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Abstract

Fire weather indices predict fire extent from meteorological conditions assuming
a monotonic function; this approach is frequently used to predict future fire patterns
under climate change scenarios using linear extrapolation. However, the relationship
between weather and fire extent may potentially depend on the existence of fuel hu-
midity thresholds above which this relationship changes dramatically, challenging this
statistical approach. Here we combine the continuous and the threshold approaches
to analyze satellite-detected fires in Europe during 2001-2010 in relation to meteoro-
logical conditions, showing that fire size response to increasing dryness follows a ramp
function, i.e. with two plateaus separated by a phase of monotonic increase. This study
confirms that at a continental and a high-resolution temporal scales, large fires are
very unlikely to occur under moist conditions, but it also reveals that fire size stops to
be controlled by fuel humidity above a given threshold of dryness. Thus, fuel humid-
ity control only applies when fire is not limited by other factors such as fuel load, as
large fires are virtually absent in dry regions with less than 500 mm of average annual
rainfall, i.e. where fuel amount is insufficient. In regions with sufficient fuel, other fac-
tors such as fire suppression or fuel discontinuity can impede large fires even under
very dry weather conditions. These findings are relevant under current climatic trends
in which the fire season length, in terms of number of days with DC (drought code)
values above the observed thresholds (break points), is increasing in many parts of
the Mediterranean, while it is decreasing in Eastern Europe and remains unchanged in
Central Europe.

1 Introduction

During most of the last two thousand years, climate changes have been echoed by
variations in areas affected by fire (Marlon et al., 2008), with intervals of rapid tem-
perature change at 13.9, 13.2, and 11.7 kyr marked by large increases in fire activity
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(Marlon et al., 2009). On shorter time scales, many studies have also shown that mete-
orological indices correlated well with observed fire occurrence (Carvalho et al., 2008,
2010; Meyn et al., 2010; Pausas, 2004; Pausas and Fernandez-Munoz, 2011; Pinol
et al., 1998; Trouet et al., 2001). It is therefore reasonable to assume that the ongoing
climate change will produce important changes in fire regimes in man regions. Accord-
ingly, it can be expect that a warmer and drier climate will result in increased forest fire
activity (e.g. Brown et al., 2004; Carvalho et al., 2011; Flannigan et al., 2000; Williams
et al., 2001).

Extrapolations of past weather-fire relationships are widely used to predict fire risk
under future weather condition projections (Bergeron et al., 2004; Brown et al., 2004;
Carvalho et al., 2008, 2010; Flannigan et al., 2000, 2005; Stocks et al., 1998; Williams
et al.,, 2001). Many studies typically fit monotonically increasing functions, gener-
ally using linear or exponential response types, although non-linear, but continuous,
approaches to calculate occurrence probability of large fires have also been used
(Preisler et al., 2008, 2011; Preisler and Westerling, 2007; Westerling and Bryant,
2008; Westerling et al., 2011). Nevertheless, theoretical studies (Pueyo, 2007) and lo-
cal empirical analysis (Slocum et al., 2010; Turner and Romme, 1994) reveal a thresh-
old of fuel dryness; as long as this threshold is not crossed, the water content means
that large fires are very unlikely to occur. However, these results need to be general-
ized on broader spatial and high-resolution temporal scales. Furthermore, a second
non-linearity — involving another threshold or breakpoint — could occur in the upper
range of the fuel dryness gradient, where warmer and drier weather conditions could
correspond to dry regions (such as the southernmost part of the Mediterranean region)
with lower biomass, that is fuel-load, and continuity (Bachelet et al., 2000; Lenihan
et al., 2003), resulting in smaller fires. Although these considerations are crucial to pre-
dictions of future fire regimes, detailed, large-scale tests on the relationship between
daily weather conditions and fire extent have been lacking to date, mainly due to the
previous unavailability of long-term and wide-range data sets. This problem has been
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drastically reduced with the appearance of reliable satellite-based observation of fires
(Chuvieco, 2008).

Here we present a wide-range statistical analysis of the effects of fuel dryness, daily
estimated from meteorological index (Drought Code of the Canadian Fire Weather In-
dex), on fire size with high temporal (daily) and spatial (0.25°) resolution for the whole
of Europe and North Africa over the years 2001-2010. This regional analysis allows us
to differentiate between the direct effects of fuel dryness, estimated on a daily scale,
and those related to fuel amount, which correlate to total annual rainfall. We focus our
analysis on fire size rather than fire number, since fire extent is the crucial factor in
the calculation of total burnt area, as most of the burnt area results from a few very
large fires. The region under study presents a wide variety of climatic conditions and
fire regimes, which, along with the exceptional availability of its data, makes it an ideal
study area. The climate ranges from near desert to Arctic, and so the region embraces
fire regimes potentially limited by fuel amount and fuel dryness as well as a wide range
of intermediate situations, making the results of this study easily generalizable at con-
tinental or global scale.

2 Material and methods
2.1 Fire data source

Fire data was obtained from the MODIS Active Fire Product (Justice et al., 2002),
which provides hotspots, i.e. fire pixels, from mid-infrared radiation related to temper-
ature estimaties. This product correlates better with fire inventories based on ground-
observation than other fire products based on satellite-observation and has very little
comission errors (Loepfe et al., 2012). We used only data from the Terra satellite, en-
suring a consistent data set for the period 2001-2010. Hotspots were grouped into fires
using a propagation algorithm. All hotspots that could be connected via a chain of steps
of no more than 11 km and 1 day of difference were considered to belong to the same
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fire. To determine the search radius in the grouping algorithm we individually matched
the algorithm-derived fire surfaces (number of hotspots) to ground-observation fires.
For this comparison we chose a country, Portugal, with reliable statistics and cover-
ing. The coincidence between algorithm-derived fire surfaces and ground-observed
fire area was satisfactory (r2 = 0.60, Fig. 1), and increased (r2 = 0.70) when consider-
ing only fires with 10 or more hotspots, revealing that most of the unexplained variance
resulted from small fires. Moreover, the results of our analysis were not sensitive to
search radius.

We filtered out all hotspots located on pixels classified as urban, crop land or wa-
ter bodies by the IGBP land cover classification map (Belward et al., 1999; Scepan,
1999) obtained from the MODIS MOD12 Land Cover Product (http://www-modis.bu.
edu/landcover/userguidelc/ic.html). Previous analysis (Loepfe et al., 2012) showed that
filtering out these hotspots greatly increases coincidence of the MODIS Active Fire
Product and independent fire inventories. All fires that had five or more neighbour fires
within 0.5 km during the studied time span were excluded, as they are most likely pro-
duced by industrial gas flares. In fact, a wildfire frequency of less than two years is
unheard in Europe (FAO, 2007). Furthermore, only fires that consisted of at least 2
hotspots were considered to reduce the number of “false positives”. The final number
of fires included in the models was 13 897.

2.2 Drought code

Fuel dryness was expressed with the drought code (DC) of the Canadian Fire Weather
Index (FWI, Van Wagner and Pickett, 1985), which was developed to depict the water
content of deep, compact organic layers and large log, but has also been demonstrated
to effectively describe live-fuel humidity measured in the field (Pellizzaro et al., 2007;
Viegas et al., 2001). For each day the DC was calculated from the previous day’s DC,
maximum temperature and rainfall. Temperature and rainfall data were obtained from
the E-OBS gridded data set, version 4.0 (Haylock et al., 2008). For temperature data,
gap filled was done by averaging the first values available before and after the missing
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data. For precipitation data, gaps were filled using data of the NCEP-DEO 2 Reanalysis
(Kanamitsu et al., 2002). Fires that had a data gap of these climatic parameters up to
a month before fire occurrence were not considered in the analysis. For the calculations
of yearly accumulated rainfall over 1951-2010 and fire season length, when no NCEP-
DEO was available (years before 1979), gaps in the E-OBS data were filled with zero
rainfall, as these gaps were situated mostly in the dry areas of Northern Africa.

2.3 Statistical analysis

Fire size was predicted from daily drought codes (DC) using Generalized Additive
Models (GAM) and segmented Generalized Linear Models (GLM), assuming in all
cases a negative binomial error distribution and a logarithmic link function. The smooth
curves resulting from GAMs results in superior fits, however they may be hard to in-
terpret, and overfitting can be a problem. A segmented GLM consists of d segments
and d - 1 breakpoints dividing them. Within each segment a linear function is fitted.
Breakpoints were assumed to be continuous, implying that each segment can have
a different slope, but there is only one overall interception. All calculations were done
in R (http://www.R-project.org). GAMs were resolved using the mgcv-package (Wood,
2000), GLMs with the MASS-package (Venables and Ripley, 2002). Change-points
were included in the design-matrix as done in Hofrichter (2007). We performed a grid-
search to localize the change-points that gave the highest maximum likelihood. Mod-
els with zero, one, two, three and four change-points were performed and compared
using Bayesian Information Criterion (BIC). Each change-point contributed with two
additional parameters, one for slope and one for location. Our hypotheses about the
existence of two thresholds would be best confirmed with a triple-segmented model
(i.e. two change-points), being the slopes near zero in the first and third segment and
steep in the middle segment, which would be equivalent to a “ramp” model (Mudelsee,
2000). One the other hand, lowest BIC obtained in the non-segmented model would
reject the hypothesis of non-linearity.
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In this study we focus on fire size, being minor the contribution of small fires to total
burnt area. However, fire size-frequency distribution is highly over-dispersed, as it re-
sults from a large amount of fires that remain small. We found that this distribution is
best described with a power law (Fig. A1), in agreement with studies for the United
States (Malamud et al., 2005) and the Mediterranean Basin (Ricotta et al., 1999).
Power law distributions are scale-free, i.e. they do not have a mean value. To over-
come this problem, we divided the observed range of DC into 50 even-sized intervals
and considered only the 5% largest fires within each interval. Despite these statisti-
cal shortcomings, we performed the analysis of the whole set of fires, as it still gives
important qualitative insights.

Average yearly accumulated rainfall over the period 1951-2010 was used as a proxy
of fuel amount as water availability limits plant growth on a regional scale (Knapp and
Smith, 2001; Lieth, 1975; Rosenzweig, 1968; Sala et al., 1988; Webb et al., 1983). We
divided pixels into three categories corresponding to bioclimatic regions: dry (<500 mm
of average yearly rainfall), intermediate (500-800 mm) and humid (>800 mm).

We classified each pixel-day according to its DC-value position in the ramp function
consisting on different segments determined by the breakpoints. We define fire-season
length as the number of days per year in which large fires occur in the segments. We
counted the number of pixel-days in each three segment category of the ramp function,
comparing the period 1991-2010 to the period 1951-1970.

3 Results

Fire size showed a clearly non-linear response to fuel humidity determined by several
breakpoints, both when considering all fires and when considering only the largest 5%
of fires from 50 evenly spaced DC intervals (Fig. 2). According to a ramp function shape
(Mudelsee, 2000), three main segments were found. The first segment — named “safe”
— occurs below DC values of approximately 320 — corresponding to low fuel humidity
— where large fires are very unlikely. Within that segment two additional sub-phases
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were detected: below DC values of 200, there is a minor increase in fire size in rela-
tion to fuel dryness, while above this value fire extent shows a slight decrease (note
that Fig. 2 is plotted on a logarithmic scale). The next segment — named “transition”
— ranges between DC values of 320 and 620, and is characterized by an exponen-
tial increase in fire size. The last segment — named “saturation” — corresponds to DC
values above 620, where no further increase in fire size is observed. In the case of
the largest (upper percentile) fires, there is even a significant drop within this segment
above values of 1220. This description of the relationship between fire size and fuel
dryness is supported by the lowest BIC obtained for models with three breakpoints,
when considering all fires, and with four breakpoints, when considering the largest (up-
per percentile, 5 %) fires. In any case, similar response patterns and BIC values were
obtained for all segmented models, in contrast to the much higher BIC values obtained
by applying monotonic exponential fitting (Table 1).

The explained deviance increased greatly when we only considered the upper per-
centile fires instead of all fires (Table 1). Note that many fires remain small even under
very dry conditions. The response curve of fire size to DC was much flatter and more
regular for sites belonging to the driest bioclimatic region than for intermediate and hu-
mid sites (Fig. 4). The largest fires occurred on humid sites with values of DC between
600 and 1100, approximately (Figs. 3 and 4). Very few large fires were observed for
dry sites (yearly rainfall <500 mm) and values of DC below 600.

Fire season length, expressed as the number of days in the transition (DC 320-
620) and saturation (DC > 620) segments in the period 1991-2010, was longest in the
Mediterranean, around the Black Sea and, to a lesser extent, in parts of Poland (Fig. 5).
For the whole of Europe in the same period, 66.1 % of all pixel-days were in the safe
segment, 26.3 % in the transition segment, and 7.5 % in the saturation segment. On
average, the safe segment lasted 241 days at year, the transition lasted 96 days and the
saturation lasted 28 days. Compared to 1951-1971, modelled fire season length has
increased in most of Italy and Greece, the Central Iberian Peninsula, the Baltic states,
United Kingdom and Ireland, while it has decreased in Eastern Europe, Scandinavia,
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the South-East and Northwest Iberian Peninsula and Turkey (Fig. 5). For the whole of
Europe, the average number of days in the safe segment during the period 1991-2010
increased by 22 days, whereas in the transition segment it decreased by 17 days and
in the saturation segment it decreased by 5 days.

4 Discussion

This large-scale study with great spatial and temporal resolution demonstrates that the
monotonically increasing functions commonly used do not completely describe the re-
lationship between fuel dryness and wildfire size at continental scale. Here we provide
a statistical tool that unifies the idea of continuous increase in fire risk with dryness
(e.g. Brown et al., 2004; Carvalho et al., 2008, 2010; Flannigan et al., 2000, 2005;
Stocks et al., 1998; Williams et al., 2001) and the existence of thresholds, i.e. rapid
increase in fire size above a given DC value (Pueyo, 2007; Slocum et al., 2010; Turner
and Romme, 1994). Overall, our analysis confirms the non-linear response of fire ac-
tivity to weather conditions that has been reported at coarser resolutions (Krawchuk
et al., 2009). In fact, our approach is conceptually equivalent to the “ramp” fitting pro-
posed by Mudelsee (2000) and used for predictions of fire time series (Girardin and
Mudelsee, 2008). However, in our approach GAMs and segmented GLMs allow for
non-zero slopes in all segments and additional or fewer change-points, whereas in
a ramp function, the number of breakpoints (two) and the slope in the first and third
segment (zero) have to be preset.

Fire propagation is in fact a binary process, occurring when enough heat is provided
to overcome activation energy; if this is not the case, fire is extinguished. This sug-
gests that there is a narrow range of fuel water content that makes fire propagation
either inevitable or impossible. All grid-based fire landscape models are based on the
assumption of a propagation threshold (e.g. Keane et al., 2006; Li, 2000; Loepfe et al.,
2011; Perera, 2008; Sturtevant et al., 2009). Analogously, Bradstock (2010) introduced
the concept of “switches” than have to be turned on simultaneously to induce fires, with
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sufficiently low fuel humidity being one of them, as has been supported by empirical
results (Krawchuk and Moritz, 2011).

Nevertheless, under real conditions, this propagation threshold is dependent on
many other factors, such as wind speed or slope (Weise et al., 2005). This thresh-
old could not, therefore, be pinned down to a single value, but would correspond to
a relatively narrow interval of steep increase in the probability of propagation with fuel
dryness (Figs. 2, 4). This can be expressed by the mentioned “ramp” function, where
the safe phase and the saturation phase are separated not by a single value but by
a transition segment with a steep increase in fire size.

We considered the safe segment when large fires are virtually absent, corresponding
to DC values below approximately 320 (Figs. 2—4). According to the “switches” concept
(Bradstock, 2010), at this stage the fuel-availability switch would be turned off: even if
other conditions (such as wind and topography) were favourable, fires would not be-
come large. This segment is not homogeneous in our case, however. The initial small
increase in fire size observed when DC are below approximately 200 is consistent
with the cross-scale-theory (Peters et al., 2004; Slocum et al., 2010), which recognizes
“within- and between-patch” thresholds: within-patch drivers allow fires to spread after
ignition but further spread is only possible when between-patch drivers are favourable.
Above this DC value, fuel dryness would trigger the “within-patch” threshold. So, the
large increase in fire size between DC-values of 320-620 could be related to a thresh-
old allowing “between-patch” propagation. In most of Europe, the majority of days fall
within the safe segment (Figs. 3 and 5), showing the overall importance of fuel dry-
ness as a factor limiting fire extent. It is worth noting that a significant proportion of the
largest fires occurred in rainy localities during the few days with a sufficiently high DC
(Fig. 3), showing the importance of the concomitance of fuel amount (estimated from
annual precipitation) and fuel dryness in explaining extensive fires.

The general expectation is that increasing temperatures and more frequent drought
episodes may result in increasing fire occurrence (Brown et al., 2004; Carvalho et al.,
2011; Flannigan et al., 2000; Williams et al., 2001). Nevertheless, climate change might
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reduce burnt area in some regions (Bachelet et al., 2000; Krawchuk et al., 2009; Leni-
han et al., 2003) as a result of a negative correlation between drought occurrence
and biomass accumulation. The detailed resolution of our study allows to distinguish
between the direct effects of fuel dryness on a daily scale and the indirect effects of
biomass load (correlated with yearly rainfall). Thus, our results show that drier weather
conditions beyond a certain point (i.e., the saturation segment, DC > 620) of fuel dry-
ness do not propitiate any further increase in fire size (Fig. 4). This occurs even on
humid sites where biomass amount does not provide any limitation. This has impor-
tant implications when estimating the impact of climate change on fire regime since
the usual linear extrapolations (e.g. Carvalho et al., 2010; Flannigan et al., 2000) can
lead to gross overestimation of the future burnt area, especially if the fittings obtained
with DC values corresponding to the transition segment are projected beyond the sat-
uration threshold. Note, however, that no climate change scenarios have been tested
in this study; therefore the fire size response found with GAMs and segmented GLM
on past data is a qualitative indicator, not a predictor of future fire regimes. Neverthe-
less, our finding agrees with global simulations of future fire regime that point to an
increase of the probability of future fires in Central Europe, while in Southern Europe
the increasing fire-climatic risk would be counterbalanced by lower moisture probability
of fire occurrence (Krawchuk et al., 2009; Kloster et al., 2012).

As the “fuel-humidity” switch is turned on with high DC values — in our case about
620 — other factors, such as biomass amount, fire weather and ignition (Bradstock,
2010; Keeley et al., 1999), fire suppression and fuel continuity (Bajocco and Ricotta,
2008; Lloret et al., 2002; Loepfe et al., 2010) would control the extent of fires. This
also explains the significant increase in deviance when considering only the fires of the
upper size percentile and when analyzing all fires (see Table 1). In other words, under
the conditions of this segment, fuel dryness is a necessary condition for large fires but
is not in itself conclusive.

The role of factors other than fuel dryness in controlling fire extent is also revealed
by the overall drop in fire size with DC values above approximately 1220 (Fig. 2). This
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decrease suggests that on drier sites suffering from such extreme DC values, fire extent
would be limited by biomass amount. In fact, most large fires occur on sites that do not
present extreme low DC values, that is, they likely sustain large amounts of biomass,
and they are rarely found on sites with less than 500 mm of annual rainfall, i.e. they have
the “fuel-amount-switch” turned off (Figs. 3 and 4). Nevertheless, a drop in fire size at
high DC values is observed in all three rainfall categories. The most likely explanation
for this is of a statistical nature. Overall, there are fewer days with high DC (Fig. 3) and
consequently there are fewer fires (Fig. 4). As fire size frequency distribution follows
a (truncated) power law (Fig. A1), the chance of at least one big fire is lower.

The near-zero slopes in the “safe” and “saturation” phases suggest that climate
change will have little impact on burnt area in many areas. In fact, we observe for the
whole European territory that the number of days in the safe segment has increased
in the last decades, mainly due to higher rainfall in Eastern Europe. Nevertheless, in
some regions that have suffered little fire impact up to now, climate change may be
leading fuel dryness to the first threshold, possibly resulting on sudden large fires if dry
conditions combine with a large amount of biomass (Pueyo, 2007). This would mainly
affect areas adjacent to regions with high fire regime, as observed in some parts of the
Western United States (Westerling et al., 2006), Amazonian rainforest (Pueyo et al.,
2010), NE Spain (Loepfe et al., 2012) and Northern Greece (Dimitrakopoulos et al.,
2011). This situation coincides with the significant increase in the length of fire season
in the regions covered by our data (Fig. 5).

The longstanding debate whether and where fuel dryness (as opposed to fuel
amount) is limiting fire extent has important management implications. Whereas fire
suppression would effectively reduce the total burnt area (Moritz et al., 2004; Mouillot
and Field, 2005) in moist ecosystems where fuel dryness limits wildfires, fire suppres-
sion may prove inefficient or even counter-productive in drier ecosystems where fuel
amount limits wildfires, as the resulting fuel accumulation leads to bigger fires in the
future (Minnich, 1983; Pinol et al., 2005, 2007). So, an increased effort to suppress
fire, which could compensate for a higher human-induced ignition frequency (Keeley
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et al., 1999), would make sense, especially in high biomass areas that suffer from few
days of elevated fuel dryness. Under such conditions, fires that escape initial control
can grow extensively without essentially reducing the risk of future fires since biomass
is expected to accumulate rapidly after fire. Also, a fuel reduction that would slightly
increase the thresholds for effective fire fighting (Fernandes and Botelho, 2003) could
result in a significant reduction in burnt area.
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Fig. 1. Relationship between cluster size of agreated hotspots found with a propagation algo-

rithm and ground-observed burned area of Portuguese fires between 2001-2010. Note that the
explained variance increases when considering only larger clusters.
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Fig. 2. Fire size response to fuel dryness. Extreme fires, i.e. the largest 5 % within each of 50
bins over the DC (drought code) range, are plotted in black, with the remaining fires in gray.
Fittings of a General Additive Model (GAM, gray) and the best (in terms of BIC, see Table 1)
segmented model (black) are represented by continuous lines for extreme fires, and by dashed
lines for all fires.
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Fig. 3. Relative occurrence of combinations of mean yearly rainfall (1951-2010, estimator of
fuel load) and daily DC values. Black circles correspond to fire clusters greater than 10 hotspots,
the plotted area being proportional to cluster size. Colour scale indicates the natural logarithm
of relative frequency of occurrence.
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Fig. 4. Fitting of general Additive Models of fire size response of all fires to fuel dryness for three
rainfall categories, corresponding to regions with different average fuel loading. Yearly rainfall
corresponds to the average of 1951-2010 rainfall. Rugs at the bottom show fire occurrence.
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Fig. 5. Average number of days per year that were in the “safe”, “transition”, or “saturation”
segments during the period 1991-2010 and differences compared to the period 1951-1970.
The “safe” segment contains DC values below 320, with fire size precluded by high fuel humid-
ity. The “transition” segment includes DC values between 320 and 620, with fire size increasing
exponentially with fuel dryness. The “saturation” segment contains DC values above 620 and
factors other than fuel dryness-control fire size. Shaded areas correspond to annual rainfall of
less than 500 mm.
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Fig. A1l. Fire size
breaks.

fire cluster size (numbhber of hotspots)

distribution of European fires 2001—2010, using logarithmic bins and 100
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