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Abstract: Forest fires are a critical environmental problem facing current societies, with serious
repercussions at ecological, economic and personal safety levels. Detailed maps enabling
identification of areas liable to be affected is an indispensable first step allowing different prevention
and protection measures vis-a-vis this kind of phenomenon. These maps could be especially valuable
for use in land management and emergency planning at a municipality scale. A methodology is shown
for producing local maps of mid- and short-term forest fire risk, integrating both natural and human
factors. Among natural factors, variables normally used in hazard models are considered as fuel
models, slopes or vegetation moisture stress. From the human perspective, more novel aspects have
been evaluated, meant either to assess human-induced hazard (closeness to forestland of causative
elements or the ability of people to penetrate the forest environment), or to assess vulnerability,
considering the population’s location in urban centres and scattered settlements. The methodology
is applied in a municipality of Andalusia (Spain) and obtained results were compared to burned
areas maps.

Keywords: forest fire; risk; hazard; vulnerability; GIS

1. Introduction

Forest fires are one of the main problems threatening forest ecosystems worldwide, with severe
repercussions for societies occupying these environments. The years 2017 and 2018 were marked by
the very serious cases of California and the Iberian Peninsula, where forest fires caused more than
100 deaths and thousands were forced to evacuate, indicating quite clearly that besides being an
environmental problem of the first order, such phenomena pose a major threat to people’s safety [1].

Even though in Spain the last decade witnessed a notable reduction in the number of such
phenomena and the affected surface area [2], forest fires statistics are still worrying, as shown by the
data published by the Ministry of Agriculture, Fisheries and Environment (MAPAMA) for the year
2017. According to that data, in Spain, a total of 13,793 incidents occurred, 8705 fire alarms (<1 ha) and
5088 fires (>1 ha), affecting a total of 178,234 ha. In Andalusia, a total of 968 incidents occurred, 761 fire
alarms and 207 fires, and a total of 15,608 ha of scrubland and woodland were affected. What is truly
alarming in that context is not so much the number of incidents but their recurrence and violence [3];
in the last year with complete data and analysis (2017), 98,072 ha (55%) of the total burned surface in
Spain occurred in large forest fires or LFF (fires affecting an area larger than 500 hectares) [2].

The greater frequency and intensity of forests fires that are occurring results from the symbiosis
between some natural conditions (terrain, climate and state and type of vegetation) that favour the
outbreak and spread of fire [4] and the depth transformations experienced by societies and the rural
and/or natural environment in recent decades. These changes have led to mass abandonment of
traditional activities in these areas (farming, livestock-raising and forest utilisation), favouring the
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accumulation of combustibles prone to catching fire. This, added to other factors, such as the increase of
uncontrolled property speculation, changed uses, disputes, hunting interests, the creation of pastures,
rural depopulation, certain pathologies associated with fire and the increasingly more notable effects
of climate change, are turning our forests into a perfect setting for the outbreak and spread of fire [4-6].
Along with those factors basically linked to hazard, the occupation of rural environments by other
uses mainly associated to rural tourism and second homes [7,8] has, in recent times, led to an increase
in human vulnerability vis-a-vis forest fires.

Regarding the ascertainment of a fire’s origin, it is noteworthy that in most cases the immediate
cause is never made entirely clear [9]; although, there is sufficient evidence to determine that the hand
of man is either directly (intentional) or indirectly (accidents and negligence) behind 96% of the forest
fires that occur every year in Spain and more than 80% of those that happened in Andalusia in the last
year. That data notably contrasts with the scant 2% of fires that originate from natural causes, probably
due to lightning, which is actually the only natural factor that causes fires in our country [6,10].

It is no easy task to define what risk is, owing to multiple current acceptances and the lack
of a common terminology accepted by the entire scientific community [11]. However, one of the
most broadly used definitions is the one employed in the field of natural disasters [1], where risk is
conceived from an integral standpoint that would encompass in one single concept both the hazard or
likelihood of an extraordinary event occurring [12] and the vulnerability or social, economic or ecologic
susceptibility to natural or technological dangers [13,14]. Following these premises, if we transfer
these definitions to the scope of forest fires, fire risk could thus be defined as being the probability of
a forest fire occurring in a given place (hazard) and the potential damage that the fire might cause in
that place (vulnerability).

The importance of studying such risks lies in the serious consequences, not just environmental
(ecosystem degradation and loss of natural heritage) but also economic (costs derived from prevention,
extinction, protection of the population and post-fire regeneration) and social (loss of property, personal
belongings and in extreme cases, life), caused by a fire. It has, therefore, become increasingly necessary
to generate and handle maps that identify and categorise areas more likely to be affected by an eventual
fire. Such mapping is an essential requisite for planning and managing prevention measures, and also,
for detecting and ending such events. In this regard, geographic information technologies (GIT) have
shown, with multiple examples, that they are very effective tools for producing such mapping. Remote
sensing, as a source of information for evaluating types and states of vegetation, and geographic
information systems (GIS), as the most appropriate environment for integrating and processing data
from multiple origins [15-17].

Research projects and works on wildfire hazard and risk mapping are numerous and diverse;
complete compilations on such studies can be found in [18-20]. Regarding the scale, these studies
include long-term, short-term and real-time approaches, from the time scale point of view, while global,
regional, and local scales may be used as spatial scales. On the one hand, long-term risk is linked
to features of a territory that do not vary periodically (topography or vegetation types) and is more
suitable for strategic ends such as planning fixed anti-fire infrastructures or indicating a given number
of personnel for a specific area [21]. On the other hand, short-term risk is linked to changeable
factors (vegetation stress or climate conditions) and is updated using a time scale that can eventually
be on a daily or even hourly basis (real-time), with tactical and mainly operative usefulness [22].
From a geographic point of view, global wildfires studies are usually linked to long-term approaches
and are mainly focused on world fire regimes identification or on the assessment of climate change
influence over these regimes [23,24]. In the same way, regional risk mapping includes a wide range of
spatial scenarios—several hundred thousand to millions of square kilometers [25]; they might include
international [26,27], national [28] or subnational approaches [29], and they are suitable for national and
regional orientation of environmental and forest polices and legislation. Local risk mapping [30,31]
refers to extensions below those aforementioned and obtained maps are especially suitable to be
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included in land management, wildfire risk information and communication, and emergency planning
at the municipal or local community level [32-35].

This article presents a methodology for generating local-scale mapping of mid- and short-term
forest fire risks. The mapping results from combining in a GIS environment the two groups of factors
that determine the fire risk, i.e., hazard and vulnerability. Accordingly, for the case of hazard, structural
(long-term) and evolving aspects were taken into account. Among the structural factors of natural
order, slope gradients and fuel models were considered, while as human-induced structural factors
(induced hazard), the closeness of certain elements that can be potential focal points of fires (transport
and power infrastructures, settlements and scattered buildings, dump sites and recreational areas)
were essentially considered, as well as human penetration capacity inside forest areas. As an evolving
hazard factor, the moisture stress affecting vegetation, derived by processing of Landsat Enhanced
Thematic Mapper Plus (ETM+) satellite images, was basically taken into account; no meteorological or
weather data were considered, as they are only used to simulate daily or hourly conditions (mainly
temperature and wind conditions) for higher extensions and the available data does not contribute to
spatial discrimination in this sort of local fire hazard mapping.

For its part, an eminently human focus was used for the case of vulnerability, only considering
the possible impact of fires on population centres and scattered settlements and isolated dwellings,
as well as on power and communication networks.

The model was applied to the municipal territory of Algodonales in Cadiz province, with the idea
of analysing, comparing and showing variations in the spatial distribution of risk on different dates in
the selected period.

2. Materials

2.1. Study Area

The selected study area corresponds to the municipal territory of Algodonales; although, it was
extended by 1 km in the surrounding area to take into account the influence that elements outside the
municipality may have on fire risk. Algodonales is situated in the northeastern end of Cadiz province
where it borders the province of Seville. It pertains to the Sierra de Cadiz region and has a surface area
of 135 km?, see Figure 1.

The municipal territory of Algodonales appears in the appendix of the INFOCA Plan (Andalusian
Region Forest Fire Plan), which lists municipalities totally or partially affected by fire risk [36]. This is
possibly due a priori to its biophysical characteristics: Average slope gradient of 28%, forest surface
occupying 50% of the territory, formed mainly by highly inflammable Mediterranean sclerophyllous
species (holm oak, wild olive, carob, mastic, gorse and rosemary, etc.), and a Mediterranean climate
with a prolonged dry season (mean rainfall less than 4 mm) and high summer temperatures (mean
temperature 24.5 °C). All this gives rise to a symbiosis of natural factors, which together with others of
socioeconomic nature, such as the blend of human-induced and forest uses resulting from agro-forestry
activity in the area, make Algodonales a suitable setting for the outbreak and spread of an eventual
fire. The INFOCA Plan chose this municipality to locate some of its infrastructures used to detect, fight
and prevent fires: Two watch posts situated on two of the highest points in the municipality (Picacho
peak at 690 m and Sierra de Lijar at 1050 m) and a Forest Defence Centre [36].
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Figure 1. Study area (A) Municipality of Algodonales; (B) Algodonales in the province of Cadiz; (C)

Province of Cadiz in Andalusia (Spain).

2.2. Data

To produce the proposed risk model, it was necessary to obtain data of distinct nature and origin.

The data used is set out in Table 1.

Table 1. Data description and sources.

Data Description Source Format Type
Digital Elevation Model with 5-metre spatial resolution IGN! Raster
Pages 1035, 1036 and 1050 of the 0.5 metre RGB Line@ 2 Raster
photography of PNOA 07-10
Landsat 7 ETM+ imagery corresponding to scene Path 3
201/Row 034 USGS Raster
REDIAM Vector data
Map of Plant Uses and Coverage (2007) 4 (polygon features)
Information of the Andalusian Forest Plan (2007)
WMS Service for Areas affected by fire obtained by REDIAM OGC service
means of remote sensing (1975-2014) 4
Urban system, roads *, paths *, railways *, power lines *,
power stations, urban solid waste facilities, land uses, DERA 5 Vector data

administrative divisions, economic/production fabric
and services (2013)

(polygon and lines * features)

! National Geographical Institute (Spain); 2 Spatial Information
Survey; 4 Environmental Information Network of Andalusia
(Andalusia). * vector line data.

Localiser of Andalusia (Andalusia); 3 U.S. Geological
(Andalusia); 5 Reference Spatial Data of Andalusia

The coordinate reference system (CRS) for the data is ETRS89 UTM Zone 30N and the spatial
resolution for raster data is 5 m. The GIS software used for the modelling is ArcGis® version 10.
Preprocesing. Processing and analysis of Landsat 7 ETM+ images, were carried out with ENVI®
version 5.0 software. Finally, when it was necessary to identify or verify one or another aspect in situ,

Google Earth® Street View® was used as support.

Before employing the Landsat 7 ETM+ images used to estimate the amount of plant humidity
and produce fuel models maps, several geometric and radiometric corrections were made to eliminate
alterations that might affect the imagery due to various factors such as the Earth’s rotation, atmospheric
effects or internal problems of the sensor itself [37], and owing to the existing correlation between the
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variables of interest (humidity) and the state of the atmosphere [38]. In sum, the procedure followed is
indicated below and shown in Figure 2.

e  Due to failure of the Scan-Line Corrector (SLC) on board Landsat 7 ETM+ on 31 May 2003,
a gap-filling process was executed using the triangulation method available in ENVL

e  Re-projection of the image to the used CRS.

e  Transformation of DNs (digital numbers) into radiance values;

e  Correction of atmospheric effects to eliminate distortions that might cause an atmospheric effect
in the image; for this correction the FLAASH module (Fast Line of Sight Atmospheric Analysis of
Spectral Hypercube) in ENVI has been used [38].

LANDSAT 7 ETM+ IMAGES GAP-FILLING
ADQUISITION » -LANDSAT GAP-FILL.SAW-
(USGS) (ENVI)

IMAGES CALIBRATION

DN TO RADIANCES ) IMAGE CRS RE-PROJECTION
-LANDSAT CALIBRATION- [~ FROM WSG84 TO ETRS89
(ENVI)

A\ 4

ATMOSPHERIC CORRECTION FINAL IMAGES
-FLASSH- # GEOMETRICALLY+
(ENVI) RADIOMETRICALLY
CORRECTED

Figure 2. Preprocessing of satellite images.
3. Methodology

To estimate this sort of flexible term (mid/short-term) risk maps, two kinds of factors have to be
considered, namely static and dynamic. In the case of natural hazard elements, static or fixed factors
are (i) slope gradient and (ii) combustible type, while for the more time-dynamic factor (iii) moisture
stress of the vegetation was chosen. To obtain induced hazard, only fixed factors are considered; thus,
(iv) the closeness of causative elements [36] was taken into account, both as a distance or as a travel
time on foot from some of those elements (roads, paths, settlement and recreation areas), as a way
to estimate people’s penetration capacity in the forest environment. Finally, (v) vulnerability was
calculated taking into account how prone certain considered elements were before an eventual fire.
The methodology is detailed below, see Figure 3.
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Figure 3. Methodology diagram.

3.1. Obtaining Natural Hazard

3.1.1. Slope Gradient

Slope gradient is one of the topographic features that most influences the speed and spread
direction of a fire in so far as it favours the vertical fuel continuity and hence the upward spread of
flames [4,35]. Following the model applied by the INFOCA Plan, five hazard levels according to slope
steepness (expressed in percentage) have been established here (0-10, 10-20, 20-30, 30-50, and higher
than 50).

3.1.2. Type of Combustible

The type of combustible or fuel is another key factor in fire behaviour because it affects the
speed and intensity of flame propagation and determines the difficulty of controlling the fire [39-41].
Multiple vegetation characteristics can influence the fire’s spread: Spatial distribution, combustibility,
horizontal or vertical continuity, etc. Hence, and to facilitate fire prediction work, several fuel models
have been duly created, the aim being to classify plants according to their characteristics and see how
they influence the speed and intensity of flame propagation. One of the classifications most used was
proposed by Rothermel in 1972 [42]; ICONA (Nature Conservation National Institute) adopted it for
the entire national territory. That classification distinguishes among 13 fuel models depending on the
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flame-spreading element. Those 13 models are grouped in four broad categories: Pastures, scrub, leaf
litter under trees and cutting debris and forestry operations [36,39,43]. From these original 13 fuel
models, only 11 have been correctly identified in Andalusia [36], and from these 11 types, only 9 exist
in the study area.

Due to the lack of classification or mapping of fuel models at the chosen scale, a decision was
made to produce one in this work. For that purpose, a supervised classification was undertaken using
the algorithm of maximum probability [44,45] based on a Landsat 7 ETM+ image dated 12 July 2014.
The result obtained was subject to visual verification with the help of fieldwork and Street View®,
showing an appropriate correspondence between model and reality, see Figure 4.
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——Rivers  [_]Model 2
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Figure 4. Fuel/combustible models.

Based on the mapping of fuel models, the hazard per combustibility was obtained, assigning
a numeric value from 1 to 5, see Table 2, according to the dynamic and energetic characteristics of
the fire on the combustible, depending on reaction intensity (IR), speed of propagation (SP), linear
intensity (LI), heat per area unit (heat/s) and flame length (FL) [36].

Table 2. Hazard classification of fuel models.

Fuel Model ! Hazard Class Per Combustibility Numeric Value
No combustible Very low 1
8-5 Low 2
9-1-3 Moderate 3
7-6-2 High 4
4 Very high 5

1 Fuel model number according to [34].
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3.1.3. Vegetation Moisture Stress

To introduce the short term or the dynamic component of natural hazard, the moisture stress on
vegetation was considered. Along with the combustible’s characteristics, the vegetation’s moisture
content is another decisive factor for the outbreak and behaviour of a fire [46]. The extensive coverage
in both space and time offered by different sensor types has made remote sensing a useful tool for
studies of vegetation [16] and respective conditions, enabling changes to be detected in them, such as
those examined here linked to moisture content [47].

The Vegetation Indexes (VIs) are calculated based on the reflectance values in different
wavelengths, trying to ensure that atmospheric and ground influences are minimal [48]. In this
paper, the NDII (Normalised Difference Infrared Index) was calculated first, and afterwards, the
relative Vegetation Condition Index (VCI) was calculated [49].

In this work, it was decided to use the NDII for two reasons: First, because the wavelengths of
near (NIR)- and short (SWIR)-infrared channels participate in its estimation, the latter more sensitive
to the absorption and variability of plant water content [50]. Second, because studies such as the
one conducted by Cocero, Salas and Chuvieco [51] have shown that this index is more sensitive to
humidity changes compared to others such as the NDVI or SAVI (Soil Adjusted Vegetation Index).
To obtain the NDII for a specific image, the respective formula was applied:

NDII = (oNIR — gSWIR)/(oNIR + ¢SWIR), 1)

where gNIR is reflectance in near infrared (band 4 in Landsat 7 ETM+ and ¢SWIR is reflectivity
in medium infrared (band 5 in Landsat 7 ETM+). This index provides values between —1 and 1,
where a value close to —1 indicates less water content (more dryness) and a value close to 1 indicates
more water content (more moisture).

The VCI (Vegetation Condition Index) was subsequently calculated; this index has been used
in numerous studies to assess how dryness affects vegetation and the impact of climate conditions
on them [52]. Its formula is based on the NDVI [53]; although, in this article the NDVI was logically
replaced by the NDII as it is the index used to determine moisture stress. The formula applied is
the following:

VCI; = [(NDII; — NDILyin)/ (NDIlax — NDILyn)] % 100, 2)

where VCli is the Vegetation Condition Index for each date; NDIIi is the index for dryness on the date
in question; NDIImin is the index of minimum dryness from the 2010-2014 time series and NDIImax
is the index of maximum dryness from the 2010-2014 time period.

The VCI gives values between 0 and 100 and reflects the relative variability in vegetation
conditions, whereby values close to zero indicate severe dryness conditions while those close to
100 indicate optimal humidity conditions [54,55]. The VCI for each date was later reclassified in
five classes with the same range (every 20). Those classes were established based on the humidity
conditions obtained by interpreting the aforementioned VCI. For each class, a numeric index was
accordingly established, as shown in Table 3.

Table 3. Classification of the Vegetation Condition Index (VCI).

VCI Range Numeric Index Dryness Level

(0-20) 5 Extreme
(20-40) 4 Severe
(40-60) 3 Moderate
(60-80) 2 Light

(80-100) 1 Very light

The natural short-term hazard results from integration of the three factors considered the slope
gradient, combustible type and moisture stress, see Tables 4 and 5. The combination of the first two is
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known as structural hazard [36]. When moisture stress is added, the structural hazard acquires the
short-term scale according to the nature of this last factor. Therefore, to generate a natural short-term
hazard, the hazard per gradient and per combustible was first integrated, resulting in the structural
hazard, see Table 4, which was later integrated with moisture stress, see Table 5.

Table 4. Structural hazard.

Slope Intervals (%) and Their Hazard
Classification

0-10%  10-20% 20-30% 30-50% >50%

Fuel Models (FM) and Their Hazard A @ ®) @ G)

Classification
Other natural spaces (W) 1 2 3 3 4
FM 5 and 8 2) 1 2 3 4 5
FM1,2,9and 11 3) 1 3 4 4 5
FM 6 and 7 4) 1 3 4 5 5
FM 4 (5) 2 3 4 5 5
Table 5. Natural short term hazard.

Moisture Stress Intervals and Their Structural Hazard (from Table 4)
Hazard Classification @ ) 3) @ 5)
100-80 (W0} 1 2 3 3 4
80-60 2) 1 2 3 4 5
60—40 3) 1 3 4 4 5
40-20 4) 1 3 4 5 5

20-0 (5) 2 3 4 5 5

3.2. Obtaining Induced Hazard

As commented previously, a high percentage of fires are caused by human actions and activities.
To envision this factor, certain elements with cartographic portrayal were considered, based on which
the induced hazard was estimated. The causative elements to calculate the induced hazard were
chosen according to statistical data on forest fire causes in Andalusia [36]:

e  Electric power lines and substations: Downed lines or vegetation coming into direct contact with
those infrastructures as well as substation short circuits;

e Transport infrastructures (roads, paths, trails and railway): Eventual accidents, garbage
accumulated on or by platforms, lit cigarette butts or railway sparks;

e  Dumps: Uncontrolled burning of garbage and the proliferation of illegal dumps in or near
forest areas;

e  Recreational areas and lookout points: Garbage accumulation, lit cigarette butts or badly
extinguished barbecues in such areas, which are often situated in forest areas for recreational use;

e Population centres and scattered rural buildings: Badly extinguished hearths, the burning
of stubble or agricultural waste, plant destruction by farming interests, disputes, hunting
interests, etc.

The factors of induced hazard were considered based on the location of these elements. On the
one hand, the distance or closeness of these elements was calculated, and on the other, the travel
time on foot from some of them, thereby introducing the capacity of human penetration in forestland.
Regarding the latter, it must be borne in mind that the slope gradient influences movement on foot;
the flatter the surface, the greater the distance travelled in a given time [56,57]. Naturally, travel times
and distances were only calculated for those elements from which people can make incursions into
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the forest environment, such as the cases of paths, roads without shoulders, recreation areas, lookout
points, population centres and scattered rural buildings.

On the other hand, and because the frequency associated with these elements in fire occurrence is
not the same (e.g. fires produced by substation short-circuits or electric generators are relatively rare,
while those caused by contact of power lines with vegetation or due to their falling abound [53]), each
element was assigned a weighting coefficient that was proportional to the importance of this element
in fire outbreaks [36].

Table 4 details the maximum times and distances calculated in each case per the review of national
and regional statistics on fire causes. With respect to the maximum time values, they are dependent
on what is estimated to be possible per given circumstances. After consulting a group of forest fire
fighters (oral communication), it was considered relatively unlikely for a person to stray more than
a minute-and-a-half away from a path in such wildland areas, whereas in recreation areas and lookout
points—rest places—it is easier to go farther (100 m) or do so for more time (two-and-a-half minutes).
For the cases of population centres and scattered rural buildings, they were assigned a distance and
time of 200 m and two-and-a-half minutes, respectively, given that the activities that can take place
there are most liable to create a focal point of fire.

The methodology for obtaining the induced hazard consisted of two different processes; thus,
for all elements, the next sequence was followed:

e  Calculation of the Euclidean distance around all elements, establishing the corresponding maximums;
e Standardisation of values between 1 and 5;

e  Values were inverted, due to the inverse relationship between hazard and distance;

o  Weighing of the values (according to Table 6).

Table 6. Causative elements (induced hazard).

Causative Element Welg%lt.mg Distance (m) Time (s)
Coefficient

Electric power lines 0.1 50 -
Electricity substations 0.05 50 -
Paths 0.15 50 90

Roads without shoulder 0.15 50 90
Roads with shoulder (regional) 0.15 50 -
Railway 0.05 50 -
Dumps 0.15 50 -

Recreation areas and lookout points 0.15 100 150

Settlements 0.2 200 150

In the cases where travel time on foot was also considered, a set of different steps was necessary:

e Calculation of time (in seconds) of travel (T) on foot depending on slope gradient (Ah/Ad),
applying the Naismith Rule [51]:

T = 0.746 + (3600 x [(Ah/Ad)])/609.6), 3)

e  Calculation of distance (in metres) depending on the time established above;

e Standardisation, inversion and weighing of values as set out in Table 6;

e Choice of the maximum value of length among those provided per Euclidean distance,
see Figure 5A, and travel time, see Figure 5B: In areas with steep slopes, the maximum length
reached was 50 m, whereas, in flatter areas, 208 m was reached, see Figure 5C.

Finally, the induced hazard results from the sum of the weighted values of distance and travel
time of each element. That sum was reclassified in equal ranges which were assigned a value between
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1 (no hazard) and 5 (maximum hazard), with the aim of making the values of that hazard compatible
with the natural hazard obtained in the previous section.

Figure 5. Ability of people to penetrate the forest environment (induced hazard). (A) Length provided
per Euclidean distance. (B) Length provided per travel time estimation. (C) Selection of maximum
length provided per A or B.

3.3. Obtaining Final Hazard

The final hazard map results from the product of the natural hazard and induced hazard. That
hazard, whose values waver between 0 and 25, was reclassified in six classes; a class for 0 (nule hazard)
was included for those areas where fuel is absent.

3.4. Vulnerability

For the purposes of this paper, to determine vulnerability, only certain human-induced elements
which can be damaged by fires and lead to personal and/or economic loss were taken into account.
Other kinds of potential economic or ecologic losses linked to specific effects on vegetation were thus
excluded. The elements considered in the end were hence the following:

e  Electric power infrastructures: power lines and electrical substations;
e Roads, as they are people’s main safe evacuation routes;

e  Built-up surfaces: main and secondary urban centres, scattered rural buildings, dispersed
settlements and industrial areas.

All these elements were assigned a value indicating the kind of damage that would result from
their loss or from suffering effects due to fire, see Table 7; the resulting final vulnerability is the sum of
the values of spatially coincident elements.

Table 7. Factors for vulnerability estimation.

Vulnerable Elements Type Value

Main and secondary
urban centres
Built-up surfaces Scattered rural buildings 5
Dispersed settlements
Industrial fabric

Power lines

Energy infrastructures . .
gy Electrical substation

Routes of communication Roads 4
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3.5. Obtaining Final Forest Fire Risk

The final risk map of the forest fire is the result of multiplying the two components integrating
the risk: short term hazard and vulnerability. In this work, the resulting values waver between 0 and
45 and were reclassified between 1 and 5. The value 0 remains on the margin as it indicates no risk.

4. Results

The exposed methodology was applied to a total of 20 different images during the 2010-2014
time period, this means that 20 different VCI images were derived, see Figure 6, from which the same
number of hazard and risk maps were obtained. Due to the volume of information, it was decided to
show the corresponding results for two different dates in the year 2013, when the greatest seasonal
contrast occurred and thus a higher variation in the spatial distribution of risk could be observed.

Mean VCI

& SIS NI E JESRS PO g Q'\,\"* >
e ‘!\blc}\) q}ngTQ \1’?& \"1*'\\" Qb?j; ,{,\‘d- \'ﬁ-&o \"\’?S Qb) -\g:fjo \°"\' "\_,QR& ":"h \"59‘“ \-S‘fé \{\'?‘\ \"'h \"50;
Dates
Modd 1 Modd 2 Modd 3 Modd 4 Modd 3 Modd 7 Modd 8 Modd®

Crops and others

Figure 6. Vegetation Condition Index evolution (2010-2014) by fuel model.

4.1. Natural Forest Fire Hazard

When natural short-term fire hazard maps for the dates 14 January and 25 July 2013 are observed,
it can be seen how hazard level and distribution totally change from one date to another, see Figure 7.
Thus, while on 14 January (winter), the hazard is very low in practically the whole municipal territory,
see Figure 7A, for 25 July (summer) the situation is the opposite: The hazard is extreme throughout the
municipality, with no areas of low/very low hazard, see Figure 7B. The explanation is that in the latter
season, the vegetation reaches its maximum stress due to scant precipitation (0.2 mm in June and July
2013), contrary to what happens in January when the vegetation shows optimal humidity conditions,

a situation in accordance with rain measurement data gathered in the area for the months immediately
before the date.
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Figure 7. Short-term natural hazard maps. (A) 14 January 2013. (B) 25 July 2013.

4.2. Induced Forest Fire Hazard

The mapping of induced hazard obtained after implementing the proposed methodology shows
different hazard levels based on the presence/absence of causative elements, their proximity and
human penetration capacity in the forest environment. The mapping hence shows that the areas
with higher induced hazard correspond to areas that are greatly affected by humans, where the
concentration and intersection of various causative elements occur. These areas are mainly located in
the municipality’s southern quadrant, around the main centre; although, also around the secondary
centre of La Muela and close to dispersed settlements situated west of the main centre, see Figure 8.
The areas with medium hazard are those close to routes of communication and extend to where
a person is able to travel in the maximum stipulated time. The fact that the areas with maximum
hazard are found near infrastructures such as routes of communication or population centres is
significant in so far as those are the areas where a fire is more likely to break out and within a short time
affect some of those elements, with serious consequences: blocked roads or damage to settlements.
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Figure 8. Induced hazard map.
4.3. Final Forest Fire Hazard

The obtained maps show the spatial distribution of fire outbreak hazards, see Figure 8. In general,
the variations produced are closely related to the natural short-term hazard; as expected, the hazard is
higher in July, see Figure 9B, than in January, see Figure 9A, when there are no areas with high/extreme
hazard. In July, as opposed to January, the large presence of high-hazard areas around roads, paths
and settlements is noteworthy; there is no area with a low hazard. The highest concentration of such
areas is seen in the municipality’s southern quadrant, around the main centre where the confluence
of causative elements and some extreme natural conditions specific to the time of year determine the
high degree of hazard.
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Figure 9. Final hazard map (natural + induced). (A) 14 January 2013. (B) 25 July 2013.

4.4. Vulnerability

The vulnerability map shows areas most liable to suffer some damage when affected by a fire, see
Figure 10. Given that to obtain the vulnerability in this article, only very specific elements associated
to humans were taken into account; the highest vulnerability levels are found in areas where there is
a spatial coincidence of several of those vulnerable elements (settlements, routes of communication,
electric power infrastructures). Most of the population settlements present more vulnerability than the
other elements because the losses that can be caused by fire, besides the material ones, can be personal.
Such areas are very exposed to possible fire in summer as shown by the July hazard mapping, where the
areas with most hazard are found close to population settlements and routes of communication.
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4.5. Short-Term Forest Fire Risk

The mapping of short-term fire risk shows the differences in the spatial distribution of risk from
one date to another, see Figure 11. In January, the risk is very low in practically the entire municipality;
low risk is only seen around some roads that cross the municipality, see Figure 11A. The risk situation
in July varies considerably in so far as there is a greater presence of areas with medium/high risk,
see Figure 11B. These areas are again concentrated around scattered settlements, the secondary centre
of La Muela, the main centre of Algodonales, and in areas at the foot of the eastern and western
slopes of the Sierra de Lijar. The rest of the municipality has low/very low risk. The differences
between one period of the year and another are quite substantial, which is fundamental for planning
and managing prevention measures and the mobilisation of the number of fire-fighting and watch
personnel, especially in areas with maximum exposure, which in the case of Algodonales coincide with
major population centres such as the main centre and the hamlet of La Muela. These variations reflect
the natural and, especially, climatic conditions which, although not taken directly into account in the
methodology, were actually considered indirectly by introducing the moisture stress on vegetation,
a variable that depends on accumulated climate conditions when the picture was taken.
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The sole presence of these conditions does not explain variations in the surface occupied by each
risk level; the greater or lesser presence of causative elements is also a variable that impacts risk.
The high-risk areas in July result from extreme natural conditions marked by very high moisture stress,
where the concentration of causative elements aggravates the ignition and outbreak of a fire, while in
January, the lack of risk is associated with climate conditions that are generally more humid and
where, despite the presence of causative elements, the likelihood of a fire breaking out and spreading
is more remote.
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5. Discussion and Concluding Remarks

The amount and diversity of variables that directly or indirectly influence the outbreak and
behaviour of fire, as well as the difficulty of modelling many of these variables (especially those
associated with human behaviour), make it hard to design a fire risk model that is able to generate
sufficiently reliable mapping.

The fire hazard mapping obtained enables, on the one hand, the identification and localisation of
areas with higher hazard on a long/ medium term basis that allows local authorities to improve their
capacities for planning fixed anti-fire infrastructures (watch towers allocation, firebreaks construction).
On the other hand, it shows the spatial variability of the hazard on different dates in a specific year
(the year 2013 in this study), clearly reflected in the short-term hazard mapping for the study period.
The importance of this multi-time approach of short-term fire hazards is manifested here, in so far
as knowing how the spatial hazard pattern changes at different times during the year or from one
year to the next year(s) is useful so that, depending on the season, more attention can be paid to
certain areas during a given time or period. Even on a weekday basis, certain measures such as patrol
route planning or specific sites communication for certain activities prohibition could be undertaken
considering this detailed information and specific extreme weather early warnings.

Although the municipality of Algodonales was not affected by forest fires in the studied period,
a comparison has been made among obtained maps and burned areas data (1975-2014) available
from REDIAM, see Figure 12. In spite of the unknown causes of these specific forest fires, it can be
observed that most of the fire perimeters include areas of high hazard level from where outbreaks of
fire can take place; thus, in a first approximation, these areas should be considered in incoming fire
prevention planning.
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Figure 12. Final hazard map in July 2023 (Figure 8B) and occurred fires in the study area (Burned areas
data extracted from REDIAM).

In the same way, in the case of risk maps, they should be considered in future fire emergency plans,
as they outline sectors of main and scattered settlements, as well as transport and power infrastructures
that could likely be affected by wildland fires.
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In general terms, the simplicity of the proposed method and the availability of the required data,
allows its straightforward application to a wide range of regions. With a view to future applications,
some improvements could be undertaken that could address the main limitations. Related to fuel
models, the use of different images from different seasons could improve the classification of fuel
types, as phenology would be taken into account for the distinction of vegetation types. Field checking
of obtained fuel classification should be another way to improve the results. In the case of topography,
other variables should be considered in addition to slope (i.e aspect). Regarding the short-term
induced hazard, other sources of data could be used such as cadastre spatial information, as it provides
more precise localization and identification of building in rural areas. In this sense, data related to
the seasonal occupation of natural/rural second houses or any other type of tourist facilities (camp
sites, resting areas, trails) or about seasonal road traffic should improve their characterisation as
hazard elements.

Regarding vulnerability, the above-mentioned use of cadastre spatial information should enhance
the identification of potentially affected elements. In addition to this, an overall vulnerability could be
designed that includes not just specific elements of the territory but also environmental factors and
other variables such as the closeness of routes of communication (from the standpoint of speed of
putting out a fire) or the difficulty/ease of access to vulnerable areas, as there are conditions that can
make access to those areas difficult. These questions can be approached in greater detail by means of
maps of isochrones generated from cost/distance surfaces, or by analysing transport networks.
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