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Abstract: Previous studies in Catalonia (NE Iberian Peninsula) showed a direct relationship between
the Lightning Jump (LJ) and severe weather, from the study of different events, occurring in the last
few years in this region. This research goes a step beyond by studying the relationship between LJ
and heavy rainfall, considering different criteria. It selects those episodes exceeding the 40 mm/h
threshold, dividing them between those with or without LJ occurrence (3760 and 14,238 cases,
respectively). The time and distance criteria (<150 km and <50 min, respectively) allow the detection
of rainfall episodes with LJ, to establish an accurate relationship between the jump and the heavy
rain occurrence. Then, lightning and radar data are analyzed, considering monthly and hourly
distributions. Skill scores for the period 2013–2018 showed good results, especially in summer,
with values of POD ' 90% and FAR ' 10%
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1. Introduction

Several authors around the world have studied the behavior of the Lightning Jump (LJ) algorithm
to observe the relationship between this and severe weather [1–5]. In the case of Catalonia, the area
of study, severe weather is understood as the presence of at least one of these phenomena in a
thunderstorm: hail of diameter ≥ 2 cm, wind gusts with speeds ≥ 25 m/s, and tornadoes [4]. On the
other hand, the LJ is a sudden increase in the total lightning flash rate [6] and tends to precede severe
weather occurrences on the ground [1,6–12]. The sudden increase in lightning activity is believed to be
a response to the rapid intensification of the updraft that leads to an increasing number of ice particle
collisions and thus greater charge separation and flash rates [2,3,13–15]. However, the research of [16]
investigated the correlation between kinematic and microphysical radar parameters and lightning
flash rates. They found that maximum updraft speed had the lowest relationship with flash rate,
while graupel mass fitted better with flash rate. These results showed that the microphysics of
thunderstorms have still some limitations. Therefore, more studies are necessary to improve this point.

Regarding the area of study (Catalonia, NE Iberian Peninsula), some studies also proved the
relationship between LJ and severe weather. In this sense, the work in [17] was the precursor analysis of
a list of works that analyzed particular cases. One of the most outstanding studies was the one of [18],
which observed an increase in the number of flashes in a tornadic event. However, it was [4] who
systematically studied the behavior of the LJ algorithm as a tool for forecasting severe thunderstorms,
analyzing a set of more than 40 cases that occurred during the period 2006–2013. The results obtained
can be summarized as the Percent Correct (PC, which is defined as the verification measure of the
performance, consisting of the rate of the total number of correct forecasts and the total number
of predictions) > 73% and a false alarm ratio (FAR) < 10%. Continuing the previous research,
the work in [5] analyzed some lightning and radar parameters associated with those LJ-producing
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thunderstorms, to search for some key elements that could help to forecast the type of severe weather.
In this case, the results were not particularly accurate, showing some trends, but not conclusive at
all. In any case, and based on the work of [4], the Meteorological Service of Catalonia (SMC) put in
operation and currently uses this algorithm for surveillance tasks, allowing warning the population
via the civil protection authority in case severe weather could affect a strategic location.

Although the LJ was initially related to severe weather, in the last few years, some works have
tried to associate it with convective rainfall (this, with the peak of maximum intensity or one hour
cumulated rainfall, depends on the analysis and the data available). For instance, some studies have
shown a positive relationship between the increase of the lightning activity (searching or not for
jumps) and the intensification of precipitation, with a lead time (LT), which is the time gap between
both occurrences, that moves from a few minutes to one hour [19–25]. The work in [26] showed
that the main connection between lightning and rainfall was due to rebounding collisions between
ice-phase particles in the presence of supercooled liquid water, which is related to non-inductive
charging and cold-cloud precipitation, depending on the type of precipitation [27,28]. One part of this
type of precipitation is the collision-coalescence formed by the water vapor condensate on aerosol
particles, which form small drops that compose cloud water. This condensate is then collected by
large drops that eventually reach the ground [29]. In the region, some papers [30,31] studied the
relationship between lightning and precipitation in summer thunderstorms, but without considering
the LJ occurrence. Furthermore, from the authors and other SMC technicians’ experience, in the last
few years of operational application of the LJ tool, it has been observed that most of the severe weather
events had also included brief and large rainfall intensities.

In this manuscript, the behavior of the LJ in front of heavy rainfall in Catalonia is methodically
studied, in order to analyze the performance of the algorithm in this type of event, to use it to improve
warning techniques for the population. To achieve this objective, some parameters associated with the
precipitating clouds are analyzed. The paper is divided into the following parts. Firstly, we delimit the
area of study. Then, we define the data used and the methodology. The next step is the presentation of
the results, which are analyzed in the discussion and summarized in the conclusions.

2. Data and Methodology

2.1. Area of Study

Catalonia (NE Iberian Peninsula) is a region of 32,000 km2 with a complex territory (Figure 1).
Different ranges run across the area: firstly, the Pyrenees and the Pre-Pyrenees are quasi-parallel,
having an E-W orientation, and maximum heights over 3000 m and 2500 m, respectively. Besides,
the pre-littoral and littoral ranges move also quasi-parallel from SW to NE, with lower altitudes
(over 1500 m and 1000 m, sequentially). Furthermore, it is important to remark, as happens in many
other Mediterranean regions, that in most of the cases, these ranges present steep slopes, which could
help the triggering of convection in some concrete environments. Other important features are several
more or less deep valleys and plains, located between the orographic ranges. Besides, the coast runs
approximately from SW to NE. In this sense, the Mediterranean Sea plays a significant role in the
climate of the region, regulating the temperatures and providing high amounts of moisture.

Different air masses can affect the study area, mainly from the Atlantic (maritime, cold, and polar),
from Central-North Europe (continental, cold, and polar), or from Northern Africa (continental, warm,
and tropical). This and the topography contribute to the occurrence of many severe weather events
and heavy rain episodes in Catalonia. Some of these events can produce extended floods or local
flash-floods [32–35]. Most of the flash-floods are due to deep convective systems [36,37]) similar to
those that produce severe weather. The analysis in [38] and other authors have still reported that heavy
rainfall and severe phenomena appeared simultaneously in some episodes.
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Figure 1. (A) General view of Western Europe. The black rectangle marks the study zone; (B) zoom
view of Catalonia, the area of analysis, including the locations of the weather radars (diamonds) and
lightning detectors (triangles).

2.2. Data

This section introduces the different types of networks, the data produced, and the products
generated, used in some of the steps of the analysis of the relationship between heavy rainfall and
lightning jump occurrence.

2.2.1. Automatic Weather Station Network

The Servei Meteorològic de Catalunya (SMC or Meteorological Service of Catalonia) manages
a network of Automatic Weather Stations (AWS) called XEMA. It is composed of 180 elements,
which covers a large part of the territory and minimizes the impact of the inhomogeneities in the local
weather. However, it presents a disadvantage: these elements come from different origins: from the
Agricultural Department to the Catalan Agency of Water management, plus others that have been
installed directly by the SMC. Because of this, there are some differences in the type of sensors and
data collected. However, one of the current objectives of the SMC is to unify all the stations in the
future. The main differences are the height of the wind sensors (2, 6, and 10 m) or how the rainfall is
measured and recorded. In any case, and thanks to the Quality Control Unit, the final data show a
good homogeneity [39].

Most of the AWS is capable of recording 1 min rainfall, which easily allows generating a
30 min moving window accumulation. However, a few stations (20 of the 180 elements) only record
precipitation half-hourly, at fixed minutes (this is, at 00 and 30 min -00:00, 00:30, 01:00, 01:30-). As we
will show later, the AWS data were combined with radar data to generate more realistic hourly rainfall
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fields. Because the analysis is focused on the occurrence of heavy rainfall in a short time, all those
cases that exceeded the 40 mm/1 h threshold were detected.

2.2.2. Lightning Location System

The SMC had operates since 2004 a Lightning Location System (LLS) (XDDE from the acronym
in Catalan). XDDE combines the detection of cloud-to-ground (CG) and intra-cloud (IC) flashes,
using Low Frequency (LF) and Very High Frequency (VHF) sensors, respectively. Then, each sensor
detects the two flash types separately. The network is composed of four Vaisala LS-8000 detectors
(Figure 1), strategically located to obtain good coverage over all the territory of Catalonia and the
surrounding areas.

The system processes the IC and CG flashes separately. On the one hand, it locates IC flashes
using the interferometry technique [40]. The baseline of the sensors (135–150 km) does not allow
finding flashes’ altitudes [41]. The LLS locates a maximum of 100 s-1events in steps with a resolution of
100-µs. Two successive VHF events correspond to the same IC flash if there is less than 10 km and 0.5 s
between them.

On the other hand, Low Frequency (LF) sensors detect CG strokes. The system locates the strokes
using a combination of the time-of-arrival and magnetic direction-finding techniques [42]. CG flashes
group those CG strokes based on time and distance criteria: with a maximum interval between strokes
of 0.5 s, a maximum flash duration of 1 s, and a spatial radius limited to 10 km [42]. Total Lightning
(TL) is the sum of IC and CG flashes.

Successive campaigns using electromagnetic field measurements and video recordings of natural
lightning allow evaluating XDDE performance experimentally [43–45]. These analyses established
a Detection Efficiency (DE) of around 80–85% for CG flashes and around 70–75% for IC flashes.
The estimated median location accuracy is ∼1 km for the CG strokes and a bit more for the IC events.

In the present study, lightning data were used in two ways: the first one was the study of the IC
and CG yearly distributions and the comparison of the different behaviors; secondly, the lightning
data were the source for the triggering of warnings of the LJ algorithm (more information in [4]).
It is worthy noting that the current analysis presents an important difference with the previous LJ
studies [4,5], in which the algorithm runs only over TL flashes (that is, one point per lightning event).
In the last few years, a new complementary system has added to the operational procedure. This
new module considers all the events associated with an IC flash and all the strokes included in a
CG flash (that is, several points per lightning flash). This increase in the number of registers favors
a better thunderstorm detection. Besides, it also helps to maintain the criteria of space and time in
the convective cells’ tracking. However, experience has shown that this new procedure detects many
thunderstorms that do not produce severe weather phenomena. On the other hand, most of those
thunderstorms lead to heavy rainfall situations. This fact encouraged starting the current analysis.
The results in the present study show the combination of both systems: only one point per flash and
multiple points per flash. In this sense, the analysis considers all the warnings of both types (the
percentage of warning with multiple points is 74.5%, corresponding to a total of 3307 cases). Finally,
the work in [4] defined the LJ criterion used in this work. A warning happens in a thunderstorm when
the last minute total lightning rate is higher than a threshold. This value corresponds to double the
standard deviation for the previous 14 min.

2.2.3. XRAD: Radar Network

The Radar Network (XRAD) of the SMC is composed of 4 C-band single-pol Doppler weather
radars (Figure 1). One of the main purposes of the XRAD is to provide high-resolution quantitative
precipitation estimations (QPE), among other meteorological and hydrological products [46]. The main
advantage of the composition is that the negative effects over the radar imagery (e.g., signal attenuation
or signal blockage) are partially mitigated [47]. Because of the good spatial distribution, ninety-six
percent of the whole Catalan territory is covered by at least one volumetric raw, while 58% is covered
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by the scan of two or more radars (SMC internal report). The other main purpose of the XRAD is to
help in the surveillance and forecasting tasks in adverse weather events (from snowfalls at low heights
to severe thunderstorms). One of the most challenging aspects related to radar information is the
difficulty to identify patterns related to severe weather, because of the complexity of the shapes in the
radar imagery (see, for instance, [48,49]). Therefore, the combination of radar imagery with lightning
data results in being providential in order to analyze the nowcasting of severe weather events, but also
heavy rainfall episodes [21].

The use of weather radar data has two purposes in this work. One is the use of the hourly rainfall
estimation, generated by combining the radar data (previously corrected) with rain gauge values
as [50] described. This combination of both sources allows maintaining the ground registers and,
on the other hand, the radar shape of the precipitation field. This product has made the task of the
rainfall maxima identification easier, which the rain gauge has not been able to detect. On the other
hand, different radar products have allowed finding the characteristics of the thunderstorms during
the period between the LJ warning and the rainfall register occurrence. These data are provided by the
life-cycle tracked using the operational algorithm of the SMC (for more information, see [31,51]).

2.3. Methodology

To speed up the selection of episodes to study, a general criterion was applied to discriminate
days without precipitation or lightning activity. For this reason, two thresholds were considered in the
study of the daily information of the period 2013–2018:

(i) Accumulated precipitation/day 3 mm
(ii) Number of CG flashes/day 25

Those thresholds were selected in concordance with different criteria. All of them departing
from the experience of the authors in operational tasks, in which it was observed that over those
values, it an event without real precipitation or thunderstorm activity during the period 2012–2019
never occurred. Besides, in some days with anomalies in the radar or the rain gauge networks,
the quantitatively estimated precipitation product could show non-null values, which were not easy
to remove automatically. A similar pattern could appear in the daily lightning map, associated with
the bad functioning of a sensor. In any case, those events with real precipitation or lightning activity
with values under those thresholds are scarce in number. The previous criteria allowed the following
classification (Table 1).

Table 1. Different categories in which all the days of the period of study are labeled, considering the
precipitation and the lightning activity registered.

Day CG Flashes > 25

Q
PE

>
3

m
m

YES NO

Y
ES rainy, convective rainy, but not convective

N
O dry, convective dry, non-convective

Since here, the analysis of the convective rainy days consisted of the following steps:

1. Hourly precipitation: The process starts selecting those pixels with hourly precipitation > 40 mm in
the QPE fields combining radar and rain gauges. The size of the pixels is 1 × 1 km2. Those pixels
with QPE under this threshold are labeled as null, maintaining only the regions exceeding the
cited value. From here, we define as an event (or QPE cell) each one of those pixel regions with
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rainfall exceeding 40 mm/h in the estimation product generated by combining radar and AWS
data. The process of event selection is presented in the top panels and the left one at the bottom of
Figure 2. All the consecutive pixels in a rainfall cell were grouped, defining the area and centroid.
The equation of the mass centroid allowed the calculation of the centroid position (xc, yc) (see
Equations (1) and (2), where QPEi is the estimated precipitation at the ith pixel and xi and yi are
the coordinates of the same pixel). Once the area of the rain cell is estimated, it is possible to
determine the time when the maximum rainfall has occurred. The analysis of the reflectivity field
allows finding the time, searching for the best correlation in space between the convective cell and
the QPE region centroid. The time gap between consecutive imagery was 6 min. The central and
right bottom panels of Figure 2 show an example of the procedure. In the presented case, the time
of the maximum intensity for the QPE Areas C1 and C2 was 10:00 and 10:36, respectively.

xc =
∑N

i=1 QPEi ∗ xi

∑N
i=1 QPEi

(1)

yc =
∑N

i=1 QPEi ∗ yi

∑N
i=1 QPEi

(2)

2. Relationship between hourly precipitation with LJ or without LJ (woLJ): For each event considered
in the previous step, the QPE cells were selected and searched for the presence or not of one or
more closed LJ. To link both phenomena (QPE cell and LJ), they must occur in a spatial distance
< 50 km and a temporal range < 150 min. Those thresholds from the authors’ experience in 4
years of operational application of the algorithm were selected. Although not usual, it is possible
to detect some LJ warnings in thunderstorms that have been produced 2 h or more before the
occurrence of the event at the ground. Besides, the LJ notification is registered before (some
minutes) the rainfall rate peak, in some particular cases. Continuing with the same situation
of Figures 2 and 3 shows the QPE cells C1, C2, and C3 and the LJ L1, L2, and L3 (in all events,
the time on the right or at the bottom indicates the time of the maximum rainfall or the occurrence
of the LJ, respectively). In the example of the figure, L2 and C3 are related. C3 initially was
associated with two LJ, L2 and L3. Both warnings agreed with the restriction of distance, but only
the first one verified the condition of time. On the other hand, L1 and L3 and C1 and C2 were
independent phenomena because they were not supported by the time and space criteria. It
is necessary to clarify that one LJ can be associated with more than one cell if both verify the
previous rules. Once all the QPE cells of the full period have been labeled as LJ or woLJ, it is
possible to start the other steps of the analysis. We classified the cells into three categories. First,
evLJ were those cells associated with at least one LJ (in Figure 3, cell C3). evprLJ refers to those
QPE cells that took place during events with LJ, but they could not be linked with any warning
because some of the spatial and time constraints were not verified (cells C1 and C2 in the same
figure). Finally, evnoLJ occurred without any LJ on the same day. The first part of the analysis
considered this classification (Sections 3.1 and 3.2). On the other hand, a unique class (evnoLJ)
included the evprLJ and evnoLJ categories in the last part of the study (Sections 3.3 and 3.4). This
change was because it only mattered if an LJ-cell relationship in the forecasting tasks existed
or not.
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Figure 2. Process of the selection of the rainfall structures and assignation of the time, for the example of 2019/07/27 10:00 UTC: (a) Total hourly QPE field considering
the radar and AWSs’ data, for the whole Catalan region (the black square shows the zoom to the area of analysis in the example). (b) Total hourly QPE field zoomed.
(c) Converting pixels with QPE < 40 mm to Null. QPE cells C1 and C2 are labeled for the analysis shown in the following panels. (d) Comparison of the QPE areas of
analysis (yellow ones, C1 and C2) with the centroids of the 6 min convective cells (blue dots) (the labels indicate the time of occurrence) in a zoomed region of the
Central Coast of Catalonia. (e) The same as (d), but with the 6 min reflectivity regions exceeding 45dBZ (dashed line), at different times (colors indicate the hour and
minute).
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Figure 3. Criteria applied to connect the LJ (L1, L2, and L3) to the heavy rainfall cells (C1, C2, and C3).
See the text for more information.

3. Characteristics of lightning activity: All the lightning recorded at a distance less than 50 km
with respect to the precipitation’s centroid and 2 h before and after the maximum rainfall value
were selected (see Figure 4). The number of IC, +CG, and –CG flashes was calculated for each
QPE system, to observe the annual and monthly behavior and to compare the number of flashes
between systems with and without LJ.

4. Characteristics of weather radar detected convective cells: A similar criterion as used in
Point 3 (characteristics of lightning activity) was applied to the radar characteristics (Figure 5).
The convective cells selected in the study needed to be detected closer than 25 km with respect to
the QPE centroid’s point and, also, a maximum of 2 h or later before the maximum rainfall instant.
Through this selection, different radar parameters were studied such as TOP (maximum height of
the thunderstorm), VIL (Vertical Integrated Liquid), and the height centroid (that is, the altitude
where the mass center of the thunderstorm was located, considering the reflectivity instead of the
mass), among others.

5. Monthly and spatial distribution of the precipitation: The last step of the present analysis resulted
in the monthly and spatial distribution of the QPE cells, to make a better characterization of them.
In this case, both groups (with and without LJ) were analyzed. Furthermore, we evaluated the
capability of the LJ for forecasting heavy rain events for the same time distributions, by means of
different skill scores.
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Figure 4. Criteria applied to connect CG flashes with the QPE centroid: green dots are those CG flashes
that verify both criteria (time and space); blue dots are not valid because of the time with respect to the
maxima rainfall moment; and purple dots are those not valid because of the criteria of space (or both).
The black circle indicates the 50 km distance to the centroid of the QPE system.

Figure 5. Criteria applied to connect radar convective cells with the QPE centroid: Green dots are those
cells associated both systems C1 and C2 (because both were caused by the same rain system, it was
impossible to discriminate if one or other thunderstorm was involved in both QPE cells). On the other
hand, blue cells are rejected as contributors to C1 or C2.
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3. Results

The analysis of the period 2013–2018 produced the detection of a total of 17,998 events (areas with
estimated rainfall exceeding 40 mm). Of these, 3760 had associated at least one LJ (evLJ); 10,408 QPE
cells took place during events with LJ, but they could not be linked with any warning because some of
the spatial and time constraints were not verified (evprLJ); and, finally, 3830 occurred without any LJ
during the same day (evnoLJ). In this section, some results of the study of the set of QPE cells, mainly
those with LJ associated, are presented.

3.1. Monthly, Hourly, and Spatial Distribution of the Events

According to the classification of the events (with LJ, evLJ , without linked LJ, evprLJ , and without
LJ, evnoLJ), the first behavior to be considered was the distribution by months and hours of the three
sets of QPE cells. In the case of the two first categories, the monthly distribution was quite similar
(see Figure 6), with a scarce probability of occurrence between January to April and October to
December (10.9% for evprLJ and only 8.0% for evLJ) and a maximum comprised of June to August
(65.2% for evprLJ and 66.7% for evLJ) coinciding with warm months. During this period, the high
temperatures were favorable to developing clouds due to convection conditions. In the case of evnoLJ ,
the distribution varied notably, with 60.1% of the cases spread between September and October, while
for the rest of the months, only May (5.8%), June (6.6%), and November (8.0%) exceeded 5%.

Figure 6. Monthly distribution for each one of the event categories (with LJ, evLJ , with no linked LJ,
evprLJ , and without LJ, evnoLJ).

Moving to the hourly distribution (Figure 7), eighty-one-point-five percent of the cases of the evLJ
events occurred between 11 and 20 UTC, with a clear maxima between 13 and 16 UTC (more than 10%
during each hour). In the case of the QPE cells evprLJ , the maxima were slightly displaced to an earlier
part of the day, with 64.6% between 11 and 17 UTC and between 12 and 14 UTC with more than 10%
of cases in each hour. As happened with the monthly distribution, the time occurrence of evnoLJ events
was again more evenly dispersed, without any hour exceeding 10%: from 12 to 17 UTC, the values
moved between 7.3% and 9.8%, the rest giving out 49.5%.
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Figure 7. Same as Figure 6, for the hourly distribution.

Regarding the spatial distribution, the first result obtained from Figure 8 was the high variability
depending on the season of the year and the type of event. The figure shows the more representative
months for each type of event (evNOLJ , top row, evPRLJ , middle row, and evLJ , bottom row). The reader
must note that in the case of evNOLJ , only two months were representative (September and October;
the rest did not have enough cases to show a clear pattern), while in the other two categories, only
the more illustrating ones are shown. The first result was the influence of the Mediterranean Sea in
the distribution. In the case of evNOLJ , there was a high number of these event types occurring in
the coastal and over the Sea regions (top panels of Figure 8). This was because during this period
(in September and October), the temperature of the Mediterranean Sea’s water remains high and
contributes to the convection. It is worth noting that the spatial distribution refers to the QPE cells.
Besides, the lightning and LJ warning monthly distributions presented similar patterns to the bottom
row [52,53]. The previous charts (Figures 6–8) help to understand the usefulness of the tool. The LJ
algorithm resulted in being very helpful for surveillance tasks during summer, afternoon, and inland
events. On the contrary, as the lightning activity decreased notably, this is for coastal events during
autumn, the precision of the tool decreased. For this type of case, other procedures are necessary for
forecasting the heavy precipitation. This electrical behavior coincided with that observed in other
regions [54,55]. The contrast of temperatures between the sea and the air favored the severity of
the thunderstorms, and furthermore, the content of water was an important factor to be considered.
The behavior of evPRLJ (see the middle panel of Figure 8) could be placed between the two other
categories, with two areas (the mountainous regions of the south close to the sea and the sea area
just in front of the central coast) that presented high values of occurrence. However, these values
were lower with respect to the maxima obtained for the Pyrenees area, especially if we compare with
the results obtained for evNOLJ . On the contrary, most of the heavy rainfall evLJ was produced in the
mountain areas of the central-north of the region (bottom panel of Figure 8) due to the essential role
the terrain plays in triggering the development of thunderstorms. In this case, the sea seemed not to
play any role in the occurrence of the events.
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Figure 8. Monthly spatial distribution of the most representative cases of QPE cells without LJ (top),
with non-linked LJ (center), and with LJ (bottom). Color lines indicate the limits of the areas with
values over 2 (blue), 5 (orange), and 10 (red) events per month.

3.2. Monthly Distribution of Flashes Associated with QPE Cells

Figure 9 summarizes the lightning behavior associated with the three categories of QPE rain cells.
With respect to the intra-cloud (IC) flashes, there were two main points. First, the median (white dots)
of the monthly populations in the events associated with LJ was more constant (and concentrated
in the period April to November) than the other two categories (more probable during all the year,
especially in the case of evnoLJ events). The second point was that the evLJ median (equivalent to about
35,800 flashes per event) was notably higher than for the other two types (2400 flashes/event for evnoLJ
and 3700 for evprLJ).

Moving to the positive and negative CG, the evLJ QPE cells presented median values over those
observed for the other two classes, evnoLJ and evprLJ events. In the first class, registers were 60 positive
and 300 negative flashes/episode. With respect to evnoLJ , the values were 10 positive and 35 negative
flashes/episode. To conclude, the results for evprLJ were 15 positive and 50 negative flashes/episode.
The previous investigations showed the highest electrical activity in rainfall-precipitating structures
associated with LJ occurrence. Besides the variability of the median values along the year, this was
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also higher in the case of no occurrence of LJ. Finally, a general aspect for all types of flashes was
the absence of cases with low values for the category of evLJ , while in the other classes of events, it
was possible to register a rainfall event exceeding 40 mm/h with low or null lightning activity. An LJ
warning usually occurred with more than 25 flashes per thunderstorm, according to the study of
several storms during the operational period. As a consequence, a cell (evnoLJ or evprLJ) had a reduced
electrical activity when it produced less than 10 flashes. This definition was not contradictory with the
selected criteria presented in Table 1: the table shows daily values, while a cell refers to periods of a
few hours. Then, more flashes can occur in other parts of the day, exceeding the daily threshold.

Figure 9. Violin plot of the monthly distribution in logarithmic scale of intra-cloud (left), positive
cloud-to-ground (center), and negative cloud-to-ground (right) flashes associated the three type of
events: without LJ (top), with non-linked LJ (center), and with LJ (bottom).

3.3. Radar Parameters of Thunderstorms Associated with Events

At this point, we merged evnoLJ and evprLJ in the evnoLJ category, to produce discriminators
between producing and non-producing LJ warnings. Then, the next analysis only refers to evnoLJ
and evLJ , and does not care if the electrical activity in non-producing LJ was elevated, moderate, or
limited. Although the number of cases of the first category was notably higher (14,000 cells in front of
3800), the number of radar thunderstorms detected with the operational nowcasting algorithm of the
SMC [51] was lower (24,000 for evnoLJ in front of 50,000 for evLJ). The previous values indicated that
the median of thunderstorms per evnoLJ cell was two. On the other hand, this rate increased to 13 in
the case of evLJ .
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In this subsection, some characteristic radar data of evLJ or evNOLJ are studied and compared. The
work in [56] gave a good hint about most of the radar parameters considered in the present study. It is
important to keep in mind that this analysis was done contrasting the results between months, but
this statistic could be slightly affected by the density of the sample in each. Firstly, the height of the
thunderstorm centroid was analyzed. The median of the majority of evLJ located its centroid around 2
and 3 km from March to October. Considering the maximums, during the warmest months, from June
to September, some centroids arrived at 6 km, while in the other months, the centroids were less than
5 km. In any case, the median values for the whole period were located at a 3 km height. This was
caused by convective conditions produced by warm air, which allowed a more significant vertical
development (top left image of Figure 10). The same figure shows that the centroids of evNOLJ were
found at slightly lower levels: the median was around 2 km and their maximums were until 5.5 km
in July and August. The big difference with the previous group was the observation of the centroid
during winter months located between 1 or 2 km (in the case of evLJ , this parameter was null during
this season).

The TOP12 and TOP45 (the TOP product considering reflectivity thresholds of 12 and 45 dBZ) of
the thunderstorms presented a similar behavior as the height of the centroid, arriving in the case of evLJ
at 15 and 11 km (respectively) during this warmest period (between June and September), while the
maximum and median reflectivity obtained 65 dBZ and 44 dBZ (Figure 10, bottom and middle panels,
respectively). This was because the majority of these thunderstorms carried solid precipitation inside
of them, as was explained by the large values of VIL in some cases (over 20 mm, top-right panel of
Figure 10). In fact, and considering the theory of non-inductive electrification [27,28], all these reasons
would explain why there were many flashes during the warmest months; in other words, the big
vertical development of the thunderstorms and the presence of ice particles in the clouds favored the
presence of lightning. In the same way, it is important to remark that during the winter months, we
did not find thunderstorms with LJ.

As an example of the monthly evolution, we went in depth with the VIL (Vertical Integrated
Liquid), which followed the same shape as the rest of the parameters: it was higher during summer
months, especially in the case of evLJ , reaching in some thunderstorms values of 60 mm (related to the
presence of solid ice particles). On the contrary, in evNOLJ , the contents of VIL were similar during
the entire year, moving between 5 and 10 mm. For all the parameters, the values were limited by the
thresholds indicated in Figure 10.
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Figure 10. Violin plot of the monthly distribution of different radar parameters’ comparison for LJ (red) and non-LJ (light-blue) events. From top to bottom and from
left to right: centroid height, VIL, maximum and averaged reflectivity, and TOP12 and TOP45.
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3.4. Validation of the LJ as a Tool to Forecast Heavy Rainfall.

The dataset selected for the skill scores analysis considered the full list of events. Each event
corresponded to an observation. The forecasting was the occurrence of LJ warnings. The constraints
presented in the second point of Section 2.3 delimited the time and space coincidence between
observation and forecast. These constraints seem very lax at first look. However, they have their
significance at the time of considering operational surveillance purposes in two ways. The first one
is the question related to the lead time in thunderstorms producing LJ. Most of them had a long
duration (more than one hour; it is possible to reach 4 h), and the warnings generally occurred at
the beginning of the life cycle, during the development stage. On the contrary, both severe weather
phenomena and heavy rainfall usually occurred just in the transition between mature and dissipating
stages. The second operational point was that the knowledge of the probable occurrence of adverse
weather in a thunderstorm with several minutes in advance implied a significant milestone for the
surveillance tasks. Besides, the operational experience introduced a new condition: in some specific
cases, there were many repetitions of cells in a continuous period. The best example of this situation
occurred in heavy rainfall situations associated with convective trains [57] moving from sea to coast
([58] presented some cases). In these episodes, the thunderstorms affected the same area recursively,
producing several heavy rain cells (as we defined in the Methodology Section). Because of this, were
introduced a new constraint that considered as a unique case all those heavy rain cells grouped in time
and space (that is, associated with the same radar structure and occurring in less than 1 h).

The POD (Probability Of Detection) and FAR (False Alarm) skill scores [59] were used to validate
the LJ as a tool for forecasting heavy rainfall events (>40 mm in one hour). The POD parameter moved
between zero (bad quality of the forecast) and zero (perfect forecast, or all the warnings correspond
with an occurrence). In this study, higher values of POD corresponded to the period from April to
October (>0.8), with the highest values from June to August (>0.95), coinciding with the warmest
months. In the case of FAR, the values went also from zero to one, but with the opposite behavior
(this meant that values close to zero implied good results). This parameter showed in general low
values (good quality, that is few cases of warning implied a false alarm), overall during the warmest
month. Then, these type of thunderstorms were formed by convective conditions, which produced,
sometimes, severe weather. In this sense, the analysis in [4] showed, also, how the LJ was a good tool
to forecast severe weather (Figure 11).

Figure 11. Monthly evolution of POD and FAR skill scores to validate the LJ as a tool to forecast
heavy rainfall.
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A good relationship between heavy rainfall and convective conditions was observed, once again,
in the hourly evolution of POD and FAR (Figure 12). The maximum values of POD (good forecast) were
observed between 14 and 17 UTC when the temperatures of the day were the highest (diurnal cycle
of convection). From this time, the values of POD decreased a little until 0.85, while FAR increased,
reaching 0.4. The majority of the thunderstorms, which affected Catalonia during summer months,
usually developed in midday and could remain until night due to the high temperatures during all the
afternoon (Figure 12). In the first part of the day, a pattern was not found, although the values of POD
decreased, reaching the lowest values, around 8 and 9 UTC.

Figure 12. Hourly evolution of POD and FAR skill scores to validate the LJ as a tool to forecast
heavy rainfall.

Figures 6 and 7 partially explain the results of Figures 11 and 12. The skill scores showed a better
performance coinciding with the rise of the number of LJ-producing thunderstorms (June to August, 14
to 19 UTC). Furthermore, it is noted that only a reduced number of cases with LJ warnings did not
produce heavy rain records, confirming the deep connection between the two phenomena. An internal
analysis of the climatology area of the SMC confirmed this fact. They found that nearly 90% of the
events with rain rates over 20 mm/30 min coincided with severe weather phenomena, for the years
2018 and 2019.

The objective of the present analysis was understanding the behavior of the LJ algorithm in front
of heavy rainfall, focusing on the particular case of Catalonia. This region suffers many episodes of
floods, similar to other areas of the Mediterranean Basin [60–62]. Most of the cases are flash-flood
type, which is characterized by heavy rainfall in a short period (less than 3 h) and a high amount of
convective rain [35,63]. The previous authors showed that this type of flood was more common in
catastrophic events, with a large number of damages and even fatalities. Besides, some previous studies
showed that flash-floods were associated exclusively with convective structures, mainly mesoscale
convective systems or organized convective-type modes [31,37]. However, the main point is the
vertical development of the thunderstorms. In this sense, similar convective modes can produce the
same amount of precipitation with a lower electrical activity [37]. On the one hand, those events
with shallow convection or warm rain processes [64,65] will produce a large number of false alarms,
and they are more frequent in late summer and early autumn. Summer deep convection is the opposite
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case. Heavy rainfall clouds also produce high total lightning rates. Then, these events will have the
most suitable skill scores.

The end of the analysis was a brief study of the lead time and the distance of those cases with
heavy rainfall cells coinciding with lightning jump warnings. The median value of the first parameter
was 58 min. This implied that the algorithm was capable of warning one hour ahead. However, it
was true that existed a set of 15% of cases in which the warning occurred simultaneously or later
than the heavy rain. Regarding the distance, the median value was 34 km (this was the space where
the thunderstorm moved between the jump and the rainfall). Again, and corresponding to those
simultaneous cases, the distance was less than 3 km in the worst situations.

4. Discussion

A classification of the heavy and short duration rainfall events was done according to their
relationship with LJ occurrence, obtaining three different groups: evNOLJ (events without any
relationship with LJ), evPRLJ (events partially related to LJ), and evLJ (events directly associated with
LJ). The two last categories were produced mainly between June and August, while their probability of
occurrence decreased notably between September to April. On the contrary, the first group presented
major activity during September and October.

Considering the monthly distribution of the IC flashes per event, this presented different shapes
depending on the event group. For instance, evLJ showed a constant and larger median number
between April and November. On the contrary, the other two categories presented similar values
during all the year, which were notably lower than the events with LJ. Regarding CG flashes, evLJ
contained the higher rate of flashes per event compared to evNOLJ and evPRLJ , but in this case,
the probabilities of occurrence were similar along the year for all classes. This implied that it was
possible that the occurrence of a rainfall event exceeded 40 mm/h with low or null activity in all
months, but also during the warmest months, the number of cases associated with an LJ were in
the majority.

Taking into account the radar data, we only considered the groups evNOLJ and evLJ . The second
group presented mean values of the height of the centroid, which ranged from 2.5 km (cold season) to
8 km (between June and September). Furthermore, TOP12 of the thunderstorms producing evLJ could
reach 15 km, while maximum values of reflectivity were around 60 dBZ. Comparing these values with
the thunderstorms producing evNOLJ , the differences were clear, the median centroid height being
around 1.5 km (maximum of 5.5 km between July and August, probably associated with warm rain
or shallow convection episodes; see [64,66]). Another interesting radar parameter was VIL, which
coincided with the other variables in its behavior. This is, evLJ reached values of 60 mm in summer
months, while the maximum value for evNOLJ was lower, reaching in a few cases 50 mm (August
and September). To sum up, all the radar parameters shown in Figure 10 confirmed two facts: firstly,
the highest intensity (associated with the reflectivity parameters) and the largest vertical development
(TOPs, VIL, and height centroid) of those LJ producing structures, in front of the rest.

The last step of the analysis consisted of the validation of the LJ tool for all heavy rainfall events,
using the POD and FAR skill scores. Results showed how POD acquired very good values from April
to October (with values over 0.8), being especially high between June and August ( 0.95), coinciding
with the warmest temperatures in the region. Besides, during the same periods, FAR values were
low. Finally, the hourly evolution of both skill scores presented the best values (large POD and small
FAR) coinciding with the hours of the diurnal cycle of convection (14 to 17 UTC). All these results
allowed confirming the LJ as a good forecaster of heavy rainfall events in those cases associated with
deep convection. On the contrary, shallow clouds producing large rain rates are impossible to forecast,
simply because of the flash rate being null or scarce.
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5. Conclusions

The lightning jump algorithm was revealed as a good forecast tool for severe weather, but also
heavy rainfall episodes. However, the research showed that a high dependence on precipitating
cloud characteristics existed. In this sense, this resulted in being efficient only in those episodes with
well-developed thunderstorms. The reason was that these clouds had high total lightning flash rates
associated with them. Then, the best results were directly related to warmer seasons and the period of
the day.
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The following abbreviations are used in this manuscript:

LJ Lightning Jump
POD Probability Of Detection
FAR False Alarm Ratio
IC Intra-Cloud flash
CG Cloud-to-Ground flash
TOP Radar echo Top
VIL Vertical Integrated Liquid
UTC Coordinated Universal Time
LT Lead Time
SMC Servei Meteorològic de Catalunya (Meteorological Service of Catalonia)
XEMA Xarxa d’Estacions Meteorològiques Automàtiques (Automatic Weather Station Network)
AWS Automatic Weather Station
XDDE Xarxa de Detectors de Descàrregues Elèctriques (Lightning Location System Network)
DE Detection Efficiency
LF Low Frequency
VHF Very High Frequency
XRAD Xarxa de Radar de Catalunya (Catalan Radar Network)
QPE Quantitative Precipitating Estimation

References

1. Dimitrova, T.; Mitzeva, R.; Betz, H.D.; Zhelev, H.; Diebel, S. Lightning behavior during the lifetime of severe
thunderstorms. Geophys. Res 2011, 103, 13979–14000.

2. Steiger, S.M.; Orville, R.E.; Carey, L.D. Total lightning signatures of thunderstorm intensity over north Texas.
Part II: Mesoscale convective systems. Mon. Weather Rev. 2007, 135, 3303–3324. [CrossRef]

3. Goodman, S.J.; Blakeslee, R.; Christian, H.; Koshak, W.; Bailey, J.; Hall, J.; McCaul, E.; Buechler, D.; Darden, C.;
Burks, J.; et al. The North Alabama lightning mapping array: Recent severe storm observations and future
prospects. Atmos. Res. 2005, 76, 423–437. [CrossRef]

4. Farnell, C.; Rigo, T.; Pineda, N. Lightning jump as a nowcast predictor: Application to severe weather events
in Catalonia. Atmos. Res. 2017, 183, 130–141. [CrossRef]

5. Farnell, C.; Rigo, T.; Pineda, N. Exploring radar and lightning variables associated with the Lightning Jump.
Can we predict the size of the hail? Atmos. Res. 2018, 202, 175–186. [CrossRef]

http://dx.doi.org/10.1175/MWR3483.1
http://dx.doi.org/10.1016/j.atmosres.2004.11.035
http://dx.doi.org/10.1016/j.atmosres.2016.08.021
http://dx.doi.org/10.1016/j.atmosres.2017.11.019


Atmosphere 2020, 11, 397 20 of 22

6. Williams, E.; Boldi, B.; Matlin, A.; Weber, M.; Hodanish, S.; Sharp, D.; Goodman, S.; Raghavan, R.; Buechler, D.
The behavior of total lightning activity in severe Florida thunderstorms. Atmos. Res. 1999, 51, 245–265.
[CrossRef]

7. Darden, C.B.; Nadler, D.J.; Carcione, B.C.; Blakeslee, R.J.; Stano, G.T.; Buechler, D.E. Utilizing total lightning
information to diagnose convective trends. Bull. Am. Meteorol. Soc. 2010, 91, 167–176. [CrossRef]

8. Fehr, T.; Dotzek, N.; Höller, H. Comparison of lightning activity and radar-retrieved microphysical properties
in EULINOX storms. Atmos. Res. 2005, 76, 167–189. [CrossRef]

9. Kane, R.J. Correlating lightning to severe local storms in the northeastern United States. Weather Forecast.
1991, 6, 3–12. [CrossRef]

10. Lang, T.J.; Rutledge, S.A.; Dye, J.E.; Venticinque, M.; Laroche, P.; Defer, E. Anomalously low negative
cloud-to-ground lightning flash rates in intense convective storms observed during STERAO-A. Mon. Weather
Rev. 2000, 128, 160–173. [CrossRef]

11. Schultz, C.J.; Petersen, W.A.; Carey, L.D. Lightning and severe weather: A comparison between total and
cloud-to-ground lightning trends. Weather Forecast. 2011, 26, 744–755. [CrossRef]

12. Tessendorf, S.A.; Rutledge, S.A.; Wiens, K.C. Radar and lightning observations of normal and inverted
polarity multicellular storms from STEPS. Mon. Weather Rev. 2007, 135, 3682–3706. [CrossRef]

13. Carey, L.D.; Rutledge, S.A. Electrical and multiparameter radar observations of a severe hailstorm. J. Geophys.
Res. Atmos. 1998, 103, 13979–14000. [CrossRef]

14. Deierling, W.; Petersen, W.A.; Latham, J.; Ellis, S.; Christian, H.J. The relationship between lightning activity
and ice fluxes in thunderstorms. J. Geophys. Res. Atmos. 2008, 113. [CrossRef]

15. Wiens, K.C.; Rutledge, S.A.; Tessendorf, S.A. The 29 June 2000 supercell observed during STEPS. Part II:
Lightning and charge structure. J. Atmos. Sci. 2005, 62, 4151–4177. [CrossRef]

16. Carey, L.D.; Schultz, E.V.; Schultz, C.J.; Deierling, W.; Petersen, W.A.; Bain, A.L.; Pickering, K.E. An Evaluation
of Relationships between Radar-Inferred Kinematic and Microphysical Parameters and Lightning Flash Rates in
Alabama Storms. Atmosphere 2019, 10, 796. [CrossRef]

17. Ramis, C.; Arús, J.; López, J.M.; Mestres, A.M. Two cases of severe weather in Catalonia (Spain):
An observational study. Meteorol. Appl. 1997, 4, 207–217. [CrossRef]

18. Pineda, N.; Bech, J.; Rigo, T.; Montanyà, J. A Mediterranean nocturnal heavy rainfall and tornadic event.
Part II: Total lightning analysis. Atmos. Res. 2011, 100, 638–648. [CrossRef]

19. Koutroulis, A.; Grillakis, M.; Tsanis, I.; Kotroni, V.; Lagouvardos, K. Lightning activity, rainfall and flash
flooding–occasional or interrelated events? A case study in the island of Crete. Nat. Hazards Earth Syst. Sci.
2012, 12, 881–891. [CrossRef]

20. Iordanidou, V.; Koutroulis, A.; Tsanis, I. Investigating the relationship of lightning activity and rainfall:
A case study for Crete Island. Atmos. Res. 2016, 172, 16–27. [CrossRef]

21. Wu, F.; Cui, X.; Zhang, D.L.; Qiao, L. The relationship of lightning activity and short-duration rainfall events
during warm seasons over the Beijing metropolitan region. Atmos. Res. 2017, 195, 31–43. [CrossRef]

22. Liu, C.; Cecil, D.J.; Zipser, E.J.; Kronfeld, K.; Robertson, R. Relationships between lightning flash rates and
radar reflectivity vertical structures in thunderstorms over the tropics and subtropics. J. Geophys. Res. Atmos.
2012, 117. [CrossRef]

23. Basarab, B.; Rutledge, S.; Fuchs, B. An improved lightning flash rate parameterization developed from
Colorado DC3 thunderstorm data for use in cloud-resolving chemical transport models. J. Geophys.
Res. Atmos. 2015, 120, 9481–9499. [CrossRef]

24. Tippett, M.K.; Koshak, W.J. A baseline for the predictability of US cloud-to-ground lightning. Geophys. Res. Lett.
2018, 45, 10–719. [CrossRef]

25. Romps, D.M.; Seeley, J.T.; Vollaro, D.; Molinari, J. Projected increase in lightning strikes in the United States
due to global warming. Science 2014, 346, 851–854. [CrossRef] [PubMed]

26. Wu, F.; Cui, X.; Zhang, D.L. A lightning-based nowcast-warning approach for short-duration rainfall events:
Development and testing over Beijing during the warm seasons of 2006–2007. Atmos. Res. 2018, 205, 2–17.
[CrossRef]

27. Illingworth, A.; Latham, J. Calculations of electric field growth, field structure and charge distributions in
thunderstorms. Q. J. R. Meteorol. Soc. 1977, 103, 281–295. [CrossRef]

28. Takahashi, T. Riming electrification as a charge generation mechanism in thunderstorms. J. Atmos. Sci. 1978,
35, 1536–1548. [CrossRef]

http://dx.doi.org/10.1016/S0169-8095(99)00011-3
http://dx.doi.org/10.1175/2009BAMS2808.1
http://dx.doi.org/10.1016/j.atmosres.2004.11.027
http://dx.doi.org/10.1175/1520-0434(1991)006<0003:CLTSLS>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2000)128<0160:ALNCTG>2.0.CO;2
http://dx.doi.org/10.1175/WAF-D-10-05026.1
http://dx.doi.org/10.1175/2007MWR1954.1
http://dx.doi.org/10.1029/97JD02626
http://dx.doi.org/10.1029/2007JD009700
http://dx.doi.org/10.1175/JAS3615.1
http://dx.doi.org/10.3390/atmos10120796
http://dx.doi.org/10.1017/S1350482797000510
http://dx.doi.org/10.1016/j.atmosres.2010.10.027
http://dx.doi.org/10.5194/nhess-12-881-2012
http://dx.doi.org/10.1016/j.atmosres.2015.12.021
http://dx.doi.org/10.1016/j.atmosres.2017.04.032
http://dx.doi.org/10.1029/2011JD017123
http://dx.doi.org/10.1002/2015JD023470
http://dx.doi.org/10.1029/2018GL079750
http://dx.doi.org/10.1126/science.1259100
http://www.ncbi.nlm.nih.gov/pubmed/25395536
http://dx.doi.org/10.1016/j.atmosres.2018.02.003
http://dx.doi.org/10.1002/qj.49710343606
http://dx.doi.org/10.1175/1520-0469(1978)035<1536:REAACG>2.0.CO;2


Atmosphere 2020, 11, 397 21 of 22

29. Lamb, D. Rain production in convective storms. In Severe Convective Storms; Springer: Berlin, Germany, 2001;
pp. 299–321.

30. Pineda, N.; Rigo, T.; Bech, J.; Soler, X. Lightning and precipitation relationship in summer thunderstorms:
Case studies in the North Western Mediterranean region. Atmos. Res. 2007, 85, 159–170. [CrossRef]

31. Rigo, T.; Pineda, N.; Bech, J. Analysis of warm season thunderstorms using an object-oriented tracking
method based on radar and total lightning data. Nat. Hazards Earth Syst. Sci. 2010, 10, 1881–1893. [CrossRef]

32. Aran, M.; Sairouni, A.; Bech, J.; Toda, J.; Rigo, T.; Cunillera, J.; Moré, J. Pilot project for intensive surveillance
of hail events in Terres de Ponent (Lleida). Atmos. Res. 2007, 83, 315–335. [CrossRef]

33. del Moral, A.; Rigo, T.; Llasat, M.C. A radar-based centroid tracking algorithm for severe weather
surveillance: Identifying split/merge processes in convective systems. Atmos. Res. 2018, 213, 110–120.
[CrossRef]

34. Barnolas, M.; Rigo, T.; Llasat, M. Characteristics of 2-D convective structures in Catalonia (NE Spain):
An analysis using radar data and GIS. Hydrol. Earth Syst. Sci. 2010, 14, 129–139. [CrossRef]

35. Llasat, M.C.; Marcos, R.; Turco, M.; Gilabert, J.; Llasat-Botija, M. Trends in flash flood events versus
convective precipitation in the Mediterranean region: The case of Catalonia. J. Hydrol. 2016, 541, 24–37.
[CrossRef]

36. Rigo, T.; Llasat, M.C. Analysis of mesoscale convective systems in Catalonia using meteorological radar for
the period 1996–2000. Atmos. Res. 2007, 83, 458–472. [CrossRef]

37. Rigo, T.; Berenguer, M.; del Carmen Llasat, M. An improved analysis of mesoscale convective systems in the
western Mediterranean using weather radar. Atmos. Res. 2019, 227, 147–156. [CrossRef]

38. Mateo, J.; Ballart, D.; Brucet, C.; Aran, M.; Bech, J. A study of a heavy rainfall event and a tornado outbreak
during the passage of a squall line over Catalonia. Atmos. Res. 2009, 93, 131–146. [CrossRef]

39. Llabrés-Brustenga, A.; Rius, A.; Rodríguez-Solà, R.; Casas-Castillo, M.C.; Redaño, A. Quality control process
of the daily rainfall series available in Catalonia from 1855 to the present. Theor. Appl. Climatol. 2019,
137, 2715–2729. [CrossRef]

40. Lojou, J.Y.; Cummins, K.L. Total lightning mapping using both VHF interferometry and time-of-arrival
techniques. In Proceedings of the International Conference on Lightning Protection, Kanazawa, Japan,
18–22 September 2006; pp. 391–396.

41. Lojou, J.Y.; Murphy, M.J.; Holle, R.L.; Demetriades, N. Nowcasting of thunderstorms using VHF
measurements. In Lightning: Principles, Instruments and Applications; Betz, H.-D., Schumann, U., Laroche, P.,
Eds.; Springer: Dordrecht, The Netherlands, 2009; pp. 253–270.

42. Cummins, K.L.; Murphy, M.J.; Bardo, E.A.; Hiscox, W.L.; Pyle, R.B.; Pifer, A.E. A combined TOA/MDF
technology upgrade of the US National Lightning Detection Network. J. Geophys. Res. Atmos. 1998,
103, 9035–9044. [CrossRef]

43. Montanyà, J.; Van der Velde, O.; March, V.; Romero, D.; Solà, G.; Pineda, N. High-speed video of lightning
and x-ray pulses during the 2009–2010 observation campaigns in northeastern Spain. Atmos. Res. 2012,
117, 91–98. [CrossRef]

44. Pineda, N.; Montanyà, J. Lightning detection in Spain: The particular case of Catalonia. In Lightning:
Principles, Instruments and Applications; Springer: Dordrecht, The Netherlands, 2009; pp. 161–185.

45. Montanyà, J.; Pineda, N.; March, V.; Illa, A.; Romero, D.; Solà, G. Experimental evaluation of the Catalan
lightning detection network. In Proceedings of the 19th International Lightning Detection Conference,
Tucson, AZ, USA, 24–25 April 2006.

46. Trapero, L.; Bech, J.; Rigo, T.; Pineda, N.; Forcadell, D. Uncertainty of precipitation estimates in convective
events by the Meteorological Service of Catalonia radar network. Atmos. Res. 2009, 93, 408–418. [CrossRef]

47. Altube, P.; Bech, J.; Argemí, O.; Rigo, T. Quality control of antenna alignment and receiver calibration using the
sun: Adaptation to midrange weather radar observations at low elevation angles. J. Atmos. Ocean. Technol. 2015,
32, 927–942. [CrossRef]

48. Heinselman, P.L.; Priegnitz, D.L.; Manross, K.L.; Smith, T.M.; Adams, R.W. Rapid sampling of severe storms
by the national weather radar testbed phased array radar. Weather Forecast. 2008, 23, 808–824. [CrossRef]

49. Przybylinski, R.W. The bow echo: Observations, numerical simulations, and severe weather detection
methods. Weather Forecast. 1995, 10, 203–218. [CrossRef]

http://dx.doi.org/10.1016/j.atmosres.2006.12.004
http://dx.doi.org/10.5194/nhess-10-1881-2010
http://dx.doi.org/10.1016/j.atmosres.2005.09.013
http://dx.doi.org/10.1016/j.atmosres.2018.05.030
http://dx.doi.org/10.5194/hess-14-129-2010
http://dx.doi.org/10.1016/j.jhydrol.2016.05.040
http://dx.doi.org/10.1016/j.atmosres.2005.10.016
http://dx.doi.org/10.1016/j.atmosres.2019.05.001
http://dx.doi.org/10.1016/j.atmosres.2008.09.030
http://dx.doi.org/10.1007/s00704-019-02772-5
http://dx.doi.org/10.1029/98JD00153
http://dx.doi.org/10.1016/j.atmosres.2011.09.013
http://dx.doi.org/10.1016/j.atmosres.2009.01.021
http://dx.doi.org/10.1175/JTECH-D-14-00116.1
http://dx.doi.org/10.1175/2008WAF2007071.1
http://dx.doi.org/10.1175/1520-0434(1995)010<0203:TBEONS>2.0.CO;2


Atmosphere 2020, 11, 397 22 of 22

50. Velasco-Forero, C.A.; Sempere-Torres, D.; Cassiraga, E.F.; Gómez-Hernández, J.J. A non-parametric automatic
blending methodology to estimate rainfall fields from rain gauge and radar data. Adv. Water Resour. 2009,
32, 986–1002. [CrossRef]

51. Rigo, T.; Llasat, M.C. Forecasting hailfall using parameters for convective cells identified by radar. Atmos. Res.
2016, 169, 366–376. [CrossRef]

52. Pineda, N.; Soler, S.T.; Vilaclara, E. Aproximació a la Climatologia de Llamps a Catalunya: Anàlisi de les Dades de
l’SMC per al Període 2004–2008; Generalitat de Catalunya, Departament de Territori i Sostenibilitat: Barcelona,
Spain, 2011.

53. Farnell, C.; Rigo, T. The Lightning Jump, The Campaign “Pick Up The Stone” in 2018, and a Climatological
Analysis for Catalonia for the period 2006–2018. Tethys J. Mediterr. Meteorol. Climatol. Submitt. 2020, in press.

54. Albrecht, R.I.; Goodman, S.J.; Buechler, D.E.; Blakeslee, R.J.; Christian, H.J. Where are the lightning hotspots
on Earth? Bull. Am. Meteorol. Soc. 2016, 97, 2051–2068. [CrossRef]

55. Morales Rodriguez, C. Thunderstorm efficiency regimes in South America as observed by STARNET and
TRMM. J. Geophys. Res. Atmos. 2019, 124, 11428–11451. [CrossRef]

56. Capozzi, V.; Montopoli, M.; Mazzarella, V.; Marra, A.C.; Roberto, N.; Panegrossi, G.; Dietrich, S.; Budillon,
G. Multi-Variable Classification Approach for the Detection of Lightning Activity Using a Low-Cost and
Portable X Band Radar. Remote Sens. 2018, 10, 1797. [CrossRef]

57. Doswell III, C.A.; Brooks, H.E.; Maddox, R.A. Flash flood forecasting: An ingredients-based methodology.
Weather Forecast. 1996, 11, 560–581. [CrossRef]

58. del Moral, A.; del Carmen Llasat, M.; Rigo, T. Connecting flash flood events with radar-derived convective
storm characteristics on the northwestern Mediterranean coast: Knowing the present for better future
scenarios adaptation. Atmos. Res. 2020, 238, 104863. [CrossRef]

59. Wilks, D.S. Statistical Methods in the Atmospheric Sciences; Academic Press: Cambridge, MA, USA, 2011;
Volume 100.

60. Cortès, M.; Llasat, M.C.; Gilabert, J.; Llasat-Botija, M.; Turco, M.; Marcos, R.; Vide, J.P.M.; Falcón, L. Towards
a better understanding of the evolution of the flood risk in Mediterranean urban areas: The case of Barcelona.
Nat. Hazards 2018, 93, 39–60. [CrossRef]

61. Cortés Simo, M.; Turco, M.; Ward, P.J.; Sánchez Espigares, J.A.; Alfieri, L.; Llasat Botija, C. Changes in flood
damage with global warming on the eastern coast of Spain. Nat. Hazards Earth Syst. Sci. 2019, 19, 2855–2877.
[CrossRef]

62. Petrucci, O.; Aceto, L.; Bianchi, C.; Bigot, V.; Brázdil, R.; Pereira, S.; Kahraman, A.; Kılıç, Ö.; Kotroni, V.; Llasat,
M.C.; et al. Flood fatalities in Europe, 1980–2018: Variability, features, and lessons to learn. Water 2019,
11, 1682. [CrossRef]

63. Llasat, M.; Puigcerver, M. Total rainfall and convective rainfall in Catalonia, Spain. Int. J. Climatol. J. R.
Meteorol. Soc. 1997, 17, 1683–1695. [CrossRef]

64. Ballart, D.; Figuerola, F.; Aran, M.; Rigo, T. Analysis of warm convective rain events in Catalonia. In
Proceedings of the 11th Plinius Conference on Mediterranean Storms, Martín Barcelona, Spain, 7–10
September 2009.

65. León, F.; Carretero Porris, O. Tropical-like heavy convective rains over the Spanish Mediterranean regions:
A radar-based perspective. In Proceedings of the 30th International Conference on Radar Meteorology,
Munich, Germany, 19–24 July 2001; Volume 30, p. 253.

66. Bech, J.; Rigo, T.; Pineda, N.; Segalà, S.; Vilaclara, E.; Sánchez-Diezma, R.; Sempere, D.; Velasco, E.
Implementation of the EHIMI software package in the weather radar operational chain of the catalan
meteorological service. In Proceedings of the 32 nd International Conference on Radar Meteorology,
Alburquerque, NM, USA, 23–29 October 2005.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.advwatres.2008.10.004
http://dx.doi.org/10.1016/j.atmosres.2015.10.021
http://dx.doi.org/10.1175/BAMS-D-14-00193.1
http://dx.doi.org/10.1029/2019JD030950
http://dx.doi.org/10.3390/rs10111797
http://dx.doi.org/10.1175/1520-0434(1996)011<0560:FFFAIB>2.0.CO;2
http://dx.doi.org/10.1016/j.atmosres.2020.104863
http://dx.doi.org/10.1007/s11069-017-3014-0
http://dx.doi.org/10.5194/nhess-19-2855-2019
http://dx.doi.org/10.3390/w11081682
http://dx.doi.org/10.1002/(SICI)1097-0088(199712)17:15<1683::AID-JOC220>3.0.CO;2-Q
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Data and Methodology
	Area of Study
	Data
	Automatic Weather Station Network
	Lightning Location System
	XRAD: Radar Network

	Methodology

	Results
	Monthly, Hourly, and Spatial Distribution of the Events
	Monthly Distribution of Flashes Associated with QPE Cells
	Radar Parameters of Thunderstorms Associated with Events
	Validation of the LJ as a Tool to Forecast Heavy Rainfall.

	Discussion
	Conclusions
	References

