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Abstract. Numerical modelling of tsunami inundation enables future and past events to be simulated and 

potential inundated areas to be identified. In addition, the collection of additional data relating to the terri-

tory allows the most potentially vulnerable areas to be mapped. In recent years, various methodologies for 

assessing tsunami vulnerability have been developed, focussing mainly on evaluating potentially affected 

buildings. The new method presented in this article differs due to its multidimensional approach, since it 

combines the morphological, structural, social, economic and taxable property components of vulnerabil-

ity. The methodology has been applied to two selected areas on the Atlantic coast of Portugal: Leirosa, lo-

cated in the municipality of Figueira da Foz in the central region, and Salema, in the municipality of Vila 

do Bispo in the southern mainland region. Overall, vulnerability in Leirosa is basically influenced by its 

morphological and structural characteristics, whereas in Salema it is primarily influenced by social, eco-

nomic and taxable property characteristics. 
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1   Introduction 

Portugal has a coastline which extends approximately 1,187 km, presenting a wide variety of geomorphologi-

cal and environmental features and a significant tsunami risk. In addition, the Portuguese coastal zone pos-

sesses a set of social, economic, physical and environmental characteristics which differentiate it from the rest 

of the territory. The process of urbanization and coastal settlement experienced in Portugal in the last fifty 

years has placed this area under tremendous pressure, evident in the fact that 75% of the population is now 

located in coastal counties and 85% of the GDP comes from the same area [1]. It is estimated that 30% of the 

coastal zone is occupied by buildings of various kinds, accompanied by a very dense transport network. It is 

also an area of huge scenic interest and unique natural assets which has led to the classification of around 50% 

of the coastal zone with natural values [1]. All of these factors significantly heighten the vulnerability and 

exposure of the coastal zone due to the threat of extreme events, including tsunamis. 
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Historical records identify a total of 17 tsunamis along the Portuguese coast from 60 BC to the present day [2], 

14 of which were related to earthquakes. The most serious of all was the 1755 Lisbon Tsunami, the largest 

natural disaster ever recorded in Portugal, which resulted in a high number of fatalities and significant damage 

to several areas, in particular the city of Lisbon [3]. However, the last tsunami that occurred on the Portuguese 

coast, the February 26, 1969 event, and the 45 years period of time helps create a false sense of safety with 

regard to the risk, given that several generations have never experienced a tsunami. This fact is supported by a 

study carried out by Mendes and Freiria [4] from the OSIRIS Risk Observatory which demonstrates that tsu-

namis are ranked last in a set of 28 hazards used to identify the significance of risk as perceived by Portuguese 

citizens. The study also notes that 95% of the respondents took no preventive measures against tsunamis, con-

cluding that perceptions of the tsunami risk are very low in Portugal, even amongst people living in the coastal 

zone or in estuaries. This is also stressed by Tavares et al., [5], who concluded that the closer people live to 

the threat of hazardous processes, the less intense they perceive them to be, influenced by notions of safety 

and control over events.  

The past few years have been characterised by an increasing number of assessments of the degree of exposure 

and vulnerability associated with natural hazards [6], [7], including tsunamis. Several methodologies have 

been produced for tsunami risk and vulnerability assessment, with a particular emphasis on the structural vul-

nerability of potentially affected buildings [8], [9], [10], [11], [12], [13], [14], [15], [16], [17]. According to 

Alexander [18], risk is closely related to vulnerability and this dependency leads to the conclusion that specific 

areas of risk to the population and infrastructures present distinct levels of vulnerability and risk. Variations in 

vulnerability based on a given set of parameters within a territory mean that it is necessary to adopt a method-

ology for assessing vulnerability that incorporates a large number of parameters in order to characterize the 

different dimensions. 

Taking previously validated methodologies as its starting point, an innovative methodology was created which 

assesses tsunami vulnerability in terms of the morphological component [14], [20], which combines the physi-

cal and occupancy characteristics of the study area, the structural component [11], [14]. This methodology 

analyzes and calculates  the potentially affected  buildings, the social component [21], [22], [23], [24],  and 

also calculates the different social and economic characteristics of the study area, and the taxable property 

component by analyzing the different coefficients of location to evaluate the different activities in the territory. 

The methodology was applied to two Portuguese coastal areas: Leirosa in the municipality of Figueira da Foz 

and Salema in Vila do Bispo, both located in rural/urban contexts as presented in the figure 1. 

The aim of the study was to propose a multidimensional methodology for assessing vulnerability in coastal 

areas, producing a set of cartographic outputs to identify the most vulnerable areas and to serve as a working 

basis for different stakeholders. 

2   Methodology 

The methodological approach presented in this paper and applied to the two study areas has a distinctively 

multidimensional approach which incorporates the morphological, structural, social, economic and taxable 

property components of vulnerability, thus providing a clear and objective analysis of the territory. Numerical 

modelling of the tsunami inundation based on the 1755 Lisbon Tsunami [3], [19] was used to define the poten-

tial inundation areas. The multidimensional vulnerability analysis was based on the collection of a large set of 

data, that originated a matrix to support fieldwork [17]. A set of 23 parameters was used to analyse the mor-

phological, structural and taxable property components and a final set of 47 variables for the analysis of the 

socio-economic component. In order to process the different types of data, M-Macbeth3® software [25], [26] 

was used to assign weights to each of the parameters in the morphological and structural components. In addi-

tion, SPSS® software was used to perform the factor analysis applied to the variables in the socio-economic 

component.  The vulnerability was calculated on a scale ranging from "very low" to "very high" in accordance 

with the Standard Deviation (SD) and the following categories: “very low”: <-1 SD; “low”: [-1, -0.5[SD; 

“moderate”: [-0.5, +0.5[SD; “high”: [0.5, 1[SD; “very high”: 1SD. [21]. 
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2.1   Morphological vulnerability 

In the case of the morphological component, a set of five parameters (Table 1) were taken into account, result-

ing from the adjustment of the Coastal Vulnerability Index [20] and Physical Vulnerability Index [14]. A ma-

trix incorporating all the parameters for the morphological components was constructed for the collection and 

evaluation of the various parameters and their attributes, consisting of a set of attributes intrinsic to each of the 

different parameters. Each attribute in the matrix was assigned a value ranging from -1 to +1, with negative 

values decreased vulnerability and positive values representing increased vulnerability. However, since not all 

the parameters have the same influence on morphological vulnerability and those included in the morphologi-

cal component do not influence vulnerability in the same way, it was necessary to assign weights to the differ-

ent parameters. The weights were calculated via pair-wise matches between each of the factors, using M-

Macbeth3 ® software which serves as a platform for multicriteria analysis and decision-making processes 

[25], [26].  

Table 1. Morphological assessment parameters  

Morphological assessment parameters   

Morphology of the inundated area   

Consolidation of geological materials   

Average slope (º)   

Distance to coastline   

Use and land cover   

2.2   Structural vulnerability 

The structural component, was analyzed and evaluated on the basis of 13 parameters (Table 2). As in the mor-

phological component, an evaluation matrix was created, consisting of different attributes intrinsic to each 

parameter, whose values ranged from +1 to -1. The buildings in this component were analyzed on the basis of 

their structural, architectural, functional and occupational characteristics and new parameters relating to the 

occupation and functionality of each building were introduced, thus distinguishing the methodology from 

previous studies presented by [11], [14]. The introduction of “date of built” “existence of underground floors”, 

"form of occupation", "number of units for use"; "average daily number of persons present or visitors per unit 

of use" and "floating occupation" parameters allowed for a supplementary analysis of buildings which includ-

ed a structural, functional, seasonal and occupational differentiation, thereby enhancing the analysis. As previ-

ously stated, not all parameters influence vulnerability in the same way and for this reason it was again neces-

sary to assign weights. These weights were calculated via pair-wise matches between each of the factors, using 

M-Macbeth3 software to serve as a platform for multicriteria analysis and decision-making processes [25], 

[26].   

Table 2. Structural assessment parameters  

Structural assessment parameters 

Number of floors 

Construction material 

Condition 

Date built 

Ground floor hydrodynamics  

Existence of underground floors 

Foundation type 

Form of occupation  

Number of units used  

Average number of daily visitors or residents per unit used 

Floating occupation  

Built form plan 

Emerged building height in relation to the wave 



94                                        LNIS Vol. 7     RIMMA  Risk Information Management, Risk Models, and Applications 

2.3   Social vulnerability 

The social component was evaluated on the basis of the methodology used by Cutter et al. [21] Schmidtlein et 

al. [22],  Mendes [23] and Chen et al. [24], involving factorial analysis performed in SPSS ®. Initially a total 

of 172 social, economic, demographic and building-related variables were collected for the study areas, at 

parish and county level. Factor analysis allowed for the elimination of redundant data, standardization and 

grouping factors. The analysis was performed on a total of 15 municipalities and 88 parishes. The data corre-

lation matrix was subsequently evaluated and data with a correlation higher than 0.7 was removed. A factor 

analysis was performed until a set of parameters was obtained to validate the sample. The parameters were: 

KMO of 0.717, more than 0.6 communalities and a variance rate of 78% [27]. From this analysis, the initial 

172 variables were reduced to 47, which are grouped in Table 3. 

Following the factor analysis, the social vulnerability for each parish was calculated on the basis of the SoVI® 

classification produced by Cutter et al. [20]. 

 

Table 3. Social vulnerability variables 

Group of variables Number of variables 

Agriculture 3 

Buildings / Accommodation 19 

Economy 6 

Population 13 

Services 

Social support 

3 

3 

 

2.3   Taxable property vulnerability 

In the analysis of the tax component, the various location coefficients (Table 4) that serve as the basis for 

calculating the Imposto Municipal sobre Imovéis (IMI - Property Tax) were considered, as shown on 

http://www.e-financas.gov.pt/SIGIMI/default.jsp [28]. In order to improve the tsunami vulnerability assess-

ment, the incorporation of this new element reinforced the analysis by providing information on variations 

within the territory of the different location coefficients for activities, thus enabling territories to be classified 

and differentiated by activity. It also allowed for further analysis of the different elements identified within the 

territory.  

  

Table 4. Location coefficients  

Allocation coefficients  

Housing  

Commerce  

Services  

Industry  

Land  

3   Characterisation of the study areas  

Two coastal areas of Portugal with different characteristics were selected for the study. The choice of these 

two areas was based on the existence of historical accounts relating to the 1755 Lisbon Tsunami [3], [30], 

[19], [31] and the different characteristics in each of the two areas. The first was the Leirosa area in the south-

ern municipality of Figueira da Foz in the parish of Marinha das Ondas (Figs. 1a, 1d) in the central coastal 

http://www.e-financas.gov.pt/SIGIMI/default.jsp
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region of mainland Portugal. According to the 2011 Census [29], Leirosa has a total of 252 buildings and a 

resident population of 490 inhabitants. According to the field work, the Leirosa area is characterised by its 

essentially rural component, in which the primary sector, including agriculture and fishing, plays an important 

role in the local economy, together with the industrial sector, in particular the pulp mill. In physical terms, the 

area has an altimetry that varies between 0 and 10 m and a sandy coastline with poorly consolidated sand 

dunes.  

The second area was Salema, located in the municipality of Vila do Bispo in the parish of Budens (Figs. 1c, 

1e) in the southwest area of Portugal. According to the 2011 Census [29], Salema has a total of 381 buildings 

and a resident population of 514 inhabitants. According to the fieldwork, the Salema area, can be character-

ized as a compact, continuous agglomeration in an area with agroforestry characteristics and urban growth 

dynamics. The fishing industry plays an important role in the local economy, in addition to tourism and fishery 

activities. As it is a beach resort, there are high seasonal fluctuations in population [29]. In physical terms, the 

altimetry varies from 0 to 10 m and the coastal zone includes cliffs and essentially sandy areas, according to 

the fieldwork. 

 

 
Fig. 1. Location of the two study areas: a) framework for Portugal, b) municipality of Figueira da Foz, c) municipality of 

Vila do Bispo, d) Leirosa, e) Salema 
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4   Results and discussion 

4.1   Morphological vulnerability 

The main factor resulting from the morphological vulnerability calculation was distance to the shoreline, in 

which vulnerability decreased with  increased distance. This was particularly visible in the Leirosa area  where 

the delimitation of morphological vulnerability largely parallels the distance to the shoreline parameter (Fig. 

2a). In Salema (Fig. 2b), morphological vulnerability was also defined by distance to the shoreline but, unlike 

Leirosa, the slope parameter (due to the presence of cliffs) and use and occupation parameter (due to the 

greater urban concentration) also had a marked effect on morphological vulnerability. 

 

 

 
 

Fig. 2.Morphological vulnerability: a) Leirosa; b) Salema 

 

 

4.2   Structural vulnerability 

The inundated area obtained from the tsunami numerical model [3], [19], enabled a total of 129 potentially 

affected buildings to be identified in the two study areas. However, there was a marked heterogeneity among 

the buildings evaluated in both areas. A total of 85 buildings with differing characteristics were evaluated in 

Leirosa. It was found that 60% (51 buildings) of the buildings were exclusively residential, 31% (26 buildings) 

outbuildings 8% (7 buildings) farm buildings and only 1% buildings with a combined residential and commer-

cial function. From the analysis of Figure 3a two distinct building zones can be identified: in the north there is 

an area with mainly rural characteristics, including small plots used for subsistence farming, essentially domi-

nated by farm buildings and outbuildings with high to very high vulnerability; in the south  there is a more 

urbanised area which includes residential neighbourhoods where exclusively residential building types with 

low to very high vulnerability predominate. 
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Fig. 3. Structural vulnerability: a) Leirosa; b) Salema 

 

The structural vulnerability calculations indicate that 44% (37 buildings) of the buildings in Leirosa have 

“very low” vulnerability, 27% (23 buildings) “high” vulnerability, 14% (12 buildings) “very high” vulnerabil-

ity, 14% (12 buildings) “moderate” vulnerability and 1% low vulnerability. In Salema (Fig. 3b), a total of 44 

potentially affected buildings were evaluated. 48% (21 buildings) of the buildings analyzed were exclusively 

residential, 18% (8 buildings) commercial, 11%  (5 buldings) used for residential and commercial functions, 7

% outbuildings, 7% prefabricated buildings, 5% farm buildings, 2% used for residential and service functions 

and 2% used exclusively for services. In comparison to Leirosa, the Salema area therefore presents greater 

heterogeneity in terms of the typology of the potentially affected buildings. Vulnerability varies from very low 

to very high and is distributed as follows: 52% (23 buildings) of buildings have moderate vulnerability, 18% 

(8 buildings) very low, 12% (5 buildings) very high, 9% (4 buildings) low and 9% (4 buildings) high. 

 

4.3   Social vulnerability 

Social vulnerability was assessed at parish level, based on a set of 47 variables for socio-economic back-

ground. Figure 4 shows the vulnerability value and level for each of the parishes in the municipalities of 

Figueira da Foz and Vila do Bispo. The municipality of Figueira da Foz is composed of eighteen parishes, in 

which social vulnerability varies from low to very high. Leirosa forms part of the parish of Marinha das On-

das, the only parish in the municipality with low vulnerability. 

The municipality of Vila do Bispo is composed of five parishes in which social vulnerability varies from “very 

low” to “very high”. Salema is located in the parish of Budens, which has high social vulnerability. In general, 

social vulnerability is higher in the municipality of Vila do Bispo than in the municipality of Figueira da Foz 

and this is highlighted when the parishes in the study areas are compared. Budens has high vulnerability, 

whereas Marinha das Ondas has low vulnerability. The inherent characteristics of each municipality and parish 

analyzed, translated into the specific features of their demographic, social and economic variables, clearly 

define the level of vulnerability. 
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Fig. 4. Social vulnerability results 

 

 

4.4 Taxable property vulnerability 

Taxable property vulnerability considered the location coefficients for the following parameters: housing, 

commerce, services, industry and land. The combination of these five parameters enabled taxable property 

vulnerability to be calculated. An analysis of Figure 5a shows that the entire study area of Leirosa is classified 

as having very low vulnerability, with no clear distinction between rural (in the north) and urban (in the south) 

areas. In Salema (Fig. 5b), vulnerability varies from very low to high and three distinct areas can be identified. 

The areas closest to the shoreline have moderate and high vulnerability, since some are subject to urban pres-

sure and potentially very high land prices, whilst others are protected areas, leading to inflated coefficients of 

location. The area further north has very low vulnerability and is characterized as a rural non-residential area 

in which the different location coefficients have lower values. 
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Fig. 5. Taxable property vulnerability: a) Leirosa; b) Salema 

 

 

4.5 Comparative results 

This section aims to compare the different vulnerabilities assessed in the two study areas. The graphs in Figure 

6 represent each class obtained by calculating morphological, structural, taxable property and social 

vulnerability. An analysis of the data for Leirosa shown in Figure 6a reveals that the morphological and 

structural characteristics of the area clearly define its vulnerability. Morphological and structural vulnerability 

varies between very low and very high, as opposed to social and taxable property vulnerability, which have 

low vulnerability. 

 

 

 

 

 

 

 

 
Fig. 6. Graphical representation of vulnerability: a) Leirosa; b) Salema 

 

An analysis of the data for Salema shown in Figure 6b highlights the figures for social and taxable property 

vulnerability in comparison to the situation in Leirosa. In Salema, morphological vulnerability varies between 

very low and very high, as is also the case with structural vulnerability. Social vulnerability is classified as 

high, whereas taxable property vulnerability varies between very low and high.  

Therefore by comparing the two areas it may be concluded that vulnerability in Leirosa is essentially defined 

by morphological and structural characteristics, whereas social and taxable property vulnerability ranges from 

a) b) b) a) 
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low to very low. High levels of morphological and structural vulnerability can also be observed in Salema, but 

it differs from Leirosa in terms of its high social and taxable property vulnerability, from which it may be 

concluded that the vulnerability of this area is mainly defined by demographic, social and economic character-

istics. 

The different classes of vulnerability and their distribution in terms of percentage of area occupied were sub-

sequently studied to produce a more comprehensive analysis (Fig. 7). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Relationship between different classes of vulnerability and percentage of occupied area: a) Leirosa; b) Salema 

 

 

Figure 7a analyses each of the four vulnerabilities calculated for Leirosa, revealing a split in morphological 

vulnerability, since 35% (7,3 ha) of the study area has low vulnerability and 34% (6,5 ha) very high vulnera-

bility, whereas in 29% (5,9 ha) of the territory vulnerability is moderate. In Salema (Fig. 7b), greater vulnera-

bility can be observed, evident in the fact that 15% (0,65 ha) of the territory has high vulnerability and 31% 

(1,34 ha) very high vulnerability, whilst 36% (1,55 ha) of the area presents moderate vulnerability. 

With regard to structural vulnerability, in Leirosa it can be seen that 49% (5 009 sq m) of the built area has 

very low vulnerability, 24% (2 470 sq m) moderate, 14% (1 460 sq m) high and 12% (1 215 sq m) very high. 

In Salema, 23% (854 sq m) of the built area has very low vulnerability, 17% (629 sq m) low, 44% (1 642 sq 

m) moderate, 9% (332 sq m) high and 7% (241 sq m) very high. In comparison to Leirosa, it appears that there 

is evidence in Salema of less vulnerability in the higher vulnerability classes, and also a considerable decrease 

in the very low vulnerability area. Moreover there is also a significant increase in the low vulnerability and 

essentially the moderate vulnerability class. 

In terms of social vulnerability there is a clear difference between the two study areas. In Leirosa it is classi-

fied as low, whereas in Salema social vulnerability is higher. The same pattern can be observed in relation to 

taxable property vulnerability, which is classified as very low in Leirosa, whereas in Salema it varies between 

very low and high, highlighting the fact that 48% (2,1 ha) of the study area presents high vulnerability. 

 

5   Conclusions 

The multidimensional methodology presented in this article, which introduces new elements into the calcula-

tion of different vulnerabilities, differentiates it from its precursors.  The use of this multidimensional method-

ology allows a comprehensive analysis and evaluation of the territory in terms of its multiple dimensions, 

highlighting and differentiating local characteristics and the specific features of each area. Beyond the previ-

ous methods, with this proposal we included in the analysis of vulnerability the territorial component from  

societal and tax variables. The analysis and evaluation of a large set of morphological, structural, social, eco-

nomic and taxable property parameters contributes to a comprehensive evaluation of the various aspects of 

vulnerability within the territory. The calculation of the various vulnerabilities highlights the differences be-

tween the two study areas. Morphological vulnerability is heavily defined by distance to the shoreline in both 

Leirosa and Salema, although in the latter case slope parameter and use and occupation also have a strong 

b) a) 
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influence on the vulnerability of the area. In terms of structural vulnerability, greater vulnerability can ob-

served in Salema, where 52% of the buildings have moderate vulnerability, 9% high and 11% very high. In 

Leirosa, 14% of the buildings have moderate vulnerability, 27% high vulnerability and 14% very high vulner-

ability. 

The social and economic components are  markedly different in the two territories, since the figure for social 

vulnerability is low in Leirosa but high in Salema. This differentiation is also visible in terms of taxable prop-

erty vulnerability, given that Leirosa presents very low vulnerability throughout the study area, whereas in 

Salema this varies from very low to high, highlighting the fact that the areas on the coast have moderate and 

high taxable property values. 

Overall it may be concluded that vulnerability in Leirosa is fundamentally influenced by morphological and 

structural features, unlike Salema where, despite susceptibility to the influence of morphological and structural 

characteristics, it is the social, economic and taxable property characteristics that increase vulnerability. 

The outputs resulting from the application of this methodology can provide the foundations for different 

stakeholders aiming to adopt measures to prevent, reduce and mitigate the risk associated with tsunamis. In 

addition, the vulnerability analysis is capable of supporting specific preparation, reduction and mitigation 

actions or measures. 
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