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Abstract. Most fire protection agencies throughout the world system components as the most important explanatory vari-
have developed forest fire risk forecast systems, usuallyables, highlighting the adequacy of the FWI system for fire
building upon existing fire danger indices and meteorolog-occurrence prediction in the study area. The results were im-
ical forecast data. In this context, the daily predictability proved when using aggregated data across regions compared
of wildfires is of utmost importance in order to allow the to when data were sampled at the grid-box level. The in-
fire protection agencies to issue timely fire hazard alerts. Inclusion of socioeconomic and LULC covariates contributed
this study, we address the predictability of daily fire occur- marginally to the improvement of the models, and in most
rence using the components of the Canadian Fire Weatherases attained no relevant contribution to total explained vari-
Index (FWI) System and related variables calculated fromance — excepting northern Spain, where anthropogenic fac-
the latest ECMWF (European Centre for Medium Rangetors are known to be the major driver of fires. Models of
Weather Forecasts) reanalysis, ERA-Interim. We developmonthly fire counts performed better in the case of fires
daily fire occurrence models in peninsular Spain for the pe-arger than 0.1 ha, and for the rest of the thresholds (1, 10
riod 1990-2008 and, considering different minimum burnedand 100 ha) the daily occurrence models improved the pre-
area thresholds for fire definition, assess their ability to repro-dicted inter-annual variability, indicating the added value of
duce the inter-annual fire frequency variability. We based thedaily models.
analysis on a phytoclimatic classification aiming the strati- Fire frequency predictions may provide a preferable ba-
fication of the territory into homogeneous units in terms of sis for past fire history reconstruction, long-term monitoring
climatic and fuel type characteristics, allowing to test modeland the assessment of future climate impacts on fire regimes
performance under different climate/fuel conditions. We thenacross regions, posing several advantages over burned area
extend the analysis in order to assess the predictability ofs a response variable. Our results leave the door open to the
monthly burned areas. The sensitivity of the models to thedevelopment a more complex modelling framework based on
level of spatial aggregation of the data is also evaluateddaily data from numerical climate model outputs based on
Additionally, we investigate the gain in model performance the FWI system.
with the inclusion of socioeconomic and land use/land cover
(LULC) covariates in model formulation.

Fire occurrence models have attained good performance
in most of the phytoclimatic zones considered, being able tol  Introduction
faithfully reproduce the inter-annual variability of fire fre-
guency. Total area burned has exhibited some dependence éie is a global phenomenon that has a decisive influence
the meteorological drivers, although model performance wa®n the ecosystems throughout the woilib(d et al, 2005

poor in most cases. We identified temperature and some Fwp€erling and Osborn@008 and as such, it must be regarded
as an integral earth system proceBswman et al.2009. At
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the same time, wildfires are also the cause of important damweather observation8¢édia et al. 2012. We also analyse
ages and economic losses in many fire-prone regions of théhe contribution of socioeconomic and land use/land cover
world, arising public concerns and requiring important eco-variables in order to assess model performance and assist in
nomic efforts towards fire prevention, protection, suppres-the interpretation of model results.
sion and restoratiorHardy, 2005 Barbati et al.2010. In addition, we also analyse the suitability of monthly
It is widely accepted that fire activity is strongly influ- burned area models, potentially useful for the reconstruction
enced by climate, although human activities and land use®f past fire history from climate records and often used for
are also important factors in determining fire regiméesu- the assessment of future fire danger impacts @ngatulli
lon et al, 2008 de Torres Curth et gl.2012, particu- et al, 2013 Balshi et al, 2009 Flannigan et a).2005 Car-
larly in the Mediterranean areas (Catry et al., 2010). More-valho et al, 2010.
over, this relationship is not constant across landscapes, and Furthermore, we analyse whether the phytoclimatic re-
tends to weaken in resource-limited ecosystems, in whichgions can be used as convenient generalization units for
fuel availability becomes the major constraint to fire activ- the development of accurate models of fire occurrence and
ity (Krawchuk and Moritz201Q Pausas and Payl2012). burned area, by means of a spatial aggregation experiment.
Even though predicting daily fire occurrence is more We determine the predictive ability of the models by apply-
challenging than considering other time aggregations (e.ging cross-validation procedures, and calculate the contribu-
weekly, monthly) that tend to reduce data variability improv- tion of the different explanatory variables to the total ex-
ing model fits, from an operational point of view the daily plained variance in order to ascertain which are the most
predictability of wildfires is crucial in order to issue timely important climatic controls of fires across phytoclimatic re-
forecasts to the fire protection agencies. For instance, thgions.
European Forest Fire Information System (EFFIS) produces
and publishes on the web daily maps of fire danger in Eu-
rope based on the FWI systeiGdmia et al. 200§ Camia 2 Data and methods
and Amatulli 2009 as the method to assess the fire dan- :
X X - 2.1 Fire data
ger level in a harmonized way throughout Europe. These fire

danger forecasts are fed with meteorological forecasted datfye extracted fire data from the National Wildfire Database
of similar characteristics to reanalysis outputs, although theys e Spanish Environmental Agendyiérida et al, 2007,

evaluation of the FWI system for the prediction of actual fire g15req at a 10 km resolution grid-cell size. We selected all
occurrence using numerical model outputs at an operationa;eg since 1990, the year when a rigorous fire reporting pro-
timescale remains unexplored in many fire-prone regions ofqqo| with a normalized form started to be applied at a na-
the Mediterranean (see, e\gegas et al.1999 based onme-  {jon5) jevel, thus ensuring the maximum homogeneity of the

teorological records). o - fire database across Spain.
On the other hand, model validation is sensitive to the spa-

tial extent on which the modelling is undertaken. The possi-2.2  Phytoclimatic regions
bilities range from different levels of administrative bound-
aries like countries (e.gAmatulli et al, 2013 and the EU-  The phytoclimatic regions used in this study were delimited
ROSTAT Nomenclature of Territorial Units for Statistics according to the classification performed Bjiué (1990
(NUTS3) (e.g.Carvalho et al.2010 to other features such in Spain (Tablel), built upon meteorological data from the
as ecozones (e.gittell et al., 2009, potential vegetation ar- Spanish Meteorological Agency and the potential vegetation
eas Yazquez et a).2002), hydrological basinsRausas and series elaborated givas Martinez1987. These phytocli-
Paula 2012, etc., and largely depend on the aims and scopematic regions encompass a long gradient of bioclimatic con-
of each particular study. In this context, phytoclimatology is ditions, ranging from the Atlantic area of influence, charac-
a scientific discipline focused on the establishment of linksterized by high precipitations and mild temperatures through-
between natural vegetation and climatic types. As a resultput the year, where potential vegetation is represented by
the phytoclimatic classification provides a potentially use-broad-leaved deciduous forests, to the most arid areas of the
ful spatial framework for the characterization and analysissouth-east and the Ebro depression, where the natural veg-
of wildfires, identifying regions with homogeneous charac- etation potential corresponds to sparse formations of spiny
teristics in terms of fuel types and climatic conditions. shrubs. The resulting classification consists of 19 different
In this study, we investigate the adequacy of the FWI sys-subtypes of vegetation, each of them linked to characteristic
tem for the prediction of fire occurrence at a daily timescaleclimatic conditions, which are grouped in four general phy-
and monthly burned area, as well as the practical applicatoclimatic types, then subdivided into more specific types.
bility of numerical model output — ERA Interim (European Due to the small area encompassed by some of the phyto-
reanalysis) — to this aim, following a previous study show- climatic zones, we made an aggregation of some of them
ing that this reanalysis product is adequate for the characwith the neighbouring units, based on the spatial proxim-
terization of fire danger conditions in Iberia as compared toity and ecological affinity in terms of vegetation types. As
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text of this study, reanalysis data are an adequate surrogate
for weather forecast models as they yield similar variables
at a sub-daily time resolution, with the additional advantage
of providing homogeneous long time series for the develop-
ment and validation of daily models for an extended period
for which fire records are available (1990-2008).

2.4 Socioeconomic and LULC data

Socioeconomic and LULC data were retrieved from the
“EUMED FireDrivers” databaseMlar et al, 2014, devel-
oped within the EU-funded FP7 Project FUME (Forest fire

Phytoclimatic under climate, social and economic changes). It contains
f°”“13714715 socioeconomic data from EUROSTARt{p://epp.eurostat.
loartz ec.europa.eu/portal/page/portal/eurostat/hpraatd LULC
78 drivers from the CORINE (coordination of information on
i E the environment) Land Cover programnigtp://www.eea.
23 europa.eu/publications/CORO-landcavexs well as fire oc-
i currence derived products and LULC changes data, all re-
A ferred to a 10km grid layer. The database covers the fol-
I o lowing countries of the EU-Mediterranean region: Portugal,

Spain, (southern) France, Italy and Greece. The selection of
Fig. 1. Location of the study area. Colour divisions correspond to the variables has.bee-n performed 9” the.ba3|s of their rgle-
the different phytoclimatic areas used for the analysis after aggrevance for forest fire risk. An analysis of fire occurrence in

gation (see details in Sect. 2.2 and Table 1). The grid of analysis i$066 municipalities in Spain of the Spanish peninsular ter-
also indicated. ritory and Balearic Islands revealed the strong links of agri-

cultural landscape fragmentation, agricultural abandonment
and development processes as the main anthropogenic fac-
a result, phytoclimatic types 2-3, 7-8 and 10-11-12 weredors (Martinez et al.2009. Details on the variables consid-
merged together for the analyses. In addition, due to the vergred in this study are provided in Taldle
low fire numbers in the oro-boreal phytoclimatic region, the
corresponding types were merged together with class 132.5 The Canadian Forest Fire Weather Index System
14-15 (Fig.1). Similarly, type 1 was restricted to a very
small coastal Mediterranean area, falling out from the 25 km-The Canadian Forest Fire Weather Index (FWI) System con-
resolution land mask applied, and therefore it was discardedists of six components rating the effects of fuel moisture

from the analysis. content and wind on a daily basis, based on various factors
related to potential fire behaviourgn Wagner1987, Stocks
2.3 Climate data et al, 1989. The first three components, referred to as the

Fine Fuel Moisture Code (FFMC), the Duff Moisture Code
We obtained climate data from the ERA-Interim reanaly- (DMC) and the Drought Code (DC), rate the average mois-
sis, produced by the European Centre for Medium-Rangedure content of different soil layers, respectively fine surface
Weather Forecasts in collaboration with many institu- litter, decomposing litter, and organic layers. Wind effects are
tions Dee et al.2011). then added to FFMC to form the Initial Spread Index (ISl),
Reanalysis products are generated from the assimilatiomvhich is an indicator of the rate of fire spread. The remain-
of observational data from various sources (satellite, shipsing two fuel moisture codes (DMC and DC) are combined
buoys, radiosonde, surface meteorological records) througko produce the Buildup Index (BUI), which rates the total
numerical simulation models in order to reproduce the stateamount of fuel available for combustion. BUI is finally com-
of the atmosphere with variable vertical and horizontal spa-bined with 1SI to produce the Fire Weather Index (FWI), a di-
tial resolution and spanning an extended historical period thatnensionless index rating the potential fire line intensity given
covers several decades or more. The performance of differthe meteorological conditions at noon local standard time in
ent reanalysis products for FWI representation in the Iberiara reference fuel type (mature pine stands). The FWI system
Peninsula and further details on their use for fire danger estiuses as input four meteorological variables: daily accumu-
mation are described Bedia et al(2012. The main advan- lated precipitation, instantaneous wind speed, instantaneous
tages of reanalysis data are the wide geographical coverageumidity and instantaneous temperature. Further details on
and the homogeneity of the time series provided. In the conthe procedure for FWI system calculation from reanalysis

www.nat-hazards-earth-syst-sci.net/14/53/2014/ Nat. Hazards Earth Syst. Sci., 14, 682014


http://epp.eurostat.ec.europa.eu/portal/page/portal/eurostat/home/
http://epp.eurostat.ec.europa.eu/portal/page/portal/eurostat/home/
http://www.eea.europa.eu/publications/COR0-landcover
http://www.eea.europa.eu/publications/COR0-landcover

56 J. Bedia et al.: Assessing the predictability of fire occurrence and area burned in Spain

Table 1. Summary of the phytoclimatic regions considered for spatial aggregation in this study. The spatial distribution of the phytoclimatic

types is displayed in Fidl. The area occupied by each phytoclimatic type is also indicated.

General phytoclim. types Potential vegetation Veg. subtypes Phytoclim. types Area (kha)
Arid Ziziphus lotusPeriploca laevigata (V) 1 25.5
V() 2 1348.6
IV(VII) 3
Pistacia lentiscusOlea V1 3 31915
. europaeavar. sylvestris V2 4 3591
Mediterranean Quercus cocciferaQ. ilex V3 5 4121.6
rotundifolia, Q. ilex ilex V4 6 8776.2
IvV(VI)1 7 4691.7
IV(VI)2 8 865.4
VI(IV)1 9 10621.3
VI(IV)2 10 2955.7
Quercus fagineaQ. pyrenaica VI(IV)3 11 196.7
Nemoral Q. ilex ilex Q. humilis Q. VI(IV)4 12 550.1
robur, Fagus sylvatica VI(VII) 13 1974.2
VI(V) 14 3868.2
VI 15 1179.7
Pinus sylvestrisP. uncinata VII(VI) 16 1481.9
Oro-boreal Q. huml_lls Fagus sylvatlca X(VII) 17 326.7
sub-alpine and alpine X(IX)1 18 1175
grasslands X(1X)2 18 '

outputs are described Bedia et al(2012. A schematic di- ations from the true water deficits derived from evapotran-
agram is also presented in the Supplement. spiration. As a result, the recently developed SRAd€nte-
Serrano et al.2010 was also introduced. In practice, both
indices were highly correlated and therefore only SPEI was

2.6 Droughtindices .
used for burned area model building (TaB)e

Drought is an important factor related to wildfire occurrence )
and magnitude (see, e.Bereira et a).2005 Littell et al, 2.7 Dataanalysis
2009 Meyn et al, 2010. Unlike the previous daily fire dan-
ger indices, droughts are climatic phenomena difficult toClimate and fire data were interpolated to a regular grid of
quantify in terms of intensity, magnitude, duration and spatial25 km resolution, representing a compromise between the
extent, partly because there is no a straightforward manner t@0 km resolution of the fire and socioeconomic/LULC in-
identify their onset, duration and endi¢ente-Serrano etal.  formation and the~ 70km horizontal resolution of ERA-
2010. A number of specific indices have been developed ininterim data. For each pixel, we computed daily time se-
order to quantify and properly describe drought episodes, andies of climate predictors (except SPEI and SPI, which are
in this study we have included two of them: The standard-monthly, Table2), fire occurrence and burned area. For the
ized precipitation index (SPI) and the standardized precipi-burned area models, the total monthly burned areas were
tation evapotranspiration index (SPEI). Unlike other popularcalculated for each pixel and the climatic predictors were
drought indices, both SPI and SPEI account for the widelymonthly averaged.
accepted multi-scalar nature of droughts (see, ElgKee We tested two different algorithms for model develop-
et al, 1993. Both indices are calculated on a monthly ba- ment: generalized linear models (GLMJcCullagh and
sis, and therefore they have been only tested as predictors iNelder, 1989 and multivariate adaptive regression splines
the burned area models. (MARS, Friedman1991J). On the one hand, GLMs constitute
SPI is an index based on the probability of recording a parametric method widely used, thus constituting an ade-
a given amount of precipitation at a specific point and quate benchmarking method. On the other hand, MARS is a
can represent precipitation dynamics over user-selected timaon-parametric method for regression. Unlike GLMs, MARS
frames McKee et al, 1993. However, SPI does not take into is able to model non-linearities in the data by approximating
account temperature, and thus may present important devihe underlying function through a set of adaptive piecewise
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Fig. 2. Mean monthly area burned (vertical bars, maiaxis) and mean number of fires (lines and dots, secondarys) recorded for the
period 1990-2008 in Spain, at the different phytoclimatic regions.

Table 2. Summary of predictors tested in this study for fire model building. After checking for redundancy, a final subset of weakly-correlated
variables was used for model building, marked with an asterisk (Note that SPEI is a monthly indicator, and therefore it was only used as a
predictor for the burned area models). In the case of the socioeconomic and LULC variables, data correspond to three periods: 1990-1999
2000-2005 and 2006—-2012. Note that the relative areas occupied by communication networks have been rejected because of the coars
spatial resolution of the original data (NUTS2 level). ETO = potential evapotranspiration.

Variable Code Input vars. T. aggreg Reference
*Temperature (12UTC) T12 - instantaneous
Climatic Rel. humidity (12UTC) H12 Specific H12,T12 instantaneous
variables *Precipitation P - 24 h accum. Dee etal(201])
*Wind velocity (12UTC) W12 - instantaneous
*Fine fuel moisture code FFMC T12,H12,P,W12
Duff moisture code DMC T12,H12,P
FWI system *Drought code DC T12,P
components Initial spread index ISI FFMC,W12 daily van Wagne(1987)
Buildup index BUI DMC,DC
*Fire weather index FWI ISI,BUI
Daily severity rating DSR FWI
Drought Std. precip. index SPI P monthl McKee et al (1993
indices *Std. precip. evap. index SPEI P, ETO y Vicente-Serrano et a{2010
*Population density POP -
*Relative area of cultivated/forest interface FAI -
Socioeconomic  *Relative area of forest/urban interface FUI -
and LULC *Relative area of pasture/forest interface FGI -
variables Relative area occupied by railway network RAIL - 1990-2000-2006 Vilar etal. (2014
Relative area occupied by road network ROAD -
Relative area occupied by forest ways network ~ WAYS -
*Relative area occupied by forested areas FOREST -
www.nat-hazards-earth-syst-sci.net/14/53/2014/ Nat. Hazards Earth Syst. Sci., 14, 682014
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linear regressions known as basis functions of the form: 2009. For the grid-box model training, fire absences were
sampled only from those days in which no fires occurred
in any of the grid-boxes of the phytoclimatic zone and this
process was repeated 100 times in order to get a confidence
interval of the sampling error. We then tested the resulting
where the slope of each piecewise can change in a set ghodels using a random sample containing all possible cases.
points called knots. The popularity of this technique is dueWe undertook a one-year out cross-validation procedure,
to the efficient optimization procedure used for the iterativeusing 18 yr for training and the remaining one for testing,
search for basis functions and knots. repeating this process 19 times, exactly one per year. In
A comparative study of both MARS and GLM in the con- the case of socioeconomic/LULC variables, we performed
text of binary response predictions is doneBadia et al. a 3-fold cross-validation, each fold corresponding to the
(2011, 2013. In both types of models, the presence of re- periods at which these statistics are given (Tal)en order
dundant (highly correlated) predictors may introduce incon-to avoid model overfits due to the repeated values.
sistencies in variable importance estimates (see S2atd
and2.7.2. Thus, we first computed the pairwise-correlation From the resulting probabilistic predictions we computed
matrix with all candidate explanatory variables averaged athe area under the receiver-operating characteristic curve
the country level, and eliminated one of each pair attaining(ROC score area, RSA hereafter), which provides a quan-
correlation coefficients (Spearmam} greater than 0.7. We titative measure of model performancawets 1988. The
decided to preserve variable pairs below this threshold in orpossible range of RSA is (0,1). A null performance is indi-
der to avoid the loss of useful information. The resulting sub-cated by RSA = 0.5, when the ROC lies along the positive
set of explanatory variables is indicated by the asterisks irdiagonal, whereas RSA = 1.0 corresponds to a perfect per-

K
y=ao+ Y akbk(x), 1)
k=1

Table2. formance. A RSA value below 0.5 corresponds to a ROC
curve below the diagonal, indicating the same level of dis-
2.7.1 Fire occurrence models crimination capacity as if it were reflected about the diago-

. ) . nal, but wrongly calibratedJplliffe and Stephensgr2003.
We used generalized linear models (GLM) for fire occur- | order to compute the predicted fire frequencies, the prob-
rence model development, considering the logit link func- gpijistic model predictions were converted into a binary pre-
tion for the binary response variable (fire/no fire), at a daily gjction using two different approaches for decision threshold

resolution. We selected GLMs after finding that model per-getermination. Further details on the modelling approach are
formance was similar than with the use of the more sophisti-,ryided in the Supplement.

cated MARS approach.
In order to analyse the effect of spatial aggregation of data

in the models, we tested two different approaches: — A global fixed probability threshold was determined

_ Grid-box models: a full matrix of occurrence/absence by calculating the likelihood ratio of fire occurrence as
of fires was constructed for each phytoclimatic zone, given by the observations, and then applied to the full
considering all the grid-boxes encompassed within the vector of predictions. This approach will be termed as
zone and the full daily time series. This will be referred global threshold hereafter.

to as the grid-box approach hereafter.

— Areal models: occurrence/absence data were aggre-
gated at the phytoclimatic zone level, considering as
occurrences all days in which at least one fire at one
grid box took place, and absences those days in which
no fire took place at any of the grid boxes. This will be
referred to as the areal approach hereafter.

— A monthly-varying threshold, corresponding to the
likelihood ratio of fire occurrence as given by the ob-
servation, conditioned to the month. As a result, 12
different decision thresholds were obtained for each
month of the year, which were applied to the predic-
tions of the corresponding months to obtain the binary

In order to test the sensitivity of the models to fire size, we prediction. This threshold is referred to as monthly
set different burned area thresholds for occurrence definition: threshold in the following.
0.1, 1, 10 and 100 ha. As a result, only fires above the corre-
sponding area thresholds were computed as occurrences.

Fire occurrence models were trained using all occurrence In order to estimate variable importance in the context of
samples and fire absences randomly chosen in an equ&LMs, we applied the method of hierarchical partitioning,
number to the fire occurrences, thus using balanced dathy which the independent effect of each variable is calcu-
sets for model training to avoid an artificial inflation of lated by comparing the fit of all models containing a par-
model skill (see, e.gManel et al, 200, McPherson et al. ticular variable to the fit of all nested models lacking that
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variable Chevan and Sutherland991). For instance, for mum is reached when the variable is not used at all, or pro-
variableX1, its importancd would be calculated as follows: duces positive changes in GCV).
All the analyses were conducted in tRelanguage and

k—1 environment for statistical computin@® (Core Team2013.
k-1 Z(Vyz,xlxh - ryz,xh)/< ; ) The hierarchical partitioning was undertaken using the R

I = Z . (2 package hier.partWalsh and Mac Nally 2013. For the
i=0 MARS models, we used the implementation of the algorithm

where Xy, is any subset of predictors from whichx; is included in the R earth packag®li{borrow, 20133. The

excluded. As a result, the variance shared by two or mordiroughtindices SPIand SPEI were computed using the SPEI

correlated predictors can be partitioned into the variance atR Packagegegueria and Vicente-Serrgrz13.

tributable to each predictor. This method provides a robust

assessment of variable importance and has been shown to

outperform other methods used for variable importance es3 Results and discussion

timation in the context of regression analysiufray and ] ] ) ) ] ]

Conner 2009. 3.1 Fire regimes of the different phytoclimatic regions
Finally, we also fitted multiple linear regression models to _ i ) )

the monthly fire counts in order to test whether the daily oc- & found two contrasting fire regimes in terms of area

currence models do provide or not an added value to the pret-’ﬁmed and gu?berbgf fn(‘jesi acrossl phytochmat:jc ZO”‘;S: one
dictability of the inter-annual fire frequency variability with ¢ a.ra.c.terlze y a bimodal annua patte_rn, an fanot erone
respect to the monthly ones exhibiting an unimodal annual cycle, with the fire season

concentrated in the summer months (Y. The first case
2.7.2 Burned area models corresponds to the phytoclimatic types under the Atlantic in-
fluence (10-11-12 and 13-14-15), with two marked peaks

For the burned area models, we aggregated both fire and clisf fire activity in March and August. These regions are char-
mate data in a monthly basis (1990-20088= 228 months).  acterized by temperate and wet conditions during most of
We used MARS as the modelling algorithm because it per-the year, and also by relatively low fire danger conditions.
forms well in the presence of outlying observations, as is theln spite of the less suitable conditions for fire activity of
case with large, infrequent fires. For this reason, it has beethese regions, there is a high number of fire records and
used in previous studies for modelling burned area (see, e.@lso large burned areas. In this regard, previous studies have
Balshi et al, 2009 Amatulli et al, 2013. highlighted the strong influence that humans exert on fire

In order to obtain robust estimates of model performanceyregimes, and how fire incidence can be greatly enhanced for
we carried out a leave-one-out cross-validation procedurehis reason even when climate conditions are not the most
(LOOCV) to compute the erroMichaelsen1987. LOOCV favourable Yazquez et a).2002. On the other hand, in the
is a resampling technique in whioh—1 instances out of remaining phytoclimatic zones, which belong to the Mediter-
the total ofn are used as the training data set and the re+anean climate, fire activity is concentrated in the summer
maining one is used for testing. The procedure is repeatednonths and exhibits a marked unimodal annual cycle, coin-
n times, one per observed instance, producing a more preecident with the most favourable climatological conditions for
cise estimation of the classification accuracy. The methodire.
assumes that each sample is independent, so prior to its ap- Thus, the bimodalities in fire occurrence can be attributed
plication we constructed autocorrelation plots of the monthlyessentially to anthropogenic factors, as depicted in 8ig.
burned areas. We found a slight autocorrelation (maximum ofvhere the largest contributions to total explained variance
0.26) at some phytoclimatic types that were significant at theare in most cases done by climatic variables, and only in the
« = 0.05 level. However, time series with autocorrelation of bimodal ones (and especially in zone 13-14-15), the contri-
0.25 or less will have an effective sample size at least of 90 %bution of some socioeconomic/LULC variables is more im-
of the original sample sizeMichaelsen 1987, and thus it  portant. This is more accentuated in the case of the grid-box
can be considered that this does not produce any measurabdgproach, which operates at a lower spatial scale, whereas
effect on the LOOCYV estimates. in the case of the areal models their contribution is always

For variable importance estimation in the context of overrun by climatic variables, highlighting the finer spatial
MARS, we looked at the reductions in the generalized crossscale at which these variables become relevant. The strong
validation estimate of error (GCV) in the selection routine anthropogenic influence of fire regimes in this area of Spain
performed by the MARS algorithnMilborrow, 20138. The (and especially in the north-western corner) is a phenomenon
GCV is reduced each time a new variable is entered into thevell described by previous authors (see, &grtinez et al.
model. The accumulated reductions in GCV can be used ag009. For the rest of zones, variable importance assessment
an estimate of variable importance, a value that is scaled toevealed that FWI and temperature are the chief climatic con-
have a maximum of 100 and a minimum of zero (this mini- trols of fire occurrence, followed by other drought-related
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components of the FWI system (DC, FFMC). For the sake ofplement). Thus, the use of the grid-box approach provides
conciseness, the results for the occurrence models are illusn adequate basis for model assessment, as the good perfor-
trated for the 10 ha burned area threshold models, althougmance of the models at the grid-box scale translates into a
very similar results were obtained for the remaining burnedgood reproducibility inter-annual of fire frequencies across
area thresholds. Due to the marginal contribution of socioe-most phytoclimatic zones within the areal context (Tat)le
conomic/LULC variables to model performance, in the fol- The results of the areal models will be presented in the fol-
lowing the results presented correspond to the climate-onlyowing (Fig. 4).

models. In spite of the higher RSA attained by the models for the
100 ha area threshold, their ability to reproduce the inter-
3.2 Fire occurrence models annual fire frequencies was poor, contrasting with the good

reproducibility of fire frequencies for lower area thresholds.

Most phytoclimatic zones attained moderate to good modeln this sense, there are two different issues jointly affecting
performance, and only zones 2—3, 10-11-12 and 13-14—1fhe reproducibility of inter-annual fire frequencies: on the
yielded RSA values below 0.70 in the case of the grid-boxone hand, this is affected by model performance (RSA). Ob-
models, whereas the areal models yielded higher RSA valviously, those models with low RSA have less ability to ade-
ues in most cases for the larger area thresholds (T3lble quately reproduce the inter-annual fire frequencies. This can
The inclusion of socioeconomic/LULC variables in the mod- be seen in the examples of zones attaining low RSA values
els did not contribute at all to model performance in the (e.g. 13-14-15), especially with the area threshold of 0.1 ha
case of areal models, and only marginally in the case of th€Table3). However, it is also important to take into account
grid-box models, even in the case of phytoclimatic zone 13-the inter-annual variability of fire occurrence, which in turn is
14-15, in which these variables attained higher importanceelated with the prevalence of the phenomenon. For instance,
than the climatic ones. In consequence, for brevity the corremost models attain relatively high RSA values for the 100 ha
sponding RSA values using socioeconomic/LULC variablesarea threshold, but the inter-annual variability of these large
are not shown. In general, all models attained higher skillsfires is lower because there are few fires larger than 100 ha
with increasing burned area thresholds, showing that the fireevery year (even zero some years at some regions; seé¢ Fig.
weather predictors used are more sensitive to the detection @nd also the Supplement for fire count data). As a result, the
larger fires than to smaller ones, being the latter not so closelgstimated inter-annual frequencies are more drastically af-
dependent on favourable climate conditions for their occur-fected by false negatives/positives in the case of large fires
rence. For the climate-only models, the RSA scores attainethan in the case of small ones, even though in both cases
were similar when considering the 3-fold and the leave-one-RSA values are good. In Fid.it can be seen how the best
year-out procedures. inter-annual correlations correspond to those zones where the

The sampling error related to the random selection of daysnter-annual variability is higher. This variability tends to re-
without fires was very low, and increased slightly for higher duce as the fire area threshold increases, leading to worse
area thresholds, although they were always in the range ofesults.
hundredths of RSA (not shown). Besides, in general the monthly fire count models captured

In order to obtain the deterministic binary predictions of better the inter-annual variability of fire frequency when con-
occurrence/absence of fires from the probabilistic output ofsidering the 0.1 ha burned area threshold (with the notable
the models, we applied both the global and monthly probabil-exception of the phytoclimatic zone 13-14-15, Tad)leal-
ity thresholds as cutoff value. We did not find a clear advan-though daily models improved this correlation for higher area
tage of using the monthly probability threshold as comparedthresholds, suggesting that the loss of information when con-
to the global one in terms of correlations between observedidering monthly aggregated statistics may be harmful for an
and predicted series, and therefore in the following the result®ptimal reproducibility of this events due to their dependence
from the global threshold are presented (see the Supplemeiain very particular weather conditions that require a finer tem-
for extended information). poral scale to be represented.

We found that the good model skills are not directly linked
to a good reproducibility of observed inter-annual fire fre- 3.2.1 Burned area models
guencies when working at the grid-box scale. In this regard,
all models tended to a large overestimation of fire occurrencel' he predictability of burned area was variable across zones,
at this spatial scale because all events of high danger poteralthough in general model performance was poor and in most
tial are given a high probability of occurrence, in close rela- zones we obtained non-significant inter-annual burned area
tionship with the annual cycle of fire weather danger. How- cross-correlations between observed and predicted time se-
ever, this effect is overridden when considering a larger spafies. The explanatory variables provided an added explained
tial aggregation unit because the probability of having at leaswariation when compared against a simple model incorpo-
one fire in a larger region when the conditions are favourablerating only the annual cycle (not shown), and therefore the
is much higher (this is illustrated in more detail in the Sup- skill of the models cannot be solely attributed to the seasonal
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Fig. 3. Variable importance (% of total explained variance) in the fire occurrence models (10 ha area threshold) for each phytoclimatic zone
and considering both the grid-box and areal models and the inclusion of socioeconomic/LULC as co-variables (pink colour). The results
presented correspond to the 3-fold-cross validation, each fold corresponding to a different period of the socioeconomic LULC statistics
(Table2, Sect. 2.7.1).

cycle of the fire danger predictors. Nevertheless, the inclutecedent conditions (see, eBausas2004 Turco et al,
sion of the socioeconomic/LULC variables provided none or2013 Koutsias et al.2013, particularly lagged precipitation,
little improvement to model performance (F), and there-  which determines biomass production and accumulation dur-
fore model performance, when any, can be attributed solelyng the growing season, and hence fuel availability during
to the climate variables. the summer. Models presented in this study do not incorpo-
Only in phytoclimatic zones 6 and 10-11-12 a fair repro- rate lagged variables, and only some of them (DC, SPEI) are
ducibility of inter-annual burned area series was attained. Irmore dependent on antecedent conditions. The lack of these
both cases, temperature, FWI, DC and FFMC were impor-variables may partly explain the poor predictive performance
tant explanatory variables (Fi§). In addition, the drought of the burned area models. In this rega@hrvalho et al.
indicator SPEI was also a relevant predictor in the case 0{201]) indicate that DC estimated in summer still reflects
phytoclimatic zone 10-11-12. Several studies in the Mediterspringtime atmospheric conditions, justified by the slow re-
ranean have highlighted the link of burned area with an-acting character of this indicator that models variations on
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Table 3. ROC skill area (RSA) attained by the fire occurrence models for each phytoclimatic zone. Results are presented for the different
burned area thresholds used for fire occurrence definition, and considering the leave-one-out cross-validation approacl2 (BdddBect.
details).

GRID-BOX MODELS ‘ AREAL MODELS

0.1ha 1ha 10ha 100 hp 0.lha 1ha 10ha 100ha
2-3 0.70 0.69 0.72 0.77 066 0.66 0.73 0.75
4 0.74 0.75 0.75 0.7 0.74 0.74 0.76 0.79
5 0.75 0.77 0.78 0.78 0.78 0.80 0.84 0.85
6 0.76 0.77 0.77 0.81 075 0.75 0.80 0.84
7-8 0.717 0.73 0.76 0.81 0.73 0.75 0.80 0.79
9 0.71 071 0.73 0.71 068 0.71 0.76 0.82

10-11-12 0.72 0.71 0.70 0.73 0.67 0.66 0.65 0.74
13-14-15 0.66 0.65 0.60 0.68 0.62 0.58 0.56 0.68

Burned area threshold (Ha)

OBSERVED  PREDICTED

1990 1995 2000 2005 1990 1995 2000 2005
1 1 1 1

Observed frequency [0-1]

1990 1995 2000 2005 1990 1995 2000 2005

year

Fig. 4. Observed and 1 yr-out cross-validated predicted annual fire frequencies at each phytoclimatic zone, considering the climatic predictor
data set and the four different burned area thresholds tested according to the areal models. Cross-correlation values between observed ai
predicted series are presented in Table

moisture of deep organic soil layers. Other studies conductedhis implies that model predictions do not have a day-to-
in Portugal show that the DC gives a good indication of wild- day correspondence with real climate, and their value lies in
fire behaviour and propagation and also of the relative hazthe ability of the models to represent multi-decadal climatic
ardousness of a fire season due to its long-term response features (mean state, variability, trend, etc.). This suggests
daily weather variationsiegas et al.2004). that the estimation of inter-annual frequencies from simu-
Inter-annual correlations between observed and modellethted model outputs for sufficiently long time slices (typically
fire frequencies (Figd, Table4) are much higher than those 30 yr periods) is able to provide a more robust estimation of
obtained with burned area (Fig), showing that fire occur- future fire impacts than area burned, the latter often yield-
rence is better modelled from climate data alone than burnedhg too inflated, unrealistic future estimations, as shown in
area. Within the framework of future climate impact assess-several studies (see, eAmatulli et al, 2013 Balshi et al,
ment, the projections of future fire danger scenarios are mos2009 Flannigan et a.2005 Carvalho et a].2010.
often based on the simulation output of GCMs (either down-
scaled or not) run in transient mode (eBgdia et al, 2013.

Nat. Hazards Earth Syst. Sci., 14, 5366, 2014 www.nhat-hazards-earth-syst-sci.net/14/53/2014/



J. Bedia et al.: Assessing the predictability of fire occurrence and area burned in Spain 63

1990 1995 2000 2005 1990 1995 2000 2005
1 1 1

0.61|
061
A

9 10-11-12

0.56
0.57

log(Burned Area)

OBSERVED —

Clim

Clim + Socio/LULC  -----
T T T T T T T T T T T T T T T T

1990 1995 2000 2005 1990 1995 2000 2005

year

Fig. 5. Observed and cross-validated predicted annual burned areas at each phytoclimatic zone, considering the climatic predictor data set
Cross-correlation values (Spearman’s rho) between observed and predicted series are indicated by the figures within each panel.

Table 4. Spearman’s rho cross-correlation coefficients between the observed and predicted annual fire frequencies determined by the daily
(D) and monthly (M) occurrence models, determined using the global probability threshold for the areal models. The number of grid boxes
comprising each phytoclimatic zone are indicated by the N grid-boxes column. The results are presented for the different burned area
thresholds used to define fire occurrence/absence.

Phytoclim. N grid boxes 0.1ha lha 10ha 100 ha
D M D M D M D M
2-3 77 017 049 0.18 0.230.18 0.00 0.05 >0
4 57 026 076 0.17 0.420.08 0.03 0.25 0.09
5 70 059 051 063 049 061 0.16 0.57 0.17
6 158 0.72 086 054 0.81041 0.23 056 0.10
7-8 91 033 059 035 0.380.32 021 0.38 0.03
9 194 056 0.71 056 057059 050 046 0.24
10-11-12 81 065 0.79 037 054 025 0.30.34 0.04
13-14-15 158 0.75 0.31 0.39 0.03 0.23 0.12 033 >0
4 Conclusions system (FWI itself and DC and FFMC in particular) were the

most important predictors of fire occurrence.

Our results support the use of ERA-Interim reanalysis and The inclusion of socioeconomic/LULC covariates did not
the FWI system for fire modelling applications in Spain, pro- significantly contribute to the improvement of model perfor-
vided an adequate temporal and spatial scale of data analysimance, neither for the fire occurrence models nor for the
The added value of using daily occurrence data vs. monthlyburned area ones.
fire counts for modelling inter-annual fire frequency variabil- ~ Areal models yielded accurate predictions of the inter-
ity was demonstrated for fires of medium to large sizes, andannual fire frequency series, showing that the aggregation of
even for all fire area thresholds in some particular zones. the data into larger spatial units is needed for an adequate

Grid-box models of fire occurrence yielded in general analysis the climatic drivers of fires, and that the phytocli-
good model skill in terms of RSA, although this fact does matic zones used in this study constitute representative units
not translate directly into a good reproducibility of fire fre- of the climate—fire relationship, although other convenient
guencies due to the inherent tendency of the method to overaggregation units may be also adequate. In addition, the good
estimate fire occurrence. Nonetheless, the annual cycle waeproducibility of inter-annual fire frequencies using the fire
adequately modelled regardless of the distributional characeccurrence models developed may prove useful for fire his-
teristics of the different annual fire regimes of each phytocli- tory reconstruction in fire-prone areas, for instance in order
matic zone. Temperature and some components of the FWI
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