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Abstract: In the climate change context, wildfires are an increasing hazard in the Mediterranean
Basin, especially those triggered by lightning. Although lightning activity can be predicted with a
reasonable level of confidence, the challenge remains in forecasting the thunderstorm’s probability
of ignition. The present work aims to characterise the most suitable predictors to forecast lightning-
ignited wildfires. Several ERA5 parameters were calculated and compared for two different samples,
thunderstorm episodes that caused a wildfire (n = 961) and ordinary thunderstorms (n = 1023) that
occurred in Catalonia (NE Iberian Peninsula) in the 2006–2020 period. Lightning wildfires are mostly
associated with dry thunderstorms, characterised by: weak-to-moderate Mixed-Layer Convective
Available Potential Energy (MLCAPE, 150–1100 J kg−1), significant Dew Point Depression at 850 hPa
(DPD850, 3.3–10.1 ◦C), high Most-Unstable Lifted Condensation Level (MULCL, 580–1450 m) and
steep 500–700 hPa Lapse Rate (LR, −7.0–−6.3 ◦C). Under these conditions, with relatively dry air at
lower levels, thunderstorms tend to be high-based, the rain evaporating before reaching the ground
and lightning occurring without significant rainfall. Specifically forecasting the probability of LIW
occurrence would be of great assistance to the forest protection tactical decision-making process,
preparing for “dry” thunderstorm days where multiple ignitions can be expected.

Keywords: lightning-ignited wildfires; holdover fires; lightning detection; Mediterranean-climate; ERA5

1. Introduction

Wildfires are a growing threat in Mediterranean-climate regions as the climate contin-
ues to warm. Wildfires originate from a combination of three ingredients: ignition, weather,
and dry fuels. All three are being influenced by climate change, resulting in higher temper-
atures, extended heat warnings, and droughts, all of which result in drier fuels that lead to
higher-intensity wildfires. Concerning the source of ignition, human-caused wildfires have
predominated in the southern EU countries over the last centuries [1,2]. Lightning-ignited
wildfires (LIW) only represent 1–10% of the forest fires in these countries [3]. Consequently,
LIWs are commonly perceived as irrelevant in the area. Although most LIWs burn a few
hectares, some of the largest fires recorded in Spain and Portugal have been caused by light-
ning, e.g., [4–6]. Indeed, when the ignition occurs in complex topography difficulting the
initial attack, LIWs can develop into complex, largest fires [7,8]. Most LIWs occur during the
Mediterranean summer, when extended dry spells, warm temperatures, and low moisture
configure extreme meteorological conditions. Under such conditions, thunderstorms can
cause a large number of simultaneous ignitions, overwhelming the fire-fighting ignitions
capacity of the fire brigades [9].

Although thunderstorms produce thousands of lightning strikes every year, only a few
cause ignitions that end in a LIW. Lightning-caused ignitions on forest fuels must overcome
a complex process, in which fuel moisture and weather conditions should be conducive
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to both fire survival and growth [10–12] The “lightning efficiency” [13] for a given region
is the ratio between the lightning-ignitions that turn into an active wildfire and the entire
amount of lightning striking the region. This “success” ratio has been estimated around the
globe by different authors and was found to be between 0.1 and 1% (see [14] and references
therein). The relative timing between the lightning strike and precipitation is critical to
whether lightning ignitions will survive. Most of the lightning tends to occur within the rain
shaft of a thunderstorm, where heavy rainfall will extinguish any potential LIW [15–17].

Surviving ignitions are mostly attributed to “dry lightning”, those associated with
less than 0.1 in. (2.54 mm) of rainfall [18]. Dry lightning can be found outside the rain
shaft of an ordinary thunderstorm, e.g., [19–21]; or in fast-moving thunderstorms, where
rainfall does not have sufficient time to accumulate, e.g., [18,22]. On the other hand, they
can also be associated with “dry thunderstorms”, characterised by a high cloud base and
low environmental moisture, conditions favouring the evaporation of precipitable water
before reaching the ground [23–26].

In addition to the significance of dry lightning, classifications of the synoptic weather
patterns prevailing at large scales offer the convenient potential to improve fire risk fore-
casts [18,27,28]. Relations between large-scale circulation patterns and wildland fire severity
have been studied in Canada [29], California [18,30], Central Europe Alps [31], the Iberian
Peninsula [27,32–34], and Greece [35] among others. Pineda et al. [28] have shown that
LIWs in Catalonia are mostly associated with synoptic patterns dominated by a short-wave
trough at 500 hPa, with three variants: shortwave trough with an Iberian thermal low (~1/2
of the LIW), with a Northerly flow (~1/4), and with Prefrontal convection (~1/8).

Nowadays, lightning activity can be predicted with a reasonable level of confidence
because it is linked to particular weather conditions [36]. Still, the challenge remains in
forecasting the thunderstorm’s probability of triggering a wildfire ignition. The evaluation
of the forecast skill of thunderstorm predictors derived from Numerical Weather Prediction
(NWP) reanalysis can help identify convective environments prone to LIW occurrence. Taking
advantage of the latest available reanalysis from the European Centre for Medium-Range
Weather Forecasts (ECMWF), the so-called ERA5 [37], the present work focus on the charac-
terisation of convective environments favouring thunderstorms that trigger LIW in Catalonia.
Indeed, being able to identify areas with an elevated probability of LIW occurrence would be
of great assistance to the forest protection tactical decision-making process, preparing for “dry”
thunderstorm days where multiple ignitions can be expected, i.e., routing detection flight
paths to locate lightning-derived ignitions. To this end, the analysis aims to find thunderstorm
predictors focused on the LIW, other than typical predictors intended to detect potential deep
convection leading to severe weather or flash flooding events. Finally, the sensitivity of these
predictors to holdover wildfires is investigated.

2. Materials and Methods
2.1. Subsection Study Domain

Catalonia (~32,000 km2) is in the NE of the Iberian Peninsula (Figure 1). It has a
Mediterranean climate, with hot dry summers, rainy springs and falls, and cold winters [38].
Major topographic features include the Pyrenees Mountain range, which sets the northern
border, while two lower mountain chains are located parallel to the coastline. The coast
with the Mediterranean Sea outlines the eastern part of the region, the proximity to the sea
generates milder conditions in summer and winter, in contrast to the flat inland continental
areas. Such orographic features contribute to considerable contrasts in temperature and
precipitation across the region, annual average temperatures range from 0 ◦C to 17 ◦C [39].
Precipitation is characterised by significant spatial and temporal variability. Annual mean
rainfall varies from 400 mm in the south to 1300 mm in the north, while extreme daily
values can surpass 300 mm in areas located near the coast or in the Pyrenees [40].

Similar to the temperature and precipitation, the spatial distribution of lightning in Cat-
alonia is governed by the local orographic features, as well as by the distance to the Mediter-
ranean Sea [41–43]. Lightning flash density in Catalonia goes from ~1 flash km−2 year−1 in
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coastal areas to ~2.4 flashes km−2 year−1 in the Pyrenees (Figure 1), a moderate lightning
activity within Western Europe [44,45]. Thunderstorm activity gently increases during
spring and peaks in summer. From mid-September, lightning activity shifts to the seashore,
where it becomes dominant in autumn. This transition is forced by the evolution of the
land/sea average temperature, as the sea surface is warmer compared with land from
mid-September to April. The diurnal distribution of strikes indicates that lightning activity
is linked with daytime-heating initiated thunderstorms, especially at the beginning of the
season, with an increase of around 1400 and a maximum of 1700 (local time) followed by a
slow decrease [43,46].
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2.2. Datasets

The study analyses the LIW that occurred in Catalonia in a period of 15 years
(2006–2020), through a variety of data sources, including: (i) wildfire data from the For-
est Protection Agency of Catalonia (Servei Prevenció Incendis Forestals, SPIF) database;
(ii) lightning data from the Meteorological Service of Catalonia (Servei Meteorològic de
Catalunya, SMC); and (iii) atmospheric data from ERA5, the fifth-generation global reanal-
ysis of the ECMWF [37].

The SPIF manages the wildfire database of Catalonia [47]. Records showed there
have been 640 wildfires per year which burn 7700 forested hectares each year, on average
(1986–2022). However, a small number (<2%) of large fires (>100 ha) accounted for more
than 88% of the burnt area, and a few extreme events concentrated the bulk (>65%) of the
burnt area [50]. Records include information on the date, time, and coordinates of the point
of ignition for each wildfire. Records also include fire causality, which is investigated in the
field by the Corps of Rural Agents, using the standard method based on physical evidence
and public procedure. Most wildfires in Catalonia during the analysed period (2006–2020)
were associated with human activity, only ~12% were ascribed to lightning (n = 1089) [47].
Therefore, there were ~60 LIW per year, with an average size of 2.5 ha. They only account
for 2% of the burned area by any kind of wildfire, although some of the LIW that occurred
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in this period burned hundreds of hectares (i.e., Tivissa 15 June 2014 870 ha; La Guingueta
d’Àneu 29 October 2016 630 ha).

Cloud-to-ground (CG) lightning data comes from the Lightning Location System (LLS)
operated by the SMC (for details see [51]).

Vertical temperature, dew point, and wind profiles were retrieved from ERA5 [37,52].
The horizontal and temporal resolution is 0.25◦ and 1 h, respectively. Pseudo-soundings
were built up using temperature, dew point, geopotential height, and wind reanalysis data
from the 37 pressure levels and surface, as performed in previous studies where convective
environments were also characterised, e.g., [53,54].

2.3. Method

SMC-LLS observations were aggregated to the spatiotemporal grid of ERA5 (a 0.25◦ × 0.25◦

cell, centred in grid points from the ERA5). Thunderstorm-significant (TS) events were defined
as those cells having 100 CGs or more in a 3-h fixed period. Only TS events detected inland
Catalonia were selected (n = 1023). Indeed, this sample does not include thunderstorms that
generated a LIW, which were selected based on the SPIF wildfire database.

LIW events are defined through the date, time, and geographic coordinates of the
occurrence of the lightning that caused the fire. In the first step, a lightning individual from
the SMC database must be selected as the ignition origin, among all those that took place
around the fire ignition point. As in Soler et al. [21] and Pineda et al. [14], the most probable
candidate (MPC) is designated through a “proximity index”, a combined probability of the
temporal and spatial distance of each lightning candidate to the fire ignition point [55]. The
MPC is the CG with the highest score in the proximity index [14]. In total, 973 LIWs (~90%)
were matched using this procedure.

LIWs are the product of three processes: thunderstorm occurrence, fire ignition by a
lightning strike, and survival of this ignition until fire spread and detection [11,12]. These
processes are complex, involving several factors such as vegetation type, fuel moisture,
and weather conditions conducive to lightning ignition, survival, and fire growth. Under
dry and warm conditions, lightning-caused ignitions can immediately spread as an active
fire. Contrarily, if the fuel moisture content is high—but less than the moisture content
of extinction—the fire may survive smouldering as a “holdover fire”, for hours to several
days until the environment becomes dry enough to support flaming combustion [14,56,57].
Indeed, the duration of the holdover phase can be obtained by coupling the observed
wildland fire data with CG records obtained from the SMC-LLS for each LIW. Pineda
et al. [14], who used the same databases, calculated the holdover duration, establishing
four categories for the holdover phase: short-term (ST; <6 h), 1-day (1D; 6–30 h), 2-day (2D;
30–54 h), and multi-day (MD; >54 h). In a second phase, the 961 LIW were subdivided into
these four holdover categories, with the following number of samples: 586 for short-term
holdover, 292 for 1D, 66 for 2D 66, and 29 for MD holdover.

Pseudo-soundings were generated for each LIW and TS events, aiming to calculate
several thermodynamic and kinematic parameters. For the LIW events, data from the
closest ERA5 grid point was selected, to retrieve the vertical temperature, dew point, and
wind profile. In case two or more LIWs were characterised by the same grid cell and hour
data, they were treated as a single event, avoiding overrepresentation. In doing so, the
original LIW sample (n = 973) was reduced to a final sample (n = 961). ERA5 grid points
for TS events (n = 1023) were assigned to the latitude and longitude of the centre of the TS
cell, at the initial time of the event.

A large compilation of ERA5-derived thermodynamic and kinematic parameters was
calculated to characterize the LIW and the TS environments (see supplementary material
Table S1 for the complete list). The literature review has shown that LIWs are spawned
in high-based thunderstorm environments which are characterised by low-level dry air,
mid-level steep lapse rate, and mid-tropospheric moisture [18,26,58–61]. Therefore, only
a specific selection of the ERA5—parameters were analysed in more detail (Table 1). The
computation was mainly conducted using the R language package “ThundeR” [62].
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Table 1. ERA 5 parameters and derived indices analysed in this study, units, and brief comments.

Parameter Units Comments

Convective Available Potential Energy (CAPE) J kg−1 Using SB, ML, and MU parcels
Lapse rate (LR) ◦C km−1 Between 700 and 500 hPa
Temperature (T) ◦C At 2 m

Temperature difference (T850–T500) ◦C Temperature at 850 hPa and 500 hPa
Dew point depression (DPD) ◦C At 850 hPa and 2 m

Relative humidity (RH) % At 2 m and between 0 and 2 km, and 2 and 5 km
Lifting condensation level (LCL) m Using SB, ML, and MU parcels

High-level total totals (HLTT) ◦C According to Milne [58]
Fuel Moisture Index (FMI) dimensionless According to Sharples et al. [59]

Rorig and Ferguson [18] developed a forecasting methodology to classify convective
days as either “dry” or “wet” based on the 850–500 hPa temperature lapse and 850 hPa
dewpoint depression. Wet days present classical convection conditions with moisture in the
lower atmosphere. In such conditions, lightning will tend to be collocated with widespread
precipitation at the ground, extinguishing most of the ignitions that “wet” lightning may
trigger in the forest fuels. Contrarily, “dry” lightning days are characterised by high instability
and low moisture levels in the lower atmosphere. This combination increases the likelihood
that precipitation evaporates before reaching the ground, favouring “dry” lightning and
therefore LIW episodes. On this basis, the National Weather Service (NWS)—Reno Weather
Forecast Office developed a conceptual model to forecast dry thunderstorms. Essentially,
it relies on the pressure of the dynamic tropopause, the jet streak dynamics, the equivalent
potential temperature, and the upper-level lapse rates in conjunction with the HLTT [63,64].

In the present work, an explorative analysis worked out variables that showed signifi-
cant differences between the LIW and the TS samples. In this regard, a Welch’s t-test [65]
was calculated on the ERA5 parameters to verify if the median value is significantly differ-
ent between samples (Table S3). Moreover, the corresponding p-value was calculated as
well. The p-value corresponds to the level of marginal significance for the hypothesis of
equal median values. If the p-value is lower than 0.05 (less than 5% probability of equal
median) the hypothesis of equal medians is rejected, therefore both samples are statistically
different [65]. It is worth mentioning here that different medians do not necessarily imply
that the analysed variable would be a good predictor for the LIW. Similarly, the Welch cor-
rected analysis of variance test [66] was also calculated, this time to analyse the differences
between the four Holdover categories and TS.

3. Results

ERA5 thermodynamic and kinematic parameters have been analysed to find those
who demonstrate some skill ability in the forecast of thundery conditions conducive to
the LIW occurrence, in comparison to ordinary thunderstorm conditions. As indicated by
Nauslar et al. [25], typical surface or lower tropospheric thunderstorm indices such as Totals
Totals, the K Index, or the Lifted Index, may be suitable for thunderstorm prediction, but
may not reveal the potential for LIW conditions. Results presented in the following focus
on the selected parameters (Table 1). Results for the complete set of ERA5 thermodynamic
and kinematic parameters are presented as supplementary material Table S2.

3.1. Comparison between TS and LIW
3.1.1. Convective Available Potential Energy (CAPE)

For organised, long-living local thunderstorm development, a sufficient amount of
CAPE and vertical wind shear is needed, e.g., [67,68]. Figure 2 shows the CAPE calculated
using the surface-based, the most unstable, and the mixed-layer parcels. The mixed-layer
CAPE shows the better forecast potential to identify a LIW threat (p-value < 0.0001). Repre-
sentative values for mixed-layer CAPE necessary to produce thunderstorms in Catalonia
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range from ~400 to 1200 J kg−1 (interquartile range, IQR) with a median of ~800 J kg−1;
whereas LIWs occur with a lower mixed-layer CAPE (IQR 150–1100, median ~600 J kg−1).
Although surface-based and most unstable CAPEs also present statistically significant
differences between TS and LIW environments, values for those parcels are widespread
(LIW 25th percentile is smaller, the median is comparable and the 75th percentile is greater
than for TS).
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energy (CAPE) for ordinary thunderstorms (TS) and for thunderstorms that caused reported LIWs in
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mixed-layer CAPE (Welch t-test p < 0.0001).

3.1.2. High-Level Total Totals (HLTT)

Some studies [25,26] suggest that dry lightning and subsequent LIW tend to occur in
thunderstorms with high-based clouds. Milne [58] developed the High-Level Total Totals
Index (HLTT) from the traditional Total Totals index, to predict high-based convection. The
HLTT was computed following the equation:

HLTT = T700 + Td700 − (2 × T500) (1)

According to Milne [58], HLTT values of ≥28 ◦C represent the bottom threshold of
an environment favourable for high-based convection, with more promising results above
30 ◦C. In our results for the HLTT (Figure 3a), IQR and median are 26.9–30.6 ◦C and
28.9 ◦C for thunderstorms and 27.9–31.5 ◦C and 29.6 ◦C for LIW-parent thunderstorms,
respectively. Compared to this reference, in our case, there is a one-degree difference
between both categories, LIW thunderstorms developing in less warm environments, the
median temperature being close to the ideal threshold of 30 ◦C.

3.1.3. Dew Point Depression (at 850 hPa)

Pérez-Invernón et al. [26] associated LIW thunderstorms with a lower vertical content
of moisture, compared to the climatology of Mediterranean thunderstorms. For that matter,
the dew point depression at 850 hPa is a good indicator (hereafter DPD850). In the present
study, the DPD850 clearly shows the skill to distinguish between TS and LIW (Figure 3b).
75% of ordinary TS cases have DPD850 below 5.5 ◦C while higher DPD850 was found for
LIW. The median of DPD850 for LIW is approximately 6.1 ◦C, with the 75th percentile close
to 10.1 ◦C.



Atmosphere 2023, 14, 936 7 of 17

3.1.4. Dry and Wet Days

Rorig and Ferguson [18] used the DPD850, in combination with the temperature
difference between 850 and 500 hPa to forecast “dry” and “wet” thunderstorm days, the
first being more favourable to the presence of dry lightning and consequently, having a
higher likelihood of LIW occurrence. Figure 4 shows a scatterplot of the TS and LIW cases
as a function of these two parameters. TS cases (blue dots) concentrate in the region of
lower values for both variables, the region corresponding to “wet” thundery conditions.
Although LIW events (red dots) are more scattered along the plot, they predominate in the
region defined as the “dry” region in [18]. It is apparent that higher values of DPD850 and
the temperature difference between 850 and 500 hPa typically indicate a higher chance of
fire per CG stroke.
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3.1.5. Lifted Condensation Level (LCL)

Apart from the DPD850, the lifted condensation level (LCL) can be used to characterize
the low-level moisture. Results show that the height of LCL (Figure 5) appears to be a good
index to distinguish between TS and LIW, especially the most-unstable LCL. Lower heights
(IQR 380–975 m, median 630 m above model surface) are shown for TS, whereas most of
the LIW present higher heights (IQR 580–1450, median 950 m above model surface).
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3.1.6. Lapse Rate

Westermayer et al. [69] pointed out that the frequency of lightning depends on the
lapse rate (in the 850 to 500 hPa layer). For smaller lapse rates, the probability of storms
decreases. They stated that this may be caused by the difficulty for convective clouds
to maintain sufficient positive buoyancy [70]. Conditional instability requires both a
sufficiently large lapse rate with height and sufficiently moist low-level air [71]. In the case
of thunderstorms triggering LIWs, results show that they usually occur in environments
with a steeper lapse rate than TS cases at all the analysed layers, being consistent with
previous studies, e.g., [18,24,61]. In this regard, for the 500–700 hPa lapse rate, the median
value is –6.6 ◦C km−1 for LIWs and –6.3 ◦C km−1 for TS.

3.1.7. Relative Humidity

Given adequate CAPE (Figure 2), lightning occurrence strongly depends on the relative
humidity (in addition to Convective Inhibition, CIN). Wet days present classical convection
conditions, with moisture in the lower atmosphere, whereas dry days present drier air
masses at lower levels [18]. Results show that the relative humidity for LIW at the lower
levels (0–2 km) is much smaller compared to typical thunderstorm conditions (the median
for TS is 79 % and for LIWs is 67 %, with a p-value lower than 0.001), suggesting drier
conditions favour the survival of lightning-caused ignitions (Figure 6). Contrarily, at
mid-levels (2–5 km) the difference in RH is smaller (the median for TS is 66% and for
LIWs is 64%). Indeed, environmental conditions favouring lightning are needed in both
categories. Results are in line with those presented by Pérez-Invernón et al. [28], who found
the relative humidity for LIW is lower than for typical thunderstorms for altitudes below
600 hPa pressure levels.

3.2. Holdover Fires

In this section, the analysis deepens on the holdover LIWs, throughout the four
categories in which the LIW sample was sub-divided, as defined in Pineda et al. [14].
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Figure 6. Relative humidity (%) at two levels (0–2 km, 2–5 km) for ordinary thunderstorms (TS) and
for thunderstorms that caused reported LIWs in Catalonia. There are significant differences at the
lower level (0–2 km) but not at mid-levels.

3.2.1. Surface Dew Point Depression

Surface dew point depression (SDPD) showed significant differences (p-value < 0.05)
between ordinary thunderstorms (TS events) and all four holdover categories (Figure 7).
This parameter is easy to measure and clearly shows the skill to distinguish between TS and
LIW episodes, especially with short-term holdover LIWs. SDPD is 4 ◦C higher in short-term
holdover LIWs compared to TS (averaging 7.5 and 5.0 ◦C respectively). Higher SDPD
results in higher cloud base heights and lifted condensation levels (LCL). LCL averaged
630 m for TS, 940 m for all LIWs, and 1060 m for the short-term LIWs.
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Figure 7. (a) Surface and (b) 850 hPa dew point depression (◦C) for ordinary thunderstorms (TS) and
for the four holdover categories in which the LIWs are subdivided. Surface dew point depression
showed significant differences (p-value < 0.05) between TS and all four holdover categories. 850 hPa
dew point depression presented significant differences between TS and the first three holdover
categories.

3.2.2. Temperature and Relative Humidity

Representative values for surface temperature favouring thunderstorms in Catalonia
range from ~19 to 24 ◦C (IQR) with a median of 21.6 ◦C; whereas temperatures for short-
term LIWs are ~2 ◦C higher (Figure 8a). As the holdover period increases, temperature
differences diminish. Regarding moisture, ordinary thunderstorms take place in a range of
RH between 65 and 87% (median 78%); whereas temperatures for short-term LIWs are 12%
lower (Figure 8b). As the holdover period increases, RH differences diminish.
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Figure 8. (a) Surface Temperature (◦C) and (b) Surface Relative Humidity (%), for TS and the four
holdover categories in which the LIWs are subdivided. Surface Temperature showed significant
differences (p-value < 0.05) between ordinary thunderstorms and all four holdover categories, whereas
Surface Relative Humidity presented significant differences between ordinary thunderstorms and
the first three holdover categories.

3.2.3. Fuel Moisture Index

Temperature and relative humidity were combined in the Fuel Moisture Index (FMI,
Equation (2), [59]).

FMI= 10 − 0.25 (T − RH) (2)

where RH is the relative humidity in percent, and T is the temperature in ◦C. The FMI is a
dimensionless index, with a positive number that decreases as weather conditions become
increasingly hotter and drier. However, it is not giving a direct estimate of fuel moisture
content. Figure 9 shows that short-term LIWs are 5 points below TS, a significant difference
(p-value < 0.001). Contrarily, the FMI has no significant differences between TS and the
other three holdover categories.
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Figure 9. Fuel Moisture Index (FMI) for TS and the four holdover categories in which the LIWs are
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4. Discussion
4.1. Forecasting LIWs

Since dry lightning is typically associated with thunderstorms that do not produce
severe impacts, thunderstorm forecasts do not provide enough attention to this potential
threat. Typical lower tropospheric thunderstorm indices such as Total Totals, CAPE, or the
Lifted Index are not the most indicated to forecast LIW episodes [72,73].
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LIW episodes are generally related to “dry thunderstorm” events, characterised by
high-based clouds, moisture vertical contents lower than the climatological, and lower pre-
cipitation rates [14,21,26]. Dry thunderstorms need three key ingredients: mid-tropospheric
moisture, a lifting mechanism, and a sufficiently dry lower troposphere [18,23]. Lifting
can be provided dynamically by transient cyclonic circulations and thermodynamically
through steep vertical temperature differences [25,61,64]. In Catalonia, LIW episodes tend
to be dynamically related to shortwave troughs at 500 hPa, typically associated with an
Iberian thermal low, a northerly flow, or prefrontal convection [28].

As an example, Figure 10 shows a typical situation favouring the LIW. The map
corresponds to 25 July 2014, with 20 LIWs detected in Catalonia between 0400 and 0700
UTC. The episode was spawned by a short-wave trough at mid and upper levels and
a surface thermal low located in southern Iberia, which is the most common synoptic
configuration for LIW occurrence [28]. Notice the maximum wind speed at 300 hPa
associated with a mesoscale jet, just south of Catalonia, a feature commonly identified in
LIW cases in the U.S. [25].
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Thermodynamically, the present analysis has found that thunderstorms triggering
LIWs mostly occur in environments with weak-to-moderate MLCAPE (IQR 150–1100 J kg−1),
large DPD850 (IQR 3.3–10.1 ◦C), high MULCL (IQR 580–1450 m) and steep 500–700 hPa
lapse rate (IQR −7.0–−6.3 ◦C). This is consistent with the three key ingredients mentioned
previously and contrasts with TS events, which are spawned by larger MLCAPE (IQR
390–1260 J kg−1), smaller DPD850 (IQR 1.7–5.5 ◦C), lower MULCL (IQR 380–975 m) and
smaller 500–700 hPa lapse rate (IQR −6.6–−6.0 ◦C) than LIWs. As remarked in [26], low-
level dry air conditions (i.e., low relative humidity, high dew point depression, high LCL)
in thunderstorm favourable environments are prone to the evaporation of a fraction of the
precipitating water, reducing the amount of rain reaching the ground. The probability of
occurrence of LIW increases in these conditions.

Rorig and Ferguson [18] used the combination of the DPD850 and the 850–500 hPa
temperature difference to classify thunderstorm days as either “dry” or “wet” in the Pa-
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cific Northwest of the U.S. A question could be raised whether this method is extendible
to other regions. For example, Dowdy and Mills [24] showed consistent results for the
southeast of Australia, although the overlapping region in the diagram between LIWs and
TS was greater than in [18]. When applied to Catalonia, we found that both LIWs and TS
presented smaller values of DPD850 and T850–T500 than in the above-mentioned studies.
Nevertheless, LIWs and TS showed a similar distribution in the diagram, with larger DPD
and T850–T500 for the first category than for the second one. Therefore, although the
overlapping region (also present in [18,24]), LIWs and TS occurrence in Catalonia can be
discriminated against using the diagram. In this sense, 66% of LIWs presented DPD850
(3.3 ◦C) and T850–T500 (27.2 ◦C) higher than the LIWs 25-percentile of both parameters
at the same time, whereas the percentage is 39% for TS. As pointed out by Dowdy and
Mills [24], the fact that the relationship between dry lightning and the 850–500 hPa temper-
ature lapse and DPD850 is reasonably similar in the southeast of Australia and the Pacific
Northwest of the U.S. indicates that the physics behind dry lightning may be somewhat
universal; that is, high-based thunderstorms with low atmospheric moisture at lower levels
produce favourable conditions for the occurrence of dry lightning. Despite the differences
shown in the present analysis with the aforementioned studies, current results add evidence
to support this statement.

4.2. Holdover Fires

Multiple pairwise comparisons (see Supplementary Materials, Table S4) showed that
few indices had significant differences between TS and multi-day holdover LIWs (>54 h).
These results indicate that long-term holdover LIWs are hard to detect at inception, the
original ignition occurring in ordinary thunderstorm conditions not favourable to flaming
combustion. On the other hand, pairwise comparisons between short-term LIW (holdover
< 6 h) and TS showed significant differences in most of the selected parameters. These
results suggest that those ignitions that spread shortly after the lightning strike occur under
characteristic environmental conditions, which can be reasonably forecasted using the
correct selection of parameters.

The longer the holdover period, the shorter the differences between TS and the
holdover categories (at the time of the lightning ignition). Indeed, ordinary thunder-
storm environmental conditions are not prone to LIW. This is reflected in the LE index,
averaging 0.12% in Catalonia [14]. In other words, there is only one LIW per 840 recorded
CG flashes. The LE for Catalonia is in the range of other LE calculated in other regions of
the world, between the minimum reported for Finland (0.015% [55] and the maximum for
Australia (0.42% [24]).

4.3. Assumptions and Uncertainties

LLS, similar to other remote sensing measurement systems, are not 100% efficient. In-
evitably, some lightning strikes will go undetected due to different issues, such as sensor
temporary faults, communication faults, and network geometry, among others. Therefore,
the performance characteristics of the LLS must be regularly validated through different
methods [74]. Regarding the SMC-LLS, the detection efficiency has been established to be
around 85–90% [51], with a minimum detectable CG peak current in the range of 3 to 7 kA [75].

As a result, 10% of the wildfires reported in the SPIF database had no lightning
candidate from the SMC-LSS. Admittedly, a clear identification of all candidates remains a
challenge in the study of the LIW worldwide [76,77]. Moreover, the holdover span adds
uncertainty to this matching process [77].

On the other side, the wildfire database will contain inevitable errors, such as wrong
cause attribution and inaccuracies in the date, time, and coordinates of the ignition [76,78].
In the present study, the SPIF’s wildfire database is regarded as a high-quality source of
information since cause attribution relies on physical evidence gathered in-situ by the
Corps of Rural Agents.



Atmosphere 2023, 14, 936 13 of 17

The use of reanalysis data, such as the ERA5, instead of real atmospheric sounding
measurements, has also pros and cons. In fact, the SMC operates a sounding station,
located in Barcelona (N 41◦ 23′ 4.08” E 2◦ 7′ 3.36”—WMO reference 08190). Indeed, direct
measurements from soundings will provide greater vertical resolution and a more realistic
depiction of the atmospheric vertical profile. Reanalysis data has a lower vertical resolution
but, on the other hand, presents a higher temporal and spatial resolution. Atmospheric
profiles from reanalysis usually provide data from a given point from a mesh that is
generally closer to the event of interest (both in space and time), compared to a sounding
station. In fact, the ERA5 resolution is around one order of magnitude smaller than the
network density of sounding stations in Europe. Such closeness is a relevant factor in the
present study since LIW can take place almost anywhere around Catalonia. Contrarily, the
proximity to the sea of Barcelona’s sounding station makes low-level data not representative
of the main LIW-affected area, which is located inland. Moreover, the smaller temporal
resolution makes the data also less representative, as it does not detect changes on low levels
due to the diurnal cycle. Still, Recent studies showed that ERA5 tends to underestimate
low-level moisture, CAPE, and vertical wind shear, whereas overestimates of the mean
wind and lapse-rate at low levels. In contrast, this reanalysis correctly represents moisture,
wind, and temperature at mid-levels [79].

4.4. Future Work

In terms of risk assessment, to successfully predict the daily probability of ignition,
fuel type, and fuel state must be considered. Therefore, future work has to focus on the
integration of the short-term weather forecast with the long-term ignition potential, based
on vegetation type and fuel moisture content. Rodríguez-Pérez et al. [80] suggested the
type of vegetation as the most relevant factor for lightning ignition. Pineda et al. [14]
reported conifer forests as the land cover with the highest LE in Catalonia (0.17%), followed
by shrublands (0.13%). Contrarily, LE in deciduous forests (0.06%) and Mediterranean
oaks (0.05%) is half of the median (0.12%). Regarding fuel moisture content, the model by
Rodrigues et al. [81] associated the LIW with dead fuels below 10–13% moisture content
and moderate drought conditions.

5. Conclusions

Although thunderstorms produce thousands of cloud-to-ground lightning every year,
only a few cause ignitions that end in a lightning-ignited wildland fire. Being able to
forecast days with a higher probability of lightning ignitions would be of great assistance
to wildfire management agencies. Even if most of the lightning-ignited wildfires burn
less than one hectare, days with multiple ignitions in remote locations can overwhelm
the fire extinction capacity and turn into big wildfires. Typical thunderstorm indices (i.e.,
Totals, CAPE, or the Lifted Index) are not appropriate to forecast dry thunderstorm events,
characterised by high-based clouds, moisture vertical contents lower than the climato-
logical, and lower precipitation rates. Taking advantage of the latest available reanalysis
from the European Centre for Medium-Range Weather Forecasts, the so-called ERA5, the
present work described the most suitable thunderstorm predictors to forecast lightning
wildfires. Results indicate that thunderstorms that trigger wildfires tend to occur in environ-
ments with low-level dry air conditions, characterised by weak-to-moderate mixed-layer
parcels CAPE (150–1100 J kg−1), large dew point depression at 850 hPa (3.3–10.1 ◦C), high
most-unstable lifted condensation level (580–1450 m) and steep 500–700 hPa lapse rate
(−7.0–−6.3 ◦C). Under these conditions, with relatively dry air at lower levels, thunderstorms
tend to be high-based, the rain evaporating before reaching the ground and lightning occur-
ring without significant rainfall. Comparison with similar studies from other parts of the
world indicates a considerable degree of universality in the atmospheric conditions associated
with dry thunderstorms, suggesting the potential of these thermodynamic and kinematic
parameters to forecast lightning fires more widely than just in the area of the study.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14060936/s1, Table S1. ERA 5 parameters and derived
indices showed in the Supplementary material section, units, and a brief comment [82–84]. Table S2.
Percentile (P) 25, 50, and 75, Interquartile Range (IQR) and average (AVE) from each analysed
parameter for thunderstorm significant events (TS), all lightning-ignited wildfires (LIW), and the
four holdover categories: short-term, 1-day, 2-days and multi-day holdover. Table S3. Welch’s t-test:
p-value of the Welch’s t-test for each parameter comparing thunderstorm significant events (TS) and
lightning-ignited wildfires (LIW) datasets. In bold p-values≤ 0.1, and shaded in grey, p-values≤ 0.05.
Table S4. Turkey multiple pairwise-comparisons test: p-value of the Turkey test for each parameter
comparing among thunderstorm significant events (TS), and the four holdover categories: short-term
(ST), 1-day (1D), 2-days (2D), and multi-day (MD) holdover. In bold p-values ≤ 0.1, and shaded in
grey, p-values ≤ 0.05.
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