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Abstract

Wildfires in Portugal often threaten urban areas, from small rural villages to the edges of large cities.
Regional variations in land use and human settlement patterns originate diverse types of wildland-urban
interface (WUI), which need to be mapped to aid decisions concerning landscape-scale fire prevention and
suppression. We propose a novel definition of the WUI as the set of line segments where urban areas are in
immediate physical contact with flammable vegetation (direct interface), or are less than a pre-specified
distance away from flammable vegetation (indirect interface). We also develop a methodology to map it in
detail over large areas, based on spatial analysis of the vertices of urban and wildland polygons derived from
reclassifying a land cover map. Our approach to WUI delineation mapped 29977 km of direct WUl and 11192
km of indirect WUI in Portugal, and identified substantial regional variations in the length and density of both
kinds of WUI, reflecting differences in degree of urbanization and extent of wildlands, and indicating different
levels of urban area exposure to wildfires. Addition of fire incidence data to the results of our analysis will
permit the development of a WUI typology integrating urban area exposure to wildfires with wildfire threat
magnitude, useful for fire management planning at the national level.
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1. Introduction

Portugal has the highest wildfire incidence of all countries in southern Europe. During the last
decade, there has been an increase in the number of incident reports in which buildings and homes
were directly affected by wildfires. In 2017, Portugal recorded its worst fire season on record, both in
terms of total area burned, loss of human lives, and property losses, with 470.000 ha burned, over 1000
homes destroyed or damaged, and 115 fatalities. Defining and identifying the wildland-urban interface
(WUI) is relevant for risk assessment, land use planning, fire prevention and suppression, but it has
not been done consistently for the whole country. The main goal of our study is to delineate and
characterize the WUI in Portugal.

In fire-prone countries, the WUI has been a focus of research during the last two decades. WUI-
specific maps are important both as pragmatic policy tools and as powerful images, with broad appeal
(Stewart et al., 2009). There are several methodologies to map the WUI, and the main differences
among them relate to data availability, study area size, and, most importantly, the objective of the map.
Some WUI maps focus on assets (i.e., homes, infrastructure), while others focus on vegetation (Stewart
et al., 2009). The common aspect of all maps is that they highlight wildfire as a social issue, because
urban areas are exposed to wildfire risk due to their proximity to flammable fuels. Existing mapping
methods vary not only in purpose, but also in scale. For example, in the United States the existing
mapping methods reflect limited availability of housing data, as well as a broad-policy style, which
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does not encourage fine-scale mapping. Consequently, WUI maps use relatively large minimal
mapping units, at the scale of housing clusters, neighborhoods, or settlements. Therefore, these maps
rely on a threshold for housing density within a pre-defined area (census blocks or other data source),
as well as on quantification of the vegetation density for each area (eg. Radeloff et al., 2005; Wilmer
& Aplet, 2005). This is an example of a zonal approach for WUI mapping.

Alternatives to zonal methods of WUI mapping use actual locations of homes or buildings. These
point-based methods use the spatial coordinates for each individual building and have been developed
in several European countries (Lampin-Maillet et al., 2009, 2010; Bar-Massada, Stewart, Hammer,
Mockrin, & Radeloff, 2013). A second approach combines elements of zonal and point-based methods.
It relies on cadastral data and assumes that each parcel centroid represents the location of a building
or building cluster (Platt, 2010). Other WUI mapping methods have used building location data, but
none of them consistently addresses the three aspects of WUI definition, namely vegetation density,
housing density and proximity of buildings to a large vegetated area.

We present a novel, semantically accurate approach to defining and mapping the WUI. Webster’s
Third New International Dictionary (Gove, 1961) defines “interface: a plane or other surface forming
a common boundary of two bodies or spaces.” Translating this concept to the two dimensions of a
map, we define the WUI as the set of line segments where urban areas are in immediate physical
contact with flammable vegetation (direct interface), or are less than a pre-specified distance away
from flammable vegetation (indirect interface). The linear approach to the WUI definition and
mapping provides great flexibility for information storage and utilization. Each WUI segment may be
tagged with information about its adjoining urban area (area, population, number of buildings), and
about its surroundings (types of adjacent fuels, flammable patch area, distance to the nearest flammable
patch, topographic information, distance to roads, etc). Thus, the WUI concept we propose yields
useful information for fire risk assessment, fuel management, and fire suppression planning. We
mapped the WUI for the whole country and provided a summary at the county level.

2. Methods
2.1. Study area

Mainland Portugal extends over 89,015km?, and is located between 37°N and 42°N latitude, and
between 6°W and 10°W longitude. Portugal has a hot-summer Mediterranean climate (Koppen class
Csa) in the southern half of the country, and a warm-summer mediterranean climate (Koppen class
Csb) in the northern half. The natural vegetation is typically evergreen, resistant to drought and
pyrophytic, and regions with rugged terrain cover a substantial part of the country. These
environmental conditions render the country quite susceptible to wildland fires and socio-economic
and demographic trends reinforce this susceptibility. Many rural areas have experienced substantial
population decreases since the mid-20th century, leading to the abandonment of agricultural lands,
decrease in the sizes of herds, and a reduction in the consumption of forest fuels by animal grazing
and fuelwood collection. Areas of marginally productive agriculture were converted to forest
plantations or abandoned to the natural process of old-field succession, and reverted to shrublands and
woodlands. These land use / land cover changes led to increases in the connectivity of high fuel loading
vegetation patches, generating a landscape prone to the spread of large fires.

2.2, Mapping the WUI

Our analysis relied on the national land cover map COS 2015 (Carta de Ocupagdo do Solo para
2015 — COS2015) created by the Portuguese Land Planning and Mapping Agency (Direccado-Geral do
Territério - DGT). The map has a minimum mapping unit of 1 ha and a thematic legend with nine
macroclasses (figure 1a) and 48 classes, which were reclassified to the four classes shown in figure 1b
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to map the WUI. The degrees of urbanization map (figure 1c), from the DEGURBA classification
(Dijkstra and Poelman, 2014) are defined as: densely populated areas, or cities, where at least 50 % of
the population lives in high-density clusters; intermediate density areas, or towns and suburbs, where
less than 50 % of the population lives in rural grid cells and less than 50 % live in a high-density
cluster; thinly populated areas, or rural areas, where more than 50 % of the population lives in rural
grid cells. The fire incidence map (figure 1d) data are from the Forest Research Centre (CEF) national

fire perimeter atlas, complemented with data from the Institute for Nature Conservation and Forests
(ICNF).
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Figure 1 - a) Land cover megaclasses (COS2015); b) COS2015 simplified for WUI delineation; c) Degree of
urbanization (DEGURBA) classification; d) number of times burned since 2000.

Delineation of the WUI depends primarily on the classes represented in Figure 1, “urban
residential” and “Forests, shrublands, and pastures” (henceforth, wildland). We shall assume that urban
area polygons and wildland area polygons share the same vertices whenever these vertices have the
same location. Our definition of WUI relies on vertices rather than edges or polygons. This
simplification was deemed necessary for computational efficiency reasons given the size of the data
set to be analyzed. Following the legal definition of secondary fuelbreak network for the protection of
settlements (Decree-Law n.° 124/2006), only distances inferior to 100m between urban and wildland
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patches have to be considered for the WUI delineation purpose. Therefore, we calculated, for every
urban patch vertex its distance from all wildland patch vertices that lie inside a 100 m radius circle.

We say that an urban vertex U is "protected” from its neighboring wildland vertices, if it is
“protected” from all its wildland vertex neighbors within the 100m range. This means that for each
Wildland neighbor W, there is an urban vertex V distinct from U that "protects” U from W in the
following sense (see Figure 2):

- dist(U,W) > 0, which guarantees that U cannot belong to the direct WUI (see below)

- dist(U,V) <= dist(U,W) and dist(V,W) <= dist(U,W), which guarantees that U lies “between” V
and W;

- dist(U,V)+dist(V,W) < dist(U,W) * T, where T>1 is an user-defined threshold (T=1.05 provided
good results).

The key condition is the last one, which states that the three vertices U, V and W are nearly aligned
to 5% tolerance (T=1.05), with V lying between U and W. This condition is an alternative
implementation, using vertices, of the intuitive idea that a vertex of a urban polygon is exposed to (i.e.,
not protected from) the wildland, if it can be connected by a straight line to some neighboring wildland
vertex without intersecting other urban edges. In order to make this approach more effective, a previous
densification of the number of vertices in each edge of the urban polygons was performed, such that
no two consecutive vertices are more than 40 m apart. This is a good compromise between spatial
accuracy and computational effort.

O Neighboring wildland vertices === Direct Interface Indirect Interface < 100 m - Urban residential - Wildland

Figure 2 - WUI delineation method: the red [yellow] edges of the two urban polygons delineate the direct [indirect]
WUI. Vertices U1, V1 and W1 are nearly aligned within the 5% tolerance
(dist(U1,V1)+dist(V1,W1)<1.05*dist(U1,W1)), and therefore urban vertex U1 is protected from Wildland vertex W1by
urban vertex V1. On the contrary, urban vertex U2 is exposed to the Wildland vertex W2, since it is not protected by
urban vertex V2 (dist(U2,V2)+dist(V2,W2)>=1.05*dist(U2,W2)).

Using the concept described above, we define the linear WUI, as the set of edges belonging to urban
polygons that have both of its vertices exposed to neighboring wildland vertices (within the 100m
range). In particular, two kinds of WUI can be immediately distinguished: the direct WUI (red lines in
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figure 2), where wildland and urban areas are adjacent to each other, and the indirect WUI (yellow
lines in figure 2), where agroforestry, cropland, or other non-flammable land cover types, lie in-
between. Evidently, the former case implies a greater exposure of the urban area to a potential wildfire,
while in the latter case agricultural areas, bare ground, or water bodies, may provide some protection
to the urban area.

3. Results

The COS2015 land cover map contains 46480 residential urban polygons, of which 40319
correspond to some kind of WUI. Our algorithm identified 29977 km of direct WUI and 11192 km of
indirect WUI. Figure 3 shows the WUI at Fafe (a), in NW Portugal, and at Vila de Rei, in the center
of the country (b).
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Figure 3 - Direct and indirect WUI at Fafe (a) and Vila de Rei (b), sites with contrasting land use and settlement
patterns.
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The WUI length and type at the two sites is very distinct, reflecting differences in land use / land
cover patterns. Fafe has a long, mostly direct WUI, while Vila de Rei has a shorter WUI, but with a
higher proportion of indirect WUI than at Fafe. This landscape-level overview reveals the detailed
information provided on the location, extent, and shape of the linear WUI.

Figures 4 and 5 display results of a country-wide WUI analysis of the COS2015 land cover map,
aggregated at the municipal level. Figure 4 shows that the geographical patterns of direct WUI (a) and
indirect WUI (b) are similar, despite quantitative differences, since the length of direct WUI are about
three times higher than those of the indirect WUI.

o

K

2

*
ot

7

Yo
»

¢ km
km
013-19.70
B o [ -
B <e35- 11638 [ 1071-4468 . o759z
B 7593 - 17621
116.39 - 243.00 ’ 44.69-7642 | 1782232074
B 25102485 I 754312468 I 5207558462
A » I 5363104382
B 2:6- 79541 B 12:60-268.41 P
——)
100 km

Figure 4 - Length of direct (a), indirect (b) and total (direct + indirect) WUI.

Figure 4c shows that the largest extent of total WUI occur in regions with dense and intermediate
degrees of urbanization (figure 1c), but also in a thinly urbanized coastal area in the center of the
country. Rural regions in northeastern and southern Portugal display low WUI values.

WUI density (figure 5) is the ratio of WUI length to urban area. It displays substantially different
geographical patterns from those shown in Figure 4, and clear distinctions between direct (a) and
indirect (b) WUI.
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Figure 5 - Direct (a), indirect (b) and total (direct + indirect) WUI density.
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Unlike WUI length, WUI density peaks in areas classified as thinly urbanized, or rural, in figure
3c. Direct WUI density (5a) is highest in NW Portugal, inland from the areas with the longest absolute
WUI shown in figure 4a, and in thinly urbanized, densely forested central region of the country. This
area also has the highest values of indirect WUI density. The lowest values of direct WUI density
occur in agricultural areas of rural southern Portugal. The areas with the highest total WUI density are
some of the most fire-prone regions in the country (figure 1d).

4. Discussion and Conclusions

The linear WUI mapping algorithm we propose can be implemented over large areas, provides very
detailed information on the location, extent and shape of the interface, and proved to be sensitive to
variations in population density and land use. Referring back to the two test sites presented in figure
3, Fafe has 2094 inhabitants.km and a landscape with relatively large areas of urban and agricultural
land uses, while Vila de Rei has 18 inhabitants.km and small patches of urban and agricultural areas
in a forest-dominated landscape. Despite the large proportion of agricultural land in Fafe, there is
extensive adjacency between urban areas and wildlands and, therefore, most of its WUI is direct
interface. On the contrary, at Vila de Rei, the small patches of agricultural land surround most of the
settlements, and thus a large proportion of the WUI is indirect. WUI delineation methodologies based
on a coarser analysis of the relative abundance and spatial structure of the land cover might have
missed this counter-intuitive result. The detailed and precise delineation of WUI segments along the
perimeter of urban areas may be useful to monitor and manage the impact on WUI extent and density
of processes like urban growth, cropland abandonment, and forest encroachment on rural villages.

In the densely urbanized areas of Portugal, the relative proportions and spatial distribution patterns
of urban areas and wildlands produce the largest extents of linear WUI, both direct and indirect.
However, city size implies that most of the built-up land is interior to the urban area, i.e. located at a
relatively safe distance from the WUI. Since fire incidence typically is low in these regions, the
combination of limited urban area exposure and low magnitude wildfire threat is conducive to a
moderate fire risk situation. As expected, the shortest WUI values are found in predominantly
agricultural rural regions, where both urban areas and wildlands are scarce. WUI density is a good
metric of exposure, because landscape patches with high perimeter-to-area ratio (interface length per
unit area of urban land patch) are permeable to flows from their environment, such as the energy
released by a wildfire. This explains the predominant location of the highest WUI densities in thinly
urbanized areas, with small rural settlements and extensive forests and shrublands. Exposed
settlements in areas of high fire incidence are under severe fire risk, as tragically demonstrated in June
and October, 2017. Our approach characterizes the WUI at a very detailed level as segments of the
perimeter of individual settlements, with associated attributes of length, area of the adjacent urban and
wildland polygons and, in the case of the indirect WUI, distance between urban area and wildland.
This information concerning each WUI segment can be aggregated at the settlement level and
employed to develop a WUI typology useful for setting fire prevention and suppression priorities and
strategies, namely an improved delineation of the mandatory secondary fuelbreak network for the
protection of rural villages and towns in fire-prone landscapes.
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