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Abstract: Plantations of the alien Pinus nigra are considered among the highly flammable vegetation types
in Hungary. The fire risk of such plantations was examined using McArthur’s empirical forest fire danger
model. Present paper focuses on the effects of drought conditions and terrain inclination on fire behaviour.
Fire danger index (FDI) and fire behaviour [flame height, spotting distance and rate of spread (ROS)] were
examined by changing the drought factor and terrain inclination within specified intervals meanwhile the
other input parameters of the model were kept constant. Results showed that increasing drought factor
causes linear growth of the FDI, flame height, spotting distance and ROS. Terrain inclination had no effect
on FDI, flame height and spotting distance, but influenced ROS. Upslope fire spread velocity increased
exponentially with increase in terrain's inclination, however, downslope ROS was independent of slope
angle and was equal to ROS detected on plain ground. Modelling results confirmed a serious fire risk of
Austrian pine plantations. The results provided by the McArthur model were in good agreement with that of
other fire models and also corresponded to the results of artificial needle litter burning experiments.
Therefore, McArthur's model was recommended for studying wildfires in European pine forests.
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1. INTRODUCTION

Austrian pine (Pinus nigra Arn.), a native to the
Mediterranean and the Balkans, was repeatedly
planted in Hungary during the last 150 years. Today
its stands extend to 63000 ha throughout the country.
At the beginning of Austrian pine introduction the
main goals were to prevent soil erosion on overgrazed
slopes of hilly regions of the country and to stabilize
quick sand dunes on the plains. The wood production
of these plantations raised importance later (Tamas,
2003). In the latest decades Austrian pine was also
used for recultivation of abandoned open air mines
(Cseresnyés et al., 2014).

Recently, Austrian pine plantations received
strong criticism from the side of nature conservation,
because these stands seriously impoverished the
formerly existing species rich, high diversity
grassland vegetation on which they were planted to
(Csontos et al., 1996).

However, the most pronounced objection against
pine plantations is rooted in their flammability that
involves not only nature conservation problems but
also economic harms. In several countries, pine forest
fires showed increasing frequency during the last 30
years (Viegas et al., 1999, Niklasson & Granstrom,
2000, Zumbrunnen et al.,, 2011, Ganteaume et al.,
2013), and the same tendency appeared in Hungary
(Ghimessy, 1991, Zambd, 1995). In the background
three major reasons can be mentioned.

First, the high resin content of Austrian pine and
the low decomposition rate of its needle litter make its
stands flammable (Klcuk et al., 2007), since fire risk
and fire behaviour are strongly related to the amount
and physico-chemical properties of the accumulated
fuel (Viegas, 1998, Ganteaume et al., 2011, Alvarez et
al.,, 2012). Pinus nigra plantations in Hungary are
monocultures and have almost completely closed
canopy, resulting in a higher rate of litter accumulation
(Cseresnyés et al., 2006, Csontos et al., 2007), than
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observed in its native stands where Austrian pine
grows in mixture of broadleaved trees and forms a less
closed tree layer (Horvat et al., 1974).

Second, the ever increasing number and activity
of human population also facilitate fire ignition. Millan
et al., (1998) and Zumbrunnen et al., (2011) reported
that a considerable percent of wildfires can be linked
with direct or indirect human activities.

Third, the recent trend of global warming
increases the frequency and total length of extreme
dry meteorological conditions that makes P. nigra
stands vulnerable to fire (Hufnagel & Garamvolgyi,
2014). Therefore, investigations on the relationship
between recent climatic conditions and fire risk could
serve useful information to the discussion on future
perspectives of Austrian pine plantations in Hungary
and neighbouring territories.

Previously, we reported the effects of
temperature and wind speed on the fire risk of
Austrian pine plantations using McArthur’s forest fire
danger model (Cseresnyés et al., 2011). This paper
focuses on the effects of drought status and slope
conditions on fire ignition and fire behaviour.

2. MATERIALS AND METHODS

Modelling objects were Austrian pine forests
planted on dolomite hills of Pilis Mts. and Budai
Mts., Hungary (Fig. 1). Data on accurate localities
and age of the stands (that ranged from 21 to 108
years) were known from local forest inventories. Each
stand was larger (considerably larger in most cases)
than 5 ha in area.

The applied modelling tool was originally
developed by McArthur, as an empirical forest fire
danger model of eucalypt forests, and was later
expressed as equations (Noble et al., 1980). Recently,
the model is widely used in fire danger forecasting,
and forms an important part of the development of
fire prevention technologies in Australia (Weber,
2001, Cheney et al., 2012). Pastor et al., (2003) has
already proposed the application of McArthur’s
model for European conifer forests, and our previous
study also suggested its efficiency in modelling forest
fires of Hungarian pine stands established on
dolomite bedrock (Cseresnyés et al., 2011).

The model’s input data requirements are:
temperature, relative humidity, wind speed, drought
factor, terrain’s slope angle and amount of fuel, from
which it calculates the fire danger index (FDI), the
flame height, the spotting distance and the rate of fire
spread (ROS; Fig. 2). FDI expresses the risk of fire
ignition in numeric form, and has the following verbal
categories: low: 0-4, medium: 5-11, high: 12-23, very
high: 24-49, extreme: >50.
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Figure 1. Geographical positions of the studied Austrian pine
plantations on dolomite hills of Pilis Mts. and Budai Mts.,
Hungary. Pictograms indicate age classes as follows: circle=
20-35 vyears, triangle= 35-60 yrs, square= 60-80 yrs and
diamond= 80< yrs.

In the present paper the effects of drought factor
and terrain’s slope angle was studied. Ordered stepwise
changes in the value of drought factor (or slope angle)
was applied meanwhile the remaining five input
parameters were kept constant, and the resulting four
outgrowths of the model were examined. For
determining the applied values of the constant input
parameters and the ranges of the changing parameters,
data were gathered from reports of the Hungarian
Meteorological Service and from direct field studies in
the Austrian pine plantations of the dolomite region of
Pilis Mts. and Budai Mts., Hungary.

The following constant values and intervals of
change were used:

1) Temperature: Its fixed value was set at 30°C,
because this temperature prevails frequently during
the most fire sensitive periods of the year (Mersich et
al., 2001).

2) Relative humidity: 30% was applied. Similar
or lower air humidity value occurs frequently in
Hungary between July and September (Mersich et al.,
2001).

3) Wind speed: 30 km/h (grade 5 in Beaufort-
Koppen Scale). Such strong wind is frequent in each
season of the year, especially on sharp ridges and
exposed mountain tops. Steep slopes and sharp ridges
are typical of dolomite hills, thus when examining
these areas we have to reckon with strong squalls
even on relatively calm days.
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Figure 2. Schematic diagram of the McArthur’s Forest Fire Danger model.

4) Amount of fuel: The McArthur’s model
considers the amount of litter only with diameter less
than 6 mm (Nable et al., 1980). This fine fuel fraction
responds quickly to changes in weather conditions and
it burns out quickly in the fire front thus determining
the ROS (Nable et al., 1980, Saglam et al., 2008). In a
previous study we determined the fine fuel fraction in
four age classes of Austrian pine stands, that are:
10574 kg ha™ in the age class of 20-35 years, 14024 kg
ha™ in the age class of 35-60 years, 18564 kg ha™ in
the age class of 60-80 years and 13056 kg ha™ in
stands with age above 80 years (Cseresnyés et al.,
2006). Although the probability of combustion
(namely the FDI) is independent of the amount of fuel,
higher amounts of litter mass generally increases the
flame height, the rate of spread and the spotting
distance. Since the amount of fuel reached a maximum
mass in the 60-80 years old stands, this age class can
be considered the most threatened by forest fires. In the
present modelling work the stand age class above 80
years was ignored, firstly because such old
monodominant Austrian pine forests are rare.
Secondly, according to our former statistical analysis,
the amount of accumulated fuel in this age class
corresponds essentially to fuel mass in the stand age of
35-60 years (Cseresnyés et al., 2006).

5) Drought factor: Its value is an integer
number between 0 and 10, and it indicates the dryness
of upper soil layer including litter and dead part of
standing vegetation. Drought factor calculation
requires the actual value of Byram—Keetch Drought

Index (BKDI), amount of the last precipitation event
and the number of days elapsed since that event (see
Keetch & Byram, 1968 for details). In the Temperate
climate zone, both BKDI and drought factor follows
characteristic changes within a year, what is more
pronounced when data of several years are averaged
(Fig. 3). For the studied region of Hungary, seasonal
changes of the drought factor was already reported,
based on data from 1985 to 2009 (Cseresnyés et al.,
2011). In the light of the 25 years average, August
and September were characterized by the highest
drought factor (around 7), but in the individual years
drought factor often reached the maximum for certain
periods. In the driest year (2000), the total length of
drought factor 10 period lasted for 99 days
(Cseresnyés et al., 2011). Therefore, when it was a
constant input parameter (and degree of slope was the
changing one) we fixed the drought factor at the
highest value (=10). Using drought factor as the
changing parameter its whole range was investigated.

6) Degree of slope: As a fixed parameter, its
value was set to 30° as being a frequently occurring
slope angle in the dolomite region of both the Pilis
Mts. and the Budai Mts. Degree of slope was altered
gradually from -30° (fire spreads downhill) to +30°
(fire spreads uphill). Dolomite areas are abounding in
steep slopes, therefore this topographical effect
contributes  significantly to fire-risk conditions.
Besides enhancing the flame height, increasing
degree of slope is also often a driving factor for
crown fire initiations (Santoni & Balbi, 1998).
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Figure 3. Annual changes of the mean value of drought factor as the average of years between 1985 and 2009, as well
as in the wettest year (2005) and in the most droughty year (2000) of that period.

3. RESULTS

Modelling  runs  showed clearly the
considerable influence of the drought factor on fire
initiation and fire behaviour. Fire ignition

probability (FDI) is independent of the mass of fuel,
therefore, stand age effect cannot be studied in this
respect (Figs 4a, b).

Fire danger index increased linearly to the
increasing drought (Fig. 4a). Under the given constant
parameters, medium level fire danger (FDI=5) was
achieved at drought factor 2, and high fire danger
(FDI=12) appeared at drought factor 5. At drought
factor 7 — a level of aridity often prevails during
summer season in Hungary (see Fig. 2) — FDI can be
as high as 17, and under severe drought (with drought
factor=10) we have to face a very high risk of fire
(FDI=24). FDI proved to be independent of slope
angle (Fig. 4b). At changing slope angle the model
predicts very high fire dander (FDI=24) under the
inputted meteorological conditions together with the
drough factor kept constant at value 10.

Expected flame height increased linearly with
the drought factor (Fig. 4c). Since fire does not
occour at zero drought factor (FDI=0), therefore
flame height (as well as spotting distance and ROS)
can only be modelled between drought factor 1 and
10. Flame height is increased by the available
quantity of fuel, consequently the shortest flame
height was predicted for the age class 20-35 years
and the highest was calculated for the age class 60-80
years. On an average summer day (with drought
factor 7), expected flame heights are 3.38 m, 5.12 m
and 7.44 m for pine stands aged 20-35 years, 35-60
years and 60-80 years, respectively. In case of severe

drought (when drought factor 10 prevails), the
predicted flame heights were 4.57 m, 6.70 m and 9.54
m in order with increasing stand age classes. Flame
height proved to be independent of slope angle
expressing the same values at any inclination, but
depending on the available fuel (Fig. 4d).

Spotting distance behaves similar to flame
height in the sense that it depends from fire intensity,
so thus its value was increased by both the increasing
drought and the increasing amount of fuel (Fig. 4e). It
is notable that a critical level of fire intensity is
required to initiate fire’s spotting activity, therefore,
this outbreak point differed among age classes. Under
the adjusted meteorological conditions the model
predicted the outbreak of fire spotting at drought
factor 4 for 20-35 years old stands, at drought factor
3 for 35-60 years old stands and already at drought
factor 2 for 60-80 years old stands, where the highest
amount of fuel accumulated. At drought factor 7 (on
an average summer day), spotting distance was
predicted as 0.47 km, 0.71 km and 1.00 km for 20—
35, 35-60 and 60-80 years old pine stands,
respectively, whereas under severe drought (at
drought factor 10) 0.83 km, 1.16 km and 1.58 km of
spotting distances were calculated for the same order
of stand age classes. Similarly to flame height,
spotting distance was not affected by the terrain’s
slope angle but depended on the available fuel, thus
on the stand age (Fig. 4f). Similarly to flame height,
spotting distance was also independent of the terrain’s
slope angle (Fig. 4f), and its predicted constant values
were 0.83 km, 1.16 km and 1.58 km for the stand age
classes 20-35 years, 35-60 years and 60-80 years,
respectively (under the circumstances of input data, as
described in the methods section).
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Figure 4. Changes of the Fire Danger Index (FDI), flame height, spotting distance and rate of fire spread (ROS) with the
drought factor and slope angle in Pinus nigra stands. (Since the FDI is independent of the amount of fuel, age classes
are not distinguished in Fig. 4a and 4b.)

Rate of fire spread (ROS) showed linear
increase with increasing drought factor, and its actual
values as well as the slopes of the lines were
influenced by the available fuel, too (Fig. 4g). At
drought factor 7, ROS was 1.73 km/h, 2.29 km/h and
3.04 km/h for pine stands belonging to age classes
20-35 years, 35-60 years and 60-80 years,
respectively. The rate of fire spread in the three age
classes increased to 2.46 km/h, 3.26 km/h and 4.32
km/h, respectively, when the drought factor’s value
was increased to 10. ROS was also influenced by
terrain inclination (Fig. 4h). On plain ground, ROS of
0.31 km/h was predicted in 20-35 years old stands,
what increased to 0.41 km/h in 35-60 years old
stands, and we can expect 0.54 km/h in pine stands
with age between 60 and 80 years. When fire spreads
downhill (indicated by negative angles of slope on the

graph), ROS was independent of slope angle, and its
actual value was equal to that predicted for plain
ground in the corresponding stand age classes. In case
of uphill fire spread, the ROS increased exponentially
with the slope angle. Compared to the plain ground
rate, speed of fire spread was doubled at slope 10°,
four-fold higher at slope 20° and eight-times faster
spread occurred at slope 30°.

4. DISCUSSION

According to McArthur’s model, an increase in
drought factor increases the fire danger index, the
flame height, the spotting distance and also the rate of
spread. Earlier studies revealed that in years with
usual pattern of precipitation, drought factor’s value
around 7 is typical for the late summer — early autumn
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season, what is the period of year with the highest risk
of forest fires in Hungary (Cseresnyés et al., 2011). In
the same season of the year, if a longer period of
rainless weather prevails, drought factor can reach
value 10, and in this case we can expect “very high”
fire danger (FDI=24). At this rate of fire danger
predicted flame height is almost 10 m, spotting
distance is above 1.5 km and speed of upslope fire
spread on a 30° terrain is around 4.3 km/h in the most
threatened 60-80 years old pine plantations.

Several studies support interrelationships
between drought conditions and wildfire risk. In the
Mediterranean, direct relationships were found
between rain deficit of summer months and the
wildfire events: in years drier than the average, size
and frequency of wildfires were above the average
(Viegas et al., 1990, Alvarez et al., 2012). Viegas et
al., (1992) also reported that number of wildfires and
size of area burnt increased exponentially with the
decrease of litter humidity. Large forest fires are
linked with litter humudity of 10% or below, whereas
at litter humidity of 20-30% forest fires occur with
considerably lower frequency and also the size of area
burnt become one order of magnitude smaller.
Around litter humidity of 35-40% fires usually stop
spreading, then the fire is extinguished (Viegas,
1998). One of the physical principles of wildfire
spread is that the heat produced by the fire is
transmitted (mainly by radiation and convection) to
the intact litter lying in front of the fire, evaporates its
water content and increases its temperature up to the
ignition temperature (what is about 300 °C for needle
litter) (Rothermel, 1972). If weather conditions
reduce the humidity of the intact litter, fewer energy
is needed to make the litter dry, and it also fasten the
heating up procees of the litter to the ignition
temperature. Therefore, fire intensity increases
together with the related attributes like flame height
and spotting distance. Linear decrease of the ROS
with increase of litter humidity was also demonstrated
in needle litter burning experiments under controlled
circumstances (Viegas & Neto, 1991). Litter humidity
was reported as the second most important factor
(after wind speed) in determining the ROS when
needle litter of Pinus nigra was experimentally burnt
(Bilgili & Saglam, 2003, Kiigiik et al., 2008).

According to the McArthur’s model, slope
angle has considerable influence on the rate of fire
spread, but has no effects on the flame height and the
spotting distance. For upslope fire spread, the model
predicts exponential increase in speed with increasing
slope angle of the terrain, however, downslope fire
spread rate proved to be independent of the terrain
inclination and was equal to the ROS predicted for
level ground (Cheney et al., 2012). Similar effects of

slope angle were considered in some further fire
danger models - including the widely used
Rothermel’s model - and results of burning
experiments  under  controlled  circumstances
confirmed that (Rothermel, 1972, Viegas & Neto,
1991, Viegas, 1998). During upslope fire spread,
flame is tilted forward and its angle to the unburned
fuel decreases. As a result, the radiative heat transfer
increases towards the unburned fuel located ahead of
the flame front, thus the fire spread accelerated
(Rothermel, 1972, Morandini et al., 2001, Simeoni et
al., 2001). The relationship between terrain
inclination and upslope fire spread in equation form is
V= V(1 + ¢s) where V, is the fire velocity measured
on plain ground, and ¢s is a slope-depending
coefficient. Santoni & Balbi (1998) and Boboulos &
Purvis (2009) experimentally determined the ¢
(using Mediterranean pine needles) and the values
showed a fairly good agreement with that of predicted
by the McArthur model. According to our results,
upslope fire velocity on a 30° inclined terrain is eight
times faster than fire velocity on plain ground. Results
of needle litter prescribed burning experiments
indicated 5-8 times higher ROS on slopes around 30°
inclination under both laboratory and field conditions
(Viegas et al., 1994, Santoni & Balbi, 1998, Gonzalez
et al.,, 2008), although in some cases 8-10 times
increase in velocity were detected depending on the
experimental circumstances (mainly the bulk density
and humidity of the litter) (Morandini et al., 2001).

There are rather few opportunities to compare
fire spread data produced by the McArthur model
with that of published in the literature, mainly
because literature sources contain incomplete lists of
the input parameters required by the model. For
example, Santoni & Balbi (1998) and Morandini et
al., (2001) reported ROS between 0.16 and 0.30 km/h
in their Pinus needle litter burning experiments, in
which the completely dried needle litter — that
represented a 4000 kg/ha fuel density — was lit under
circumstances of 20°C air temperature and 30° terrain
inclination in the absence of wind. In a similar
artificial litter burning experiment, detected ROS was
around 0.17-0.27 km/h when needle litter amount and
wind speed were raised to 12000 kg/ha and 11 km/h,
respectively, but terrain inclination was reduced to
10° (Morandini et al., 2001). Unfortunately, relative
air humidity was not reported in these cases.
However, if input data sets from the two papers
mentioned above were improved with relative air
humidity values between 30% and 70% (what is the
range of the most probably prevailing humidity for
the studied region), the ROS predicted by the
McArthur model proved to be practically the same as
were observed in the burning experiments.
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Based on results published in the literature, the
McArthur model predicts the relationship between
fire danger risk and drought conditions or terrain
inclination very similarly to that of other models, and
its results also in accordance with that of reported
about needle litter burning experiments, carried out
either in laboratory or field conditions. In our earlier
studies, similar agreement was found between
McArthur’s model and other fire risk models when
predictions for the effects of temperature and wind
speed on the fire danger probabilities were analysed
(Cseresnyés et al., 2011). From these findings, the
McArthur model seems to be suitable for studying the
fire risk and fire behaviour of European pine forests,
but further testing of its applicability is recommended
under various habitat conditions.

5. CONCLUSIONS

Results showed that increasing drought factor
causes linear growth of the fire danger index, flame
height, spotting distance and rate of fire spread.
Terrain inclination had no effect on FDI, flame
height and spotting distance, but influenced ROS.
Upslope fire spread velocity increased exponentially
with increase in terrain's inclination, however,
downslope ROS was independent of slope angle and
was equal to ROS detected on plain ground.
Modelling results confirmed a serious fire risk of
Austrian pine plantations, reaching the highest fire
sensitivity in the 60-80 years old stands. The results
provided by the McArthur model were in good
agreement with that of other fire models and also
corresponded to the results of artificial needle litter
burning experiments. Although, there are some
sophisticated fire models which might outperform
McArthur’s model in terms of accuracy, but the
usability easiness of the latter offers satisfactory
compensation for that. Therefore, McArthur's model
was recommended for studying wildfires in
European pine forests.
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