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Abstract

This paper presents findings based on eighty (80) lightning-caused wildfires that occurred
on Mount Mainalo, in central Peloponnese, Greece, from May 1998 to November 2022.
The frequency of lightning-caused wildfires was found to increase in July and August,
consistent with the occurrence of dry summer thunderstorms. Most wildfires ignited in
the southern part of the mountain, at elevations between 1200 and 1800 m, and were
primarily detected in the afternoon hours. We present spatial data, statistics and frequency
distribution histograms of subsets of the database. The likelihood of at least one fire per
season is approximately 96%, while the average number of wildfires per fire season is
3.2. These findings on the number of lightning-caused wildfires per year, the holdover
time (the time interval between the ignition and fire detection), the wildfire detection
time, the elevation of lightning-caused wildfire occurrence, the total annual burned area
and the burned area per fire can support improving wildfire management in the region
since they provide a thorough description of the regime of lightning-caused wildfire on
Mount Mainalo. This research addresses a critical knowledge gap in the study of lightning-
caused wildfires in the Mediterranean, which remain underexplored despite their growing
relevance under climate change.

Keywords: lightning-caused wildfires; natural causes; Peloponnese; Greece

1. Introduction
Lightning is the most significant natural cause of forest fires (hereafter referred to as

wildfires) globally, whereas other causes, such as volcanic activity and sparks from falling
rocks, are extremely rare [1–3]. While lightning is responsible for approximately 10% of all
wildfires worldwide [4], its impact is much greater in certain ecosystems. In Canada, for
example, lightning-caused wildfires make up about half of all wildfire occurrences and are
responsible for 90% of the total area burned [5]. Similarly, in many boreal and Arctic regions,
lightning is the most common cause of fire [6,7]. In coniferous mountain forests, wildfires
are typically ignited by lightning strikes during dry summer thunderstorms [8]. These
storm systems are characterized by high cloud bases, weak updrafts, and limited convective
development [9]. They most often occur in the afternoon, particularly in regions with low
atmospheric relative humidity, where virga formation results in substantial evaporative
loss of precipitation before it reaches the ground [10–12]. Lightning strikes that occur
with very little or no accompanying rainfall, specifically, less than 2.5 mm of precipitation,

Atmosphere 2025, 16, 1085 https://doi.org/10.3390/atmos16091085



Atmosphere 2025, 16, 1085 2 of 15

are referred to as dry lightning [13]. Dry thunderstorm days are also characterized by
atmospheric instability and a large temperature difference between the 850 hPa level and
2 m above ground level [14], particularly in regions such as the Mediterranean basin [9],
the USA [12], the northwestern Pacific [15], and Australia [16,17].

In general, most lightning discharges occur within a single cloud (intra-cloud light-
ning) or between clouds (cloud-to-cloud lightning), without reaching the ground. While not
all cloud-to-ground lightning (CGL) strikes that contact vegetation result in fire [18,19], the
proportion that leads to ignition remains unknown. However, the likelihood of CGL occur-
rence influences the overall probability of fire ignition, thereby increasing fire danger and
potentially exacerbating wildfire risk in fire-prone areas. When lightning strikes a standing
tree (living or dead) or a fallen log, it typically initiates smoldering combustion in the
surrounding dead organic material at the base [20]. This smoldering phase, characterized
by slow and incomplete combustion, can persist for an extended period before transitioning
into flaming combustion. The time between a lightning strike and the onset of flaming
ignition varies depending on local fuel moisture content and structure, and meteorolog-
ical factors. According to [21–24], the smoldering phase typically lasts between one and
three days before transitioning to flaming combustion, while [25] have documented cases
where smoldering persisted for several weeks.

After the appearance of an open flame, following a short or extended smoldering phase,
the duration of which is often uncertain, the fire begins to spread into surface vegetation.
At some point, the fire is detected, most often prompted by visible smoke, though it may
initially be perceived by the smell of smoke before visual confirmation. Wildfires are
typically detected and reported by residents, passersby, fire lookout observers, or even
civil aviation aircraft, and are subsequently followed by a formal fire alert. Generally, the
moment of ignition precedes the moment of detection; the time interval between these
two events is referred to as the holdover time [25–27]. Lightning ignition efficiency has been
examined in relation to the Fine Fuel Moisture Code (FFMC), Duff Moisture Code (DMC),
and Drought Code (DC) from the Canadian Forest Fire Weather Index (FWI) System,
as well as variables related to precipitation amount, fuel moisture, and lightning flash
frequency [5,28,29].

In central and northern California, dry lightning peaks during July and August at
higher elevations, whereas a larger proportion of dry lightning occurs at lower elevations
during the transition from summer to fall, in September and October [13]. In Greece,
during the summer months, convective instability thunderstorms significantly influence
local meteorological conditions over mountainous regions [30–32]. These storms are often
accompanied by thousands of lightning discharges, strong to gale-force winds, hail, and
rainfall intensities exceeding 40 mm·h−1 [31]. Analysis of the spatial distribution of light-
ning activity has shown that Peloponnese is one of the areas with very high relative flash
density [30]. This term is defined as the ratio of the average lightning flash density (i.e., the
number of discharges per km2 during the study period) within a specific area to the overall
flash density across the entire study region during the same period [31].

In Greece, the burned area of lightning-caused wildfires varies widely, ranging from a
single burned standing tree or fallen dead log to several tens or even hundreds of hectares
(ha). These fires typically start as low-intensity surface fires and often go unnoticed until
conditions allow an increase in the rate of fire spread or fire intensity. At that stage,
significant fire growth may occur, and transition to crown fire is occasionally possible.
Despite their potential for expansion, lightning-caused wildfires can often have ecological
benefits, contributing to forest health and supporting natural regeneration processes [33].

Internationally, various methods have been developed to identify which lightning
strike ignited a specific fire among numerous candidate strikes. However, there is a lack
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of empirical data and corresponding paired observations that directly link individual
lightning strikes to the wildfires they have caused [26]. This limitation hinders efforts
to: (a) understand and characterize the prevailing regime in a given area with respect to
natural ignition sources, including the estimation of holdover time [23,24], and (b) model
the occurrence and probability of lightning-caused wildfires [29,34].

To the best of our knowledge, there are no widely used metrics in Greece, nor are there
studies that examine alternative indicators or indices related to lightning-caused wildfires.
This study utilizes, for the first time, accurate data on lightning-caused wildfires on Mount
Mainalo and in the surrounding areas, sourced directly from firefighters, forest officers
and seasonal municipal fire lookout personnel between May 1998 and November 2022.
The objective of this study is to examine the spatial and temporal distribution of lightning-
caused wildfires on Mount Mainalo, with the aim of supporting wildfire prevention and
enhancing wildfire management decision-making. The resulting database demonstrates its
potential value by contributing to the modeling of lightning-caused wildfire occurrence.

2. Materials and Methods
Eighty (80) lightning-caused wildfires that occurred in an area of 672 km2 (i.e.,

67,200 ha) on Mount Mainalo, in the central Peloponnese, Greece (Figure 1), between
May 1998 and November 2022, were selected for analysis. The data were precisely recorded
by experts, including firefighters, forest officers, and seasonal municipal fire lookouts, all
of whom have practical experience in wildfire monitoring. These records are considered
accurate and highly reliable, as they were ground-checked through on-site observations
as part of a comprehensive ground verification process. The ignitions attributed to light-
ning were rigorously verified in the field, with observers ensuring that no human activity
was present during the associated thunderstorm events. This provided high confidence
that the recorded ignitions were indeed caused by lightning. These 80 verified records
of lightning-caused wildfires formed the basis for constructing the database used in our
analysis. Part of the 672 km2 study area falls within the Natura 2000 network, specifically
the Site of Community Importance Oros Mainalo (code GR2520001).

For each of the 80 records in the developed database, the date of the lightning strike,
geographic coordinates of the ignition site (in GGRS87), and elevation (Elv, m), were
recorded. Additional data included wildfire detection time (Fdt) available for 76 cases,
holdover time (Hldt, h) calculated for 48 cases, and burned area (BuA, ha). The Hldt
was estimated by calculating the difference between the Fdt and either the temporal
midpoint of the associated thunderstorm event or, when available, the exact time of the
lightning strike.

Initially, the 80 wildfires were classified into six (6) empirical classes based on the
BuA per fire. For each class, the number of wildfires (frequency) and the total BuA were
calculated. In addition, the number of lightning-caused wildfires and the total BuA per year,
were also calculated. Frequency distribution histograms were also created for the period
from May 1998 to November 2022. The precise ignition points of the 80 lightning strikes
were identified, and a thematic map was created using ArcGIS version 9.3 geographic
information system software developed by ESRI. The study area of 672 km2 was divided
into 672 cells, each measuring 1 km2 (i.e., 100 ha), a fishnet grid with 1 km2 cells was
created, and the number of lightning-caused wildfires was counted in each cell. Based on
these counts, the density of lightning-caused wildfires per square kilometer was calculated.

The next step was to estimate the kernel density of lightning-caused wildfires per
square kilometer, visualizing the density across the landscape and highlighting the spatial
intensity of ignitions. Ordinary Kriging [35] was then applied, using the Gaussian (normal)
semivariogram model as a geostatistical interpolation method to estimate the density of
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lightning ignitions per square kilometer in unsampled areas. The average number of
lightning-caused wildfires per season was calculated and used to estimate the probability
of wildfire occurrence using the Poisson distribution, under the assumption that such
events are random and independent. The resulting calculations covered the probability of
observing between 0 and 10 wildfires per season based on the estimated seasonal average.

Figure 1. The study area of 672 km2 on Mount Mainalo, in the central Peloponnese, Greece, projected
using the Greek Grid system (EGSA87). The red point and red square shown in the two corresponding
locator maps indicate the location and extent of the study area.

3. Results
Over the 25-year study period, the 80 lightning-caused wildfires occurred across

the 672 km2 study area, resulting in an average of 3.2 wildfires per fire season. For the
six empirical classes that were created based on the BuA per fire, the number of wildfires
(frequency) and the total BuA are presented in Table 1. The number of lightning-caused
wildfires and the total BuA per year, are also presented in Table 2. The number of lightning-
caused wildfires and the maximum Elv of ignitions points (Elvmax) were calculated per
month (Figure 2a) for the period from May 1998 to November 2022, along with the number
of wildfires and their total BuA per month (Figure 2b).

Table 1. Six (6) empirical classes based on burned area (BuA) per lightning-caused wildfire, along
with the number of wildfires and total burned area per class on Mount Mainalo, central Peloponnese,
Greece, between May 1998 and November 2022.

Class BuA Per Wildfire Class (ha) Number of Wildfires (Frequency) Total BuA (ha)

1 10−4–10−2 55 0.2
2 10−2–1 16 4.6
3 1–5 1 1.5
4 5–50 4 50.8
5 50–500 3 714
6 500–3100 1 3180
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Table 2. Number of lightning-caused wildfires and total BuA per year on Mount Mainalo, Greece,
between May 1998 and November 2022.

Year Number of Wildfires (Frequency) Total BuA (ha)

1998 2 20
1999 0 0
2000 6 3181.65
2001 1 0.05
2002 1 0.05
2003 2 0.06
2004 3 0.1
2005 3 0.008
2006 6 310
2007 4 0.04
2008 6 120
2009 2 1.5
2010 4 0.004
2011 8 316
2012 12 0.4
2013 0 0
2014 4 1.02
2015 4 0.01
2016 0 0
2017 4 0.01
2018 3 0.01
2019 0 0
2020 1 0.005
2021 0 0
2022 4 0.001

  
(a) (b) 

Figure 2. Frequency distribution histograms for the period from May 1998 to November 2022:
(a) number of lightning-caused wildfires and maximum elevation of ignition points (Elvmax, m) per
month; (b) number of wildfires and total BuA (ha) per month.

Of the total BuA of 3951.1 ha recorded for the 80 wildfires in the database, 3894 ha
(approximately 98.6%) is attributed to just four lightning-caused events (Classes 5 and 6,
Table 1). The largest BuA, 3180 ha, occurred in 2000 (Class 6, Table 1), while the remaining
three wildfires (Class 5, Table 1) burned areas of 120, 294, and 300 ha, respectively. The
remaining BuA of 57.1 ha corresponds to the other 76 wildfires in the database, each with a
BuA not exceeding 15.9 ha. These 76 wildfires are classified within the first four classes
of Table 1. The number of wildfires of this subset and the mean Elv of ignition points per
month are presented in Figure 3a while the number of wildfires and the total BuA per
month are shown in Figure 3b. The frequency distribution of these 76 wildfires and the
total BuA per year are presented in Figure 4.
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(a) (b) 

Figure 3. (a) Number of lightning-caused wildfires in the subset of 76 wildfires, each with a BuA not
exceeding 15.9 ha and the mean Elv of ignitions per month, (b) number of wildfires and total BuA
per month for the same subset.

 
Figure 4. Number of lightning-caused wildfires per year and their total BuA for the subset of
76 wildfires, each with a BuA not exceeding 15.9 ha.

Another subset of 76 lightning-caused wildfires, for which Fdt data was available,
was analyzed. Descriptive statistics, including the mean, standard error (S.E.), median,
mode, standard deviation (S.D.), minimum (min), and maximum (max) for Fdt, Elv and
BuA within this subset are presented in Table 3.

Table 3. Descriptive statistics of Fdt, Elv and BuA, for the subset of 76 wildfires with available
Fdt data.

Fdt (hh:mm) Elv (m) BuA Per Fire (ha)

Mean 15:50 1243 9.9
S.E. 23 min 27 5.7

Median 17:09 1241 0.005
Mode 17:30 1342 0.005
S.D. 3 h 16 min 234 49.5
min 8:02 420 0.0001
max 21:30 1842 300
Total 751.1

The frequency distribution of these 76 wildfires was also calculated based on empirical
Fdt classes and is presented in Figure 5.

Hldt could not be calculated for 32 lightning-caused wildfires because either the precise
fire detection time (Fdt) was not recorded or the duration of the associated thunderstorm
was unavailable, making it impossible to determine the storm’s temporal midpoint. For the
subset of 48 lightning-caused wildfires for which Hldt was calculated, seven (7) empirical
Hldt classes were defined. A frequency distribution histogram was produced for these
cases based on the Hldt classes, along with the total burned area (BuA) per class (Figure 6).
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Figure 5. Frequency distribution of the 76 wildfires with available Fdt data across empirical
Fdt classes.

 
Figure 6. Frequency distribution (black numbers) across empirical Hldt classes for the 48 lightning-
caused wildfires with calculated Hldt values, along with the total BuA per class shown as red numbers
and an orange line.
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Descriptive statistics, including the mean, standard error (S.E.), median, mode, stan-
dard deviation (S.D.), minimum (min), and maximum (max) for Fdt, Elv, Hldt, and BuA
within this subset are presented in Table 4.

Table 4. Descriptive statistics of Fdt, Elv, Hldt and BuA, for the subset of 48 lightning-caused wildfires
with calculated Hldt.

Fdt (hh:mm) Elv (m) Hldt (h) BuA Per Fire (ha)

Mean 15:32 1205 20.86 15.6
S.E. 29 min 34 6.42 8.9

Median 16:07 1195 1.74 0.003
Mode 17:30 0.17 0.0002
S.D. 3 h 25 min 232 44.45 62
min 8:02 420 0.1 0.0001
max 21:30 1842 222.8 300
Total 749

The ignition points of the 80 lightning-caused wildfires and their density per square
kilometer are presented in Figures 7 and 8, respectively. The lightning strike map (Figure 7)
displays the precise strike locations and illustrates the spatial and monthly temporal distri-
bution of 80 wildfire ignition points caused by lightning on Mount Mainalo, Peloponnese,
Greece. Out of the 672 cells into which the 672 km2 study area was divided, 608 contained
no recorded lightning-caused wildfires. One cell had four recorded, 13 cells recorded
two each, and 50 cells had a single lightning-caused wildfire (Figure 8).

Figure 7. Spatial and monthly temporal distribution of wildfire ignition points caused by lightning
on Mount Mainalo, Greece, from 1998 to 2022.
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Figure 8. Density of lightning-caused wildfires per square kilometer.

The kernel density of lightning-caused wildfires per square kilometer, employed to
visualize the spatial intensity of ignitions, is shown in Figure 9. The density of lightning
ignitions per square kilometer in unsampled areas, estimated using Ordinary Kriging, is
shown in Figure 10.

Figure 9. Kernel Density of lightning-caused wildfires per square kilometer.
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Figure 10. Lightning ignition density estimated using Ordinary Kriging with a Gaussian semivari-
ogram model.

The probability of wildfire occurrence was estimated using the Poisson distribution,
based on an average of 3.2 lightning-caused ignitions per fire season, The calculated
probabilities for observing between 0 and 10 wildfires were plotted and are presented in
Figure 11. It was found that there is approximately 95.9% chance of at least one lightning-
caused wildfire occurring in any given fire season. In other words, the likelihood of at least
one fire per season is about 96%, while the probability of no fire during a season is only 4%.
The line in the plot represents a sixth-order polynomial fit to the data, with an R2 value of
0.9999, indicating an excellent fit.
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Figure 11. The probability of lightning-caused wildfire occurrence.
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4. Discussion
The importance of critically engaging with research on lightning-caused wildfires

has been widely acknowledged and emphasized [36] particularly in relation to persistent
knowledge gaps and data limitations, such as inaccurate estimates of holdover times [37].
Many studies on lightning-caused wildfires highlight that accurately identifying the initial
ignitions is a crucial first step in the analysis [23,26,27,38,39]. Additionally, the spatial
uncertainties associated with the holdover phenomenon further amplify the difficulty in
determining holdover time, often leading to the misclassification of tens or even hundreds of
lightning events as potential ignitions for a single wildfire [26,40]. During data preparation,
holdover times could be calculated for only 48 of the 80 documented lightning-caused
wildfires, where either the precise time of the lightning strike or the temporal midpoint of
the associated thunderstorm, along with the fire detection time, were known.

The database developed in this study is based on precise field recordings by firefighters,
forest officers, and seasonal municipal fire lookouts, who documented both lightning
activity and actual wildfire ignitions. The data are considered spatially accurate and
highly reliable, as they were ground-checked through on-site observations as part of a
comprehensive ground verification process. Furthermore, lightning detection networks
such as ZEUS [41] and the operational Precision Lightning Network (PLN), established by
the Hellenic National Meteorological Service (HNMS) since 2007 [32], can only indicate
the occurrence and approximate location of lightning strikes. The location accuracy of
ZEUS [41] is of the order of 4–5 km over the Mediterranean and surrounding countries [42],
whereas the PLN provides an accuracy of 250 m over Greece [32].

Pineda et al. [27] have found that lightning-caused wildfires igniting in the early
afternoon tend to exhibit shorter holdover times compared to other ignition times. Ad-
ditionally, ignitions occurring at the beginning or end of the natural fire season are
generally associated with longer holdover times, and holdover time tends to increase
with elevation. However, these patterns were not observed in the spatial and tempo-
ral data for Mount Mainalo. This discrepancy may be attributed to the relatively small
sample size (n = 80) and the limited number of cases within the two subsets: Table 3
(n = 76) and Table 4 (n = 48).

No lightning-caused wildfires were recorded on Mount Mainalo in the years 1999,
2013, 2016, and 2019. The highest number of lightning-ignited wildfires occurred in 2012,
with 12 recorded ignitions. The previous year (2011) also saw a notable number, with
7 events. In 2008, 2006, and 2000, five wildfires were recorded in each of those years.

Most of the lightning-caused wildfires on Mount Mainalo were detected during
the afternoon hours (Figure 5) related to dry summer thunderstorms which is a typical
weather pattern of continental climate of the study area. Several lightning-caused wild-
fires were identified within three hours of the lightning strike that caused the ignition
(Figure 6, n = 27), whereas those detected the following day tended to burn larger
areas. Most of the lightning-caused wildfires occurred in July (n = 21) and August
(n = 30) (Figure 3) which is consistent with findings from other regions, such as Central and
Northern California [13], as well as the Alpine region [43]. Furthermore, a concentration
of ignitions was observed in the southern part of Mount Mainalo (Figures 9, 10 and 12).
Figure 12 presents the Digital Elevation Model (a) and Kriging density classes shown either
in full (b, c) or with gradual omission (d, e, f). This visualization approach helps the user
focus on areas of expected density. It was also found that lightning-caused wildfires most
commonly occur at mean and maximum elevations of approximately 1200 m and 1800 m,
respectively (Tables 3 and 4).
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(d) 
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(f) 

Figure 12. (a) Digital Elevation Model, (b,c) All Kriging density classes, (d–f) individual Kriging
density classes shown separately.
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These findings can inform ground patrol planning and support the strategic staffing
of lookout towers, aiding in the rapid detection of ignitions and contributing to improved
anticipation and mitigation of lightning-caused wildfires. For example, patrol routes
may be adjusted to prioritize areas with higher ignition likelihood. This approach can
be combined with the protection of previously burned areas dominated by grass, where
lightning-ignited wildfires can spread rapidly and severely impact natural regeneration
and habitats of high ecological value. Such measures are particularly important in high-
elevation coniferous forest ecosystems and should be considered a key objective in wildfire
management planning.

In general, during the fire season, lightning activity is positively related to eleva-
tion, slope, and woodland areas [42] in continental mountainous regions. Although fuel
conditions, weather, climate, and topography significantly influence lightning-caused
wildfires, the sensitivity of these wildfires to such factors must be well understood for
different geographical locations [36]. Lightning-caused ignitions in complex terrain tend
to be random, rapidly changing, and relatively independent. Therefore, although most
lightning-caused wildfires have been recorded in the southern part of Mount Mainalo
(Figure 10), destructive events may also occur in the northern or other areas of the mountain,
as lightning ignitions are random and relatively spatially independent. To visualize the spa-
tial density of ignitions across the landscape, we applied Ordinary Kriging with a Gaussian
semivariogram model.

Understanding the natural fire regime on Mount Mainalo can be enhanced by analyz-
ing the spatial and temporal variability of lightning-caused wildfires, along with associated
factors such as forest fuel conditions, ignition elevation, fire detection and holdover times,
and the extent of burned areas. As data collection continues and the database expands,
further research is expected to provide deeper insights into the issues discussed in this
paper across more mountainous regions of Greece.

5. Conclusions
In this study we analyzed lightning-caused wildfires on Mount Mainalo in the central

Peloponnese, Greece, covering the period from May 1998 to November 2022. Based on
ground-verified data collected by experienced firefighters, forest officers, and seasonal
municipal fire lookouts, the findings provide reliable insights into the temporal and spatial
patterns of lightning-caused wildfires, addressing a critical knowledge gap.

Holdover time is a well-known limitation, as it is difficult to accurately determine the
interval between wildfire ignition and the time of fire detection. Spatial uncertainties in
holdover time calculations were eliminated in cases where the precise time of the lightning
strike was known, as the exact strike location could also be determined.

This is the first study in Greece to link lightning with wildfires, revealing a 96%
probability of at least one fire per season and an average of three such fires per season.
Moreover, the frequency of lightning-caused wildfires peaks in July and August. Most
wildfires occurred in the southern part of the mountain, at elevations between 1200 and
1800 m, and were primarily detected in the afternoon hours.

This knowledge can support the implementation of critical measures and the develop-
ment of adaptive policies in response to climate change, contributing to the protection of
high-elevation coniferous forests and habitats of high ecological importance.
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