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Wildfire causes environmental, economic, and human problems or losses.

lightning strike ignition wildfires climate and weather

| 1. Lightning-Induced Wildfire Modeling Methods

Some of the methods used to analyze lightning-induced wildfire occurrences are briefly discussed. Generally,
wildfire occurrences and forecasting in different geographical locations are mostly analyzed using satellite-recorded
data. The satellite data are mainly processed and evaluated using statistical analysis. Different statistical analyses
are used depending on the accuracy of the method and the author’s preference. Numerous models have been
developed to analyze wildfires, including quantitative and qualitative statistical models, Bayesian-based models,
time-series tests, linearity models, etc. 12, The models mostly use regression analysis to evaluate the occurrence
of wildfires. Although classical or traditional statistical methods have been long used to analyze wildfires, recently,
advanced technologies such as machine-learning and artificial intelligence techniques have been incorporated into
classical statistical models to accurately and effectively determine and forecast wildfires BIAIBIEIBIEN Some of the
machine-learning and atrtificial intelligence techniques include support vector machine classifier, random forests,
multilayer perception neural network, neuro-fuzzy models, etc. LYILUIA2IA3II4]IS]  These models have their
advantages and disadvantages. For instance, the support vector machine can use a small dataset to predict
wildfire incidences and produce high-accuracy results 1. Some researchers in the fire science community have
also contended that the accuracy of the random forest model is higher 9. That is, the random forest model can
simulate complex interactions between input models, and it is efficient for large datasets. In summary, factors such
as the fire weather conditions and topography are considered inputs in these various models to predict wildfires.
However, in recent years, deep-learning methods have mostly been used by the forest and fire science

communities to investigate wildfires due to their high accuracy.

| 2. Lightning-Induced Investigations

Recently, there has been a lot of focus on assessing and understanding lightning-induced wildfires. Researchers
thus endeavored to model or investigate lightning-induced fires at different geographical locations using different
modeling techniques. These studies were aimed at investigating and understanding the prevalence of lightning-
induced fires in various geographical settings and how such wildfires can be managed. Here, some of these
studies in the different geographical regions are presented and discussed. The studies were conducted using

satellite-recorded data over a period, and the various models discussed in Section 1 were used to analyze the
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data. The discussions focus on the different lightning-caused investigations in South and North America, Europe,

Asia, and Australia.

2.1. South and North America

Schumacher et al. 28l ysed satellite-detected or recorded data to study lightning-induced fires in Central Brazil
within the span of 4 years, i.e., from 2015 to 2019. The cloud-to-ground and cloud-to-ground dry-lightning recorded
data were used for the investigations. Meteorological characteristics, polarity, and peak current of lightning were
used to simulate lightning-induced forest fires. As the findings revealed, low precipitation, moderate relative
humidity, high temperatures, and low wind speed influenced the lightning-caused forest fires in Central Brazil.
Forest fires occurred due to cloud-to-ground dry lightning when the precipitation was less than 1 mm and the
relative humidity was lower, whereas the reverse was true for cloud-to-ground lightning-caused forest fires. The
lightning current intensity for ignition was lower than 20 kA. The author’s results contradicted the idea that negative
lightning strikes are less likely to cause ignition. That is, they observed that negative lightning strokes can cause
active ignition and lightning-induced fires. Menezes and collaborators 22 looked into the lightning-caused fires in
the Pantanal wetland in Brazil. Remote sensing data like VIIRS active fires, MODIS burned areas, and STARNET
lightning observations from 2001 to 2017 were used in the research. Although it was found that the highest
lightning occurred in December to February (summer) and the lowest in June to August (winter), lightning strikes
caused only 5% of the fires. Therefore, lightning-induced fires were minimal in the Pantanal wetland. Pinto Neto et
al. 18 evaluated the lightning-caused fires in the Mato Grosso and Amazonas states of Brazil using wavelet
analysis. It was accentuated that 26,554 fires and nearly 3 million cloud-to-ground lightning flashes occurred at
Mato Grosso in the first four months of 2022, whereas 2468 fires and 3.4 million cloud-to-ground lightning occurred
at the Amazonas in the same first four months of 2022. However, in 2021, 16,844 fires and almost 2.7 million
cloud-to-ground lightning flashes occurred at Mato Grosso, and 1258 fires and 3.2 million cloud-to-ground lightning
flashes occurred at Amazonas. Human-caused fires influence lightning-induced fires via the aerosol—cloud particle

interaction.

Veraverbeke et al.’s 12 modeling studies on lightning-induced fires in North American boreal forests indicated that
55% of the forest fires that were caused by lightning ignition were closely aligned with the precipitation and
temperature. Moreover, it was projected that the convective mass flux of the studied region might increase by
2050-2074, which will result in frequent lightning strikes and probably lightning-caused fires. Evett et al. [29
investigated the influence of moisture on lightning fire ignitions in southwestern North America (Arizona and New
Mexico) using 16 years of lightning flashing, relative humidity, and precipitation data from a 34,800 square
kilometer area. The tendency for lightning flash ignition was strongly correlated to the minimum relative humidity for
a day in the form of a power law, which ranged from 0.023 on days with the least humidity to <0.0001 on days of
high humidity. Furthermore, the number of lightning fires observed per day was strongly aligned with the minimum
relative humidity for a day in log-normal distribution, which peaked at 4.09 fires per day at 22.1% of a day’s
minimum relative humidity. When the area burned per day was correlated with the daily minimum relative humidity
in log-normal form, it peaked at 53.7 ha per day at 16.5% for the daily minimum relative humidity. Hessilt et al. [21]

also investigated lightning-induced fires in Alaska, the U.S.A., and the Northwest Territories, Canada, between
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2001 and 2018. The denser forest areas were susceptible to lightning fires. The changes in the vegetation and fire
weather enhanced the lightning efficiency by 14 + 9% in Alaska and 31 + 28% in the Northwest Territories.
Krawchuk and Cumming 22 simulated the lightning wildfires in western Canada’s boreal forest regions from 1994
to 2001. Their model showed that standing harvest residuals act as a channel for lightning to strike harvested
stands, where there is enough dry and fine fuel to combust. Calef et al. 23 studied wildfire occurrences in Alaska
from 1943 to 2016, as shown in Figure 1. The lightning-induced forest and burned areas in Alaska were high and

have increased over the years.
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Figure 1. Lightning-ignition wildfires in interior Alaska from 1943 to 2016 23, (a) is the annual burned area, and (b)

is the number of annual fire ignitions.

MacNamara et al. (241 analyzed the lightning-induced wildfires in western U.S.A. from May to October 2017. They
used satellite-recorded information to perform the analysis and aimed to examine the lightning flash density,
polarity, 2 min rainfall rate, and 24 h precipitation at the location of the lightning flash that initiates the fire. Also,
they sought to understand the precipitation rate at the onset of a lightning flash. The study disclosed that negative
cloud-to-ground lightning flashes caused 89% of the forest fires. However, single-stroke flashes triggered 66% of
the fire. Li et al. 22 examined the lightning-ignition fires in western U.S.A. national forests and parks in the mid-
and late 21st century. They modeled the smoke pollution emitted by lightning-induced fires. The researchers found
that in the late 21st century, lightning-ignition wildfire smoke increased by almost 53%. About 93% of lightning fires
occurred in Alberta, and there were frequent wildfires with high- and low-frequency lightning 28, Cha et al. 28
argued that 94% of the annual lightning that occurred in Alberta, Canada, was during the warm months; hence, this
could increase lightning-ignition wildfires in that area. The wildfire modeling investigations in California reported by
Chen and Jin & showed that lightning-caused fires were larger in the Sierra Nevada and North Interior. Also, as
reported by Coogan et al. [28 lightning wildfires increased from 1959 to 2018. The number of days with lightning-
induced fires also increased. Nonetheless, lightning-ignition wildfires were predominant in the boreal Shield West.
Abatzoglou et al. 22 investigated the controls on the interannual variability in lightning wildfires in western U.S.A.
from 1992 to 2013. They reported that overall, lightning caused 40% of the wildfires and contributed to 69% of the

burned area. As shown in Figure 2, lightning ignited most of the wildland. However, in western U.S.A., lightning
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ignited 54% and 61% of the wildfires in July and August, respectively. Also, lightning ignited 19%, 35%, and 40% of
the wildfires in April, May, and September, respectively.
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Figure 2. Lightning-ignition fires in western U.S.A from 1992 to 2013 22, (a—c) represent the percent of lightning-

induced fires, and (d-f) is the lightning ignition efficiency.

Pérez-Invernon et al. BY also studied global lightning wildfires. They analyzed 5858 lightning-ignited wildfires. By
using the 10 km radius and 14-day spatiotemporal criteria, lightning caused 90% of the wildfires. Furthermore, the
study showed a future increase in lightning strikes on the west coast of North America, indicative of possible
frequent lightning-ignited forest fires in this geographical location. A different study by Pérez-Invernén et al. Bl
showed that the lightning-ignition efficiency was high in coniferous forests like Arizona and New Mexico ponderosa
pine. Using extensive data from 1897 to 2017, Fill et al. 32l investigated lightning-caused wildfires in southeast
U.S.A. According to Fill et al., the dry season in southeast U.S.A. has increased by 156 days, or almost 130%, over
120 years. This has increased lightning-ignited wildfires and wildfire risks. Prestemon et al.’s [33l investigations on
lightning wildfires in the southeast of the U.S.A. also indicated that the median annual burned area due to lightning
strikes will increase by 34% by the years 2056-2060 when compared to the years 2016-2020. Schultz et al. 24
sought to understand all the lightning-initiated wildfires reported in the U.S.A. from 2012 to 2015. They analyzed
1158 lightning-started wildfires. Negative cloud-to-ground flashes contributed to 90% of the wildfires, whereas
positive cloud-to-ground flashes caused 10% of the wildfires. According to the fixed and fire search analyses, 81—
88% of the wildfires corresponded to lightning flashes within 14 days. Moreover, most of the lightning flash
densities were lower than 0.41 flashes km™2. As reported by Brey et al. B4 in Figure 3, the lightning-ignition
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wildfires between 1992 and 2015 in the western region of the U.S.A. were higher than the lightning-induced

wildfires that occurred in the southeast region of the U.S.A.
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Figure 3. Wildfires in the western and southeastern parts of the U.S.A. B4l In (a), approximately 70.3% and 29.7%
of the burned area were caused by lightning and human ignitions, respectively, in the western part of the U.S.A. In
(b), almost 27.1% and 72.9% of the burned area were caused by lightning and human ignitions, respectively, in the

southeastern part of the U.S.A.

Aftergood and Flannigan 2 examined the lightning-caused fires in western Canada over 38 years, that is, from
1981 to 2018. They aimed to identify the areas in western Canada that experience continuous lightning fire
clustering events. Northern Alberta, some parts of Saskatchewan, and British Columbia had persistent lightning fire
clustering activity, with an increase in the clustering of lightning wildfires in northern Alberta. The clustering of
lightning was observed in August and July in British Columbia and June and July in northern Alberta. In their study
on the wildfires in Canada from 1959 to 2018, Coogan et al. (28] contended that lightning-ignition fires in Canada

peaked from June to August (summer) when temperatures were high, and the weather was warmer.

2.2. Europe

Pineda et al. (281371381391 haye performed several studies to understand the lightning-induced wildfires in Catalonia.
The authors found that conifer forests covered half of the burned area. These researchers 37 also observed that
80% of the wildfires that occurred in Catalonia occurred from June to September (summer). Therefore, the
holdover duration of lightning wildfires was prolonged in the late afternoon. In Pineda et al. 28! 500 lightning-
ignition datasets from 2004 to 2009 were utilized for the analysis. It was ascertained that the holdover time was
shorter when the lightning flashes occurred in weather conditions suitable to cause wildfires. Moreover, evening
and night ignitions smolder until the next day. In Pineda et al.’s paper 28, they reported that, whereas 25% of the
lightning-ignited wildfires had no precipitation, 40% and 90% had less than 2 mm and 10 mm of precipitation,

respectively.
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Ordoéfiez et al. 49 ysed the spatial linear model to investigate lightning-induced wildfires in Leon, in the northwest
of Spain. They used 78,256 lightning strike data in their analysis. Lightning-induced wildfires mostly occurred in the
east and west of the province. Nevertheless, the altitude in the region did not significantly influence the lightning-
caused wildfires. Likewise, the topography did not sustain the lightning-induced fires, but wooded areas and dry-
storm days significantly influenced the survival of the lightning-caused fires. The positive lightning strikes caused
the wildfires. Amatulli et al.’s 8 studies on the prediction of lightning-induced wildfires in the region of Aragon in the
northeast of Spain over 19 years indicated that lightning-caused fires were few in that region. The lightning-caused
wildfires occurred in large wildland patterns. The lightning-caused wildfires occurred mostly in mountainous areas.
The fuel characteristics, including moisture and bio/necro-mass, significantly influenced lightning-induced wildfires.
Vecin-Arias et al. 1] assessed the lightning-induced wildfires in the central plateau of the Iberian Peninsula in
Spain using logistic regression and random forest analysis. Whereas lightning-induced wildfires decreased with
increased altitudes, lightning-caused wildfires increased with the percentage of coniferous and mixed woodlands

as well as the mean peak current of negative cloud-to-ground lightning flashes.

Miiller et al.’s 42 data analysis of lightning strikes in Austria showed that lightning strikes caused 15% of wildfires.
The lightning-induced fires mostly occurred in the summer. Approximately 40% of the lightning-induced fires
occurred from June to August. The lightning-caused fires were predominant in the south and east of Austria. The
lightning fires mostly occurred in areas with higher altitudes, owing to frequent thunderstorms and enhanced
lightning density. Mller and Vacik “3! studied lightning-induced wildfires in Austria. They analyzed 351 lightning-
induced wildfires using lightning strength, polarity, and multiplicity as the evaluation indices. The burned area or
surface was larger when the lightning strikes ignited the vegetation during the daytime or hours. Also, lightning-
induced fires were dominant at higher altitudes with southerly or western exposition. Moris and his research team
[44] ysed 267 lightning-induced wildfire data reports from 2000 to 2018 in Switzerland to understand the relationship
between lightning and natural wildfires. Most of the lightning was detected within 1 km of the starting point of the
fire and before 24 h. Positive lightning strikes mostly contributed to the ignition of the forest. Sari’s 43 study of
Turkey’s Mediterranean coast wildfires showed that 30.2% of the wildfires in that area were caused by lightning

strikes.

2.3. Asia and Australia

Liu et al. 48l investigated the wildfire trend in the boreal forest of northeast China from 1965 to 2009 using satellite-
recorded data. The writers aspired to understand the factors that influence lightning wildfires in the boreal forest.
Nonetheless, lightning fires were higher in coniferous forests than in meadow forests. Also, lightning fires occurred
frequently on the ridgetop. The overall conclusions of the study asserted that the key contributing factors to the
lightning wildfires in the boreal forest were the type of vegetation and its moisture content, lightning intensity, slope,
and temperature. Zong et al. 47! used the k-means algorithm to evaluate satellite-recorded data from 2000 to 2020
to determine the frequency of lightning-induced wildfires in China. Most of the wildfires occurred in the southern
part of China; however, lightning strikes triggered 4.3% of the total number of wildfires. The Great Xing'an
Mountains in Inner Mongolia are one of the most wildfire-prone areas in China; because of that, researchers have

sought to understand lightning-induced wildfires in this region. Considering this, Zhang et al. (48 showed that
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lightning-caused wildfires were frequent from June to August in the Great Xing’an Mountains of Inner Mongolia.
The air moisture content, slope, maximum surface air temperature, wind direction, and surface pressure
significantly dictated the occurrence of lightning-induced wildfires. Also, the study by Hu et al. 42 used simple
linear regression and second-order polynomial regression to investigate lightning-induced wildfires in the same
Great Xing’an Mountains. The lightning-induced wildfires in this region have increased over time; however, the
climate condition is the main cause of the increase in lightning-caused wildfires in this area. Using statistical
analysis, Touge et al. 2% studied the lightning-caused wildfires in Japan. They analyzed 55,863 wildfires for a total
burned area of 289.91 km? from 1995 to 2020. The study findings revealed that lightning strikes caused only 1.23%
of the wildfires.

Bates et al. 21l evaluated the lightning-strike ignition wildfires in the Warren region of Australia from 1976 to 2016.
In total, 76% of the lightning strikes that ignited trees were on or close to trees. The study observed seasonal
cycles and long-term patterns in lightning ignitions. Bates et al. 22 used the Bayesian network as a framework to
assess climate variability in lightning-induced wildfires, and unlike the lightning ignitions, the climate modes were
allied to the fire weather conditions. Dorph et al.’s 23! study in Victoria, Australia, also indicated that lightning-
caused wildfires are steered by weather conditions. Clarke et al. 24 developed fire models to investigate lightning-
induced wildfires in southeastern Australia, specifically Victoria, South Australia, and Tasmania. The fire weather
conditions were incorporated into the model, and they constituted 57% of the lightning-ignition wildfires. Whereas
157 lightning ignitions were detected in South Australia, 472 lightning ignitions were recorded in Tasmania. In
addition, the frequency of lightning-induced ignitions in Tasmania was 1.4%, 2.9% in South Australia, and 11% in
Victoria. Moreover, the topography and elevation influenced the probability of lightning ignitions in the study areas.
Also, Read et al. 53 studied the lightning-induced wildfires in Victoria, Australia, by fitting logistic regression
models. They used lightning-strike data from February 2009 and 2010, and January 2011. Although the logistic
regression could not predict well the occurrence of wildfires by lightning strikes in their research, a significant
number of wildfires in Victoria were caused by lightning ignitions. Nampak et al. 58 studied lightning-induced
wildfires in southeast Australia from January 2011 to June 2019. The study revealed that the annual number of
lightning strikes and the ratio of negative to positive lightning were different between the years. However, lightning
ignitions were found to be 70%. Lightning ignitions mostly occurred in the summer; the average lightning-ignition

efficiency was 0.24% ignition per lightning stroke.

In short, various studies in different geographical locations have shown that lightning significantly contributes to the
number of wildfires. Lightning-caused fires are due to severe changes in the climate and weather. The lightning-
flash intensity and efficiency have increased with changes in the weather and climate in various locations, leading
to severe wildfires. Though recorded lightning-ignited fire datasets have been used to simulate lightning-induced
fires to assess the severity of the fires, the various works studied the severity without suggesting mitigation
measures to reduce lightning-strike wildfires. Table 1 summarizes lightning wildfire studies in different geographical

areas.

Table 1. Summary of studies on lightning-induced wildfire influential parameters in different geographical areas.
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South and North
America
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Arizona and New
Mexico
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Canada boreal
forest
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Western U.S.A.

Western U.S.A.

Alberta
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Western U.S.A.

U.S.A.

Western and
northern Canada

Observations

Wildfires occurred when precipitation was less than
1 mm and relative humidity was lower. Negative
cloud-to-ground lightning flashes significantly caused
wildfires.

Lightning caused only 5% of wildfires.

Lightning flashes caused 55% of wildfires.

Relative humidity strongly influenced lightning-
induced wildfires.

Lightning flashes significantly ignited dense forests.

Standing harvest residuals served as a medium for
lightning wildfires.

Lightning-induced fires have dramatically increased
over the years.

Negative cloud-to-ground lightning strikes caused
89% of wildfires.

Lightning-induced wildfire smoke increased by 53%.

High- and low-frequency lightning caused 93% of
lightning-related wildfires.

Lightning wildfires were predominant in the Sierra
Nevada.

Lightning wildfires were high at the boreal Shield
West.

Lightning caused 40% of wildfires and 69% of
burned acreage.

In total, 90% and 10% of the lightning flashes were

due to negative and positive cloud-to-ground
lightning strikes, respectively.

Lightning wildfires increased in north Alberta.
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Location
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Arizona and New
Mexico

Southeast, U.S.A.

Southeast, U.S.A.

Southeast and
western, U.S.A.

Europe

Catalonia

Catalonia

Catalonia

Catalonia

Leon, Spain

Aragon, Spain

Spain

Austria

Austria

Switzerland

Observations

Lightning wildfires were forecast to increase on the
west coast of North America.

Coniferous forests and ponderosa pine were more
susceptible to lightning fires.

Lightning fires will increase by 34% by the years
2056-2060.

Increased lightning fires and risks.

Lightning wildfires in the western part of the U.S.A.
were higher than those in the southeast part of the
U.S.A.

Coniferous forests were more prone to lightning
fires.

Holdover time was shorter in weather conditions that
favor wildfires.

There was no precipitation for 25% of lightning fires,
and 40% and 90% of wildfire occurrences had
precipitation less than 2 mm and 10 mm,
respectively.

Short waves at 500 hPa caused lightning fires.

Negative lightning strikes mainly ignited the forest
vegetation.

Lightning-caused wildfires occurred mostly in
mountainous areas

Lightning-induced wildfires increased with an
increase in negative cloud-to-ground lightning
strikes.

Lightning strikes initiated 15% of the wildfires.

Lightning-induced fires mostly occurred at higher
altitudes.

Positive cloud-to-ground lightning flashes started
lightning wildfires.
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