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Abstract: The analysis of the spatio-temporal variability of lightning-ignited wildfires and meteoro-
logical conditions preceding their occurrence from both dry lightning and lightning with precipitation
in Western Siberia for the warm seasons (May–September) of 2016–2021 was carried out. In the Arctic
zone, fires from lightnings occur in most cases (83%) almost without precipitation (<2.5 mm/day),
whereas in the forest and steppe zones the number of cases is less (81% and 74%, respectively).
The most significant changes in meteorological conditions before the ignition were also revealed
in the northern part 3–4 days before. Among all considered parameters, the most important role
in the occurrence of dry lightning-ignited wildfires belongs to mid-tropospheric instability, lower-
tropospheric dryness, and the moisture content of the top soil and surface floor layer. Moreover, in
the Arctic zone of Western Siberia, more extreme (hotter and drier) meteorological conditions should
be observed for the occurrence of ignition from lightning. The threshold values for the considered
meteorological parameters were derived for our region for the first time. Obtained results can be
used in the development of models for potential fire hazards prediction in various landscapes, which
will have a practical application in various spheres of the national economy.

Keywords: lightning-ignited wildfires; dry and wet lightning; meteorological parameters;
fuel moisture; Western Siberia; total precipitation; threshold; holdover time

1. Introduction

According to [1], the most significant factors influencing the occurrence and devel-
opment of wildfires are climate change, human activity, and land cover type. The study
of [2], carried out for the territory of the Siberian forests, shows that during recent decades,
the frequency of forest fires caused by climate changes and the area of burned forests have
increased. The occurrence of wildfires, probably, depends on factors that control landscape
flammability and ignition frequency, including climatic and weather variables [3,4].

Despite the fact that most forest fires, intentionally or accidentally, are the result of
human activities, lightning is the most common cause of fire in many boreal and Arctic
regions [5,6]. Current climate change, according to [7], can lead to change in the lightning
activity regime as a fire hazard on a global scale.

According to the results presented [8], in Siberia, lightning is a much more common
cause of forest fires than in other territories—28% of fires occur due to their «fault» and in
the territory of the Tomsk region—by up to 37% [9,10]. Moreover, in the Siberian Arctic
as a whole, the decadal frequency of wildfire tripled from the 2001–2010 to the 2011–2020
periods with the greatest increase in Western Siberia [11]. The authors found that annual
fire frequency and the extent of burned areas were related to various combinations of
seasonal air temperature, precipitation, ground moisture, and lightning frequency.
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Particular attention should be paid to fires caused by severe thunderstorms with
numerous lightning strikes, which produce virtually no precipitation [12–14]. This phe-
nomenon is called “dry” thunderstorms, which are associated with isolated cumulonimbus
clouds arising in the tropical air mass. According to [15,16], in middle latitudes, these
thunderstorms usually occur in the summer at daytime temperatures above +28◦, relative
humidity below 40%, the base height of cumulonimbus clouds above 1500–2000 m, and
precipitation evaporates in dry air when falling or practically reaching the surface.

The influence of meteorological conditions on the occurrence of fires from dry thun-
derstorms can differ significantly for each individual territory. Thus, in the northwest of
the Pacific Ocean [17], the USA [14], Australia [18,19], and the Mediterranean basin [20],
dry thunderstorm days occur with low atmospheric stability, low relative humidity, and a
high temperature difference between values at 850 hPa and at 2 m. These things considered,
the occurrence of dry lightning needs a lifting mechanism [21]. For example, in Catalonia,
these lightning episodes tend to be dynamically related to shortwave troughs at 500 hPa.

It is regularly recorded that in certain areas of the globe, on certain days, 50% or
more fires occurred due to dry thunderstorms [15,16]. Dry thunderstorms cannot always
be detected; therefore, most fires caused by lightning refer to anthropogenic or unknown
causes. Traditional methods for identification and forecasting thunderstorms do not make it
possible to divide them into “dry” and “wet”. Moreover, the main factor taken into account
when forecasting thunderstorms is the increased moisture content of the atmosphere, which
contradicts the conditions for the formation of dry thunderstorms [16].

According to [17], to identify cases with «dry» thunderstorms for the northwest-
ern United States, a threshold value of total daily precipitation was used: 1/100 inch
(0.25 mm/day) and 1/10 inch (2.5 mm/day). These thresholds are widely used in the
study of dry thunderstorms [22–24] and others. According to [14,17], one of the important
parameters for dry thunderstorms forecasting is moisture content in the atmosphere, since a
moisture deficit in the surface atmosphere increases the probability of severe thunderstorm
occurrence and, as a rule, causes virtually no precipitation. Another important parameter
is the stability of the atmosphere, and it is assumed that the more unstable the atmosphere,
the more likely thunderstorms are. When fires occur, the soil moisture content and forest
fuel also play an important role. As a rule, the occurrence of forest fires is accompanied
by low fuel moisture [4]. For example, the occurrence of extreme fires in Central Siberia
and the Transbaikal region may be associated with anomalies in soil moisture and precip-
itation [2,25,26]. In [27], correlations between the number of hotspots and fuel moisture
components are revealed in certain spring and summer months in the south of Western
Siberia. The fire in the forest fuel material caused by lightning can smolder inside the trunk
for several days until favorable conditions allow its development into a forest fire [23,28,29].

Due to the continuing increase in air temperature, there will be an increase in climate
extremes both on the global [30] and regional scales, including Western Siberia [31,32], by
the end of the 21st century. At the same time, increases in lightning activity [6] and in the
number and area of lightning fires [33] are expected. This tendency is especially dangerous for
ecologically vulnerable Arctic regions, where lightning is a main source of natural fires [34].

Thus, despite the fact that a large number of studies are devoted to the problem of
wildfires occurrence, in particular, the significant contribution to the fire hazard of such a
phenomenon as a dry thunderstorm is underestimated. From this point of view, the study
of the conditions for its occurrence in the region of Western Siberia (including the Arctic
zone) is a question of a high interest. The results will clarify global and regional climate
models and will also be useful for practical applications in the spheres of the national
economy when predicting potential fire hazards for various landscapes.

The purpose of the study is to analyze the spatio-temporal variability in the number of
lightning-ignited wildfires (LIWs) and meteorological conditions preceding their occurrence
from both dry and wet lightning in Western Siberia for the period of 2016–2021.

The paper is organized as follows. In Section 2, we present data sets and briefly describe
the used data methods. In Section 3, the results of the spatial and temporal distribution of the
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number of lightning-ignited wildfires and their comparative analysis with the meteorological
conditions preceding selected cases of ignition are presented. In Section 4, we discuss the
obtained results and make some comparisons with other studies. The conclusion, limitations,
and future direction of the research are briefly summarized in Section 5.

2. Materials and Methods

The study was carried out for the territory of Western Siberia (45–75◦ N, 60–95◦ E),
covering the Western Siberian Plain and the northern part of Kazakhstan (hereinafter, WS),
for the warm seasons (from May to September) for the period of 2016–2021. The analysis
was carried out both for the WS region as a whole and separately for its northern part
(65–75◦ N, NWS): the zone of tundra and permafrost; the central part (55–65◦ N, CWS): the
zone of mixed forests and waterlogged areas; and the southern part (45–55◦ N, SWS): the
zone of steppes and forest steppes.

As a forest fire characteristic, we used data about active fires (thermal anomalies/hotspots)
from the Fire Information for Resource Management System (FIRMS) archive Moderate
Resolution Imaging Spectroradiometer (MODIS) with daily time resolution and a spatial
resolution of 1 km2 × 1 km2 [35]. Since some thermal anomalies can indicate anthropogenic
heat sources, to clarify the fact of the presence of fires, we also used the database of perma-
nent fires from the Institute of Space Research of the Russian Academy of Sciences [36].

Information about lightning data was obtained from the Worldwide Lightning Net-
work (WWLLN) [37]—a unique, open-access global database of lightning frequency that
provides a basis for climatology of diurnal and seasonal variations in lightning time se-
ries [38,39]. Operational data from 5 or more receivers, located at distances of up to 3000 km,
contained information on lightning discharges every 1 h with a 7 h delay in open access [37].
The worldwide average efficiency of lightning detection for WWLLN is about 30% [40], and
WWLLN preferentially detects cloud-to-ground lightning [41]. This feature was favorable
for the current study since cloud-to-ground lightning is the main cause of fires.

To decrease the number of hotspots, we combined them in a fire cluster that began
with a single hotspot that first recorded in time. Further, all neighboring hotspots located
in space with a radius of 2 km and, in time, 1 day belonged to one cluster—a fire (Figure 1:
left panel). To identify LIWs, we used the following algorithm (Figure 1):

- The identification of the fire center—point 1, i.e., the coordinates of the first hotspot
recorded in time when clustering;

- The identification of lightning discharge coordinates for the same time (days with fires);
- The selection of cases when lightning discharge (first recorded in time—point 2)

is located at a distance (D) of no more than 10 km (Dmax) from the fire (point 1,
determined early). Thus, we calculated the distance between point 1 and point 2.
The distances between the hotspot and lightning discharge were calculated using
the “distance” function for the MATLAB programming environment (MATLAB and
Statistics Toolbox Release 2016b, The MathWorks, Inc., Natick, MA, USA).
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The choice of such a radius is based on the accuracy of the WWLLN data [20].
We searched for the most probable fire candidates to be ignited by lightning using

an approach based on the formula proposed by [42]. For the first step, we calculated (as
in [43]) a proximity index (A) between each observed lightning and the active fire:

A =

(
1 − ∆t

∆tmax

)(
1 − D

Dmax

)
, (1)

where D and ∆t—the distance and time interval between a lightning event and the active
fire; Dmax—the maximum distance (radius) for these events, ∆tmax—the maximum time
interval (holdover period), and —the smoldering time (the time from the moment of
lightning to the moment of the first identification of the fire) [44]. We chose the criterion ∆t
from 0 to 6 days before the ignition (0—day of ignition). The choice of the ∆t range was
associated with the assumption that the identified cases were the consequence of a certain
synoptic process that occured during a certain period over a certain territory (natural
synoptic period (5–7 days)). The range of A is [0,. . .,1].

The probability (B) of a fire caused by each lightning event (i) was calculated:

B = 1 −
n

∏
i=1

(1 − Ai), (2)

where n—the number of LIWs.
We divided all identified cases into 2 groups, “dry” and “wet” LIWs (hereinafter, Dry

and Wet LIWs) based on the threshold values of total precipitation [17]: tv = 0.25 mm/day
and tv = 2.5 mm/day. Thus, when the quantity of atmospheric precipitation was ≥tv, we
considered that these cases belonged to Wet LIWs, and when the quantity of atmospheric
precipitation was less than tv, they belonged to Dry LIWs.

Dry lightning needs three key ingredients: mid-tropospheric moisture, a lifting mech-
anism, and a sufficiently dry lower troposphere [17].

To capture these conditions, we derived meteorological parameters preceding the
ignition (for each case of LIW in each group—Dry and Wet) based on ERA5 re-analysis
data (the fifth generation of the European Center for Medium-Range Weather Forecasts
re-analysis) with a spatial resolution of 0.25◦ × 0.25◦ [45] for May–September of 2016–2021.
Based on the coordinates of selected LIWs, we identified correspondent grid cells. Thus,
for both Dry and Wet LIWs, we prepared daily data sets of the following values.

(1) Atmospheric characteristics [24]: air temperature difference in the middle troposphere
(∆T850-500) as a characteristic of atmospheric instability; dew point depression tempera-
ture (∆Td2m) as a characteristic of lower-tropospheric dryness; mid-tropospheric wind
speeds at 500 hPa (zonal and meridional components (u500 and v500); geopotential at
500 hPa (z500) as a large-scale atmospheric pattern; and daily maximum air temperature
(Tmax) and wind speed at 10 m (V) as near-surface instability and dryness.

(2) Soil and fuel characteristics [27]: volumetric soil water layer at 0–7 cm (VSW); indices
from the Canadian Forest Fire Weather Indices (CFFWIs), describing the moisture content
of a thin surface floor layer (1.2 cm) and a top surface floor layer (7 cm), i.e., the Fine
Fuel Moisture Code (FFMC) and the Duff Moisture Code (DMC), respectively.

The statistical significance of the derived estimates was determined using a two-tailed
null hypothesis t-test at α = 0.05 [46]. To assess the error in the number of events, an
estimate of white noise amplitude was calculated (α = 0.05) to evaluate the null hypothesis
when the value was not equal to 0. Statistical values of relationships we present in terms of
their correlation (Pearson coefficient correlation) [46].

3. Results
3.1. Spatio-Temporal Variability in the Number of Lightning-Ignited Wildfires

From the analysis of Figure 2, where spatial distribution of all selected LIW cases
(B > 0%, holdover period = 6 days) is presented, it follows that, in general, the number of
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Dry LIWs is less than the number of Wet LIWs when tv = 0.25 mm/day (Figure 2a). When
we change tv = 2.5 mm/day, we observe the greatest number of Dry LIWs (Figure 2b).
However, in both cases, the LIW maximum is situated in the southwestern part (with
savannas, grasslands, and cropland) and in the northwestern part of the region (tundra
and permafrost).
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scale—vegetation zones [47]: 1—evergreen needleleaf forests; 2—evergreen broadleaf forests; 3—

Figure 2. Spatial distribution of Dry LIWs and Wet LIWs (B > 0%, holdover period = 6 days) over
Western Siberia for the warm seasons of 2016–2021: tv = 0.25 mm/day (a); tv = 2.5 mm/day (b).
Color scale—vegetation zones [47]: 1—evergreen needleleaf forests; 2—evergreen broadleaf forests;
3—deciduous needleleaf forests; 4—deciduous broadleaf forests; 5—mixed forests; 6—closed shrub-
lands; 7—open shrublands; 8—woody savannas; 9—savannas; 10—grasslands; 11—permanent
wetlands; 12—croplands; 13—urban and built-up lands; 14—croplands/natural vegetation mosaics;
15—permanent snow and ice; 16—barren; 17—water bodies; and 18—unclassified. The black dots are LIWs.

To exclude random events for further analysis, we use only the LIW cases with B > 80%.
Totally, we revealed 1861 cases of LIWs for SWS, 909 cases for CWS, and 250 cases for
NWS within the maximum holdover period of 6 days for the warm seasons of 2016–2021
(Table 1). From Table 1, it also follows that the highest estimates of white noise amplitude
are observed for the Arctic zone for tv = 2.5 mm/day, which could be caused by the smaller
number of revealed LIWs here than in other areas in Western Siberia. Moreover, LIWs
with precipitation less than 2.5 mm/day occur in 74% cases in the south, 81% in the center,
and 83% in the north and with precipitation less than 0.25 mm/day in 41%, 55%, and 63%,
respectively. Thus, in the Arctic zone of Western Siberia, fires associated with thunderstorm
activity are predominantly caused by dry lightning. Then, we calculated the part of Dry
LIWs for each day/lag (time between lightning and ignition) from the total Dry LIWs
number. Based on the results presented in Table 2, we can conclude that Dry LIWs for each
precipitation threshold predominantly occur during the first 3 days after a lightning strike
in SWS (63% of cases) and in NWS (56% of cases). Moreover, in the south of the region, the
maximum of Dry LIWs is observed during the first 2 days after a lightning strike when
tv = 0.25 mm/day (27%) and during the first day when tv = 2.5 mm/day (24%). In the south
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and in the north of the region, the largest number of Dry LIWs is observed within 3 days
after a strike, and in CWS, the maximum shifts to the fifth day when tv = 0.25 mm/day.

Table 1. Number of Dry LIWs and Wet LIWs (B > 80%) from all revealed cases of LIWs and the
estimate of white noise amplitude (α = 0.05) for each day before the ignition (lag) in different regions
of Western Siberia for the warm seasons of 2016–2021.

Precipitation Threshold

0.25 mm/Day 2.5 mm/Day

Lag, Day Dry LIWs Wet LIWs Dry LIWs Wet LIWs

SWS

1 142 ± 19 256 ± 26 338 ± 29 60 ± 12
2 210 ± 23 212 ± 23 321 ± 29 101 ± 16
3 143 ± 19 172 ± 21 226 ± 24 89 ± 15
4 99 ± 16 177 ± 21 175 ± 21 101 ± 16
5 107 ± 17 122 ± 18 182 ± 22 47 ± 11
6 75 ± 14 146 ± 19 141 ± 19 80 ± 14

Total LIWs 1861 ± 69 1861 ± 69

CWS

1 37 ± 10 46 ± 11 65 ± 13 18 ± 7
2 84 ± 15 74 ± 14 100 ± 16 58 ± 12
3 93 ± 15 70 ± 13 160 ± 20 3 ± 3
4 80 ± 14 73 ± 14 131 ± 18 22 ± 8
5 113 ± 17 81 ± 14 156 ± 20 38 ± 10
6 96 ± 16 62 ± 13 132 ± 18 26 ± 8

Total LIWs 909 ± 48 909 ± 48

NWS

1 15 ± 6 6 ± 4 17 ± 7 5 ± 4
2 30 ± 9 15 ± 6 40 ± 10 5 ± 4
3 44 ± 11 24 ± 8 56 ± 12 12 ± 6
4 15 ± 6 26 ± 8 32 ± 9 9 ± 5
5 32 ± 9 13 ± 6 38 ± 10 7 ± 4
6 22 ± 8 8 ± 5 25 ± 8 4 ± 3

Total LIWs 250 ± 25 250 ± 25

Table 2. The part (%) of Dry LIWs (B > 80%) from all revealed cases of LIWs for each day before the
ignition (lag) from the total Dry LIW number in different regions of Western Siberia for the warm
seasons of 2016–2021.

Lag, Day
Precipitation Threshold

0.25 mm/Day 2.5 mm/Day

SWS

1 18 24
2 27 23
3 18 16
4 13 13
5 14 13
6 10 10

Total Dry LIWs 776 ± 45 1383 ± 60

CWS

1 7 9
2 17 13
3 18 22
4 16 18
5 22 21
6 19 18

Total Dry LIWs 503 ± 36 744 ± 44

NWS

1 9 8
2 19 19
3 28 27
4 9 15
5 20 18
6 14 12

Total Dry LIWs 158 ± 20 208 ± 23
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According to different studies, the precipitation threshold tv = 2.5 mm/day is quite
widespread for dry lightning identification; thus, in the framework of our research, we
decided to choose this criterion for further calculation and analysis to make our results
more comparable [17,22–24].

The maximum number of LIWs (B > 80%) in SWS for the period of 2016–2021 was
observed in July (Figure 3). There is an exception for LIWs with precipitation on the second
day after the lightning strike, when the maximum is shifted to June. In CWS, the most
fire-dangerous month is also July, but the number of fires in the central part is less than
in its southern part (Figure 4). At the same time, a longer smoldering is observed here,
which is probably due to the fuel characteristics: the holdover period is longer in forest
and swamp ecosystems than in steppe landscapes. It is also worth noting that the second
maximum is observed in May for Dry LIWs at the third day after the lightning strike (the
largest contribution belongs to the second decade in May 2019 in SWS and in May 2021 in
CWS, when seasonal changes in the thermobaric field occur).

In contrast to SWS and CWS, there are quite certain tendencies in NWS: the largest
number of LIWs is observed in July on the third day after lightning strike (Figure 5). At the
same time, the maximum is in 2017 and 2016, which is consistent with [48], when in the
northern part of Western Siberia, a high level of smoke aerosol was observed, associated
with a large number of fires in the third decade of July 2016. Thus, it can be assumed that
most of them were caused by lightning activity.
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3.2. Meteorological Conditions Preceding Lightning-Ignited Wildfires

The meteorological conditions preceding selected cases of Dry and Wet LIWs for each
day before the ignition in Western Siberia for 2016–2021 are presented in Figure 6.
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Figure 6. Meteorological conditions and fuel moisture components preceding lightning-ignited
wildfires (Dry LIWs and Wet LIWs) for each day before the ignition over Western Siberia for
2016–2021 (B > 80%). The precipitation threshold is 2.5 mm/day.
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As a rule, changes in meteorological values tendencies are observed 3–4 days before a
fire occurrence. Thus, there is a well-pronounced decrease in Tmax and ∆T850-500 in NWS.
As in SWS and CWS, there are no significant changes in these meteorological parameters.
It should be noted that in the north, LIWs occur with higher surface air temperatures and
with higher temperature differences at isobaric layers in the troposphere than in the center
and in the south.

The dew point depression (∆Td2m), which is the air temperature minus the dew point
temperature (an absolute measure of how much moisture is in the air), has the highest
values in NWS and the least in SWS; that is, in the northern regions, the occurrence of
LIWs (especially Dry LIWs) occurs in drier air than in the southern ones. As for Wet LIWs,
∆Td2m starts to decrease in NWS at 3 days before the fire (the air contains more moisture),
and in CWS and SWS, moisture increases later, immediately before the ignition (1–2 days).

The most significant changes in wind speed (V) are observed in the north of the
region—there is an increase at 4 days before the fire, and for Wet LIWs, in contrast to Dry
LIWs, this increase in wind speed is most pronounced. From the analysis of Figure 6 (u500
and v500), zonal transfer generally prevails throughout the region during the period from
the moment of lightning to an ignition. There is an exception for Wet LIWs in the northern
part of WS, where a decrease in zonal transfer from the west and an increase in meridional
transfer from the south are observed 3 days before the ignition (Figure 6).

The parameter of geopotential at the level of 500 hPa decreases 3 days before the
ignition in the north and 1 day before the ignition in the south and in the center. As usual,
the cases of Dry LIWs occur at higher values Z500 than those of Wet LIWs.

The volumetric soil moisture for Wet LIWs increases in the north at 3 days before the
ignition, and in the south and center, it increases at 1 day before the ignition (Figure 6). For
Dry LIWs, the situation is reversed. The greatest differences between soil moisture content
values during Wet and Dry LIWs are observed in the NWS.

The variability of fuel moisture components is in good agreement with changes in
soil moisture. The FFMC (characterizes moisture content in the layer up to 1.2 cm) index
begins to increase from the fourth day before Dry LIWs, that is, the fuel becomes drier,
and, on the contrary, FFMC decreases for Wet LIWs (the fuel becomes wetter). At the
same time, fires from dry lightning occur in the north when the fuel moisture content is
less than that in other regions (FFMC has maximal values). Almost the same situation is
observed for DMC (characterizes moisture content in the layer up to 7 cm). This index has
a well-pronounced constant growth in the north during all 6 days before cases of fire from
dry lightning (Figure 6).

Further, we calculated the ranges for all parameters we consider for cases of Dry and
Wet LIWs (Tables 3 and 4, Figure 7). Tables 3 and 4 present the precise threshold values
of ranges, and Figure 7 provides a visual demonstration of these results. Based on the
values of the interquartile range analysis, we can conclude that Tmax varies significantly
(in comparison with other regions) for Dry LIWs in CWS. However, as for average daily
temperatures, these values are higher in NWS for cases of ignition from dry lightning, in
comparison with Wet LIWs. Moreover, at the day of ignition, averaged Tmax estimates for
Dry LIWs are lower than 3 days before the ignition (Table 3); that is also true for Wet LIWs
in the north (Table 4). In general, these results are also appropriate for ∆T850-500 estimates.

Table 3. Statistics of meteorological conditions and fuel moisture components preceding Dry LIWs
(B > 80%) in the regions of Western Siberia for the warm seasons of 2016–2021. The precipitation
threshold is 2.5 mm/day.

Regions
Day of Ignition Lag (3 Days)

Averages 0.25 Quantile 0.75 Quantile Averages 0.25 Quantile 0.75 Quantile

Tmax, ◦C
SWS 15.2 10.6 22.8 16.1 11.6 23.4
CWS 16.4 9.2 24.9 17.0 9.8 24.2
NWS 24.8 22.2 28.1 26.1 23.3 28.5
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Table 3. Cont.

Regions
Day of Ignition Lag (3 Days)

Averages 0.25 Quantile 0.75 Quantile Averages 0.25 Quantile 0.75 Quantile

∆T850−500, ◦C
SWS 21.9 18.9 23.8 21.8 18.9 24.5
CWS 22.8 18.8 26.1 22.9 18.4 26.4
NWS 25.9 23.2 28.4 26.7 24.7 28.8

∆Td2m, ◦C
SWS 6.1 3.3 8.6 5.8 3.2 8.5
CWS 6.9 3.3 9.6 6.4 1.9 9.4
NWS 8.9 4.1 10.7 9.5 4.5 11.6

V, m/s
SWS 4.0 2.1 5.4 3.9 2.2 5.2
CWS 3.7 2.3 5.2 3.6 2.2 4.9
NWS 3.4 2.5 4.2 2.7 1.9 3.2

u500, m/s
SWS 5.4 0.1 10.4 6.6 0.8 10.7
CWS 7.3 1.1 14.5 8.6 2.4 15.5
NWS 2.6 −3.8 8.5 2.3 −1.6 5.8

v500, m/s
SWS −1.4 −6.9 4.1 −0.7 −5.9 5.5
CWS −3.8 −10.7 2.1 −3.3 −9.5 2.2
NWS −0.1 −2.1 1.9 1.2 −1.6 2.7

Z500, 103 m2/s2

SWS 54.63 53.71 55.88 54.76 53.87 55.99
CWS 55.06 54.21 56.04 55.16 54.25 56.15
NWS 55.25 55.52 56.29 56.01 55.59 56.32

VSW, m3/m3

SWS 0.30 0.2 0.4 0.31 0.2 0.4
CWS 0.24 0.1 0.4 0.25 0.1 0.4
NWS 0.20 0.1 0.3 0.21 0.1 0.3

FFMC
SWS 73.9 64.5 86.5 79.1 65.8 85.9
CWS 76.9 71.1 87.8 78.9 63.5 87.4
NWS 86.0 84.5 91.7 90.2 84.9 91.7

DMC
SWS 18.2 4.3 21.1 10.2 4.6 18.1
CWS 29.6 4.3 39.9 10.3 3.4 32.6
NWS 99.0 29.2 77.7 90.1 27.2 69.1

Statistically significant estimates are in bold (significance level α = 0.05).

Table 4. The same as in Table 3, but Wet LIWs.

Regions
Day of Ignition Lag (3 Days)

Averages 0.25 Quantile 0.75 Quantile Averages 0.25 Quantile 0.75 Quantile

Tmax, ◦C

SWS 15.5 11.2 20.3 15.3 11.4 21.9
CWS 16.6 11.2 22.1 16.5 11.5 22.2
NWS 22.3 20.4 23.5 25.5 25.1 26.6

∆T850−500, ◦C

SWS 22.3 18.8 24.8 22.1 18.9 24.8
CWS 23.2 20.5 26.1 23.0 19.1 26.6
NWS 23.5 22.7 24.2 24.9 23.5 26.1

∆Td2m, ◦C

SWS 2.3 0.1 4.6 5.2 3.6 7.3
CWS 2.8 0.3 5.3 6.3 3.6 8.6
NWS 3.5 2.7 4.1 6.0 4.1 7.4

V, m/s

SWS 3.2 1.3 4.4 3.5 1.9 4.9
CWS 3.2 1.8 4.3 3.1 1.4 4.5
NWS 3.4 2.5 4.2 2.4 0.9 3.6

u500, m/s

SWS 8.9 1.7 15.5 7.1 0.9 12.4
CWS 11.7 7.9 17.8 9.0 3.6 14.4
NWS −0.7 −6.6 4.3 4.4 1.8 7.9

v500, m/s

SWS 3.5 −1.8 8.1 −1.2 −6.3 3.9
CWS 0.6 −5.3 6.1 −3.6 −9.6 2.4
NWS 2.5 −3.6 8.6 3.7 1.1 8.1
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Table 4. Cont.

Regions
Day of Ignition Lag (3 Days)

Averages 0.25 Quantile 0.75 Quantile Averages 0.25 Quantile 0.75 Quantile

Z500, 103 m2/s2

SWS 54.33 53.67 55.18 54.44 53.37 55.65
CWS 55.06 54.39 55.81 55.25 54.42 56.07
NWS 55.07 54.72 55.36 55.86 55.67 56.11

VSW, m3/m3

SWS 0.35 0.3 0.4 0.32 0.3 0.4
CWS 0.34 0.3 0.4 0.31 0.2 0.4
NWS 0.46 0.4 0.6 0.38 0.3 0.5

FFMC

SWS 61.4 43.1 79.9 74.9 56.8 83.1
CWS 61.9 46.5 79.9 78.7 63.7 85.6
NWS 58.8 42.8 74.6 85.4 76.8 86.9

DMC

SWS 11.9 3.7 16.9 10.2 5.1 16.5
CWS 21.0 2.9 22.3 10.3 4.3 26.1
NWS 16.3 7.9 17.5 21.2 16.6 25.9

Statistically significant estimates are in bold (significance level α = 0.05).

As for ∆Td850, the greatest values of interquartile ranges are observed for Dry LIWs
in CWS, and the smallest for Wet LIWs in NWS (Tables 2 and 4, Figure 7). Wind speed,
on the contrary, has the greatest variability for Wet LIWs, especially in CWS. Estimates
of zonal wind component in the middle troposphere (u500 and v500) in SWS and CWS
decreases by the day of ignition for Dry LIWs and increases for Wet. However, we should
note that statistically significant values for wind components were derived only for Wet
LIWs in CWS.

The VSW estimates have the greatest variability before the ignition in CWS with
maximum values for Wet LIWs and minimum for Dry LIWs. For the northern part, we
can also indicate the highest differences in fuel moisture components for different regions
(FFMC and DMC). Significantly, these differences in NWS are well pronounced for the
DMC (fuel moisture content in the layer of 7 cm).

In spite of the fact that the spatial distributions of meteorological parameters and
fuel moisture characteristics preceding ignitions from dry lightning and from lightning
with precipitation are similar, in general, they have some specific features for each group
(Figures 8 and 9). The common feature is in the meridional type of spatial distributions
for Tmax, ∆T850−500, ∆Td2m, Z500, FFMC, and DMC: areas with maximum values are
predominantly situated in the eastern part of WS (mountain regions in the northeast and
southeast), and areas with minimum values are situated in the western part (where zones
of mixed forests and peatlands are situated). It also coincides with the spatial distribution
of fires from dry lightning (Figure 8). However, in the north, we observe that the situation is
somehow different: most of revealed cases near the gulf of the Ob River are situated in the
areas of Tmax, ∆T850-500, ∆Td2m, and DMC maximum. An opposite situation is observed
for wind speed at the surface; it is higher in the western part than in the eastern one. And in
the northern part, near the gulf of the Ob River, LIWs occur under the influence of eastern
transfer. As for VSW, areas with maximum values are predominantly located in the center
parts of SWS, CWS, and NWS, which correspond to peatland and permafrost zones.

The spatial distributions of meteorological values preceding Wet LIWs (Figure 9) are
generally the same, however, their variability over the territory is not well pronounced (like
in cases of dry lightning). There is one exception for wind speed: the maximum values are
higher in the west part of CWS than in cases of Dry LIWs. Moreover, it is difficult to reveal
some patterns associated with selected cases of ignition from lightning with precipitation.
The cases of Wet LIWs, in contrast to Dry LIWs, are not grouped in some areas, they are
scattered throughout the territory and are mostly located in the center and in the south
of WS. Probably, such a difference is caused by the origin of dry and wet lightning. We



Atmosphere 2024, 15, 106 13 of 21

suppose that wet lightning mostly occurs in frontal systems, whereas dry lightning is a
result of the intramass convection process.
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Thus, based on the comparative analysis, an important role in the occurrence of
lightning-ignited wildfires belongs to changes in the thermobaric field in the middle
troposphere and fuel moisture, as a rule, 1–3 days before the fire, especially in the Arctic
part of the region. This is also confirmed by the obtained significant estimates of the
correlation coefficients (r) between the indicated parameters and the number of fires. At the
same time, the highest estimates of the relationships are observed with the characteristics of
atmospheric circulation—the components of zonal and meridional wind speed at 500 hPa
(−0.72 and 0.74, respectively). The negative sign of r for u500 in this case indicates the
direction of air transfer, i.e., means that eastern transport prevailed here.

4. Discussion

This research provides the spatio-temporal variability of lightning-ignited wildfires
and the meteorological conditions preceding their occurrence from both dry and wet
lightning in Western Siberia for 2016–2021.

Firstly, we compared LIW numbers based on two threshold precipitation values and
found that in the northern part of the territory, fires from lightning occur in most cases
in the absence of precipitation (less than 0.25 mm/day). The total precipitation threshold
of 2.5 mm/day (1/10 inch) is widely used in the study of dry thunderstorms in different
regions of the world: in the northwestern United States [17], in Alaska and Canada [22],
in the North American boreal forests [23], Northern California [24], and Catalonia [21].
Moreover, it is obvious that the lower the amount of precipitation, the higher the probability
of fire. For example, [13], using gridded precipitation data, shows that LIWs occur more
frequently when daily precipitation is less than 2 mm. According to [44], if less than 1 mm
of precipitation fell during a thunderstorm, then the probability of a fire from a lightning
strike is approximately four times higher than in the presence of precipitation.

In the framework of this study, we assumed that a forest fire occurs under the condition
that the distance between the first hotspot/fire that appears and the lightning discharge
should not exceed 10 km (the presence of a lightning discharge within a radius of 10 km from
the hotspot/fire). This parameter (10 km) was also used for the territories of Finland [42],
the Mediterranean [20], and Yakutia [29]. However, in [49], the authors applied an 8 km
radius for the South Brasilia; in [50], 2–5 km for South America; and in [51], 5 and 10 km for
the Alps. In this study, we used the distance between the first hotspot/fire that appears and
the lightning discharge of 10 km, due to the accuracy of the WWLLN data [20]. We chose
this data set because it allows us to assess the spatial distribution of lightning activity in a
vast region of Western Siberia [9,52]. In our previous study [43], we revealed that there is a
30% probability of fire occurrence from lightning in the Siberian Arctic. This is the highest
value in comparison with the southern parts.

In the current article, we have selected a total of 3020 cases of LIWs in Western
Siberia for the warm seasons of 2016–2021, and 2407 of these cases are related to Dry
LIWs (threshold precipitation value = 2.5 mm/day). Some studies provide estimates of
the LIW numbers for other regions; however, it is not possible to compare these results
with our estimates since the regions under study have their own specific geographical
and climatic conditions, and these estimates were derived for different time intervals. For
example, in Finland, 522 LIWs were revealed for 1992–2001 [42]; in Florida, 230 LIWs for
1998–2002 [53]; in Austria, 573 LIWs for 1993–2010 [54]; in the USA, 905 LIWs for
2012–2015 [55]; in Switzerland, 267 LIWs for 2000–2018 [51], etc.

The influence of meteorological conditions on the occurrence of fires from dry thun-
derstorms has been studied in a number of studies, and, as a rule, these conditions can
differ significantly for each individual territory. Thus, according to [17], it is shown that in
the northwest of the Pacific Ocean, dry thunderstorm days occur with low atmospheric
stability and low humidity in the lower layers of the atmosphere, and wet thunderstorms
are characterized by the opposite conditions. In the United States [14], Australia [18,19],
and the Mediterranean basin [20], the characteristic conditions for the occurrence of dry
thunderstorms are lower relative humidity and a high temperature difference between
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values at 850 hPa and at 2 m. These conditions promote the evaporation of precipitated
water before it reaches the ground [56]. According to [20], in the Iberian Peninsula and
Greece, LIWs typically occur during dry thunderstorms with weak updrafts, in clouds with
a high base and vertical moisture content below the climatic value, and also with higher
temperatures and less precipitation.

Dry lightning needs three key ingredients: mid-tropospheric moisture, a lifting mech-
anism, and a sufficiently dry lower troposphere [17]. For example, in Catalonia, LIW
episodes tend to be dynamically related to shortwave troughs at 500 hPa. Whereas, in
Western Siberia, on the contrary, we observe a high geopotential field.

We also found that values (∆T850-500 and ∆Td2m) for both Wet and Dry LIWs are
less than those presented in [17] for the Pacific Northwest of North America; in [18], for
southeastern Australia; and in [22], for California. Relatedly, the values are comparable
with results for Catalonia in [21]: the average of ∆Td2m for Dry LIWs is approximately
8.9 ◦C with the 75th percentile close to 10.7 ◦C. And ∆T850-500 (average value 25.9 ◦C) can
be compared with [17,18] only for the northern (Arctic) part of Western Siberia. However,
according to [44], the relationship between dry lightning and the 850–500 hPa temperature
lapse and dew point depression at 850 hPa is reasonably similar for different regions and
indicates that the physics behind dry lightning may be somewhat universal [18,21]. It should
be noted that we carried out the analysis for different latitudinal zones in Western Siberia
and can draw the conclusion that the LIWs in the Arctic occur under the most extreme
meteorological conditions. For example, for Dry LIW occurrence in the north, daily Tmax
values should be in ~1.5 times higher than those for more southern regions (Tables 3 and 4).

As a parameter of instability, we used the temperature difference at different levels in
the troposphere, while some authors use indices of atmospheric instability, for example,
CAPE. Thus, in [23], it was found that in Canada and Alaska, cases of wet thunderstorms
occur in a wide range of CAPE index values. And, in the case where 500 hPa geopotential
heights exceed ~5700 m and CAPE values are close to the maximum observed thresholds,
there is a high probability of dry lightning occurrence. In [20], high CAPE values more often
correspond lightning to causing a fire in the Mediterranean basin. However, according
to [57], thunderstorms in Western Siberia were recorded with CAPE index values up to
1000 J/kg, that is, with a slightly or moderately unstable state of the atmosphere (when
CAPE values are up to 2500 J/kg). It is known that the CAPE index is characterized by rapid
spatio-temporal fluctuations; therefore, the use of this index to predict the development
of thunderstorm activity in our region is recommended only in combination with other
indices. Moreover, according to [56], indices describing thunderstorm activity in the lower
troposphere, such as CAPE, are insufficient to predict the potential of dry thunderstorms.

Some authors use the soil moisture parameter as a criterion for dry lightning identi-
fication due to its lower spatial variability and more higher predictability, in comparison
with precipitation [22]. According to [58], indices from the CFFWIS characterized fuel
moisture up to 7 cm (DMC) as a standard indicator of a landscape’s susceptibility to fire
from lightning. At the same time, the author identified a difference in the rate of increase in
the number of fires per lightning strike depending on the type of forest. In [27], we revealed
that maximum correlations (r = 0.5–0.6) between number of hotspots and fuel moisture
components were observed for DMC and FFMC in the spring and summer months in
the south of Western Siberia. Thus, [2,25,26] found that the occurrence of extreme fires
in Central Siberia and the Transbaikal region may be associated with anomalies in soil
moisture and precipitation. The relative importance and impact of dryness indicators on
wildfire vary spatially [59]—it depends on the region and wildfire characteristics [4,60]. In
our current research, we have also found an important role in the ignition of fuel moisture
components in Western Siberia, especially from dry lightning. According to [21], those igni-
tions that spread shortly after the lightning strike occur under characteristic environmental
conditions, which can be reasonably forecasted using the correct selection of parameters.
Based on our results, we suggest that the meteorological conditions play an important role
in ignition 3–4 days before it. However, for understanding lightning-caused fires and for
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attempting to model their occurrence, it is important to remember that a lightning fire can
go through a number of phases in its lifetime: it is ignited by a lightning strike, then it
can smolder for a time period, spread to a surface fire, and, possibly, transition back to a
smoldering one. In this regard, the relationship between lightning flashes and fires will be
non-linear, as well as the dependence of fire occurrence on meteorological conditions from
lightning activity and the influence of soil moisture on the fire occurrence [26]. Moreover,
from the analysis of Figures 8 and 9, it follows that meteorological parameters have large
spatial inhomogeneity. That is why, in some cases, threshold values for each latitudinal
zone can indicate not the mean values for the region but only a local event. For example,
this situation is observed in the north and northeast of WS, where average values for
this zone are determined by rare cases of LIWs here. Since we have obtained significant
estimates of linear correlation coefficients only for individual meteorological parameters
(wind speed in the middle troposphere) and the number of LIWs, we can suppose that the
determination of relationships between meteorological parameters and lighting-ignited
wildfires is a complicated process (especially for cases of dry lightning) and demands to
consider many other factors, such as the characteristics of fires (burned area), lightning
discharges (frequency), relief (elevation), and vegetation type. We did not take them into
account in the framework of our study, but we plan to do so in future research to reveal
cause-and-effect relationships.

Thus, for each individual region, the phenomenon of dry thunderstorms can arise due
to different meteorological and geographical conditions, which must be taken into account
when identifying and forecasting dry thunderstorms. At the same time, Western Siberia has
significant “gaps” in the study of this issue. The novelty of our research is in the analysis
of meteorological conditions and characteristics of fuel moisture for cases of fires from
dry lightning and thunderstorms with precipitation in a vast territory of Western Siberia,
highlighting its regional features, based on derived threshold values that are unique for our
region. In the future, the obtained results will make it possible to more accurately describe
the risks of fire hazard from thunderstorm activity (in particular from dry lightning), since
indices existing at the moment do not take into account its influence. This can be the basis
for the development of a regional fire hazard index for various types of underlying surfaces.

5. Conclusions

In the framework of the study, we carried out an analysis of the spatio-temporal
variability of lightning-ignited wildfires and the meteorological conditions preceding their
occurrence from both dry lightning and lightning with precipitation in Western Siberia for
2016–2021.

Totally, we revealed (with a probability of more than 80%) ~1800 cases of LIWs in
the south, ~900 cases in the center, and 250 cases in the north of Western Siberia. LIWs
with precipitation less than 2.5 mm/day occur in 74% cases in the south, 81% in the center,
and 83% in the north and with precipitation less than 0.25 mm/day in 41%, 55%, and 63%,
respectively. Thus, in the Arctic zone of Western Siberia, fires associated with thunderstorm
activity are predominantly caused by dry lightning. The shortest holdover period (1–2 days)
is observed in the south of the territory, where steppe regions predominate. The longest one
(3–5 days) is in the central part, which is probably due to the characteristics of vegetation
and soil type (forest zone, peatland area), due to which the smoldering time may increase.

The most significant changes in meteorological conditions before ignition are also
revealed in the northern part at 3–4 days before ignition. Among all considered parameters,
the important role in dry lightning-ignited wildfire (in contrast to lightnings with precipita-
tion) occurrence belongs to mid-tropospheric instability, lower-tropospheric dryness, and
moisture content of the top soil and surface floor layer, which are mostly observed against
the background of a high-pressure field.

The obtained results indicate that dry lightning-ignited wildfires, in contrast to the wet
thunderstorms, occur under higher temperatures and low-level dry air conditions. More-
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over, in the Arctic zone of Western Siberia, more extreme (hotter and drier) meteorological
conditions should be observed for the occurrence of ignition from lightning.

Thus, the derived threshold values for the considered meteorological parameters
are unique to our region and its separate natural zones. Obtained results can be used
in the development of models and regional indices for potential fire hazards prediction
in various landscapes, which will have practical applications in various spheres of the
national economy.
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