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Abstract This paper presents a new approach to identify-
ing the climate variables that influence the size of the area
burned by forest wildfires. Multiple linear regression was
used in combination with nonlinear variable transformations
to determine relevant nonlinear forest wildfire size functions.
Data from the Prague-East District of the Czech Republic
was used for model derivation. Individual burned forest
area was hypothesized as a function of water vapor pres-
sure, air temperature and wind speed. Wind speed was added
to enhance predictions of the size of forest wildfires, and
further improvements to the utility of prediction methods
were added to the regression equation. The results show that
if the air temperature increases, it may contain less water
and the fuel will become drier. The size of the burned area
then increases. If the relative humidity in the air increases
and the wind speed decreases, the size of the burned area
is reduced. Our model suggests that changes in the climate
factors caused by ongoing climate change could cause sig-
nificant changes in the size of wildfire in forests.
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Introduction

Climate change is a challenge for forestry because of the
direct effects it has on forest ecosystems, and the lengthy
period between making decisions and seeing the results
(Yousefpour et al. 2017). Increasing air temperature and
changing precipitation regimes lead to climate change,
including changes to snowfall amounts, and the timing and
inter-annual variability of rainfall (IPCC 2013). Evidence
of climate change and its effects on European forests grows
stronger every year. Human activities, including fertilizer
production, fossil fuel combustion, and land-use change,
are significantly increasing the concentration of CO, and
other greenhouse gases in the atmosphere (Rustad et al.
2012). Another important factor is that summer warming
may be more closely linked to higher temperatures than to
regular warming on warm days, while much of the warm-
ing in winter is related to higher temperatures on cold days
(Kjellstro et al. 2011). Global warming has dried out fuels
and increased the length of fire seasons across the globe
(Jolly et al. 2015), and is particularly significant in forested
ecosystems with abundant fuel (Aragdo et al. 2018). In the
Czech Republic, climate change manifests as weather events
such as more frequent torrential rains, longer droughts,
heat waves, and warmer and wetter winters with unusual
amounts of snow (Czech Hydrometeorological Institute
2019). According to the Institute, a rise in the length of
drought periods and air temperatures by the end of the cen-
tury is predicted for the Europe. Climate change is a key
factor in increasing the size of wildfires in European coun-
tries (De Rigo et al. 2017). Several studies have confirmed
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that meteorological variables can be used to predict wildfire
activity. For instance, Koutsias et al. (2013) assessed the
relationship between forest fire activity and meteorologi-
cal parameters, and looked for temporal patterns and trends
in historical records to determine any correlation between
meteorological parameters and fire occurrence in the east-
ern Mediterranean region. Turco et al. (2013) analyzed the
effects of interannual climate variability on summer forest
wildfires in Catalonia. They indicated that the interannual
variability correlated closely with summer precipitation and
summer maximum temperature. Gudmundsson et al. (2014)
predicted wildfire activity as a function of meteorological
drought in southern Europe. Trigo et al. (2016) analyzed
the relationships between burned area on a monthly basis
with both long-term previous seasonal climatological con-
ditions and short-term synoptic forcing, using correlation
and regression analysis. The short-term synoptic forcing
was obtained based on synoptic weather patterns. The long-
term previous seasonal climatological conditions also were
obtained based on air temperature and precipitation for
between two and seven months before the peak wildfire sea-
son. Turco et al. (2017) analyzed and modeled the effects of
coincident drought and antecedent wet conditions, (a proxy
for the climatic factor influencing total fuel and fine fuel
structure) on the summer burned area across all eco-regions
in Mediterranean Europe. Lohmander (2020) investigated
the average relative burned area as a function of average
temperature and other factors in 29 countries. Studies also
show that wildfire activity is expected to increase across
the Mediterranean Basin due to climate change (Turco et al.
2018; Dupuy et al. 2020). However, prediction of the effects
that climate and weather conditions will have on wildfire
activity remains largely uninvestigated (Ruffault et al. 2020).

Preventing wildfires is crucially important, since con-
trolling wildfire is both costly and dangerous (San Miguel-
Ayanz et al. 2003). More monitoring and prediction of the
wildfire changes is required therefore, to estimate the effects
of climate factors on forest wildfire activity, and action is
required to prevent negative consequences (Levina and Tir-
pak 2006). Various methods have been used to evaluate and
model wildfire activity on large spatial or regional scales,
such as artificial neural networks (Calp and Kose 2020),
weight of evidence modeling (Hong et al. 2017) and Bayes-
ian belief network analysis (Dlamini 2010). Chang et al.
(2013) predicted forest wildfire ignition in Heilongjiang
province, China, using the logistic regression method and
climatic and meteorological variables. They demonstrated
that wildfire ignition could be predicted through logistic
regression. In Brazil, Eugenio et al. (2016) applied multiple
linear regression (MLR) using air temperature (a dependent
variable) and altitude (an independent variable) to develop
a forest wildfire risk map. Vigan6 et al. (2018) used the con-
cepts of MLR and autoregressive integrated moving average
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(ARIMA) to develop mathematical modeling to predict the
number of forest wildfires in the Pantanal by evaluating the
influence of climatic factors correlated with the probability
of a combustion process occurring. For the present research,
the analysis includes estimations of nonlinear, multi-dimen-
sional wildfire size functions. With these functions, changes
in a wildfire size can be determined when a number of con-
ditions change simultaneously. It is hypothesized that the
rise of wind speed cubed and air temperature and reduced
air humidity simultaneously leads to increased size of the
individual burned area. Earlier models have mostly been
constructed with only one explanatory variable and have
focused on other aspects of fire activity. To our knowledge,
no previous research has addressed this issue in the Czech
Republic. In other words, this study aims to identify the rela-
tionship between climate data and the size of forest wildfires,
and to offer a new approach for predicting an individual
burned area using these variables for forest management.

Material and methods
Study area

The research was carried out in the Prague-East District of
the Central Bohemian Region, latitude 50°6’0” N and lon-
gitude 14°42'0" E. This district is 754.9 km? and the most
populous in the region. Agricultural land occupies 63.2%
and forests 22.5% of the region. Approximately 93% of the
forested area is dominated by coniferous and mixed forests,
and 7% by broad-leaved forests (Czech Statistical Office
2019) (Fig. 1).

Variables used

Burned area data were used to create our dependent vari-
able and were taken from the database of the Czech Repub-
lic Wildfire Rescue Service for the study period July 2006
to November 2015 (HoluSa et al. 2018) (Fig. 2). The data
included date, location, area burnt, and number of wildfires.
The total number of wildfire records in the database was
115. Climate data for each wildfire, including temperature
at midday (°C), relative humidity on the day of the wildfire
and three days before (%), and the average wind speed (km
h~!) was acquired from the station nearest the wildfire loca-
tion (Czech Republic Hydrometeorological Institute 2019).

Feature selection

To predict the size of forest wildfire, it was necessary to iden-
tify the effective parameters that influence wildfire size. The
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Fig. 1 Study area and land cover types in the Prague-East District of the Czech Republic
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modeling began by considering the theory of the size of an
individual burned area studied by Lohmander (2021) (Eq. 1).

B =B(P,T,W,F,L,D, ¢) ey

Where B (m?) is the size of the burned area after a wildfire.
The individual burned area is a function of water vapor pres-
sure (kPa); T, air temperature (°C); W, wind speed (km.h'l);
F, level of fuel treatment (index); L, capacity of the local
wildfire brigade (index); D, distance between parallel roads
in the area, (hm =100 m); and, ‘other factors’ ¢.

We investigated whether a theoretically intelligible and
reliable mathematical model could be defined, evaluated and
empirically examined. The model should anticipate the indi-
vidual burned area as a function of the influencing factors.
These factors should be formulated from the empirical data
available.

The use of MLR analysis was favored here to determine
the climate variables that influence wildfire size. In our first
analysis, it was assumed that ¢ remains more or less constant.
Hence, the following function was obtained (Eq. 2):

B =B(P,T) )

Estimated individual burned area function B=B (P, T)

The water vapor pressure first had to be evaluated. With
access to available water source(s), water vapor pressure con-
verges over time on the saturated water vapor pressure. This
is a function of the temperature. Temperature and saturated
water vapor pressure data were collected (Engineering Tool-
box 2004) (Tablel) and regression analysis carried out using
Excel software.

When the saturated water vapor function is determined, the
water vapor pressure can then be derived using the following
equation (Eq. 3):

P =Hy - Pg 3)

Hpy denotes the relative humidity, 0<Hy <1. If Hy=1,
then the saturation point has been reached. The function of
the individual burned area can then be estimated (Eq. 4). The
following functional form was assumed:

B = PXrekaT 4)

It was assumed that Kp <0 and K-> 0. The parameters were
estimated following MLR analysis (Eq. 5).

LN(B) = K,LN(P) + K, T 5)
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Table 1 Saturation water vapor pressure (temperatures in °C), and
pressure (kilopascals, kPa), bars, atmospheres (atm) and pounds per
square inch (psi)

Temperature Water saturation pressure

¢ (kPa), (100.bar) (atm) (psi)
0.01 0.61165 0.0060 0.088712
2 0.70599 0.0070 0.10240
4 0.81355 0.0080 0.11800
10 1.2282 0.0121 0.17814
14 1.5990 0.0158 0.23192
18 2.0647 0.0204 0.29946
20 2.3393 0.0231 0.33929
25 3.1699 0.0313 0.45976
30 4.2470 0.0419 0.61598
34 5.3251 0.0526 0.77234
40 7.3849 0.0729 1.0711
44 9.1124 0.0899 1.3216
50 12.352 0.122 1.7915
54 15.022 0.148 2.1788
60 19.946 0.197 2.8929

Table 2 Estimation parameters for MLR analysis based on Eq. 8

Variable Coefficients Standard error  t Stat P value
Intercept ~ —0.38325 0.03322 11.535 3.34x10°®
T 0.058394 0.001 57.893  4.49 x 107"

Estimated individual burned area function B=B (P, T,
W)

Individual burned area was also estimated as a function of
three independent variables (Eq. 6) and (Eq. 7).

B=B({P,T,W) (6)

LN(B) = KpLN(P) + KT + Ky, - 107°W? (7)

W is wind speed in km h~!. Regression analysis is
W?3/1000 to give parameter values on a more convenient
scale. This is therefore the same as the previous model but
with an additional independent variable, W3/1000. Multi-
ple regression analysis was then carried out.
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Results

Once the function of the saturated water vapor pressure
was determined, MLR analysis of Eq. 8 showed a highly
significant relationship between Pg and T with R?=0.998
(Table 2).

The natural logarithm of the saturated water vapor pres-
sure was estimated as a function of the air temperature. An
exponential function for the temperature interval 0-60 °C
was estimated (Fig. 3) and obtained using Eq. 8:

LN(Pg) = —0.38325 + 0.058394T ®)

The function can be expressed as:

—0.38325+0. 4T
PS —e 0.38325+0.05839: (9)

Results from estimated individual burned area function
B=B [P, T)

MLR results calculated with two explanatory variables were
analyzed to determine their interaction with the burned area.
Regression analysis using Eq. 5 gave a highly significant
result with the two explanatory variables LN (P) and T
(Table 3), where R%2=0.760, the F-value of the regression
was 180 and the p-value of the regression was 6.94 x 107°.
The individual burned area was shown to be a function of
temperature and water vapor pressure (Eq. 10).

LN(B) = —4.50117LN(P) + 0.287446T (10)

This function can be expressed as:

3.5
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Fig. 3 Observed and predicted natural logarithms of saturated water
vapor pressure (kpa) based on Eq. 8 with respect to air temperature
(°C). The figure confirms the natural logarithm of saturated water
vapor pressure as a function of air temperature, as in Eq. 8. The
results show that the model performed well (R?=0.998) with LN
(Py) indices and independent variable (T), so the predicted individual
burned area closely resembled the observed area

Table 3 Estimation parameters for MLR analysis based on Eq. 5

Coefficients Standard error t Stat P value
LN(P) —4.50117 0.85109 5.2887 6.017 x 1077
T 0.287446  0.02209 13.008  2.84x 107
B= P—4.501 1760'287446T (1 1)

The expression of water vapor pressure is included in the
equation:

LN(B) = —4.50117LN(H (e-0-38325+0058394T)y 4 () 287446T
(12)

This can be expressed as:

LN(B) = —4.50117LN(Hg) — 4.50117LN(e(~0-38325+0.058394T))

+0.287446T
13)
Finally, the individual burned area was estimated as
a function of relative humidity and air temperature, as
shown by Eq. 14 and in Fig. 4.

B =5.6129 - HR—4.501 17e0.024606T (14)

After fitting the parameters to the combined data, resid-
uals were analyzed concerning relative humidity and air
temperature variables in Eq. 10. The distribution of these
residuals did not indicate any heteroscedasticity or exclude
relevant nonlinearity in the LN (P) and T dimensions. As
detailed in Fig. 5, the residuals are the difference between

Burned arca

Fig. 4 Individual burned area (m?) as a function of relative humid-
ity (between O and 1) and air temperature (°C) based on Eq. 14. The
figure confirms that if air temperature increases and relative humidity
decreases, the air can contain more water and the fuel becomes drier.
As a result, the size of the individual burned area is reduced
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Fig. 5 Residuals of individual burned area model (Eq. 10) with any heteroscedasticity or exclude relevant nonlinearity in the LN (P)
respect to a air temperature (°C) and b the natural logarithm of water and T dimensions, i.e., since the points in the residual plots were ran-
vapor pressure (kPa). The distribution of the residuals did not indicate domly dispersed, the models described the relationships correctly
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Fig. 6 a Observed and predicted size of individual burned area based performed well (R?=0.760) with LN(B) indices and independent var-
on Eq. 10 with respect to air temperature (°C) and b the natural loga- iables, so the predicted burned area closely resembled the observed
rithm of water vapor pressure (kPa). The results show that the model

the actual value of the dependent variable and the pre-  Table 4 Estimation parameters for regression analysis based on Eq. 7
dicted \{alue, according to th.e estlmateq m'Od.el' Variable  Coefficients ~Standard error  t Stat P value
Predicted values of the size of the individual burned
area compared to actual values are shown in Fig. 6. LN(P) —4.40357  0.86209 5.10796 1.3343 x10°°
T 0.284252  0.02252 12,618  2.586x 107
Results from estimated individual burned area function =~ W7/1000  0.0018894 0.002465 0.7662  0.445

B=B (P,T, W)

A new MLR, which determined the function of the indi- Table 4, where R%2=0.761, the F-value of the regression

vidual burned area, used the three explanatory variables.  is 120 and the p-value of the regression is 7.88 x 107,

Regression analysis of the results of Eq. 7 are shown in Equation 15 indicates how the individual burned area
was estimated as a function of water vapor pressure, air

@ Springer
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temperature and wind speed cubed, which is proportional
to wind energy.

LN(B) = —4.40357LN(P) + 0.284252T + 1.88944 - 10~°W?
15)
The expression for water vapor pressure is inserted into
the equation.
LN(B) — —4.40357LN(HRe(_0‘38325+0'058394T))

(16)
+0.284252T + 1.88944 - 107°W?

This can be expressed as:

LN(B) = —4.40357LN(Hg) — 4.40357LN(e(~0-38325+0.058394T),

+0.284252T + 1.88944 - 107°W3
(17

B = e1.68767HR—4A4O357eO.027112Tel.88944-10‘6W3 (18)

Finally, the individual burned area was predicted as
a function of relative humidity, air temperature and wind
speed cubed, as shown in Eq. 19 and Fig. 7.

B = 5.40687 - HR—4.40357eO.027112Tel.88944~10‘6W3 (19)

Wind speed sensitivity analysis

An analysis was carried out to investigate how wildfire size
varies with changes in wind speed. For this process, the wind
speed was increased from zero to 50 and 100 km h™!. The
empirically-estimated function was used for this purpose

eaJe pauing

Fig. 7 Individual burned area (m?) as a function of relative humidity
(a value between 0 and 1), air temperature (°C) and wind speed (km
h™!) based on Eq. 19. The figure shows the simultaneous effects of
relative humidity, air temperature and wind speed on forest wildfire
size in the Prague-East District of the Czech Republic. Increases in
air temperature and wind speed and a reduction in humidity increase
the size of the wildfire

(Eq. 19). The results show that if wind speed is increased,
the size of wildfires increases (Fig. 7).

Discussion

In this research, the simultaneous influences of climate
variables (air temperature, humidity, and wind speed) on
individual burned areas were estimated for the Prague-East
forests of the Czech Republic. It is especially important for
firefighters to be able to predict the size of a wildfire in order
to determine manpower and resource allocation (Ozbayoglu
and Bozer 2012). The MLR method was used in combi-
nation with theoretically derived and motivated nonlinear
transformations to determine a relevant multi-dimensional
nonlinear forest wildfire function, where the properties
were consistent with the presented theoretical foundations.
These models were developed to use the fewest predictors
to illustrate the greatest variability in the response variable
(Graham et al. 2003). In earlier studies, MLR techniques
have often been used to determine different kinds of linear
functions. For example, Oliveira et al. (2012) presented and
compared the application of traditional MLR and Random
Forest to identify the main structural factors that explain
the likelihood of fire occurrence on a European scale (the
European Mediterranean region). The Random Forest model
showed higher predictive accuracy than linear regression,
reflecting the existence of nonlinear trends. The negative
association that appeared in the linear regression model
between temperature and fire density might be due to the
human causes of fire ignitions in this region, and thus not
dependent on temperature.

Yue et al. (2013) estimated future wildfire activity over
the western United States during the mid-twenty-first cen-
tury. They predicted linear relationships between daily
area burned with temperature, precipitation, and relative
humidity using regression methods. Their results showed
increased air temperatures and drier summer climate leading
to larger annual area burned. Kitzberger et al. (2017) created
an MLR of log-transformed annual area burned on all sea-
sonal climate variables using a linear model function. Their
results showed that spring and winter temperatures influ-
ence directly on annual area burned. Vigan6 et al. (2018)
used an MLR model to determine mathematical modeling
for predicting the number of wildfires using climate vari-
ables. They established a simple linear relation between a
dependent variable and several independent variables. Their
results showed that the model was not strictly linear based on
the analysis regression. They concluded that other variables
should be inserted to improve the performance of this tech-
nique. The present research, compared to previous studies,
includes theoretical foundations, derivations, motivations,
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and consistent estimations of a nonlinear, multi-dimensional
wildfire size function.

Two versions of our model were developed so that an
alternative would be available if any of the parameters were
not applicable. The difference between this model and past
studies is its flexibility in terms of data availability. Differ-
ent combinations of explanatory variables were considered.
There are no formal errors in the estimations of the regres-
sion models. The parameter values produced the expected
signs. The t-values of the parameter values have been inves-
tigated and are entirely satisfactory.

The model was evaluated according to the residuals. The
results showed that the first model involving LN (B) indices
and independent variables performed well (R?=0.760), with
the predicted burned area corresponding closely to the actual
burned area. In the second model, wind speed was added
to enhance the prediction of the size of the forest wildfire
and further improve the utility of prediction methods in the
regression equation (R>=0761).

The most accessible data was initially used, such as air
temperature and water vapor pressure, so the individual
burned area was estimated as a function of both; water vapor
pressure is of particular interest in many chemical and tech-
nical applications and many kinds of tables and approxima-
tions have been produced. Over time, and with access to an
available water source, water vapor pressure converges on
the saturated water vapor pressure. The results show that
increased water vapor pressure in the air reduces the size of
a wildfire. If the air temperature increases, it may contain
less water and the fuel becomes drier. As a result, the size of
the individual burned area increases. It is natural to assume
that wildfires grow more slowly if there is more water in
the air (higher water vapor pressure); the fuel is wetter and
takes longer to become sufficiently dry to start burning, so
the individual burned area is smaller.

Since relative humidity is the ratio of vapor pressure
to saturation vapor pressure multiplied by 100 (Tichy and
Kallina 2013), the individual burned area can be estimated
as a function of relative humidity and air temperature. How-
ever, it takes time for fuel at ground level to be affected by
the humidity in the air (Goldammer and De Ronde 2004), so
the relative humidity on the days before a wildfire, as well
as on the day the fire occurs, may have a significant impact
on its size. All these factors lead to higher predicted size.

In previous studies, researchers have used the relative
humidity data on the day of the wildfire, e.g., Slocum et al.
(2010), Pérez-Sanchez et al. (2019), Wood (2021).

In the second version of the burned forest area model, the
simultaneous influences of three fundamental factors was
studied: air temperature, water pressure and wind speed
cubed, which is a factor proportional to wind energy. Our
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results showed that increased air temperature and wind
speed increase the size of a wildfire, while increased water
vapor pressure reduces the size.

In general, temperature has a direct impact on wildfire
ignition because the fuel is closer to the ignition point when
the temperature is higher. Humidity is relatively low on hot
summer days when the forest is dry, which increases the
wildfire size, as the fuel is unable to absorb enough mois-
ture from the air. The wind supplies oxygen, which further
dries the fuel and spreads the wildfire across a wider area.
The stronger the wind, the greater the size of the wildfire.
A relatively low humidity coupled with strong winds and
high temperatures can rapidly increase the size of a wildfire
(Zelker 1976).

In this study, the hypothesis was that the wind speed
cubed influences the size of a forest wildfire, and the energy
of the wind is proportional to the wind speed cubed. In other
words, wind power varies with wind speed cubed, so dou-
bling the wind speed gives eight times the wind power (Gipe
2004). Previous studies have evaluated the size of forest
wildfires based on wind speed, e.g., Aghajani et al. (2014),
Salis et al. (2018), Cruz and Alexander (2019), and Pérez-
Séanchez et al. (2019). Estimates of the wind speed result
in the expected indication, (according to the hypotheses),
but a fairly low absolute t-value. This may be because there
have been few occasions when wildfire has occurred simul-
taneously with strong winds in the region under investiga-
tion. T-values for the W parameter are likely to be higher for
future empirical observations in regions where strong winds
are more frequent; these types of result would be expected
since they are consistent with those of previous studies.

For this study, the individual burned area was modelled
as a function of climate variables alone, as a base for future
projections. Several studies have supported our results by
asserting that climate variables play an important part in
wildfire size prediction and increase the accuracy of predic-
tions. Carvalho et al. (2010) investigated the relationship
between the occurrence of fires across Portugal and the cli-
mate of the area burned. The results showed that a rise in air
temperature and a reduction in precipitation over the study
period greatly affected the size of the wildfire. Amatulli et al.
(2013) modeled the total burned area in the Mediterranean
region as a function of climate, and subsequently used the
resulting models to assess the expected burned areas in EU
countries most affected by forest wildfires. Wu et al. (2015)
estimated future changes in burned area at European and
sub-European scales. Their results have shown that wildfire
size in Europe is sensitive to climate change.
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Conclusions

The methodology was appropriate for studying how the size
of a forest wildfire is affected by climate variables. Since
air temperature (heat), wind speed and moisture in the air
may change as a result of global warming, the size of a for-
est wildfire as a function of these fundamental factors was
estimated. The model shows that changes in factors caused
by ongoing climate change may result in significant changes
in the size of forest wildfires. The current number of forest
wildfires that occur in the Czech Republic is small compared
to many other countries. However, the development of the
wildfire model as a forest management strategy, in the con-
text of climate change, is a key challenge for future resource
management and will play a part in future optimization of
fire management studies in the Czech Republic. For further
studies involving forest wildfire models, it is recommended
that more parameters be included, such as distance to wild-
fire stations, topography and vegetation.

Acknowledgements We thank Prof. Bin Li (Editor-in-Chief, Journal
of Forestry Research), Prof. Ruihai Chai (Editor) and three anonymous
reviewers for their constructive scientific comments.

Declarations

Conflict of interest The authors declare no conflicts of interest.

References

Aghajani H, Fallah A, Fazlollah Emadian S (2014) Modelling and ana-
lyzing the surface fire behaviour in Hyrcanian forest of Iran. J for
Sci 60:353-362. https://doi.org/10.17221/97/2013-JFS

Amatulli G, Camia A, San-Miguel-Ayanz J (2013) Estimating future
burned areas under changing climate in the EU-Mediterranean
countries. Sci Total Environ 450:209-222. https://doi.org/10.
1016/j.scitotenv.2013.02.014

Aragdo LE, Anderson LO, Fonseca MG, Rosan TM, Vedovato LB,
Wagner FH et al (2018) 21st Century drought-related fires coun-
teract the decline of Amazon deforestation carbon emissions. Nat
Commun 9:1-12. https://doi.org/10.1038/s41467-017-02771-y

Calp MH, Kose U (2020) Estimation of burned areas in forest fires
using artificial neural networks. Ing Solidar 16:1-22. https://doi.
org/10.1016/j.procs.2012.09.070

Carvalho A, Flannigan MD, Logan KA, Gowman LM, Miranda
Al Borrego C (2010) The impact of spatial resolution on area
burned and fire occurrence projections in Portugal under cli-
mate change. Clim Change 98:177-197. https://doi.org/10.1007/
$10584-009-9667-2

Chang Y, Zhu Z, Bu R, Chen H, Feng Y, Li Y et al (2013) Predicting
wildfire occurrence patterns with logistic regression in Heilongji-
ang Province, China. Landsc Ecol 28:1989-2004. https://doi.org/
10.1007/s10980-013-9935-4

Cruz MG, Alexander ME (2019) The 10% wind speed rule of thumb
for estimating a wildfire’s forward rate of spread in forests
and shrublands. Ann for Sci 76:1-11. https://doi.org/10.1007/
$13595-019-0829-8

Czech Hydrometeorological Institute (2019) Update, comprehensive
study on impacts, vulnerability and risk sources connected to cli-
mate change in the Czech Republic from 2015. Website. [Online
26 Oct 2015]. https://www.mzp.cz

Czech Statistical Office (2019) Characteristics of the Prague-East dis-
trict. Website. [Online 7 Feb 2019]. https://www.czso.cz/csu/czso/
home.

De Rigo D, Liberta G, Durrant TH, Vivancos TA, San-Miguel-Ayanz
J (2017) Forest wildfire danger extremes in Europe under climate
change: variability and uncertainty. Publications Office of the
European Union, Luxembourg

Dlamini WM (2010) A Bayesian belief network analysis of factors
influencing wildfire occurrence in Swaziland. Environ Model
Softw 25:199-208. https://doi.org/10.1016/j.envsoft.2009.08.002

Dupuy JL, Fargeon H, Martin-St PN, Pimont F, Ruffault J, Guijarro M
et al (2020) Climate change impact on future wildfire danger and
activity in southern Europe: a review. Ann for Sci 77:1-24. https://
doi.org/10.1007/s13595-020-00933-5

Engineering ToolBox (2004) Water—saturation pressure. Website.
[Online 9 May 2016] https://www.engineeringtoolbox.com/
water-vapor-saturation-pressure-d_599.html

Eugenio FC, dos Santos AR, Fiedler NC, Ribeiro GA, da Silva AG,
dos Santos AB et al (2016) Applying GIS to develop a model
for forest wildfire risk: a case study in Espirito Santo, Brazil. J
Environ Manag 173:65-71. https://doi.org/10.1016/j.jenvman.
2016.02.021

Graham JM, Guthrie AC, Thompson B (2003) Consequences of not
interpreting structure coefficients in published CFA research: a
reminder. Struct Equ Model 10:142-153. https://doi.org/10.1207/
S15328007SEM1001_7

Gipe P (2004) Wind power: renewable speed for home, farm, and busi-
ness. Chelsea Green Publishing, Vermont

Goldammer JG, De Ronde C (2004) Wildland wildfire management
handbook for sub-Sahara Africa. Global Wildfire Monitoring
Center (GFMC), Freiburg, Germany

Gudmundsson L, Rego FC, Rocha M, Seneviratne SI (2014) Predicting
above normal wildfire activity in southern Europe as a function of
meteorological drought. Environ Res Lett 9:1-8. https://doi.org/
10.1088/1748-9326/9/8/084008

Holusa J, Bercak R, Lukasova K, Hanuska Z, Agh P, Vanek J et al
(2018) Forest wildfires in the Czech Republic-definition and clas-
sification. Rep for Res Zpravy Lesnickeho Vyzkumu 63:102-111

Hong H, Naghibi SA, Dashtpagerdi MM, Pourghasemi HR, Chen W
(2017) A comparative assessment between linear and quadratic
discriminant analyses (LDA-QDA) with frequency ratio and
weights-of-evidence models for forest fire susceptibility map-
ping in China. Arab J Geosci 10:167-171. https://doi.org/10.1007/
$12517-017-2905-4

IPCC (2013) Climate change 2013. The physical science basis. Con-
tribution of working group I to the fifth assessment report of the
intergovernmental panel on climate change. Web site. [Online 7
June 2013] https://www.ipcc.ch/report/ar5/wgl/

Jolly WM, Cochrane MA, Freeborn PH, Holden ZA, Brown TJ, Wil-
liamson GJ, Bowman DM (2015) Climate-induced variations in
global wildfire danger from 1979 to 2013. Nat Commun 6:1-11.
https://doi.org/10.1038/ncomms8537

Kitzberger T, Falk DA, Westerling AL, Swetnam TW (2017) Direct
and indirect climate controls predict heterogeneous early-mid
21st century wildfire burned area across western and boreal North
America. PLoS ONE 12:e0188486. https://doi.org/10.1371/journ
al.pone.0188486

Kjellstro ME, Nikulin G, Hansson ULF, Strandberg G, Ullerstig A
(2011) 21st century changes in the European climate: uncertain-
ties derived from an ensemble of regional climate model simula-
tions. TELLUS A 63:24-40. https://doi.org/10.1111/j.1600-0870.
2010.00475.x

@ Springer


https://doi.org/10.17221/97/2013-JFS
https://doi.org/10.1016/j.scitotenv.2013.02.014
https://doi.org/10.1016/j.scitotenv.2013.02.014
https://doi.org/10.1038/s41467-017-02771-y
https://doi.org/10.1016/j.procs.2012.09.070
https://doi.org/10.1016/j.procs.2012.09.070
https://doi.org/10.1007/s10584-009-9667-2
https://doi.org/10.1007/s10584-009-9667-2
https://doi.org/10.1007/s10980-013-9935-4
https://doi.org/10.1007/s10980-013-9935-4
https://doi.org/10.1007/s13595-019-0829-8
https://doi.org/10.1007/s13595-019-0829-8
https://www.mzp.cz
https://www.czso.cz/csu/czso/home
https://www.czso.cz/csu/czso/home
https://doi.org/10.1016/j.envsoft.2009.08.002
https://doi.org/10.1007/s13595-020-00933-5
https://doi.org/10.1007/s13595-020-00933-5
https://www.engineeringtoolbox.com/water-vapor-saturation-pressure-d_599.html
https://www.engineeringtoolbox.com/water-vapor-saturation-pressure-d_599.html
https://doi.org/10.1016/j.jenvman.2016.02.021
https://doi.org/10.1016/j.jenvman.2016.02.021
https://doi.org/10.1207/S15328007SEM1001_7
https://doi.org/10.1207/S15328007SEM1001_7
https://doi.org/10.1088/1748-9326/9/8/084008
https://doi.org/10.1088/1748-9326/9/8/084008
https://doi.org/10.1007/s12517-017-2905-4
https://doi.org/10.1007/s12517-017-2905-4
https://www.ipcc.ch/report/ar5/wg1/
https://doi.org/10.1038/ncomms8537
https://doi.org/10.1371/journal.pone.0188486
https://doi.org/10.1371/journal.pone.0188486
https://doi.org/10.1111/j.1600-0870.2010.00475.x
https://doi.org/10.1111/j.1600-0870.2010.00475.x

Z. Mohammadi et al.

Koutsias N, Xanthopoulos G, Founda D, Xystrakis F, Nioti F, Plen-
iou M et al (2013) On the relationships between forest fires and
weather conditions in Greece from long-term national observa-
tions (1894-2010). Int J Wildland Fire 22:493-507. https://doi.
org/10.1071/WF12003

Levina E, Tirpak D (2006) Adaptation to climate change: key terms.
Organization for Economic Co-operation and Development.
[Online 9 May 2006]. https://www.oecd.org/environment/cc/
36736773.pdf

Lohmander P (2020) Forest fire expansion under global warming con-
ditions: multivariate estimation, function properties and predic-
tions for 29 countries. Cent Asian J Environ Sci Technol Innov
5:262-276. https://doi.org/10.22034/CAJESTI.2020.05.03

Lohmander P (2021) Optimization of forestry, infrastructure and fire
management. Casp J Environ Sci 19:287-316. https://doi.org/10.
22124/CJES.2021.4746

Oliveira S, Oehler F, San-Miguel-Ayanz J, Camia A, Pereira JM (2012)
Modeling spatial patterns of fire occurrence in mediterranean
Europe using multiple regression and random forest. For Ecol
Manag 275:117-129. https://doi.org/10.1016/j.foreco.2012.03.003

Ozbayoglu AM, Bozer R (2012) Estimation of the burned area in forest
fires using computational intelligence techniques. Procedia Com-
put Sci 12:282-287. https://doi.org/10.1016/j.procs.2012.09.070

Pérez-Sanchez J, Jimeno-Séez P, Senent-Aparicio J, Diaz-Palmero JM,
Cabezas-Cerezo JDD (2019) Evolution of burned area in forest
wildfires under climate change conditions in Southern Spain using
ANN. Appl Sci 9:4155-4176. https://doi.org/10.3390/app9194155

Ruffault J, Curt T, Moron V, Trigo RM, Mouillot F, Koutsias N et al
(2020) Increased likelihood of heat-induced large wildfires in the
Mediterranean Basin. Sci Rep 10:1-9. https://doi.org/10.1038/
$41598-020-70069-z

Rustad L, Campbell J, Dukes JS, Huntington T Lambert KF, Mohan
J, Rodenhouse N (2012) Changing climate, changing forests: the
impacts of climate change on forests of the northeastern United
States and eastern Canada. Gen Tech Rep NRS-99. US Depart-
ment of Agriculture, Forest Service, Northern Research Sta-
tion, Newtown Square, vol 48, pp 1-48. https://doi.org/10.2737/
NRS-GTR-99

Salis M, Del Giudice L, Arca B, Ager AA, Alcasena-Urdiroz F, Lozano
O, Valentina V, Spano D, Duce P (2018) Modeling the effects of
different fuel treatment mosaics on wildfire spread and behavior
in a Mediterranean agro-pastoral area. J Environ Manag 212:490-
505. https://doi.org/10.1016/j.jenvman.2018.02.020

San Miguel-Ayanz J, Carlson JD, Alexander M, Tolhurst K, Morgan
G, Sneeuwjagt R, Dudley M (2003) Current methods to assess
fire danger potential. In: Chuvieco E (ed) Wildland fire danger
estimation and mapping. The role of remote sensing data. World
Scientific Publishing, Singapore, pp 21-61. https://doi.org/10.
1142/9789812791177_0002

@ Springer

Slocum MG, Beckage B, Platt W], Orzell SL, Taylor W (2010) Effect
of climate on wildfire size: a cross-scale analysis. Ecosystems
13:828-840. https://doi.org/10.1007/s10021-010-9357-y

Tichy H, Kallina W (2013) The evaporative function of cockroach
hygroreceptors. PLoS ONE 8:¢53998

Trigo RM, Sousa PM, Pereira MG, Rasilla D, Gouveia CM (2016)
Modelling wildfire activity in Iberia with different atmospheric
circulation weather types. Int J Climatol 36:2761-2778. https://
doi.org/10.1002/joc.3749

Turco M, Llasat MC, von Hardenberg J, Provenzale A (2013) Impact
of climate variability on summer fires in a Mediterranean environ-
ment (northeastern Iberian Peninsula). Clim Change 116:665—
678. https://doi.org/10.1007/s10584-012-0505-6

Turco M, von Hardenberg J, AghaKouchak A, Llasat MC, Provenzale
A, Trigo RM (2017) On the key role of droughts in the dynamics
of summer fires in Mediterranean Europe. Sci Rep 7:1-10. https://
doi.org/10.1038/541598-017-00116-9

Turco M, Rosa-Céanovas JJ, Bedia J, Jerez S, Montavez JP, Llasat MC,
Provenzale A (2018) Exacerbated fires in Mediterranean Europe
due to anthropogenic warming projected with non-stationary cli-
mate-fire models. Nat Commun 9:1-9. https://doi.org/10.1038/
s41467-018-06358-z

Vigané HHDG, Souza CCD, Reis Neto JF, Cristaldo MF, Jesus LD
(2018) Prediction and modeling of forest wildfires in the Panta-
nal. Rev Bras De Meteorol 33:306-316. https://doi.org/10.1590/
0102-7786332012

Wood DA (2021) Prediction and data mining of burned areas of forest
fires: Optimized data matching and mining algorithm provides
valuable insight. Artif Intell Agricult 5:24-42. https://doi.org/10.
1016/j.aiia.2021.01.004

Wu M, Knorr W, Thonicke K, Schurgers G, Camia A, Arneth A (2015)
Sensitivity of burned area in Europe to climate change, atmos-
pheric CO2 levels, and demography: a comparison of two fire-
vegetation models. J] Geophys Res 120:2256-2272. https://doi.
org/10.1002/2015JG003036

Yousefpour R, Temperli C, Jacobsen JB, Thorsen BJ, Meilby H, Lexer
MJ et al (2017) A framework for modeling adaptive forest man-
agement and decision making under climate change. Ecol Soc
22:40-65. https://doi.org/10.5751/ES-09614-220440

Yue X, Mickley LJ, Logan JA, Kaplan JO (2013) Ensemble projections
of wildfire activity and carbonaceous aerosol concentrations over
the western United States in the mid-21st century. Atmos Environ
77:767-780. https://doi.org/10.1016/j.atmosenv.2013.06.003

Zelker TM (1976) Forest interpreter’s primer on wildfire management:
a reference for forest service, USDA Forest Interpreters. Forest
Service, Washington

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1071/WF12003
https://doi.org/10.1071/WF12003
https://www.oecd.org/environment/cc/36736773.pdf
https://www.oecd.org/environment/cc/36736773.pdf
https://doi.org/10.22034/CAJESTI.2020.05.03
https://doi.org/10.22124/CJES.2021.4746
https://doi.org/10.22124/CJES.2021.4746
https://doi.org/10.1016/j.foreco.2012.03.003
https://doi.org/10.1016/j.procs.2012.09.070
https://doi.org/10.3390/app9194155
https://doi.org/10.1038/s41598-020-70069-z
https://doi.org/10.1038/s41598-020-70069-z
https://doi.org/10.2737/NRS-GTR-99
https://doi.org/10.2737/NRS-GTR-99
https://doi.org/10.1016/j.jenvman.2018.02.020
https://doi.org/10.1142/9789812791177_0002
https://doi.org/10.1142/9789812791177_0002
https://doi.org/10.1007/s10021-010-9357-y
https://doi.org/10.1002/joc.3749
https://doi.org/10.1002/joc.3749
https://doi.org/10.1007/s10584-012-0505-6
https://doi.org/10.1038/s41598-017-00116-9
https://doi.org/10.1038/s41598-017-00116-9
https://doi.org/10.1038/s41467-018-06358-z
https://doi.org/10.1038/s41467-018-06358-z
https://doi.org/10.1590/0102-7786332012
https://doi.org/10.1590/0102-7786332012
https://doi.org/10.1016/j.aiia.2021.01.004
https://doi.org/10.1016/j.aiia.2021.01.004
https://doi.org/10.1002/2015JG003036
https://doi.org/10.1002/2015JG003036
https://doi.org/10.5751/ES-09614-220440
https://doi.org/10.1016/j.atmosenv.2013.06.003

	The effect of climate factors on the size of forest wildfires (case study: Prague-East district, Czech Republic)
	Abstract 
	Introduction
	Material and methods
	Study area
	Variables used
	Feature selection
	Estimated individual burned area function B = B (P, T)
	Estimated individual burned area function B = B (P, T, W)

	Results
	Results from estimated individual burned area function B = B (P, T)
	Results from estimated individual burned area function B = B (P, T, W)
	Wind speed sensitivity analysis

	Discussion
	Conclusions
	Acknowledgements 
	References




