
thunderstorm tracking which can be used in combination
IS with other techniques (Du et al., 2022). More specifically,
2 Figs. 11 to 13 show the capability of the WWLLN to pro-
% vide good agreement with LF data from AEMET to resolve
= convective-storm cells within a larger storm complex gener-
S ated in a cutoff low-pressure system fed with the humidity
Qo . . . .
2 of the Mediterranean Sea, which is typically a more frequent
phenomenon in the western Mediterranean Basin than in in-
oE ner continental areas, such as in the Spanish plateau previ-
-200 -100 0 100 200

Return strokes peak current (kA)

Figure 7. Distribution of AEMET return strokes detected by the
WWLLN, in blue, and total AEMET return strokes, in orange.
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Figure 8. Detection efficiency of the WWLLN versus lightning
stroke energy. Data correspond to a bin size of 2 kA. Smoothed data
are shown with the blue line.
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ously considered in this work.

5 Conclusions

The work presented here contributes to the set of existing
studies that analyze the operation of the WWLLN around
the world, a set which had not previously included charac-
teristics of this network in European countries. The perfor-
mance of the WWLLN is evaluated in the area of Spain by
comparison with data from the Spanish AEMET network as
ground truth during the time period from 1 January 2012 to
30 April 2012, soon after the deployment of a new WWLLN
station in Spain. At that moment, sensors in the Spanish area
were very close in terms of VLF receivers, at a short dis-
tance of around 800km, while typical receivers were be-
tween 5000 and 15000 km apart in other regions. The cur-
rent number and distribution of the WWLLN stations, around
70 stations with around 60 active ones, are similar to those
considered in the study with data from 2012; therefore, re-
sults presented here are currently valid although, based on
WWLLN growth, it is reasonable to assume that the 2012
DE is a lower bound of the present DE in Spain. Moreover,
if the evolution of the AEMET network has surpassed the
evolution of the WWLLN, the DE relative to AEMET might
even be lower now than in 2012.
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Figure 11. The lightning storm of 18 April 2020 on the Spanish Mediterranean coast. The locations of the lightning strokes are given with
circular dots, and different colors indicate different time periods: (a) AEMET (image source: AEMET_C.Valenciana@ AEMET_CValencia,
2020, accessed via https://twitter.com/AEMET_CValencia/status/1251787766284857344/photo/2, last access: 6 March 2024) and (b) the

WWLLN.
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Figure 12. The lightning storm of 30 August 2021 on the Spanish Mediterranean coast. The locations of the lightning strokes are given with
circular dots, and different colors indicate different time periods: (a) AEMET (image source: AEMET_C. Valenciana@ AEMET_CValencia,
2020, accessed via https://x.com/AEMET_CValencia/status/1432603501511782400?t=NPY Xhi-gM40THwsPCROhPQ&s=08, last access:

6 March 2024) and (b) the WWLLN.

For the time interval considered, a global study for the
whole region of Spain was firstly presented. A total of 20 651
lightning strokes were detected by AEMET in this case. As
regards the coincident detections by the WWLLN, 5904 out
of the 20651 lightning strokes detected by AEMET were
also detected by the WWLLN in the same area. This yields
a theoretical CG detection of 29 % of the lightning strokes

https://doi.org/10.5194/nhess-24-3925-2024

detected by AEMET. The rest of the lightning strokes de-
tected by the WWLLN seem to mainly correspond to CC and
IC strokes, which are not considered by AEMET. This DE
value of 29 % is a significantly good result for the WWLLN
as compared to its behavior for other areas, summarized in
Table 1. Our study of the influence of the lightning peak cur-
rent on the efficiency and location errors shows results con-
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Figure 13. The lightning storm of 17 August 2022 on the Spanish Mediterranean coast. The locations of the lightning strokes are given with
circular dots, and different colors indicate different time periods: (a) AEMET (image source: AEMET_C. Valenciana@ AEMET_CValencia,
2022, accessed via https://x.com/AEMET_CValencia/status/1560254824968785920, last access: 6 March 2024) and (b) the WWLLN.

sistent with previous reported works. It is worth noting that
the DE considerably improves with high-energy strokes, the
more relevant kind for monitoring, with DE values above ap-
proximately 50 % when peak currents are higher than 50 kA.

Our study for the whole area of Spain was followed by a
subsequent one concerning four reduced regions with differ-
ent geographical characteristics: a continental homogenous
area — the Spanish plateau — and three regions including
sea and sea—land transitions — the east and south Spanish
Mediterranean coasts and the west African Atlantic coast.
This second part of our work shows that the qualitative dif-
ferences in the storms occurring in these different areas can
be translated into objective quantitative differences regarding
the energy distribution of the lightning strokes, which may
explain the differences in the WWLLN performance. Similar
results have been obtained for the accuracy of the four sub-
regions. As regards the efficiency, higher values have been
obtained for the results in the coastal regions, especially in
those with higher maritime currents. The distribution of the
peak current of the lightning strokes in these areas shows that
the regions with higher DE values present an energy distri-
bution with more content in the high-energy zone. Since, as
shown in Fig. 8, the DE increases with higher-energy strokes,
it seems reasonable to think that the difference in energy dis-
tribution explains the higher values obtained for the west
African Atlantic coast and the south Mediterranean Span-
ish coast. As regards the relatively high DE value of 29 %
for the whole area of Spain when compared to other more
homogenous regions in Table 1, it seems that the peninsu-
lar geographical characteristics of Spain, with the important
presence of coastal regions compared to inland regions, may
be the reason for such high DE values. Concerning the high
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variability in the DE for the different studied subregions of
Spain, it seems that the rapidly changing geographical char-
acteristics of Spain produced by its peninsular shape form
the basis of this variability, which draws attention to the dif-
ferences in the expected DE values if important geographical
changes are present in other areas.

A final application of the WWLLN shows the global net-
work’s capabilities to monitor the time evolution of cli-
matic events. The study of three severe storms which af-
fected the Mediterranean Spanish coast at Valencia during
the years 2020, 2021, and 2022 seems to show qualitatively
good agreement with screenshot results available from the
AEMET national agency used as reference in this work.
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