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Abstract
The Metropolitan Area of Barcelona is a densely populated region in the North-East of the
Iberian Peninsula. Infrastructures in this area play a significant role in the economy of this part
of Europe. The combination of the Mediterranean Sea and the complex topography is
responsible for the occurrence of severe weather events in this location and the surrounding
areas. The use of remote sensing data in an hourly resolution allows the identification and
characterization of those severe episodes, helping in determining the future trends of the
adverse weather. This fact is crucial in the development of new engineering projects, as well
as in the maintenance of the current ones. Weather radar and lightning observations have
enabled the monitoring of an increase in severe weather occurrence and, in addition, the
prime characteristics of the thunderstorms responsible for producing them. Deepening
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vertical developments, the presence of hail, and the decrease of the rainfall efficiency are
some of the characteristics that must be taken into account in the near future.
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1. Introduction
Lightning is technically the process of spontaneous momentary high-current electrostatic
discharge and usually occurs during thunderstorms [1, 2]. The same definition of thunderstorm
includes the occurrence of lightning in the clouds [3]. There are two primary categories of lightning
[1, 2]: Intra-Cloud (IC) or discharges limited to the same cloud and not involving the earth’s surface;
and Cloud-to-Ground (CG), i.e., lightning discharges that bridge the gap between the cloud charge
and the earth. Most of the lightning events (over 75%) are IC; nevertheless, CG strongly affects
human activities. Total Lightning (TL) is the sum of both types, IC and CG, in a thunderstorm. TL is a
remarkable indicator of the variability of thunderstorms activity in a global [4] or local [5] context.
The relationship between radar data and lightning observations is a significant forecaster of
various adverse weather types. Some instances are the nowcasting and surveillance of severe
weather (large hail, strong convective winds, and/or tornadoes; see, for instance, [6–8]); the
identification of fire initiations related to the thunderstorms [9]; or the characterization of the
precipitation regime in a region [10–12]. The state-of-the-art analysis of the relationship between
lightning and weather radar data presents two principal methodologies. The first one comprises the
study of the thunderstorm’s life cycle through certain parameters. On the other hand, the search
for the correlation between radar and lightning fields can be identified.
The study of the thunderstorm’s life cycle considers a set of cases, mainly severe, searching for
the links between radar observations and electrical activity [13, 14]. Few of the different radar
parameters used are the surface reflectivity (adjusted to zero km height), the echo-top of 40 dBZ,
and the Quantitative Precipitation Estimation (QPE) [15, 16], the echo top of 12 and 50 dBZ, and the
Vertically Integrated Liquid (VIL) [17].
The second methodology involves the comparison of the QPE field from the weather radar using
lightning flashes. This methodology derives an equation that provides the relationship between
electrical activity and precipitation in a limited region. Certain studies illustrate results for different
areas of China [10], the Western Mediterranean [18], tropical islands [11], and France [19]. The
relationship between CG lightning and surface precipitation during the warm season in six different
regions (with areas of 10,000 km2) of the south-central United States was established earlier [20].
Since most of the operational networks only detect a small percentage of IC flashes due to the type
of sensors used (Low Frequency, LF), many of these studies considered only the CG flashes.
However, IC or TL data exhibit better correlations with the radar fields [21].
Influenced by the presence of the sea, the climate of most of the Mediterranean regions is
characterized by sunny and warm days during a large part of the year; thus, being one of the
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principal centers of tourism across the globe. In the last part of summer and the early autumn, the
convective activity acquires its peak in the western region of the Mediterranean Sea [22]. This
enhances the risk during the period of increased activity in the touristic season by the combination
of the complex topography and the proximity to the sea (see, for instance, [23, 24]). Catalonia forms
part of the most affected regions, with a hike in the population of 10% due to tourism activity during
summer [25], being positioned in a hot spot prone to suffer from floods and other catastrophic
events. The efficient precipitation can also occur in shallow convection, but most damaging cases
showed deep convective thunderstorms [24, 26].
The current work analyzes the evolution of convective thunderstorms in the Barcelona area,
which is one of the principal regions of the Mediterranean and Europe in terms of population and
economic aspects. The study has been conducted from a remote sensing point of view, considering
the quality of lightning observations and radar data in the area of interest. The prime goal of the
research is to investigate the trend of the number of cases in the region. This issue constitutes a
crucial point in different scientific and engineering areas to understand the way this change can
affect many human activities. Other secondary objectives included classifying the hourly activity
based on the lightning and radar variables, characterizing each category according to the time
distribution, and eventually, providing some key features regarding the different parameters for
each of the classes. The manuscript includes the following sections: first, the presentation of the
area of study, the data, and the methodology; the next sections are the results, followed by a
discussion on the main points; and it concludes with the remarks.
2. Area of Study, Data, and Methodology
2.1 Region of Study
Catalonia is a region located at the North-East of the Iberian Peninsula (Figure 1, left), surrounded
by Spain (west), France, the Pyrenees (north), and the Mediterranean Sea (east and south). The
Metropolitan Area of Barcelona (MAB) is one of the densest areas of Europe (with more than
3,200,000 people on a surface of 636 km2, which leads to a density of more than 5,000 hab/km 2,
the sixth-largest of the continent). This region is on the Central Coast of Catalonia (Figure 1, right).
The selected area (ROI) in the research includes a part of the MAB (202 km 2) and four natural
elements that surround it: part of the Litoral range, the outfall of the Besòs and Llobregat rivers,
and the Mediterranean Sea.
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Figure 1 Left: Part of the Western Mediterranean basin. The rectangle represents the
zoom area presented in the right image. Right: The area of study, marked by an irregular
rectangle. The red dot marks the location of Vallirana Radar.
2.2 Data Used
2.2.1 Radar Data
A 3D composition for the whole territory of Catalonia has been produced by the Catalan Radar
Network (hereafter XRAD) of the Weather Service of Catalonia (hereafter SMC), using the 4 C-Band
Single polarization radars. The volumes are processed with a resolution of 6 min, covering a large
part of the lower and mid-atmospheric levels in the proximity of each one of the radars. More
information about the network can be referred to elsewhere [27].
Four types of operative (this is, running in real-time) composite radar products have been used.
The composites consider the maximum value over each point of the matrix of all the radars covering
the pixel. The different products are:
● The hourly rainfall estimated by the XRAD, hereafter RN1 (Marshall-Palmer, R = [ ( 10
(dBZ/10) )/200 ] 5/8.
● The maximum hourly height where echoes are observed to be equal to or larger than 12 and
45 dBZ, reflectivity thresholds (hereafter TOP12 and TOP45).
● And finally, the maximum hourly Vertically Integrated Liquid (VIL) product, which indicates
the total content of precipitable water in a vertical column.
2.2.2 Lightning Data
The Lightning Location System (LLS) of the SMC is composed of four detectors of Vaisala LS-8000
type. The network has the potential to detect flashes using VHF (Very High Frequency) and LF (Low
Frequency) activity sources. A detailed report of the network configuration has given earlier [28].
The LLS has the particularity of detecting and allocating IC and CG flashes in a distinct way [29]. This
characteristic leads to better results on the TL of thunderstorms characterization. The analysis of
the 2013 campaign [30] established CG flash detection efficiency for the SMC-LLS around 80–85%,
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and the estimated mean location accuracy is about 1 km. The CG location is more precise rather
than that of the IC. Radar, as well as lightning, have been cropped to the region of interest presented
in the first subsection. The purpose is to avoid different anomalous signals observed, for instance,
over the sea in front of the Barcelona coast, caused by anomalous propagation (weather radar) or
external radio magnetic sources (lightning registers).
2.3 Methodology
The methodology constitutes the development of the following steps: The identification and
characterization of the convective events over the ROI, the characterization of the radar variables
for each period, and the time trend analysis of the variables. Each of the previous phases is
elaborated in the following paragraphs.
2.3.1 Identification and Characterization of the Convective Events Over the Region of Interest
The first step was the detection of lightning data for each of the hourly periods from first January
2006 to first September 2020. Each period has been classified as a non-electrical activity (less than
three flashes of any type); scarce intra-cloud activity (few IC flashes - less than 15 and quasi-null CG
flashes, but more than 3 TL); reduced total lightning activity (more than 15 and less than 35 TL
flashes); moderate intra-cloud activity (more than 35 TL flashes, with few IC flashes - less than 175
and few CG flashes - less than 10); moderate total lightning activity (more than 175 TL and less than
275 TL flashes); high intra-cloud activity (more than 275 TL flashes, with a large number of IC flashes
- more than 175 and less than 30 CG flashes); high total lightning activity (more than 275 TL flashes,
with more than 30 CG flashes). These thresholds have been selected based on the authors’
operational experience in the analysis of convection in the region.
2.3.2 Characterization of the Radar Variables for Each Hourly Period
Considering the volumetric radar composition of the XRAD, the 5th, 50th, and 95th percentiles of
each data variable (TOP12 and TOP45, VIL and RN1) in the ROI box have been estimated. Extreme
thresholds are selected to avoid the outliers associated with different radar errors (mainly ground
and sea clutter and electromagnetic interferences). This allows estimating the general behavior of
the thunderstorms producing lightning in the region.
2.3.3 Time Trend Analysis of the Variables
Using the Mann Kendall test, it has been possible to search for some signatures that could offer
guidance on the future characteristics of the convective events in the ROI.
2.3.4 Skill Scores Estimation
Different parameters are computed for obtaining the accuracy of the relationship between the
occurrence of lightning and the observation of rainfall structures in the radar imagery in the ROI.
Considering the contingency table where a = hits, b = false alarms, c = misses, and d = correct
negative, the selected skill scores used in the study were as follows [31]:
Page 5/17

Adv Environ Eng Res 2021; 2(2), doi:10.21926/aeer.2102004

POD (Probability of Detection): It is defined as the rate between the occasions when the forecast
event occurred and the number of the observed cases. Zero value indicates a very bad forecast, and
1 is the perfect hit. Its equation is POD = a/(a +c)
FAR (False Alarm Ratio): It corresponds to the fraction detected forecasts that turned out to be
wrong. Zero value indicates the best forecast, and, on the contrary, 1 represents the worst scenario.
It is calculated as FAR = b/(a +b)
HSS (Heidke Skill Score): It is a measurement of the improvement of the forecast over the
standard. The range of the HSS is from the negative infinity to 1. Negative values correspond to the
better chance forecast; the 0 value represents no skill, while a perfect forecast occurs when HSS
equal to 1. The equation of this score is HSS = 2(ad −bc)/[(a +c)(c+d)+(a +b)(b+d)]
3. Results
3.1 Preliminary Description of the Lightning Data
After the selection of those flashes included in the ROI, the number of IC, CG-(CN), and CG+ (CP)
was computed for all the hourly periods. The distribution of the three types in a logarithmic form
indicates some specificities of the lightning data in those hourly periods (Figure 2): Firstly, the
number of cases with IC (a 0.9% of hourly periods) is larger than those where CG occur (only a 0.4%
of the total). Besides, it is a highly possible case with 20 or more IC flashes, while CG-hardly exceeds
the 7 per hour and CG+ rarely occurs in a number larger than 4 per hour. It is important to mention
that CG+ are less usual than CG– (at a rate that is about 1/4), but they lead to more damage in cases
like the setting of wildfires [9].

Figure 2 Total distribution of different types of flashes for the whole set of years (in
hourly periods): Intra-clouds(top), negative cloud-to-ground (bottom left), positive
cloud-to-ground (bottom right).
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3.2 Identification and Characterization of the Convective Events
From the previous considerations, the set of hourly periods is divided into seven categories, as
illustrated in Section 2. Figure 3 represents the logarithmic distribution of the cases, indicating, as it
was expected, most hours without lightning activity (99.4%). Of those cases with flashes in the ROI,
50.8% of them represented only scarce IC, 13.7% scarce TL, 26.7% moderate IC, 5.5% moderate TL,
1.5% high IC, and 1.7% high TL.

Figure 3 Distribution of hourly periods according to the IC and TL activity. From left to
right: no activity at all, scarce IC activity, scarce TL activity (some CG detected), moderate
IC activity (few or none CG detected), moderate TL (moderate IC and CG), high IC activity
(with scarce or moderate CG activity), and high TL activity (both types of flashes).
Later, only 24 of the 114,984 h reported high activity, while it was moderate at 235 h with 729 h
total registered electrical activity. This reduced number of cases with flashes in the ROI implies two
primary facts: the statistical analysis seems less robust than for other meteorological phenomena
and, on the other hand, its occurrence is usually associated with complications in the normal life of
the citizens of MAB, constituting a matter of interest. Furthermore, the results could be exported
to similar regions of the Mediterranean region, but also areas with a dense population and a
corresponding occurrence of thunderstorms [32, 33].
3.3 Radar Variables
The four selected variables allow seeking information about the thunderstorm structures
affecting the ROI: the TOP12 indicates the maximum height of the clouds as well as the TOP45 but
for more intense parts of the thunderstorms. The VIL signifies a sort of probability of hail, and
eventually, the RN1 illustrates the estimation of rainfall on the surface. It is important to mention
that the values are not exact but help in understanding the behavior of the convective clouds.
Figure 4 summarizes the results, separating the cases with and without electrical activity for the
period 2006–2020. The primary feature is that all the parameters indicate larger mean values in the
cases with electrical activity occurrences: TOP12 reaches 15 km when flashes occur, while the
opposite just arrives at 5 km height. Similar differences are reported for TOP 45, with 5.5 and 12.5
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km, or RN1 (0.5 mm vs. 21 mm). The case of VIL is a bit different because the mean value is similar
(1 mm in both cases), but while approaching percentile 80, the “No-flashes” case remains invariable,
while the “Flashes” drift to a value of 4 mm.

Figure 4 Violin plots of the different radar parameters: TOP12 (km), TOP45 (km), VIL
(mm), and RN1 (mm) for the period 2006–2020, for the cases without (left) and with
(right) flashes.
The previous experiments confirm that the occurrence of lightning activity is more strictly related
to heavy-rainfall and/or hail-producing well-developed clouds. There are certain cases (4% of the
total hourly periods) without flashes where small hail could be observed (VIL>1 mm), while the
percentage of hail possible cases is 37%. Regarding heavy rainfalls (hourly rainfall exceeding 20 mm),
the percentages are 6.7% in episodes without lightning activity and 47.1% in case of lightning.
Further, it is possible to have hail and/or heavy rainfall without lightning activity (probably
associated with cases of warm rain, [24, 26, 34]), and not all lightning cases lead to hail and/or heavy
rainfall.
3.4 Trend of Different Parameters
Moving to the main objective of this research, the evolution of convective episodes in the last
years, Figure 5 reveals some crucial aspects about the behavior of lightning activity in the ROI: the
first one, appreciable in all the types (from scarce IC to high TL), is the large variability in the annual
number of cases. In this regard, all the categories highlight the years with large activity as compared
to others with null or few cases. The secondary point is the variation in behavior of all the six
categories, with an unclear pattern of trending. In the process of clearly identifying the possible
evolution of the whole set of electrical hourly periods, Figure 6 combines all of them in a similar way
as Figure 5.
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Figure 5 Annual distribution for the 3 categories (from top to bottom: Scarce, moderate,
and high, merging IC and TL).

Figure 6 The annual sum of the hourly periods with lightning events grouping all the
categories.
Figure 6 confirms the annual variability of the number of hourly convective periods in the ROI,
but the discrepancies are less visible and allow detecting a trend of hike in the number of cases in
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the last years, in a similar manner as Figure 5, although the short period is probably not enough for
representing a climatic perspective. Considering that the mean is 43 h per year, the last three years
have evidently exceeded this threshold. On the contrary, from the first 11 years (2006–2020) only
2 of them reported values over 43 cases. To evaluate the rising trend of stormy activity, the MannKendall test is done for all-flash cases as well as scarce, moderate, and high TL categories (Table 1).
Table 1 Mann-Kendall test for all-flash cases and scarce, moderate, and high TL activity.
* confidence level of 90%; ** confidence level of 95%.
Lightning Activity

Sen’s slope

p-value

All flash-cases

2.4

0.0828*

High activity

0

0.4612

Moderate activity

1

0.0359**

Scarce activity

1.64

0.1012

A positive Sen’s slope has been observed in almost all the categories, which is statistically
significant at 95% of a confidence level for moderate activity. All flash-cases category represents a
stronger positive Sen’s slope at 90% confidence level.
The analysis of radar parameters aims to understand this variation in behavior. The study
comprises the estimation of percentile 95 of different variables in the ROI for each hourly period
with the electrical activity of any category besides, for those periods without flashes occurring more
or equal than 3 h before and less or equal than 3 h after a lightning interval. This threshold is chosen
based on the authors’ experiences. Apparently, the analysis considers 467 flash hourly periods and
1381 non-flash periods. The annual results for each type (non-flash and flash) are highlighted in
Figure 7. The results failed to draw a conclusion for any of the variables, but one interesting point
has been discovered which could lead to further research in this domain: Table 2 represents the
thresholds that have provided better correlations between non-flashes and flashes events,
according to the skill scores indices and, also, from the Figure 4 violin plots. These thresholds behave
as indicators of electrical activity, considering that the skill scores obtained are not optimal: POD of
0.49, FAR of 0.29, and HSS of 0.47. This indicates that most of the non-flashes periods have been
well identified, but a considerable number of flashes periods occurred with lower values.
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Figure 7 Annual radar parameters (from top to bottom: TOP12, TOP45, VIL, and RN1)
evolution and distribution for the period 2006–2020. No flash cases in the left column
and flashes cases in the right column.
Table 2 Threshold values for the different radar parameters that conclusively
discriminate between flash events and non-flash events.
Variable
TOP12 (km)
TOP45 (km)
RN1 (mm)
VIL (mm)

Threshold
7.5
4
15
2
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On the other hand, Figure 7 illustrates the evolution of different radar parameters during the
period of analysis. Flash episodes and non-flash intervals have been distinguished by figuring out
the differences between them. The increase in P50 thresholds can be observed in the hours with
lightning activity, which is stronger in RN1 and VIL.
Comparison of the real number of flash hourly periods per year with the estimations from the
different radar parameters is mentioned in Figure 8. Though none of the parameters can conclude
the ground truth values, all of them report the increasing trend of cases. Furthermore, the three
peaks (2009, 2014, and 2018) have also been well-reproduced by the radar parameters. A
consequence of these results is that all the radar variables have increased their values gradually in
the last years, except in the case of RN1. This fact could imply more severe weather events in
thunderstorms with less rainfall efficiency. On the contrary, it seems that clouds producing heavy
rainfall without lightning activity (warm rain cases) have increased their efficiency in the last five
years.

Figure 8 Real evolution of annual flash cases (black dots and lines) compared with the
estimation of different radar parameters (TOP 12 in red, TOP45 in orange, VIL in green,
and RN1 in blue).
4. Discussion
According to an earlier study [35], severe weather conditions occur when a combination of
synoptic (atmospheric buoyancy and vertical wind shear) and mesoscale or local-scale (lifting
mechanism) factors is noticed. Following this argument, there are two primary ways of affectation
by severe weather over a region: thunderstorms developed over or close to the ROI (that is, the
lifting mechanism is focused near the ROI), or, on the other hand, convective cells being born far of
the ROI (because the atmospheric conditions help the propagation and maintenance of the severe
conditions of a thunderstorm). In the first case, it implies that the atmospheric conditions must be
favorable in the air-mass affecting the ROI. In the latter case, the structures developed at a certain
distance relocate to the ROI, probably pushed by mid-high atmospheric winds [36]. This case implies
that the affected area will be larger, but, on the contrary, the damages will probably be lower.
However, there are a few cases where damages are serious and affecting areas are larger [37]. In
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both cases, the lightning activity, and particularly the IC one, is a good indicator of the occurrence,
diagnosis, and warning of the severe thunderstorm activity [7, 38]. For this reason, the analysis of
electrical occurrence in a region can furnish valuable information about the probability of severe
weather, as has been analyzed in the current study. Besides, an earlier study [5] demonstrated the
rich relationship between the height of the thunderstorm and the iso zero level. In this sense, the
analysis of an earlier study [39] represented that for a close region (Southern France), the iso zero
level has risen in the last couple of years, and it is expected that it will increase the annual mean
value in the next decades. The authors reported that this point is related to the increase of severe
weather phenomena (e.g., large hail).
The direct effects of the lightning are related to CG flashes, but the occurrence of IC implies direct
convection. In most cases, the damages produced by thunderstorms can be a consequence of other
phenomena: heavy rainfall, hail, straight winds, or tornadoes [1]. It is hence important to consider
not only those periods with CG flashes but all those with the occurrence of any types of electrical
activity. Effects of severe weather are crucial in the life of inhabitants of densely populated regions
but also constitute a large problem owing to the damages caused to the different types of
infrastructures, from private buildings to large wind-farms or agricultural exploitations [40–43].
Later, the increasing number of events constitutes a problem in the city engineering because of the
wearing of the infrastructures, when they are more exposed to adverse weather phenomena (large
hail, strong winds, and heavy rainfall). In any of the cases, the short period of data constitutes the
larger difficulty at the time of verifying the results, in regards to such complicated issues, which is
severe weather (see, for instance, [44]). For this reason, the authors encourage extensive research
combining the largest types of sources available in the case they are comparable.
Severe weather phenomena in Catalonia are mainly hail and straight-winds (mainly associated
with a downburst), as illustrated earlier [6, 45]. However, tornadoes are also possible in the vicinity
or over of the ROI, as suggested earlier [46] for a case that affected the International Airport of
Barcelona, with a tornado outbreak streaking the buildings, some planes, and other infrastructures
of the airport. This is not an isolated case in the region [47], but it is also observed that in some
cases, waterspouts and tornadoes do not link directly with severe thunderstorms [48] but with other
cloud dynamics. In any case, severe thunderstorms have been recorded as one of the most
dangerous impact phenomena over Catalan society.
The importance of certain infrastructures, such as the airport, harbor, railways, or highways,
combined with the high population density, gives a large value to those analysis focused on
understanding the past, current, and future stages in regions with similar conditions as mentioned
here [23], others parts of Catalonia [24], or other regions of the Mediterranean [49]. In general, the
results demonstrate significant similarities for all the areas and types of phenomena, leading to the
perception of the increasingly severe weather activity in the Mediterranean region.
Eventually, it is worthy to note that the results obtained in this research coincide with other
works [24, 39]. All the studies suggest that convective events producing severe weather phenomena
will increase in the Mediterranean Area in the future. This point results in severity for policymakers
at the time of searching for solutions for minimizing their effects. These solutions are more pivotal
in populated areas such as the ones studied here. In this sense, the nowcasting limitations on these
cases justify the use of remote sensing data (chiefly weather radar and lightning sensors). These
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tools could help in identifying some key elements such as lightning jump or splitting thunderstorms,
which can provide a very valuable time for reducing the damages. In any case, similar to the work
done in the United States [50], with public warning systems or educational courses, results are
obliged to seek optimal results.
5. Conclusions
This paper represents a research analysis of remote sensing data (lightning and weather radar)
as an attempt to resolve the issue of the increase in severe weather and thunderstorm activity in a
very small region of the Mediterranean Iberian Peninsula coast. The main interest of the area is the
high-density population and the large number of potentials affecting the infrastructures. The results
support new developments from an engineering point of view. Taking benefit from severe weather
(hail, straight winds, and/or tornadoes) is well related to total lightning data; the analysis focuses
on the identification of hourly periods with electrical activity for the period 2006–2020. Answering
the main question, it has reported an increment in the number of hourly electrical activity periods
per year, particularly during the last couple of years. However, based on the climatic conditions, the
period of the analysis is not long enough for providing a conclusive result, but it furnishes a good
trend of the future scenario in the region. A positive tendency has been confirmed by the
aforementioned Mann-Kendall test.
The comparison with radar data has allowed identifying the thresholds for various products (echo
tops, VIL, and hourly rainfall estimation), which permits discriminating between lightning and nonlightning activity over the region of analysis. The period of analysis has been reduced to have a
homogenous radar data series. Although the skill scores of the number of annual events are not
idealistic (with a considerable underestimation), the radar thresholds indicated the same trends as
the lightning registers.
Another important result obtained from the radar analysis is the reduction of the rainfall
estimation for the flash-producing hours. On the contrary, VIL values have increased in the last few
years. This should imply that severe thunderstorms include more hail events, reducing the efficiency
of the rainfall.
Future research must include various points such as a comparison with ground observations (for
instance, automatic weather stations or spotter registers), the analysis of thermodynamic
conditions, and extending the area of study to a larger region.
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