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ABSTRACT

Issues of applying the asymptotic theory of extreme values to the risks analysis of breaking-out of the
largest-area yearly forest fires, were considered. As original material, the paper authors used data on areas
of the forest fires occurring in the south of Russia’s Khabarovsk Territory from 1968 to 2017. For each
year, the largest-area forest fire was selected from the considered period of time. In all, 50 fires were
selected for this period of time (according to quantity of the years in the period). This sample analysis
showed that the general population of these fires areas (where the sample was selected) has probability
distribution of extreme values of the first type. An analytical expression for the probability distribution
function of this general population was received. On the basis of this distribution analysis, a forecast was
made concerning risks of the breaking-out and the average recurrence periods of such fires for various
values of the burning area. The conducted analysis showed that in 87.5% of cases, in the south of
Khabarovsk territory, the largest-area yearly forest fires, with an area of from 50 to 400 km2, will break
out with the 1.2 years recurrence interval. In other words, almost every year, with the exception of these
rare events when fires with other areas will occur. It was supposed that the probability distribution of
extreme values of the first type can be applied not only to the forest area of Russia’s Khabarovsk territory,
but also to other zones in the world with large forest areas.

Keywords: Probability distribution function; Average recurrence period; Asymptotic theory of extreme
values; Forest fires; Risk forecast

RESUMEN

Se examinaron las cuestiones relativas a la aplicacion de la teoria asint6tica de los valores extremos al
analisis de los riesgos de los incendios forestales anuales maximos por area. Como material de partida, el
trabajo utiliz6 datos sobre las areas de incendios forestales ocurridos en el territorio de la parte sur del
territorio de Khabarovsk de Rusia durante el periodo de tiempo de 1968 a 2017. Para cada afio, se
selecciond un incendio forestal méaximo en el area del periodo de tiempo considerado. En total, fueron
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seleccionados 50 de estos incendios durante este periodo de tiempo (por el nimero de afios en el periodo).
Como resultado del andlisis de esta muestra, se demostré que el conjunto general de areas de tales
incendios (de donde se tomd la muestra) tiene una distribucion de probabilidad de valores extremos del
primer tipo. Se obtiene una expresion analitica para la funcion de distribucion de probabilidad de esta
poblacion general. Sobre la base del analisis de esta distribucion, se proporciona una Prediccion de los
riesgos de ocurrencia y los periodos promedio de repeticién de tales incendios para diferentes valores de
area de combustion. El analisis mostré que en 87.5% de los casos en el territorio de la parte sur del
territorio de Khabarovsk apareceran los incendios forestales anuales de &rea méxima de 50 a 400 km2 con
un intervalo de repeticion de 1.2 del afio. Es decir, casi todos los afios, excepto en los casos raros en que se
produciran incendios en otra area. Se supone que la distribucion de las probabilidades de los valores
extremos del primer tipo se aplica no solo al territorio forestal del territorio de Khabarovsk de Rusia, sino
también a otras areas forestales del mundo con grandes areas de bosque.

Palabras claves: Funcién de distribucion de probabilidad; Periodo medio de repeticidn; Teoria asintotica
de valores extremos; Incendios forestales; Prondstico de riesgos

1. INTRODUCTION

The forest fires are one of the most dangerous emergency situations. In this connection, the issues
of forecasting and assessing the risk of the breaking-out and the recurrence periods of potential large
forest fires are of particular importance.

This research is based on analyzing the meteorological, including synoptic data (air temperature,
precipitation amount, air humidity, wind velocity and direction, etc.), information about the forest
composition (average height, forest stand frequency, floristic composition, area and form of the forest
tract) and the relief. On the basis of comprehensive analysis of these data, various maps of risks of the fire
danger appearance for an area are built (Dieu et al., 2018, pp.104-116; Eugenio et al., 2016, pp. 65-71;
Moayedi et al., 2020; Zhiwei et al., 2015, pp. 106-116), and the mathematical models of fire spread are
developed, and only on this base the fire situation is forecasted (Adou et al., 2015, pp. 11-18; Ginzburg &
Sokolova, 2014, pp. 68—475; Perminov, 2010; Sokolova & Makogonov, 2013, pp. 222—-226).

As the forest fire is notable for fortuity of breaking-out as well as fortuity and complicatedness of
its spread, then the research, which is based on the use of probabilistic-statistical methods of processing
such fire parameters as area, burning time, quantity of fires per a year, damage, expenses for firefighting,
etc. are also of great importance in analyzing the fire situation of a region (Chang, et al., 2016, Eugenio et
al., 2019; Grishin & Filkov, 2011).

This paper covers the issues of applying the extreme values statistics to forecasting and assessing
the risk of breaking-out of the largest-area yearly forest fires as exemplified by the south of Russia’s
Khabarovsk territory.

A risk of breaking-out of an emergency situation, in particular, a fire, includes two aspects:
probability of this event and material losses related. It is clear that if to consider all the fires: small
medium and large, then the frequency (probability) of breaking-out of small and medium fires will be
much higher than frequency of large, but very rare fires causing great financial damage.

Reasons for breaking out of such fires are diverse, and they are related, mainly, to the facts that
they are found out too late (in most cases, on weather condition), that manpower and resources are
delivered too late to the fire area, or that they could not be delivered there, that the fire cannot be fought in
connection with rugged relief. This leads to the fire extinguishing time increase, and as a consequence, to
vast burnt-out areas.
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Traditional methods of probability theory and mathematical statistics, which are used in
forecasting and assessing the risk of the fire breaking-out, do not make it quite possible to assess the large
fires breaking-out risk, since the probability of the large fires breaking out in comparison with fires of
with small or medium burned area is always small.

Search for special methods of analyzing and forecasting the risk of breaking-out of extreme events
led to appearance of the so-called asymptotic theory of extreme values probabilities, which, in the main,
deals with equally distributed independent random variables and with properties of distributing their
maximum (Dey et al., 2016; Mohammad, 2016; Leadbetter, 2016). This theory was applied in many areas
of science and technology: in analysis of flood situation on rivers, in material strength research, in
seismology, in aviation, in analysis of catastrophic weather phenomena and in many other areas
(Leadbetter, 2016).

Up to now, this theory application to the analysis of multiyear data on the extreme-area yearly
forest fires was complicated by absence of sufficient quantity (minimum of 50 years) of multiyear data on
this problem.

Within application of the extreme values theory to forecasting and assessing the risk of the large fires
breaking-out, this paper analyzed the largest-area yearly forest fires in the south of Khabarovsk territory
from 1968 to 2017.

2. MATERIALS AND METHODS

As original material, the paper authors used the data on the forest fire areas, which had been
provided by the territory state institution “Far Eastern facilities of aircraft forest protection” — the single
information and coordination center for forest fires fighting in Russia’s Khabarovsk territory, where all
data on the forest fires in Khabarovsk territory are accumulated. Those include the ground investigation
data (observation from watch towers, patrolling along the specially developed routes), the aircraft
monitoring data and the satellite data (the Earth remote probing data from the space). At present, the
satellite data are the basic part of the forest fires monitoring system in Russia, they develop rapidly and are
applied in practice over the last twenty-five years (Loupian et al., 2017; Bondur & Gordo, 2018).

In order to conduct the further research, for each year from the considered period of time of from
1968 to 2017, the largest-area forest fire was selected. In all, 50 fires were selected for this period of time
(according to quantity of the years in the period). From now on, the fires, which were selected in this way,
are called the largest-area yearly forest fires.

Table 1 shows the data on the largest areas of yearly forest fires, which were represented in
consecutive order by years in the third Table column. The fourth Table column represents the data-based
variational series of the maximum (by years) values of the fire areas x; (i = 1...,50), which are sorted by
the area magnitude increase.

Table 1. Maximum (by years) values of areas of the forest fires, which occurred in the south of Khabarovsk territory
from 1968 to 2017

Variotional series Variotional series
. of the largest fire . of the largest fire
i Year The Iargestzflre areas x; with the i Year The Iargestzf Ire areas X with
area, kme. . . area, kme. .
ordinal number i, the ordinal
km?. number i, km?.
1 1968 74.5 14 26 1993 291.2 171.2
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2 1969 171.2 221 27 1994 121.1 171.3
3 1970 265.4 29.74 28 1995 65.3 182.4
4 1971 22.1 40 29 1996 165.2 189.8
5 1972 160.5 46.3 30 1997 252.2 194

6 1973 83.7 58.2 31 1998 124.1 200

7 1974 152.4 65.3 32 1999 159.8 204.5
8 1975 331.5 74.5 33 2000 321.1 210.1
9 1976 414.3 83.7 34 2001 133.4 219.7
10 1977 204.5 96 35 2002 146.5 221.7
11 1978 219.7 95.3 36 2003 408.5 231.2
12 1979 104.3 104.3 37 2004 138 240.5
13 1980 95.3 105 38 2005 151 252.2
14 1981 1125 1125 39 2006 301.3 265.4
15 1982 189.8 117.7 40 2007 96 268.9
16 1983 46.3 1211 41 2008 105 291.2
17 1984 200 124.1 42 2009 526 301.3
18 1985 342.3 1334 43 2010 40 321.1
19 1986 117.7 138 44 2011 194 331.5
20 1987 231.2 146.5 45 2012 227.7 342.3
21 1988 182.4 151 46 2013 58.2 360.9
22 1989 360.9 152,4 47 2014 210.1 408.5
23 1990 423 159.8 48 2015 14 414.3
24 1991 268.9 160.5 49 2016 240.5 423

25 1992 171.3 165.2 50 2017 29.7 526

As the sample data are represented by magnitudes of the largest yearly forest fires areas, the
general population of these fires areas (where the sample was selected) must have the so-called
distribution of maximum values. One of the basic results of the maximum values theory is the fact that any
maximum value distribution must belong to one of three only possible types of distributions (Dey, 2016;
Mohammad, 2016):

Type I— Gumbel distribution
F(y)=exp(-exp(-y)) ., —o<y<o; (1)

Type II - Frechet distribution:
y<0

{exp(-y'k), npuk >0,y>0

)

Type III — Weibull distribution:
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F(y): {exp(_(_y)k) , IpH k>0, y<0 ’ 3)
1, y >0

where yZ% is for types T and II distribution, y:M%X is for type IIT distribution. p is location
parameter, A is scale parameter, k is nondimensional shape parameter, u>0, 1 >0, k> 0.

Out of the above-mentioned three types of distributions, the Type | distribution is the most
frequently mentioned in applications. Thus, let’s consider the Type I distribution in the first instance.

Let’s suppose that the maximum values distribution of the yearly forest fires areas in Khabarovsk
territory belongs to Type I and let’s check correctness of this supposition.

For distribution of the maximum values of Type I, the formula, which describes the probability
distribution function F(x) appears as follows:

F(x)=exp [—exp (#D 4)

where parameter p is mode, while A is scale parameter.
Let’s assess the distribution parameters p and A. For this purpose, on the sample data, firstly let’s

calculate the sampling mean X and the sampling mean square deviation S.

X

< - =189.312, )

_[Bex)
S= ST =115.412, (6)

where x; is sample member with the ordinal number i, n = 50 is sample size.

Then the statistical assessments of distribution parameters p and A, which are obtained by method of L-
moments, will be as follows (Gubareva & Gartsman, 2010; Dey, 2016; Gubareva & Gartsman, 2010, pp.
437-445):

M=

X

u=X-0.4501-S=137.365, A =0.7297-S =89.987 , (7

where X and S are represented by the formulae (5), (6).

When having substituted the obtained statistical assessments (7) for parameters p and A into the formula
(4) for F(x), we finally obtain the supposed probability distribution law Fo(x) of the general population of
maximum values of the yearly forest fires areas:

Fo(X):exp(—exp (——(x;;’;’;.7365))> (8)

As the main statistical hypothesis, let’s advance the hypothesis H that the general population of maximum
values of the yearly forest fires areas in the south of Khabarovsk territory really has the probability
distribution Fo(x), which is described by the formula (8). In order to check this hypothesis truth, let’s
choose the K. Pearson fitting criterion ¥> (Ramachandran & Tsokos, 2020; Ross, 2017). This criterion
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2
statistics XZ z(n nppl) has y?- distribution withn — o ¢ k=m-r -1 degrees of freedom,
=1 [

where m is number of intervals of the variational series breaking; r is number of theoretical distribution
parameters Fo(X), pi is theoretical probabilities determined by the formula pi = Fo(Xi+1) — Fo(Xi), where X;
and xi+1 are, respectively, the right and left boundaries of the i-th interval of the variational series
breaking, n; is number of variants x; getting into the i-th breaking interval, n is sample size. As a one-
sided criterion discards the Hypothesis N in a more “tough” way than a two-sided criterion does, let’s
create a right-side critical region determined by the following expression:

Plx* > %2 (o k)] =a, 9)

where a is significance level, x? (o,k)is critical value determined by the 2 distribution tables for this

significance level of o and k degrees of freedom. Then the hypothesis H acceptance region is determined
by the inequality 2, <xZ (a.K).

For practical application of the Pearson fitting criterion, the following necessary conditions were
observed: the sample size must be 50 or more, each breaking interval must contain 5 variants or more. The
intervals, which contain less than 5 variants, were united (Kobzar', 2012).

Stages of calculating the observed value of the criterion »? are represented in Table 2.
In the first Table column, the numbers of intervals of the variational series breaking are located. In the
second column, these intervals boundaries are located (in km?). The other columns contents are clear from
the Table. An optimal number m of the breaking intervals with this sample size n = 50 was chosen
according to the H. Sturgess formula (Kobzar', 2012):

m=1+3.322-lg(n)=7 (10)

Taking into account that in the sixth and the seventh breaking intervals, a number of the
variational series members getting into them (ne = 3, nz= 2) is less than 5, these two intervals were united
into one interval so that an obtained interval contained 5 members of the variational series. In the Table,
uniting of the sixth and seventh intervals is marked by braces.

Table 2. Statistics determination 2

Interval  (xi— Empirical Probabilities Theoretical (ni— npy? (n;—np,)°
Xi+1) frequencies n; Pi frequencies np; LY np,
1 14 -70 7 0.101 5.05 3.802 0.753
2 70— 140 12 0.258 12.90 0.81 0.063
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3 13 0.261

140 — 210 ) 13.05 0.0025 0.00019
4 0175
210 280 5 8.75 0.563 0.064
. 0.095
280 — 350 4.75 0.063 0.013
6| 350420 3 : 0.048 0077 240
: ) vool” 3.85 1.322 0.343
420526 ' 1.45
] . os . ) 72 =1.23619

As a new number of the breaking intervals (with account taken of uniting two extreme intervals)
m = 6, and the quantity r of the assessed distribution parameters A and p is equal to 2 (r = 2), a number of
the degrees of freedomk=m-r-1=6-2-1=3. According to Table »? of distribution (Ross, 2017) for
the degrees of freedom number k = 3 and the significance level a = 0.05 let’s obtain the critical value

¥2(0.05,3)=7.82.

As the observed criterion value %, =1.236 <7.82=y2 (0.05,3) is less than its critical value,

then a divergence between the theoretical and empiric distributions can be regarded as insignificant, and
the hypothesis H that the general population of maximum values of the yearly forest fires areas in the
south of Khabarovsk territory has a probability distribution Fo(x), which is described by the formula (5),
corresponds to the sample data (Table 1).

The same check on correspondence to the sample data was also carried out for distributing the
extreme values of Type 1II (2). The check showed that a divergence between the theoretical and empiric
distributions is significant in this case, while the distribution itself does not correspond to the sample data.

Extreme values distribution of Type III (3) holds only for distribution of the magnitudes, whose
values are focused on a limited-from-above part of the number axis, as such a random magnitude as the
largest area of yearly forest fires can be arbitrarily high and it is not limited from above.

Thus, it can be considered as proven with great probability that the general population of
magnitudes of the largest areas of the yearly fires, from which the sample is chosen (Table 1), has the
probability distribution law of Type I, which is described by the formula (8)

(11)

R0 = eXp[_exp(wD

89.987

3. RESULTS AND DISCUSSION

The basic result of the research conducted is obtainment of the analytical expression for the
probability distribution function of the largest-area yearly forest fires for the south of Khabarovsk
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territory. It is shown that the distribution belongs to the first type of extreme distributions and carries
complete information about distributing the largest-area yearly fires.

On the basis of this distribution analysis, a forecast was made concerning the risks (probabilities)
of breaking-out and medium periods of such fires occurrence for various values intervals of the burning
area. The relevant calculation results are stated in Table 3 and Table 4.

Table 3. Probability distribution of the largest yearly fires areas

(10,

. (50, (100, (200, (250,
Fires area 50) (150,200) (300,
intervals, 100) 150) 250) 300) 350)
km?
P(a,b) 0.055 0.149 0.199 0.188 0.144 0.097 0.061
T(a,b), years 18 7 5 5 7 10 16
Table 4. Probability distribution of the largest yearly fires areas
Firesarea  ©20400)  400450)  (450,500)  (500,550) (550,600) (600,
intervals, ’ 650)
km?
P(a,b) 0.037 0.022 0.013 0.0074 0.0043 0.0025
T(a,b), years 27 46 77 135 233 400

Where P(a,b) is probability that a magnitude of area of the largest fire in the year will be within
the values interval (a,b), while T(a,b) is an average period of such event occurrence. P(a,b) and T(a,b)
were calculated according to the following formulae:

P(a,b) = Fo (b) - Fo(a), (12)
T(a,b) = 1/ P(a,b), (13)

where Fy is probability distribution function (8), a is lower interval limit, b is upper interval limit.
Result analysis of the calculations, which are stated in Table 3, allows making the forecast of risks

of breaking-out of the largest-area yearly forest fires and their occurrence periods in the south of
Khabarovsk territory.

The conducted analysis showed that in 87.5% of cases in the south of Khabarovsk territory, the
largest-area yearly forest fires with an area of from 50 to 400 km? will break out with the 1.2 years
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occurrence interval, in other words, almost every year, with the exception of the rare cases when fires with
other areas will occur.

Thus, small fires with an area of from 10 to 50 km? will occur with probability of 0.055 or in 5.5%
of cases with the 18 years average occurrence period, while breaking out of fires with an area of more than
650 km? is practically impossible.

More detailed information about probability distribution of the largest yearly forest fires areas and
about their occurrence periods is in Table 3. and Table 4.

In spite of the fact that the forest fires took place at all times, application of the extreme values
theory to the analysis of multiyear data about the extreme-area yearly forest fires was up to now
complicated by absence of sufficient quantity (at least for 50 years) of multiyear data on this problem.
However, in connection with introducing the satellite forest fire monitoring (Loupian et al., 2017, pp 158-
175) (Loupian et al., 2017, pp. 158-175), over the last 25-20 years, activities on systematizing the data on
the forest fire areas became much brisker. At the same time, the data on the forest fire areas, which were
received in earlier years, when, for receiving the data, only ground observations and the aircraft
monitoring data were used, continued to be quite hard-to-receive because of non-systematization of these
data or because they were lost.

In Russia, the first and only experiment of applying the extreme values theory to simulation of
risks of breaking-out of the largest-area yearly forest fires was performed in 2010 (Bykov, 2012, pp. 53-
63). This was based on the data on the largest-area yearly forest fires occurring in Russia’s Tver region for
the 16 year observation period of from 1990 to 2005. In consequence of small forest cover percent of this
region, the largest areas of yearly forest fires were relatively small there and they averaged from 0.1 to 0.8
km? depending on a year. By virtue of small sample size, a simplified method of processing the statistical
data on extreme fires, which was based on the use of graphic ways of building the quantile-diagrams, was
used there. As a result, it was concluded that the probability distribution of the maximum values of the
yearly forest fires areas in Tver region belongs to Type Il (the so-called Frechet distribution). It comes
natural that such simplified graphical method, which was applied to analyzing the small sample, yielded
very approximate unstable results.

The forest cover percent of Khabarovsk territory, as well as the forest-covered area, exceed very
much the forest cover percent and the forest area in Tver region. Thus, the largest yearly area of forest
fires is fluctuating there from 14 to 526 km? depending on a year, which is much higher than the relevant
largest areas in Tver region. In addition, this paper check for the sample data correspondence (Table 1) to
the Type Il extreme values distribution (2), showed that the divergence between the theoretical and
empiric distributions is significant in this case, and the distribution itself does not correspond to the
sample data. Especially, this divergence becomes great for the fire areas of 100 km? and more.

This divergence between the results, which were obtained in this paper and results of the research
carried out in Tver region (Bykov, 2012, pp. 53-63), is related to small representativeness of the sample
used there (for 15 years), to the use of the simplified graphical method of processing the statistical data on
extreme fires, and to the fact that in small fire areas, divergence of the Frechet distribution with
experimental data is expressed weakly.

4. CONCLUSIONS

The paper shows a possibility of applying the asymptotic theory of extreme values to simulation
of risks of breaking-out of the largest-area yearly forest fires.
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The basic result of the research conducted is obtainment of the analytical expression for the
probability distribution function of the largest-area yearly forest fires for the south of Russia’s Khabarovsk
territory. It is shown that this distribution belongs to the first type of extreme distributions and carries
complete information about distributing the largest-area yearly forest fires.

On the basis of analysis of the distribution obtained, a forecast was made concerning the risks of
breaking-out and medium periods of such fires occurrence for various value intervals of the burning area.

As in the majority of applications, while analyzing the extreme phenomena, the probability
distribution of extreme values of the first type is used, it is possible to suppose that this distribution can be
applied not only to forest area of Russia’s Khabarovsk territory, but also to other forest zones in the world
with large forest areas.

The conducted research results on statistical analysis of the largest-area yearly forest fires can be
of use in planning and developing the fire-prevention measures to minimize their negative consequences.
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