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Abstract. The paper continues from previous joint studies and their practical application at the con-
fluence of human geography, safety-related research and Geographic Information Systems (GIS).
The objective of the study was to identify the land cover types most at risk from fire. The study has
contributed an original angle by taking into account various land cover types with a potential influ-
ence on the distribution of fires geocoded at the address level. The analysis considered 27,651 fire
interventions, as recorded by the Polish State Fire Service between 2014 and 2016 in the country’s
central region known as Lodzkie Voivodeship. The main methods employed include various GIS
tools, including Voronoi tessellation (to identify the areas most at risk of fire) and the fire location
quotient (FLQ, a measure of the colocation between the number of fires and land cover). The most
important conclusion is that of all the land cover types considered in the study, the built-up area type,
especially the multi-family residential and retail and service area subtypes, was virtually the only
one with a strong influence on the location of fires. The fire high-risk areas (FH-RA) identified here
were primarily limited to urban areas.

Key words: fire incident, GIS, land cover, fire high-risk area, fire location quotient, Lodzkie
Voivodeship.

1. INTRODUCTION. THEORETICAL AND EMPIRICAL BACKGROUND

Over the millennia, fire has accompanied mankind in its rise to civilisation. When
tamed, it offered advantages, but uncontrolled and wild it brought calamity, trag-
edy and defeat. Fire can ravage vast areas, ruin settlements, and turn crops and
forests into ashes. Losses of this kind cannot be fully expressed in any currency
or the numbers of dead and injured. They can be minimised only if adequately
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equipped and trained fire services respond quickly to fire incidents. Optimisation
of the response time and of the efficient deployment of resources demands an ac-
curate identification of the needs in terms of the distribution and operating range
of fire service units, which can be obtained through complex analyses performed
by local authorities and the fire-service command structures.

The spatial dimension of the distribution and conditions for fire interventions
is the subject of research at various spatial scales ranging from national (Eswatini
— Dlamini, 2011; New Zealand, UK — Moffat and Pearce, 2013; Poland — Woz-
niak, 2014), through regional (Espirito Santo — Eugenio ef al., 2016; Dalmatia
—Jajti¢ et al., 2019; Mazovia — Koziol, 2019), areas and districts (West Midlands
— Hastie and Searle, 2016; Bodrum — Akay and Sahin, 2019), individual cities or
towns (Toronto — Asgary ef al., 2010; Warsaw — Mazur, 2014; Vilnius — Vasiliau-
skas and Beconyté, 2015; Yichun — Guo et al., 2017; Nanjing — Xia et al., 2019),
and, finally, to a micro scale of just several buildings (in Jos, Nigeria — Nimlyat
et al.,2017). In general, such studies can be divided into those focusing on inhab-
ited areas and those focusing on forest areas.

An example of the application of GIS and remote sensing methods in the anal-
ysis of the distribution and causes of fires is a study of the African state of Eswatini
(Dlamini, 2011). The author studied the interrelations between a range of factors
with a potential impact on the location of fires and their real distribution. He con-
sidered altitude above sea level, angle of slope, average annual rainfall, average
annual temperature, relative humidity, land ownership, soil category, population
density, road density, distance from buildings, presence or absence of domestic
animals, and land cover. Dlamini then assessed the fire risk across the country
and his resulting map achieved satisfactory levels of similarity when compared
with the actual distribution of fires. The author has concluded that land cover has
a significant influence on fire risk.

Mazur and Kwasiborski (2013) analysed the distribution of selected detailed
characteristics of fires in Poland from reports covering the period 2007-2012. The
detailed specifications considered included: the overall number of fires and the
number of people affected, both overall and by type of item on fire. The analysis
yielded an assessment of the safety and types of items with the highest levels of
fire risk. Apparently, as the number of fires reported in this period increased, the
number of injured and dead per fire decreased. The highest ratios of victims, both
injured and casualties, per fire were reported for residential buildings, which was
the third most frequently affected type, after fires in agriculture and transport.

Subject literature often includes a discussion about fire risk assessment in ur-
ban areas'. Authors tend to consider two main issues: i) how to identify urban
areas with a high fire risk/likelihood (Mazur, 2014), or ii) which characteristics of
an urban environment are most associated with a fire risk (Jennings, 2013; Vasi-

! Fire risk is understood as the likelihood or forecasted frequency of occurrence of fires in a given area.
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liauskas and Beconyté, 2015). In general, earlier research suggested that the main
factors determining the number of fires in urban areas were the social, economic
and environmental characteristics of the local community. It was only in the early
21% century, as GIS techniques became sufficiently popular, that researchers also
noted other important variables of fire risk. Jennings (2013) offered a review of
literature focusing on fire risk factors in US residential areas. He used the review
to build a conceptual model of fire risk. According to this model, a fire can be
caused by internal factors (inherent in the nature of a given dwelling) or exter-
nal factors (the physical environment and weather conditions, the character of
a neighbourhood, and individual behaviour). The main components of the model
included: dwelling characteristics (dwelling materials, structure, age, equipment,
content, and electrical fittings); physical environment (setting, vegetation cover,
and topography); weather conditions (temperature, wind speed, rainfall/snowfall,
and humidity); neighbourhood characteristics (demography, socio-economic sta-
tus, and cultural practices) and individual behaviour (perception/attitude, values
and beliefs, socio-economic status, and cultural background). Other factors with
a lesser influence on fire risk included calendar events or group behaviour (family
lifecycle, household size, and household composition). The fire risk factors in-
cluded in this model were successfully tested by the British researchers Hastie and
Searle (2016). They focused on analysing the socio-economic and demographic
factors correlated with accidental residential fires. The study confirmed that the
ethnic structure of a given area (particularly the proportion of Black African-Car-
ibbean residents), and economic deprivation (most notably the levels of wordless-
ness) are strong indicators of areas with a frequent incidence of fire.

Asgary et al. (2010) published a spatio-temporal analysis of fires in Toronto.
He found that fires were the most frequent in the downtown area and along the
main streets where city life was at its most intense (and many fires were due to
arson). Outside the downtown, fires tended to erupt in lower income areas. The
least fires were reported in areas with low population density, with modern houses
and with higher incomes. The city centre was also identified as the peak fire area
in Warsaw (Poland) by Mazur (2014) and by Mazur and Guzewski (2014). Fire
hot spot areas, identified using the kernel density estimation method, were found
to coincide with the most densely developed areas. The authors also established
that the number one cause of fires in Warsaw was the human factor (73%). Arson
(35%) and the careless handling of open fires by adults (15%) were followed by
technical causes (electrical wiring and appliances, and solid-fuel fired heating at
11%). A study of the city of Jos in Nigeria found that the number one cause of
fires in high-rise buildings was electrical faults (Nimlyat ez al., 2017). Hence they
recommended that designers and property owners should equip buildings with
fire safety measures. These measures should be present, adequate and in locations
well known and visible to the inhabitants. In another study, Holborn et al. (2003)
concluded that of all the occasional fires reported in London (1996-2000), a half
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(47%) started with a cigarette or a cigar (followed by kitchen appliances at 14%);
more than a half of the deaths due to fire applied to people aged 60 or more; the
most occasional fires started in the lounge or drawing room (33%), followed by
the bathroom (29%) and the kitchen (20%).

Xia et al. (2019) used local and global colocation pattern measures to identify
the most fire-prone region in Nanjing (China) where fire sites clearly tended to
concentrate in certain areas. The study demonstrated that different urban land uses
were linked with different types of fire incidents. For example, the incidence of
dwelling fires was strongly correlated with the presence of residential areas, while
non-residential buildings caught fire most frequently if they adjoined entertain-
ment sites, and vehicle fires occurred in downtown commercial districts.

Forest fires are less frequent than urban incidents, but when they emerge, they
can grow considerably. Indeed, to a firefighter a forest is a large stock of fuel. Forest
fires also cause long-lasting changes in the ecosystem as forests take much longer
to recover than human settlements. For these reasons, forest monitoring and rapid
reaction to incidents is a very important objective for fire services. This paper uses
the Brazilian state of Espirito Santo to discuss the development of a model for map-
ping forest fire risk (Eugenio et al., 2016). Maps of this type are among the most
important environmental protection instruments. The GIS-based model weighted
two types of characteristics: physical (e.g. slope angle, land cover, and proximity of
road infrastructure) and climatic (e.g. precipitation, temperature, water deficit, and
evaporation). The resulting map divided the whole area into five risk levels: low,
medium, high, very high, and extreme. Using this approach and other studies, fire
hazard factors in forests can be divided into four groups: stand/vegetation structure,
topographic factors, proximity/distance to ... (e.g. residential area, roads, water
bodies), and climatic factors (Paysen et al., 2000; Moffat and Pearce, 2013; Akay
and Erdogan, 2017; Guo et al., 2017; Akay and Sahin, 2019; Schaefer and Magi,
2019; Feurdean et al., 2020). Population density is also considered to help assess
transitional zones where residential development mixes with forests (Guo et al.,
2017). Among the factors associated with stand structure, the following are consid-
ered important: tree species, crown closure, and tree stage. Other groups of factors
include: topographic factors, such as ground slope, aspect (as a function of humidity
and temperature), and elevation; climatic factors, including temperature, humidity,
precipitation, and wind; and, finally, proximity to roads, railways, settlements, and
water resources. There are also the kinds of circumstances that impact the fire risk
in forests and are modified by seasons, days of the week, time of day, remaining
weather conditions, or human presence or lack thereof in the forest (Feurdean et al.,
2020). Researchers assign a different weighting to each factor depending on the area
of study. Akay and Sahin (2019), for instance, selected tree species, tree stage and
water resources as the most important variables in the Bodrum province, Turkey.
Yichun, in turn, selected ground slope, elevation, distance from a railway, water
resources, and humidity in the Chinese study (Guo et al., 2017).
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A separate category of firefighting-related papers, interesting from the geog-
rapher’s perspective, considers the deployment of fire fighting services. Fairness
and efficiency are the two main criteria that tend to be used in determining the
location for new fire stations (FS) or in evaluating existing FS networks. Fairness
requires that the same level of protection be provided to everyone, while efficien-
cy prioritises the most efficient ways of distributing the available hardware and
personnel resources. A frequent measure of the efficiency and effectiveness of fire
fighting services is their response time (from receiving a fire incident report to
arriving on the site of the fire) which can minimise the risk to life, health and prop-
erty. In their study of the optimal FS location in China, Zhang and Jiang (2011)
indicated the optimal fire-service response time at 5 minutes. A similar result was
obtained by Yang et al. (2001) for Derbyshire (UK) as the response time varied
depending on the fire risk category between 4—5 minutes for high-risk incidents
and 10-20 minutes for low risk fires.

Various researchers build functional and optimisation models of FS distribu-
tion. For instance, Huang et al. (2005), Yang et al. (2007), and Zhang and Jiang
(2011) have built their models by stressing the need to minimise the travel time
from an FS to an accident site, maximise service coverage, distance balancing
(distribution of FSs), minimise the overlap of FS service areas, minimise the dis-
tance between an FS and an accident site, minimise the total setup costs of an FS,
and minimise associated costs. They did not, however, consider such objectives
as, for example: determining a reasonable number of FSs, minimising the distance
between an FS and high-risk areas, maximising the service for high-risk areas
(Erden and Coskun, 2010) in identifying the location.

In this study we undertook to understand the spatial relationships between the
distribution of fires and land cover types using the colocation indicator (fire loca-
tion quotient, FLQ). To derive spatial colocation patterns, we studied the distribu-
tion of fire sites classified under three size groups versus 16 land cover types and
subtypes. The study used this distribution of fire sites to identify an area with the
highest fire risk and this area was further researched using FLQ.

2. THE DATA AND METHODS

2.1. Data

For the purpose of this study, two types of data and information were gathered
about fire interventions and about the land cover in the Lodzkie Voivodeship
(region) in central Poland. The fire intervention data, spanning 2014-2016, was
released by the Regional HQ of the State Fire Service (Komenda Wojewodzka
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Panstwowej Strazy Pozarnej) in the city of L.6dz. The information was com-
piled by the Operational Department of the Fire Service and exported from the
Command Support System ST? (SWD-ST) database into a spreadsheet. The de-
tails contained therein included: the time of incoming report, unit ID, fire type,
geographic latitude and longitude, number of crews, damage, and the address
and type of property affected. The Fire Service only started gathering fire in-
tervention data in the system in 2014 and this is the reason for selecting the
2014-2016 for the study. The breakdown of the information contained in the
system is shown in Table 1.

The type of fire data obtained for the Lodzkie Voivodeship posed two prob-
lems. The first was the need to convert geographical coordinates into the GPS
— WGS 84 (code 4326) system and then to export the point layer in the .shp
format arranged in the PUWG 92, CS92 (code 2180) structure. Apparently due
to inaccuracies in the original recording of the coordinates the resulting approx-
imate locations of the fire sites were not entirely precise. Indeed, the rounding
of seconds in coordinate data shifted locations by between ten and several tens
of metres away from actual addresses, if an address was even available in the
first place. Indeed, the address data was also lacking in terms of accuracy and
sometimes missing altogether, which forced the authors to limit themselves in
identifying fire site locations to just providing converted geographical coordi-
nates.

When a total of 27,651 incidents were geocoded, 142 (0.51%) ‘fell outside’ of
the voivodeship borders. All of these fortunately had accurate addresses and could
be brought back in. Additionally, of the 76 interventions that ‘fell out’ of their
district boundaries, 62% could be restored to the right locations. A certain degree,
probably a minor one, of location error should be expected in any further analysis
of the point data for fire interventions.

There is an interesting research project involving a breakdown of the sites af-
fected by fire into eight categories that are proposed in the Operating manual (Po-
drecznik uzytkownika Systemu...(2014)) used in operating the SWD-ST database.
The author, however, has not succeeded in obtaining access to the categorisation,
and the actual database only featured descriptive characteristics of these sites. Ap-
pealing as an analysis of this categorisation would have been, the sheer volume of
records that would have to be processed manually forced the author not to pursue
this line of action.

2 Command Support System ST (SWD-ST) is an Oracle-based IT system. It contains information
about incidents, time, space and statistical data on the resources and personnel used, the type and
causes of the intervention, and its results. The system is used to exchange information between PSP
(State Fire Service) units and with the external world. It supports the handling of cases in real time
and the application of personnel and equipment of both the professional and volunteer fire units
(Podrecznik uzytkownika Systemu..., 2014).
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Table 1. Scheme for a fire intervention database provided by the Regional Headquarters

of the State Fire Service (KW PSP)

Field

Description

Code

Unique variable identifying the incident

Incident reporting
time

dd-mm-yyyy hh:mm:ss,
Automatically generated by the system upon the first saving of the
incident file

Unit

Main unit responsible for the incident

Type

Selected from: fire, local threat, false alarm

Size

P/M — small fire (destruction or burning down of items such as:
movable items, storage sites, machines and equipment up to 70 sq. m
or 350 cubic m, forests, crops, grasses, peat bogs or idle land up to

1 ha),

P/$ — medium-size fire (affecting items with an area from 71 sq. m to
300 sq. m, and volume from 351 cubic m to 1,500 cubic m, or areas
with a size from 1 ha to 10 ha; intervention involving simultaneous
deployment of 5-12 streams*),

P/D — large-size fire (affecting items with a square area from 301 sq.
m to 1,000 sq. m or volume from 1,501 cubic m to 5,000 cubic m, or
areas from 10 ha to 100 ha; the intervention involving simultaneous
deployment of 13-36 streams*),

P/BD — very large-size fire (affecting items with larger square areas
or volumes or involved simultaneous deployment of 37 or more
streams*; environmental catastrophe).

Longitude

Latitude

DMS format: degrees, minutes, seconds

Crews

Number of crews present at the intervention site,
A crew is formed by three to six firemen, including the chief, and is
equipped with an engine relevant to the task

Damage [thousand
PLN]

Estimated damage

Town

Street Details of the town, street and building/apartment number of the
Building/apartment incident, if available.

No.

Object Descriptive value

* fire-fighting agent (typically water) leaving the nozzle in concentrated, dispersed or mist form

Source: own work.

Arange of sources was used to obtain the spatial data. For example, the voivode-
ship road network was downloaded from the resources of the OpenStreetMap
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service under the Open Database License (OSM), while the official administra-
tive boundaries and the topographical site database BDOO10k for the Lodzkie
Voivodeship were downloaded from the website of the Head Office of Geodesy
and Cartography (GUGIK). The topographical site database was reorganised for
the purposes of this study by selecting only the most relevant land cover types,
summarised in Table 2 and Fig. 2.

Table 2. Land cover in Lodzkie Voivodeship in 2015 (BDOO10k),
classified into major land-cover types

Area
Land cover
km? Voivodeship = 100
Built-up area 1519.2 8.3
Single-family housing 1386.2 7.6
Multi-family housing 51.4 0.3
Commercial and services area 3.0 0.0
Industrial and warehouse zones 48.9 0.3
Remaining 29.7 0.2
Arable land and grassland 11 447.9 62.9
Arable land 8281.5 45.5
Grassland 3166.4 17.4
Permanent cultures 338.9 1.9
Orchard 310.5 1.7
Plantations 21.7 0.1
Allotment gardens 6.0 0.0
Seedbeds 0.8 0.0
Forestry area 47239 26.0
Remaining area 164.5 0.9
Lodzkie Voivodeship 18 194.4 100.0

Source: own work based on the data of the GUGIK.

For various reasons, a number of otherwise significant land cover types are
missing from the selection adopted and these have been grouped together as the
remaining area. They include water bodies, landfill sites, mines, dumps, construc-
tion sites, unused land (omitted mainly due to their small size or negligible impor-
tance from the fire-fighting perspective), or road and rail networks and associated
land (omitted due to their linear nature and the geocoding precision issues men-
tioned above).
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2.2. The methods

The literature reports a number of methods of statistical and spatial analysis
that have been used to identify areas susceptible to fire incidents. The simplest
of these employ the weighting of threats, such as the one proposed by Eugenio
et al. (2016), and Koziot (2019). The spread of GIS techniques has made it easi-
er to apply more advanced methods and indicators (Corcoran et al., 2007), such
as the analytic hierarchy process AHP (Habibi ef al., 2008; Erden and Coskun
2010; Akay, Erdogan, 2017; Akay, Sahin, 2019), kernel density estimation,
KDE (Corcoran et al., 2007; Asgary et al., 2010; Mazur, 2014), geographical-
ly weighted logistic regression (Guo et al., 2017), multiple regression (Shai,
2006), and colocation quotient (Xia et al., 2019). These studies employ a variety
of factors and circumstances influencing the potential occurrence and spread of
fires. Only a few studies have restricted themselves to simply considering at the
actual sites of fires.

This study identifies fire high-risk areas (FH-RA) solely on the basis of the
sites of actual fires of various sizes. The author has assumed that weighting
alone would have made it difficult to authoritatively determine the difference
in the degree of danger between fires classified by the State Fire Service as
very large and small. For this reason, the analysis started by determining three
different hot spots for each of the three fire size groups: small, medium, and
large/very large. These three areas were then overlaid and the part of the area
that was common to all three represented the output fire high-risk area (FH-
RA). Three fire high-risk areas were obtained generating Voronoi tessellations.
The authors assumed that small-size Voronoi polygons developed in areas with
high fire incidence and, therefore, small-size polygons identified fire hot spots.
A threshold was adopted for the three fire size groups, below which a Voronoi
polygon would be classified as small. The threshold value was derived using
the Jenks natural breaks classification method. The overlap of the three fire size
groups, and the outcome in the form of an identified fire high-risk area (FH-RA),
is shown on Fig. 5. Voronoi polygons are widely used in solving spatial optimi-
sation problems, especially in the identification of the reach of various services,
such as emergency management, public service facilities, electric vehicle charg-
ing stations, and the middle school service (Lee and Lee, 2009; Zhu et al., 2008;
Qiao et al., 2018; Wang and Kwan, 2018).

Colocations between the land cover types and the number of fire incidents
were assessed using the fire location quotient (FLQ). A conceptual outline of its
application to the analysis of crime distribution determinants was proposed by
Sypion-Dutkowska and Leintner (2017). In spatial analysis literature, this method
is reported under several variants and names (Isard, ef al., 1962, p. 123; Kostru-
biec, 1972, p. 21; Runge, 2006, p. 322; Suchecki, 2010). FLQ follows the formula:
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where: FLQ ' — the FLQ for fire size s and land cover type #; NF '— the number of
incidents for fire size s within the area of land cover type (or sub-type) ¢; A' — the
area of land cover type (or sub-type) #; NF_— the number of incidents for fire size s
within the total area; A — the total area; T — defines the 16 land cover types and sub-
types (¢ = 1-16); S — defines the number of fires in total and the three individual fire
sizes (s = 1-3).

The FLQ determined for land cover forms and fire size groups reveals the
strength and direction of the relationships linking two values. At the centre of the
strength spectrum, the value of one denotes a lack or balance of influence. From
this value upwards the strength of a colocation increases while from one towards
zero repulsion grows. The general scheme of the methodological approach to this
work is presented in Fig. 1.

FLQs =

Land Cover \ Geocoded Fire Sites ‘

Fire Location Quotient }47 l

| Detection of Fire High-Risk Area ‘

Fire Location Quotient }4—'

Fig. 1. Scheme of methodological approach

Source: own work.

The density of fire interventions in this study is shown using kernel density es-
timation (KDE). KDE produces an easily interpreted quasi-continuous fire density
surface and its highest intensity identifies the fire hot spots. In this particular case,
KDE provided a detailed spatial distribution of the phenomenon being studied and
its concentrations. Moreover, thanks to the small grid cell size the reference sur-
faces offer a better alignment with the actual fire site distribution offering a good
level of accuracy in the estimation of hot spots. The technique has a very strong
statistical foundation and is highly modifiable, as it allows the selection of dedi-
cated sets of parameters. This study followed the approach proposed by Hart and
Zandbergen (2014) and used the following measures: density function/interpola-
tion method — triangular, function reach/bandwidth — fixed, value: 10 km.



The influence of land cover on the spatial distribution of fire sites... 181

3. ORGANISATION OF THE FIRE SERVICE IN POLAND. THE CASE
STUDY AREA

The Polish National Firefighting and Rescue System (KSRG) was established in
1995 as an integral part of the country’s internal security organisation. KSRG’s
mission is to protect human life and health, property, and the environment, which
the service does by combating fires and other localised threats and by working
with medical, technical, chemical, and environmental units of the rescue system
(Official Journal of 1991 No. 81 Item 351). The KSRG comprises rescue and aux-
iliary bodies from the State Fire Service (PSP), the Voluntary Fire Service (OSP;
4306 units in 2016) and industrial, airport, and military fire protection units (15).
PSP, at its basic level, consists of Firefighting and Rescue Units (JRG; 496 units in
2016) equipped with resources to independently perform rescue missions. KSRG
consisted of approximately 30,000 career PSP firefighters; more than 140,000
OSP rescuers aged 18—65 years, with more than 9000 fire fighting vehicles; and
518 rescuers with 80 various type vehicles in other fire protection units.

Lodzkie Voivodeship (NUTS 2 under EU terminology) was selected for a de-
tailed analysis of the distribution of fire call-outs. This centrally located voivode-
ship occupies an area of 18,200 square kilometres (i.e. 5.8% of Poland’s territory)
and has a population of 2.49 million (6.4% of the overall population). Its capital
and the largest city is £odz with approximately 700,000 inhabitants. During the
period 2014-2016, the Lodzkie Voivodeship accounted for 7.3% of the national
firefighting and rescue incidents (i.e. fires, local emergencies and false alarms),
including 6.1% of all fires reported in Poland.

In 2016, the regional PSP structures in the voivodeship included: the regional
headquarters, 22 district (municipal) headquarters and 34 JRG units (including 26
with more than 36 FTEs and 8 smaller ones) (Fig. 2). The PSP had 2,229 career
firefighters. Beyond PSP, KSRG included 326 OSP units (plus 1,132 smaller and
less well equipped OSP units outside KSRG) (all data: Information Bulletin...
2017). The largest concentration of units belonging to KSRG is found in the cen-
tre of the voivodeship, while units located in the northern and south-eastern parts
are fewer and have larger service areas. The legally prescribed arrival time for
rescuers in the system is between 8 and 15 minutes (Regulation of the Ministry of
the Interior, Rozporzqdzenie Ministra Spraw ..., 2011) and when this is impossi-
ble, the mobilisation of additional OSP units in the system should be considered.

Aside from the main line of research, the authors also analysed the arrival time
of KSRG units to the various parts of the voivodeship. The highlights of these
efforts, if not a detailed report, may be interesting here. KSRG units have been
found to be able to reach just 49% of the voivodeship’s territory (as calculated
using parameters developed by Mazur ef al., 2015) in the prescribed time of 15
minutes (including 22% in up to 8 minutes and 27% in 8 to 15 minutes). These
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time accessibility values varied between locations and were found to be highest
in the western and central parts of the voivodeship and to diminish outwards from
these areas in the direction of the voivodeship boundaries, as well as south-east-
wards where the value reached its lowest point. While only less than a half of the
territory could be served within the maximum time of 15 minutes, this appeared
better in terms of the population. The study has calculated that areas inhabited
by 73% of the population could be reached by KSRG fire-fighting units in that
maximum time.

D n
lomaszowjMazowiecki

Land cover:

B vuilt-up areas

[ arable areas 0 10 20 40 km

E= grasslands National Firefighting and Rescue -
System (KSRG) units:

m permanent cultures ® JRG Top 15 cities

I forestry areas ® OSPin KSRG main roads

[ | remaining areas 4 remaining OSP [] todzkie voivodeship

Fig. 2. £6dz voivodeship — the study area

Source: own work.
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Arable land and grasslands dominate the overall land cover composition of the
voivodeship. When permanent cultures are added (Tab. 2, Fig. 2), the three types ac-
count for nearly 2/3 of the territory of the voivodeship. The next important land cover
type is forests, accounting for 26% of the territory. Built-up areas cover just 8.3% of
the voivodeship area and consist of housing areas (7.9%), industrial and warehouse
zones (0.3%), and commercial and services areas. According to numerous researchers
from various parts of the world, it is the built-up area type that is regarded as the most
at risk of fire (Asgary et al., 2010; Haas et al., 2013; Scott et al., 2013; Mazur, 2014).

4. THE RESULTS

4.1. Distribution of fire sites

The analysis of the distribution of fire sites in the £.odzkie Voivodeship was based
on data provided by the Regional HQ of the State Fire Service in £odz. Over the
three-year period spanning 2014-2016, there were 27,651 fire interventions, in-
cluding 11,420 in 2015 (more than 41%), followed by 8,768 in 2014 (32%) and
7,463 in 2016 (27%). In relative terms this means that during the study period
there were on average 1.5 fire incidents per square kilometre, or 0.5 fire incidents
per square kilometre per annum.

Fire-fighting units were engaged throughout the study area and across the time
accessibility spectrum (distribution shown in Fig. 2). It appeared, however, that
there was a positive correlation between the KSRG time accessibility and the ac-
tual number of fire incidents. More than 70% of all fires during the study period
occurred in areas accessible within 8 minutes and a further 18% in areas accessi-
ble in between 8 and 15 minutes. Just 12% of the total fires occurred in areas not
reachable within the maximum of 15 minutes. When compared with areas of the
UK or China featured in studies (Yang et al., 2001; Zhang and Jiang, 2011), the
efficiency of fire unit distribution in the .6dzkie Voivodeship is quite good.

Viewed on a map (Fig. 3) fire sites congregate into a dozen areas of consid-
erable density. The largest of these is the city of £.6dZ metropolitan area at the
centre of the voivodeship, while smaller ones are centred on other major towns.
Outside urban areas, large and medium-sized fires were recorded throughout the
area. If there was a pattern to these, it would be the proximity of both large and
medium-size fires to main roads and the incidence of large fires in suburban areas.

A certain number of fires covered by the study was widely publicised in the
media at the time of their occurrence. For example, a large fire in June 2016 con-
sumed the Chancellor’s Building of the Lodz University of Technology. Other
notable cases of sites that caught fire and public attention included a wholesale
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warehouse and a fitness club in Konstantynow L6dzki (June 2014) and the Kry-
wan Inn in Stostowice in the south of the voivodeship (October 2016). Finally,
a large fire of a warehouse hall in Skierniewice involved 191 fire-fighting crews,
the largest number in a single mission (November 2014).

The concentration of the phenomenon at hand was identified by use of the Gini
coefficient. Its high overall value (G=0.74) suggested a highly unequal distribu-
tion, probably mainly driven by small fires (G=0.79) with medium-sized events
(G=0.68) only slightly more equally distributed than the average. Large and very
large fires had much lower Gini coefficient values (0.39 and 0.47, respectively).

The trend for small fires to concentrate in town centres is not specific to this
voivodeship. Similar findings were established by Mazur (2014) in Warsaw. Else-
where, this pattern was also identified in Philadelphia, USA (Shai, 2006), Toronto,
Canada (Asgary et al., 2010), Vilnius, Lithuania (Vasiliauskas and Beconyté, 2015),
and the two Chinese cities of Yichun (Guo, 2017), and Nanjing (Xia et al., 2019).
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Fig. 3. Distribution and density of fire sites in the £.odzkie Voivodeship, 2014-2016

Source: own work.
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As shown in Fig. 3, the distribution of fire site density in the study area follows
a clearly concentric pattern. This density reaches its peak in the regional capital,
the city of Lodz, from which it diminishes outwards towards the boundaries of the
voivodeship. This nearly perfect density pattern is somewhat distorted by medi-
um sized towns: Sieradz, Zdunska Wola, Betchatow, Piotrkow Trybunalski, and
Tomaszow Mazowiecki.

To provide an additional visualisation of the concentration of fire sites
across the voivodeship, an anamorphic cartogram was used (Fig. 4). The fact
of considering the number of fire-fighting interventions during the study period
had a distorting effect on the administrative boundaries of poviats (districts).
The sizes of approximately 75% of poviats were diminished and just six povi-
ats were inflated. The most distorted is the town of Skierniewice, the territory
of which has the greatest error margin (based on the distortion of the GRID
projection). £.6dz is the most inflated of the poviats, followed by: the poviat of
Zgierz, the town of Piotrkoéw Trybunalski, the poviat of Pabianice, the poviat
of Lodz-East, and the town of Skierniewice. The lowest error margin was re-
corded in the poviat of Skierniewice (outside of its town part), while the most
diminished territory is that of the poviat of Piotrkow Trybunalski (outside of
its town part).

[ | shrunken

real

[ enlarged

Poviats: 1. skierniewicki, 2. tomaszowski, 3. wielunski, 4. zduriskowolski, 5. wieruszowski, 6. zgierski, 7. brzezinski, 8. Lodz,
9. Piotrkéw Trybunalski, 10. Skierniewice, 11. betchatowski, 12. kutnowski, 13. faski, 14. teczycki, 15. fowicki,
16. t6dzki wschodni, 17. opoczynski, 18. pabianicki, 19. pajeczanski, 20. piotrkowski, 21. poddebicki, 22. radomszczanski,
23. rawski, 24. sieradzki

Fig 4. Geographically accurate map of poviats (left) and the square areas of poviats taking into
account the number of fire incidents recorded in the £.6dz Voivodeship in 2014-2016

Source: own work using the application ScapeToad v. 11.
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4.2. Land cover types conducive or non-conducive to fires

There is a considerable range of variability in the FLQ-measured colocation of
fires overall and of some of their size categories, and the various land cover types.
This means that different land cover types have different susceptibilities to fire
risk (Tab. 3). In the case of all subtypes of built-up area and of allotment gardens
(a subtype of permanent cultures), this correlation can be seen to reflect condu-
civeness of these areas to the incidence of fires.

With their FLQ reaching extremely high values, two land cover subtypes display
particularly strong conduciveness to all fire sizes: commercial and services, and mul-
ti-family housing. The very high FLQ values clearly also owe much to the small pro-
portion that these land cover types represent in the overall area of the voivodeship, in
addition to the sheer number of fires reported from these areas. They are followed by
industrial and warehouse zones, remaining built-up areas, and single-family housing
areas that also display strong colocations with fire sites. For these three land cov-
er subtypes, FLQ reaches very high values for all fire sizes (with few exceptions).
Other research regarding Poland and Warsaw corroborates the finding that residen-
tial areas (primarily dense urban fabric with a majority of old-style townhouses and
concrete-slab housing projects) are extremely susceptible to fire risks (Mazur, 2014;
Koziol, 2019). A study of Toronto demonstrated that in addition to downtown resi-
dential areas, commercial areas along main streets, and single-family residential are-
as are also at risk (Asgary et al., 2010). In the Chinese city of Nanjing, high values of
the colocation index (> 2.0) were obtained for various types of fire in the following
land-use facility types: residential and commercial buildings, schools, green space,
and entertainment and shopping sites, which results were generally compatible with
the land cover types indicated in this study (Xia ef al., 2019).

Table 3. FLQs of total fires and fire sizes by land cover type

Fire size
Land cover Large and
Total Medium Small
very large

Built-up area

Single-family housing

Multi-family housing

Commercial and services area

Industrial and warehouse zones

Remaining

Arable land and grassland 0.39 0.60 0.65 0.38
Arable land 0.32 0.57 0.55 0.31
Grassland 0.57 0.67 0.91 0.55
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Fire size
Land cover Large and .
Total very large Medium Small

Permanent cultures 0.28 - 0.38 0.28
Orchard 0.23 - 0.34 0.22
Plantations 0.12 - 1.08 0.06
Allotment gardens 3.74 - - 3.98
Seedbeds - - - -

Forestry area 0.22 0.14 0.30 0.22
Remaining area 0.31 - 0.71 0.29

Source: own work.

Allotment gardens form another high-risk subtype, but, uniquely, it is exclu-
sively linked to small-sized fires. Just as in the case of built-up areas, allotment
gardens involve extensive human presence and the human factor is known to be
the number one cause of fires in Poland (Mazur and Kwasiborski, 2013; Mazur
and Guzewski, 2014; Koziot, 2019).

The fire risk in forests, on arable land and grasslands, on permanent cultures,
and on remaining areas was low to very low. Fire concentrations in these areas
across the voivodeship were very low, especially in the case of small fires. These
land cover types could be perceived as non-conducive to large-size fire incidents.
Only medium-sized fires in grasslands and plantations reached FLQ values close
to 1, or the average colocation value, similar to the values achieved by all land
cover types in the voivodeship. It is also worth noting that certain fire sizes never
occur in certain land cover areas. The low incidence of fires in agricultural are-
as, including grasslands, has already been indicated by Paysen et al. (2000) and
Scott et al. (2013). The opposite, however, was found in the Croatian province of
Dalmatia where rural areas, characterised at the same time by a high proportion
of agricultural occupation and depopulation, were the ones most affected by fires.
Here, grasslands and shrublands were identified as the most fire-prone land cover
type (Jajti¢ et al., 2019). FLQ values for England and Wales quoted by Moffat and
Pearce (2013) were much lower in built-up areas, but higher in arable land and
grasslands, and forests.

The FLQ values obtained indicate a low fire risk in the vast forest areas in the
Lodzkie Voivodeship as a whole. Paradoxically, this may partly be explained by
the fact that the entire voivodeship is included in medium or high fire-risk zones
designated by Lasy Panstwowe, the Polish Forestry Administration. Indeed, an
efficient observation and alert system has been established for this land cover
type alone. The system consists of: automatic fire spotting (observation towers
with CCTV), alert management points, on-ground patrols (patrols/fire-fighting



188 Stanistaw Mordwa, Matgorzata Ostrowska

vehicles), forest aviation bases, water abstraction points, and access roads (an
adequately distributed and maintained forest road network). During risk periods,
fire-spotting points actively monitor forests and flag all suspect smoke emissions
to alert management points. Precision alidades are used to determine angles used
in locating such smoke emissions, thus helping alert management points to accu-
rately determine the location of a potential fire and take adequate steps (Instrukcja
ochrony przeciwpozarowej lasu, 2020).

Unfortunately, this paper cannot present a thorough discussion in relation to
the results obtained by other authors due to the research approach employed and
the fact that the study area is not adequately represented in the literature (there are
few studies relating to Central Europe that address the spatial conditions underly-
ing the distribution of fires, in contrast to those relating to the Mediterranean area
for which literature sources are very rich). Our results could be compared with the
results produced with the use of a similar methodology (relationships with land
cover and colocation quotient) and for an area with similar climatic conditions.
The relationships between the number of fires on individual land cover types
and climate zones on a global scale were well described by Schaefer and Magi
(2019). Meanwhile, Bajocco et al. (2010) have proven the relationships between
the number of fires on various types of land cover and three climatic subtypes
distinguished in Sardinia, namely the Mediterranean, transitional Mediterranean,
and transitional temperate subtypes (mainly characterised by a clear gradient of
decreasing summer drought). Despite such a small research area, the above pa-
per demonstrates that for the first climatic subtype, the relationships between the
occurrence of fires and urban areas, arable lands, and permanent crops are sig-
nificant. By contrast, in the other two subzones fires were more likely to occur
within heterogeneous agricultural areas, forests, natural grasslands and pastures,
and sclerophyllous vegetation areas. The comparisons made in the said study with
the texts by Moffat and Pearce (2013), and Xia et al. (2019) do not satisfy the con-
dition of similarity between climatic conditions, although the analyses presented
there identified a relationship between the fire location and land cover. However,
most of the available literature focuses on analyses of fires occurring in areas with
individual land cover types, mostly urban areas (e.g. Asgary et al., 2010; Jennings,
2013) or forests (Akay and Sahin, 2019; Feurdean et al., 2020), rarely arable land
(Lietal,2017).

4.3. Detecting fire high-risk areas (FH-RA)

FH-RAs were obtained by generating a Voronoi tessellation. The author adopted
the assumption that small polygons were indicative of short distances between
fire sites thus representing high-density areas, which, in turn, could be identified
as fire hot spots. The FH-RA was generated by overlaying areas with the smallest
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Voronoi polygons obtained separately for three size groups of fires: small, medi-
um-sized, and large/very large fires (Fig. 5). This method has the benefit of gener-
ating a natural area with all groups of fires occurring close to each other without
the need to convert their number into some other additional areas, i.e. without the
need to design density indicators.
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Fig. 5. Fire high-risk area (FH-RA) within £6dZ voivodeship space

Source: own work.

Hot spots identified for large/very large fires covered 2,512 sq. km (14% of the
voivodeship area), the medium-sized fire hot spots covered 2,312 sq. km (13%),
and the ones for small fires occupied 2,650 sq. km (15%), as depicted in Fig. 5.
Those areas where hot spots of all three sizes of fire overlapped could be iden-
tified as FH-RAs. Thus determined, the FH-RAs covered 346.8 sq. km, or 1.9%
of the area of the voivodeship. It was divided into 41 constituent parts, nine of
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which were bigger than 2 sq. km. The largest portion of the FH-RAs (275 sq. km)
included large parts of the city of £6dzZ and the towns of Zgierz and Konstan-
tyndéw Lodzki. The next largest part of the FH-RA was much smaller and covered
the town of Tomaszow Mazowiecki (43 sq. km), followed by the town of Kutno
(nearly 9 sq. km) and sections of the gminas (municipalities) of Czarnozyty and
Ostrowek (8 sq. km north of the town of Wielun).

The main characteristics of the fires that occurred within the FH-RAs are sum-
marised in Tab. 4. They indicate a considerable degree of concentration of vari-
ous-sized fires (nearly 24 fires per sq. km on average) within the confines of the
FH-RAs, of the resulting material damage and of the involvement of fire fighting
crews. The high FLQ value of 15.7 obtained for the areas indicates a serious fire
risk. This risk is particularly high in the case of small fires (FLQ=16.3). The FLQs
for medium-sized and large/very large fires, while clearly lower (at 6.3 and 7.5, re-
spectively), still indicate that these two groups of fires are concentrated in the areas.

Table 4. Main characteristics of fires within the FH-RAs

Number (according to the size of fire) Fire-fighting
Very Damage crews
: M PLN
Total large Large | Medium | Small | ( ) engaged

FH-RAs 8767 3 18 197 8549 151.6 19102
FH-RAs
as share of 32% 10% 17% 13% 33% 32% 29%
voivodeship

Source: own work.

The land cover structure within the FH-RA clearly differs from that of the
voivodeship as a whole. It is dominated by a built-up environment (at 58%) at
the expense of all other types of land cover. There is only 30% of arable land and
grasslands (although grasslands alone have the same percentage as in the voivode-
ship), forests cover 11%, and permanent crops occupy 1%. The main components
of the built-up areas include: single-family housing (41%), multi-family housing
(9%), and industrial-warehouse zones (5%).

FLQ values were computed for each land cover type within the FH-RA to
identify the level of colocation within the area (Tab. 5). What was immediately
striking was that there were much lower FLQ values for the land cover types
most at risk, when compared with the values obtained for the entire voivodeship.
Within the FH-RA, built-up areas showed a strong correlation with the occurrence
of fires, which was even stronger in their constituent parts: commercial and ser-
vices areas, and multi-family housing. Commercial and services areas, found both
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in town centres and on their peripheries, seemed conducive to fires of all sizes.
Indeed, multi-family housing had a strong colocation with just the smallest fires
(often just fires in waste containers, waste bin compartments, waste chutes, or
vehicles). Yet industrial and warehouse zones suffered less from small fires, and
a fire-fighting intervention in this type of area is normally associated with at least
a medium-sized fire. The only high FLQ value in a non-built-up area was obtained
for the remaining area group. This is explained by the occurrence of several medi-
um-sized grass fires in dump areas.

Table 5. FLQs of total fires and fire sizes in land cover types within the FH-RA

Fire size
Land cover Total Ej‘:ffai‘g‘g Medium Small
Built-up area 1.61 1.55 1.45 1.62
Single-family housing 0.98 1.29 1.24 0.98
Multi-family housing 4.37 1.60 1.08 4.45
Commercial and services area 6.01 7.91 5.06 6.02
Industrial and warehouse zones 1.51 3.51 3.74 1.45
Remaining uses 1.21 0.00 0.54 1.22
Arable land and grassland 0.12 0.32 0.38 0.12
Permanent cultures 0.35 0.00 0.00 0.36
Forestry area 0.15 0.00 0.28 0.15
Remaining area 0.45 0.00 2.34 0,40

Source: own work.

The FH-RAs are well located in terms of accessibility. As much as 82% of their ter-
ritory was reachable within 8 minutes and another 16% in between § and 15 minutes.
Only very few sections of the area took fire-crews longer than 15 minutes to reach.

5. CONCLUSIONS

The main accomplishment of this study has been the identification of areas and
land cover types that are actually, rather than just potentially, associated with fire
risks. This was possible thanks to the use of the distribution data on actual fires
geocoded at the address level. Therefore, the estimation of the risks and the co-
location indices were not dependent on the internal administrative division of the
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study area, but only on the location of each fire incident and their trends to ag-
gregate in certain areas. This has made a fundamental difference when compared
to other studies where the aggregation of data at the administrative unit level has
always led to a uniform treatment of those areas that, in terms of fire hazard, are
far from uniform.

The authors realise that the spatial structure of fire-fighting interventions de-
pends on a number of different characteristics: residential development, physical
environment, neighbouring areas, weather, climate, and many more. In this study,
however, they only explored the relationship between fire sites and land cover
types from a spatial perspective. Based on their research the authors arrived at
three main conclusions. Firstly, the area of the £.6dz Voivodeship is not uniform
in terms of fire risk, whose non-random distribution patterns are not dissimilar to
ones found in numerous English-language studies published for several different
areas worldwide. It is possible to pinpoint areas with more frequent fires, which,
significantly, coincide with urban areas. Secondly, areas most at risk from fire are
not the ones located far from the units of the fire fighting system. On the contrary,
most fires occur in the parts of the voivodeship which are most quickly accessible
to fire fighters. Due to the length limitations imposed on this paper the authors
have only presented the highlights of their additional analysis that positively as-
sessed the voivodeship’s distribution of fire-fighting units (both professional and
voluntary). Indeed, crews are able reach a large portion of the voivodeship in
an adequately short time. Finally, there are strong relationships between the dis-
tribution of fire sites and land cover types. The latter have different degrees of
impact on the distribution of fires across the voivodeship in general and in their
size groups in particular. Built-up areas are the most at risk of fire, especially of
small fires. All other land cover types have low to very low colocation values. The
results of this study also support certain other pieces of published research that
considered land cover types. Indeed, as found in other studies, commercial and
services areas, multi-family housing, and industrial and warehouse zones proved
to be the land use types conducive to the most fires. It is postulated that this anal-
ysis of the relationships between the distribution of fires and land cover types
should be complemented by a study of the causes and the backgrounds of these
relationships.

The objectives here were to determine the spatial relationships between the
distribution of fires and land cover types using an index of colocation (i.e. the
fire location quotient, FLQ), and to use the fire distribution to identify fire high-
risk areas. Both objectives have been achieved. The working hypothesis that
certain land cover types are either strongly conducive to fires, or vice-versa, and
in this way have an impact on the distribution of fires, has been confirmed. The
fire high-risk area (FH-RA) has been determined using a simple tool (Voronoi
tessellation), but it does conform to the actual and frequent occurrences of fire
sites.
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The results permit the formulation of certain recommendations for social
policy and spatial planning. Residential areas are at too great a risk of fire. Re-
gional and local authorities could use the sites and land cover types identified in
this study to consider drafting plans to mitigate this fire hazard. From the meth-
odological point of view, the study suggests a need to improve the PSP database
to make it more useful for spatial analysis. Its main problems are incomplete-
ness and inaccuracy. What must necessarily be done, and done urgently, is the
identification of the locations of fire incidents with precise descriptions. Also,
the FLQ values obtained in this study could be useful in determining the weight-
ing of the various land cover types in any future research into the multiple fac-
tors affecting fire hazard. From this point of view, the study could contribute
valuable information to the estimation of fire risks and the management of the
deployment of fire service resources. The understanding of colocation patterns
between fire sites and land cover types could help explain fundamental factors
conducive to the development of fires. Researchers trying to identify optimum
fire-fighting service networks with theoretical accessibility models could also
learn that most fires do not occur in those areas where fire fighters need the
longest time to arrive. The spatial analyses of fire distribution presented in this
paper can be used to design the operations of fire departments in such a manner
that they woud correspond to the risks they face and their two essential tasks,
namely fire prevention and fire preparedness. Effective fire suppression is a last
resort, which should not be allowed to happen in the first place. In line with the
guidance of the Food and Agriculture Organization of the United Nations on
fire prevention, it is possible to devise cost-efficient and effective fire protection
programmes for any area at risk of fire. Preventing rogue fires is always less
costly than suppressing them. Fire prevention programmes should be accepted
and promoted within the community in order to prevent damage to goods and
resources. Effective preparedness strategies include staff training and appropri-
ate relocation of technical resources. A fire preparedness programme should be
based on “fire and resource management planning”, and it should consider fund-
ing for local safety tasks, weather, and risky human behaviour and activity (Fire
Management ..., 2006).

The analysis of the distribution of fire call-outs in the £.6dZ Voivodeship has of-
fered a preliminary confirmation to some rather obvious assumptions made about
the impact of dense development on the density of fire fighting interventions. It
would be difficult to add any more details to the determination of the relationships
at the voivodeship level. Although this analysis certainly does not exhaust the top-
ic of the distribution of fire fighting interventions in this voivodeship, it would be
a challenge in the future to try and relate these results to smaller study areas. Such
an analysis could also look at physical, climatic, and socio-demographic charac-
teristics. Comparing such future analyses with the results of this study could offer
a new perspective for the identification of fire risk areas.
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