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Abstract. The impact of forest fires on nature and civili-
sation is conflicting: on one hand, they play an irreplace-
able role in the natural regeneration process, but on the other
hand, they come within the major natural hazards in many
regions. Their frequency-area distributions show power-law
behaviour with scaling exponentsα in a quite narrow range,
relating wildfire research to the theoretical framework of
self-organised criticality. Examples of self-organised critical
behaviour can be found in computer simulations of simple
cellular automaton models. The established self-organised
critical Drossel-Schwabl forest fire model is one of the most
widespread models in this context. Despite its qualitative
agreement with event-size statistics from nature, its applica-
bility is still questioned. Apart from general concerns that the
Drossel-Schwabl model apparently oversimplifies the com-
plex nature of forest dynamics, it significantly overestimates
the frequency of large fires. We present a modification of
the model rules that distinguishes between lightning-induced
and man made forest fires and enables a systematic increase
of the scaling exponentα by approximately 1/3. In addi-
tion, combined simulations using both the original and the
modified model rules predict a dependence of the overall
event-size distribution on the ratio of lightning induced and
man made fires as well as a splitting of their partial distribu-
tions. Lightning is identified as the dominant mechanism in
the regime of the largest fires. The results are confirmed by
the analysis of the Canadian Large Fire Database and suggest
that lightning-induced and man made forest fires cannot be
treated separately in wildfire modelling, hazard assessment
and forest management.
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1 Introduction

During the last decades, extensive event-size statistics for
several natural hazards have become available. In many
cases, e.g., earthquakes (Gutenberg and Richter, 1954), land-
slides (Hovius et al., 1997; Malamud et al., 2004), rockfalls
(Malamud et al., 2004), and the subject of this paper, for-
est fires (e.g.,Minnich and Chou, 1997; Ricotta et al., 1999;
Malamud et al., 1998, 2005; Ricotta et al., 2001; Song et al.,
2001), power-law distributions have been found. This means
that the probability densityp(s) related to the event sizes
decreases likes−α, with α typically called the scaling expo-
nent. Despite many exogenous factors influencing wildfire
occurrence like fuel accumulation, topography, and weather
(Pyne et al., 1996), vegetation types (Minnich, 1983), dif-
ferent fire protection management policies (Minnich, 1983,
2001; Minnich and Chou, 1997), or anthropogenic effects
(Cardille et al., 2001; Malamud et al., 2005), it was found
that, under a broad range of spatial and temporal conditions,
forest fires exhibit power-law behaviour on their frequency-
size distributions over about two to five decades of wildfire
area, with a majority of the scaling exponentsα falling into
a range 1.1≤α≤1.9.

The similar event-size statistics of such obviously differ-
ent phenomena suggest a unifying concept on a more fun-
damental level. On this note, self-organised criticality (e.g.,
Bak et al., 1987; Bak, 1996; Jensen, 1998; Hergarten, 2002)
has become a magic word to explain power-law distributed
events in dynamical systems. The first comprehensive study
relating wildfire research to the theoretical framework of
self-organised criticality was published byMalamud et al.
(1998).

Examples of self-organised critical behaviour can be found
in computer simulations of simple cellular automaton mod-
els. In connection with forest fires, the automaton commonly
referred to astheforest fire model developed byDrossel and
Schwabl(1992) (DS-FFM in the following) is one of the
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most widespread models in this context. It is usually studied
on a regular square lattice with periodic boundary conditions,
where each site can be either occupied by a model tree or
empty. In each time step, new trees are planted with a prob-
ability p on empty sites. Each tree is subsequently ignited
with a lightning probabilityf , which then burns down the
entire geometric cluster of trees connected to it via nearest-
neighbour relations. In most cases, the von Neumann neigh-
bourhood with four adjacent cells is considered. The sizes

of a fire is measured in terms of the number of burnt trees.
In the limit of small time steps, i.e.,p→0 andf →0, the
growth rateθ=p/f , which also sets the scale for the average
fire size, becomes the only relevant parameter of the model.
In each time step, the dynamics of the system is then deter-
mined according to the following update rules: (i) A total of
θ sites is randomly chosen. If a site is empty, its state turns
into occupied, otherwise nothing happens. (ii) A randomly
chosen site is ignited. If this site is occupied by a tree, the
entire cluster of trees connected to it burns down. Simula-
tion results indicated critical behaviour in the limitθ→∞

(Drossel and Schwabl, 1992; Clar et al., 1994). However, the
scaling behaviour is not simple, and there has been much dis-
cussion whether the DS-FFM is self-organised critical in the
strict sense or not (Schenk et al., 2002; Grassberger, 2002;
Pruessner and Jensen, 2002).

Despite the qualitative agreement with fire size statis-
tics from nature, the applicability of the DS-FFM remains
still questioned. Apart from general concerns that the DS-
FFM apparently oversimplifies the complex nature of for-
est dynamics (Caldarelli et al., 2001), it significantly over-
estimates the frequency of large fires: since differences in
the power-law exponent become more important asα comes
close to one, the quantitative agreement between the DS-
FFM (1.0≤α≤1.25) and nature (1.1≤α≤1.9) is in fact rather
weak: the cumulative distributionP(s) decays likes−(α−1)

(Hergarten, 2002), and thus changes strongly ifα tends to
one. To overcome this problem is not trivial because a sys-
tematic variation of the power-law exponentα is not pro-
vided by the model. There were many attempts to modify
the model rules towards being more realistic with respect to
the propagation of fires, e.g., by introducing immune sites
(Drossel and Schwabl, 1993; Clar et al., 1994), facilitating
propagation by allowing diagonal connections or introduc-
ing anisotropic propagation (Hergarten, 2002), but none of
them improved the results substantially.

2 Accessible perimeter ignition forest fire model
(AP-FFM)

We found that modifying the rule of ignition has a stronger
effect than changing the rules of propagation. In the DS-
FFM and its derivatives, each site naturally has, metaphori-
cally speaking, equal susceptibility to be struck by lightning.
But if we consider highways, roads, railways, trails or glades

and urban areas and take human action into account, ignition
should occur preferably at the border of a forest or at loca-
tions where the forest is not very dense (cf.,Cardille et al.,
2001; Stephens and Ruth, 2005; Maingi and Henry, 2007).
An obvious choice would be to modify the model rules in
such a way that ignition takes place at empty sites instead
of occupied sites, and that fire propagates from an empty ig-
nition site to those of its four nearest neighbours which are
occupied by trees. However, this modification would suf-
fer from the problem that clusters of trees in the DS-FFM
closely resemble two-dimensional site-percolation clusters at
or above the critical concentrationpc. This implies that the
total number of perimeter sitesNp scales in the same way
as the total cluster sizes, Np∼s (Kunz and Souillard, 1978).
Thus such a modification affects the frequency of small fires,
but its effect on the frequency of large fires is negligible.

We therefore restricted the admissible ignition sites to
those being part of the accessible perimeter of a cluster. The
concept of the accessible perimeter was introduced byGross-
man and Aharony(1986). The accessible perimeter of a
fractal object consists of those perimeter sites which can be
reached, in principle, by a random walker coming from in-
finity. Figure1 illustrates the basic idea: fires start from sites
that are commonly understood as the edge of a forest. This
approach is further supported by the result that the fractal
dimension of the accessible perimeter found for site percola-
tion as well as in our model simulations coincides with the
fractal dimension of the accessible perimeter of real forest
fires (Caldarelli et al., 2001).

Consequently, this leads to a modified set of rules for up-
dating the lattice in each time step: while the first part re-
mains unchanged, the second rule turns into: (ii) A randomly
chosen site is ignited. If this site is an (empty) accessible
perimeter site, the entire cluster of trees connected to it burns
down.

3 Results and discussion

In Fig. 2 we compare the results of this accessible perimeter
ignition forest fire model (AP-FFM) with those of the orig-
inal DS-FFM. The behaviour of the curves remains quali-
tatively the same, i.e., fires are still distributed according to
power laws, but the exponentα increases significantly. While
we obtainedα=1.22 for the DS-FFM, our estimate for the
AP-FFM is α=1.51. We found that the probability density
of the present clustersn(s) behaves quite similarly in both
models, so this finding can be understood by considering the
probability of a cluster of sizes to be ignited. The total num-
ber of accessible perimeter sitesNap scales with the radius
of gyrationr as

Nap ∼ rdap , (1)

with an associated fractal dimensiondap. The latter
scales likes1/df , where df is the fractal dimension of
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Fig. 1. Illustration of a cluster of trees (green) and its accessible
perimeter (orange). The total number of accessible perimeter sites
Nap scales with the cluster sizes approximately asNap∼s2/3.

two-dimensional percolation clusters, so that

Nap ∼ s

dap
df . (2)

For d=2 site-percolation,df =91/48 atpc and df =2 above
pc, which applies to the large clusters in both models. In
combination withdap≈4/3 (Grossman and Aharony, 1986),
we obtain

Nap ∼ s
2
3 . (3)

Since the probability of a cluster of sizes to be ignited is
proportional tos in the DS-FFM and tos2/3 in the AP-FFM,
these probability densities scale with

pDS(s) ∼ n(s)s, (4)

pAP(s) ∼ n(s)s
2
3 , (5)

so that

pAP(s) ∼ pDS(s)s
−

1
3 ∼ s−(α+

1
3 ). (6)

Therefore the power-law exponent of the AP-FFM is approx-
imately 1/3 greater than that of the DS-FFM, and the faster
decay of the probability density with the event size in the
AP-FFM can be immediately derived from the lower ignition
probability of large clusters.

With regard to fires in nature, it is unlikely that they are
triggered by a single ignition mechanism. However, we
found that fire statistics of a region where both lightning and
human action are present cannot be predicted by simulating
both cases separately and just superposing the statistics. In
order to illustrate this, we performed combined simulations
including both “lightning” (DS-FFM) and “human action”
(AP-FFM).
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Fig. 2. Binned simulated event-size distributions for the original
DS-FFM (blue) and our modified AP-FFM (red). Curves corre-
spond to growth ratesθ=256, 1024 and 4096 from left to right. The
dotted lines indicate the slope for intermediate event sizes estimated
by extrapolation toθ→∞.

In Fig. 3, we compare the results for the overall event-
size distributionp(s) for different ratios of lightning-induced
and man made fires with that of the DS-FFM and the AP-
FFM. We estimateα=1.42 for a percentage ratio 25/75 (light-
ning/man made),α=1.36 for 50/50, andα=1.30 for 75/25,
compared toα=1.51 for 0/100 (AP-FFM) andα=1.22 for
100/0 (DS-FFM). Hence, the scaling exponentα decreases
systematically with lightning rate by approximately 1/3. In
addition, the long tail of the distribution occurring in the AP-
FFM vanishes with increasing percentage rate of lightning-
caused fires, so that the frequency of the largest fires is much
lower than predicted from a simple superposition of the DS-
FFM and the AP-FFM.

The deviation of the graphs in Fig.3 at large event sizes
indicates an interdependence of lightning-induced and man
made in the combined simulations. Figure4 shows the par-
tial lightning-induced and man made event-size distributions
for percentage ratios 75/25, 50/50 and 25/75 (lightning/man
made) in comparison with the overall distributions of the DS-
FFM (100/0) and the AP-FFM (0/100). For intermediate
event sizes, the scaling exponentsα of the respective proba-
bility densities still persist. As a result, this ensures that the
assumption of two different ignition mechanisms can be eas-
ily proved by analysing the particular distributions of natural
fire statistics. Concentrating on the tails of the distributions,
one observes that the frequency of the largest events is lower
for the man made fires in the combined simulations. This
indicates that the largest fires are almost lightning-induced
if both ignition mechanisms are present. This arises from
the probability of a cluster of sizes to be ignited. We ob-
tain from Eqs. (4) and (5) that their ratiopDS(s)/pAP(s) scales
with the cluster sizes like s1/3, what entails that in the com-
bined simulations the largest clusters a mainly consumed by
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Fig. 3. Binned overall event-size distributions derived from com-
bined simulations of lightning-induced and man made fires, per-
centage ratios 100/0 (DS-FFM, blue), 75/25 (indigo), 50/50 (ma-
genta), 25/75 (carmine) and 0/100 (AP-FFM, red) from left to right,
for θ=4096.

lightning fires. Extremely large man made fires as occur-
ring in the AP-FFM are therefore effectively suppressed and
become less hazardous in a mixed environment, but only as
long as lightning-induced fires avoid the occurrence of very
large man made fires. In order to illustrate this quantita-
tively, we give some numbers on the top 0.1 percentiles from
the combined 75/25 simulation (lightning/man made) and the
AP-FFM (0/100) with identical growth ratesθ=4096: in the
combined 75/25 simulation, 0.1% of the fires had a size of
more than 210 000 trees, whereby the man made fires ac-
counted for only 2.6% of events (compared to 25% in total).
In contrast, 0.1% of the (pure man made) fires in the AP-
FFM are even bigger than 1 700 000 trees. In other words, the
biggest out of 1000 events has become more than six times
larger in absence of ignition by lightning. Of course, these
values depend in general on both the growth rateθ and the
ratio between lightning-induced and man made fires.

Conclusively, the combined simulations make the follow-
ing predictions: (i) The scaling exponent of the overall
event-size distributionp(s) depends on the ratio of lightning-
induced and man made fires. (ii) There is a difference in
the exponents of lightning-induced and man made fires, with
αLTG≈αDS≈1.22,αMAN≈αAP≈1.51, and1α≈1/3. (iii) At rea-
sonable lightning rates, the largest fires are governed by
lightning.

The Canadian Large Fire Database (LFDB) (Canadian
Forest Service, 2002) provides an extensive data set to test
these hypotheses. The database is available online and con-
tains information on 11 231 fires of more than 2 km2 in area
for the 1959 to 1999 period and distinguishes between fires
caused by lightning or human action. 72% (8086) of the
LFDB fires were initiated by lightning, and 25% (2754) by
humans (the rest is unknown). A detailed analysis of the
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Fig. 4. Binned partial event-size distributions of lightning-induced
(light blue) and man made fires (light red) for percentage ratios
75/25, 50/50 and 25/75 (lightning/man made) in comparison with
the overall distributions of the DS-FFM (100/0, blue) and the AP-
FFM (0/100, red), forθ=4096.

LFDB data led to the result that the lightning-caused fires
contributed to 85% of the total burnt area (Stocks et al.,
2002), so they must be larger than those induced by humans
in the mean.

Figure5 shows the probability densities of fire sizes esti-
mated from the LFDB data. The estimates were made using
logarithmic binning with a factor

√
2 between the bins, corre-

sponding to 6.6 bins per decade. Assuming that the deviation
of the graphs at large event sizes is due to a cutoff as it oc-
curs in the event-size statistics of most natural hazards, the
overall distributionp(s) follows a power law with an expo-
nentα=1.30. We note that this result is in complete quan-
titative agreement with the scaling exponent obtained from
the comparable combined simulation where 75% of the fires
were lightning-caused and 25% man made. As conjectured,
the LFDB data yield power-law distributions for both classes
of fires separately. The power law of the man made fires
has in fact a higher exponent, in agreement with the smaller
average fire size found byStocks et al.(2002). We estimate
αLTG=1.20 for ignition by lightning andαMAN =1.61 for the man
made fires, with a difference1α=0.41. As suggested by the
model data, lightning is identified as the dominant mecha-
nism in the regime of very large fires. 541 fires had a size
of more than 300 km2 in area, and among them 516 fires had
also a known cause. The man made fires accounted for only
62 events (11% compared to 25% in total) and the lightning
fires for 454 events (84% compared to 72% in total).

To substantiate the validity of our arguments and re-
sults, we additionally analysed the LFDB data by ecozones
(Wiken, 1986). Ecozones with less than 500 fires were
not taken into account, as well as subsets with less than
100 events. The results are summarised in Table1, or-
dered by decreasing frequency of lightning-induced fires.
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Fig. 5. Probability densities derived from the Canadian Large Fire
Database (LFDB). Points represent the logarithmically binned data
(6.6 bins per decade), straight lines correspond to power laws fitted
by a least squares procedure.

Lightning fires (LTG) dominate in the northern regions, man
made fires (MAN) occur more frequently in the more densely
populated southwestern and southern areas. As expected, the
scaling exponentα for the overall distribution of fires tends
to increase with decreasing percentage of lightning fires. Ex-
cept for the Montane Cordillera, the scaling exponents of the
lightning firesαLTG just vary slightly from ecozone to eco-
zone and are still well described by the DS-FFM. We find
the scaling exponents of the man made firesαMAN to be higher
in all cases and fairly described by the AP-FFM, except for
the Boreal Cordillera, but this may be due to the somewhat
lower statistics. The differences between the exponents1α

amount to 0.24≤1α≤0.43, in good agreement with the re-
sults obtained from the combined simulations.

Our results may also draw alternative scenarios on some
recent findings in wildfire statistics of the United States
(Malamud et al., 2005). In this study,Malamud et al. re-
ported a difference in the exponents with reference to ignition
source 1.12≤αanthropogenic/αlightning≤1.30 in the eastern third (35%
by area) of the United States (for comparison:αAP/αDS≈1.24
andαMAN/αLTG≈1.34). This was attributed to increased land-
scape heterogeneity due to historic anthropogenic forest
clearance because these areas are more populated. We sug-
gest this may also be due to two different ignition mecha-
nisms. However, most other areas hadαanthropogenic/αlightning≈1,
at least within±2σ error bars.Malamud et al.also found
a variation in the spatial distribution ofα. Their results in-
dicated an east-to-west gradient of higher-to-lowerα values
across the United States. The authors suggested that this gra-
dient may have natural drivers like climate and vegetation,
or may be due to increased forest fragmentation in eastern
ecoregions. We propose alternatively that this gradient is
an overall result of increased human activity. In their study,
Malamud et al.also found that the numbers of anthropogenic
vs. lightning wildfires varies as a function of ecoregion divi-

Table 1. LFDB fires by ecozones (EZ): Taiga Shield (TS), Taiga
Plains (TP), Boreal Cordillera (BC), Boreal Shield (BS), Montane
Cordillera (MC), and Boreal Plains (BP).

EZ TOT α LTG Perc. αLTG MAN Perc. αMAN 1α

TS 1696 1.16 1579 93% 1.15 77 5% – –
TP 1211 1.20 1046 86% 1.17 71 6% – –
BC 755 1.18 586 78% 1.11 149 20% 1.35 0.24
BS 4150 1.30 3194 77% 1.24 813 20% 1.56 0.32
MC 723 1.60 329 46% 1.47 353 49% 1.74 0.27
BP 1724 1.51 735 43% 1.27 952 55% 1.70 0.43

CA 11 231 1.30 8086 72% 1.20 2754 25% 1.61 0.41

sion, with 92%–98% anthropogenic fires in the eastern ecore-
gions, 17%–44% in the mid-level and 55%–82% in the re-
maining western ecoregions. This indicates that the observed
gradient is closely related to the ratio of lightning-induced
and man made fires. The bias in the western ecoregions
might be due to increased fire protection activities. In the
Western United States, 38% of new home construction is ad-
jacent to or intermixed with the wildland/urban interface (US
Fire Administration, 2002). This has serious consequences.
Minnich (1983, 2001) andMinnich and Chou(1997) found
that the value ofα for chaparral fires in southern California
(SCA) and northern Baja California (BCA) is systematically
associated with fire suppression strategies. Their analysis
suggested that, as a result of different fire protection manage-
ment policies in SCA (actioned) and BCA (non-actioned),
the fine-grained patch structure in BCA shifted to a coarse
structure in SCA, thereby reducing the number of fires and
increasing fire size, but without changing the total burnt area.
This has the reverse effect that the value ofα increases with
enhanced fire fighting efforts.

4 Summary and conclusions

In summary, we have presented a straightforward modifi-
cation of the established Drossel-Schwabl forest fire model
that distinguishes between lightning-induced and man made
wildfires and enables a systematic increase of the scaling ex-
ponentα by approximately 1/3. Combined simulations of
both the original and the modified model predict a depen-
dence of the overall event-size distribution on the ratio of
lightning-induced and man made forest fires as well as a dif-
ference between their respective event-size statistics. Light-
ning is identified as the dominant mechanism in the regime
of the largest fires. The decrease of the scaling exponentα

with lightning probability, the splitting of the partial distri-
butions as well as the identification of lightning as the dom-
inant mechanism in the regime of the largest fires are con-
firmed by the analysis of the Canadian Large Fire Database.
The results also provide alternative interpretations on recent
findings in wildfire statistics of the United States and suggest
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that lightning-induced and man made forest fires cannot be
treated separately in wildfire modelling, hazard assessment
and forest management.
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