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Multidimensional Approach for Tsunami Vulnerability
Assessment: Framing the Territorial Impacts in Two
Municipalities in Portugal

Alexandre Oliveira Tavares,'* José Leandro Barros,' and Angela Santos’

This study presents a new multidimensional methodology for tsunami vulnerability as-
sessment that combines the morphological, structural, social, and tax component of vul-
nerability. This new approach can be distinguished from previous methodologies that fo-
cused primarily on the evaluation of potentially affected buildings and did not use tsunami
numerical modeling. The methodology was applied to the Figueira da Foz and Vila
do Bispo municipalities in Portugal. For each area, the potential tsunami-inundated ar-
eas were calculated considering the 1755 Lisbon tsunami, which is the greatest disaster
caused by natural hazards that ever occurred in Portugal. Furthermore, the four compo-
nents of the vulnerability were calculated to obtain a composite vulnerability index. This
methodology enables us to differentiate the two areas in their vulnerability, highlight-
ing the characteristics of the territory components. This methodology can be a starting
point for the creation of a local assessment framework at the municipal scale related to
tsunami risk. In addition, the methodology is an important support for the different local
stakeholders.

KEY WORDS: Composite vulnerability index (CVI); multidimensional approach; municipal; Portugal;

tsunami

1. INTRODUCTION

In recent decades, the occurrence of disasters by
natural hazards has caused a significant number of
fatalities, as well as millions of euros in damages.
With specific regard to tsunamis, the events that oc-
curred in 2004 in the Indian Ocean, and more re-
cently in Japan in 2011, demonstrate the magnitude
and destructive power of the manifestation of such
events.(!>) Recent studies®® also highlight the raise
in the exposure to this natural hazard and the in-
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crease in territorial vulnerability. This fact can be ex-
plained by the progress in the mobility and concen-
tration of people, activities, and critical infrastruc-
ture in high-risk areas,®) which characterizes coastal
regions.(1)

In Portugal, the coastal zone (1,187 km) pos-
sesses a set of social, economic, physical, and envi-
ronmental characteristics that differentiate it from
the rest of the territory and represent a significant ex-
posure to tsunamis. Seventy-five percent of the pop-
ulation and 85% of the GDP is concentrated in this
zone™) and would be directly or concomitantly af-
fected by a potential tsunami inundation. The pro-
cess of urbanization and coastal settlement in Por-
tugal over the last 50 years has resulted in a littoral
occupation of approximately 30% (') of the coastal
zone, with various types of buildings and a concen-
tration of critical infrastructure and tourism facilities,
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Table I. Vulnerability Assessment Components Used in Different Methodologies

Tsunami Vulnerability Components

Morphological Structural Social

Tributary

Authors

Papathoma and Dominey-Howes;(!4) Papathoma
et al.; 13 Dominey-Howes and Papathoma;
Gonzalez-Riancho et al.;* Barros et al.(®

Dall’Osso et al.;(19) Dall’Osso et al.;17) Ismail
et al.;(2" Santos et al.;(zs) Miick et al. D

Reese et al.; Leone et al.; Atillah et al.; Alberico
et al.;(%® Tarbotton et al.®?)

Kumar et al.;3® Murthy et al.;(%

Birkman et al.;1® Wood et al.®%

Barros et al.(%)

accompanied by a dense transport network. These
factors significantly heighten the vulnerability and
exposure of the coastal zone to the threats of extreme
events, including tsunamis.

The methodological research to assess the de-
gree of exposure and vulnerability to disasters caused
by natural hazards has notably expanded in the
last decade.®!*12) This increase led to the emer-
gence of a set of methodologies for risk and vul-
nerability assessment. With regard to the tsunamis,
methodologies were produced with special empha-
sis on structural vulnerability.>>1320) In Portugal,
there are also several studies about the structural vul-
nerability of potentially affected buildings,?'->* with
special emphasis on tsunami risk and vulnerability
assessment.(825-28)

Table I summarizes the existing vulnerability as-
sessment components used in different methodolo-
gical approaches. The table shows the existence of
a large number of studies addressing the compo-
nents of the morphological and structural vulnerabil-
ity. The social dimension is being added to the vul-
nerability assessment in further studies. There has
been arecent attempt to extend the analysis to differ-
ent components, producing composite indexes such
as Barros et al.*)

However, the concept of vulnerability is dynamic
and heterogeneous because it varies over the terri-
tory in accordance with a set of parameters. Accord-
ing to Alexander,% the risk is closely related to the
vulnerability and dependence of this relationship, en-
abling us to conclude that a particular area is at risk,
and the levels of vulnerability of a population and in-
frastructure are at a distinct risk. This is illustrated
by studies assessing the vulnerability to tsunamis,
which demonstrate that the distribution is not evenly

distributed along the inundation zone, depending on
a multiplicity of factors.(13-1%)

Complementing these findings, in this study a
multidimensional vulnerability analysis is proposed
for coastal areas potentially at risk of a hazardous
tsunami impact, where the natural scope of the coast,
existing building characteristics, social capability,
and economic factors are taken into consideration.
The new multidimensional approach is based on the
territorial characteristics, which were grouped on
four components. This was supported by previously
validated methodologies. Furthermore, this innova-
tive methodology assesses tsunami vulnerability in
terms of the morphological component,**37) struc-
tural component,(1*2% social component®$*) and
taxable property component. Portugal does not have
significant earthquake activity. However, the largest
earthquake occurred on November 1, 1755, with an
estimated magnitude of 8.7 that triggered a tsunami.
This historical event caused significant damage and
fatalities, especially along the Portuguese coast.(*?)
Therefore, in this study, the 1755 Lisbon tsunami
will be analyzed as the worst-case scenario.(>**) In
addition, the main features of this historical event
were put together by Santos et al,*? which pro-
vided a reliable tsunami source model. The tsunami
numerical model animation is available at: https://
sites.google.com/a/campus.ul.pt/tsurima/publications.
Moreover, Santos and Koshimura® calculated the
detailed inundated areas at Figueira da Foz, Portu-
gal, by using the tsunami numerical model. The ani-
mation of the output results are available at: https://
sites.google.com/a/campus.ul.pt/tsurima/publications
/a-papers-1. Also, the detailed inundated areas at
Vila do Bispo, Portugal, were calculated by Santos
2008.4434) Thus, the inundated areas calculated by
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Fig. 1. Location of the two study areas: (a)
framework for Portugal, (b) municipality of
Figueira da Foz, (c) municipality of Vila do
Bispo.
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these authors will be used in this study, allowing a
complete tsunami vulnerability assessment with the
objective of creating a model of risk governance that
promotes more resilient coastal areas.

The methodology was applied in two Portuguese
coastal municipalities: Figueira da Foz, located in
the central region of Portugal, and Vila do Bispo,
located at the furthest southwest corner of the
country.

Thus, the objectives of the present research
include:

(i) An assessment of the characteristics of the
areas and buildings potentially affected by
the inundation model, including the social
and economic characteristics of the areas and
their municipal surroundings.

(ii) Building vulnerability indexes for the four do-
mains of analysis (morphology, structural, so-
cial, and taxable properties).

(iii) A calculation and representation of a com-
posite vulnerability index (CVI) and its clas-
sification according different levels.

(iv) A comparison of the tsunami vulnerability
levels for the two studied areas and their re-
lation with territorial components.

2. STUDY AREA CHARACTERIZATION

This research will be focused on two Portuguese
coastal areas, based on historical accounts and ter-
ritorial characteristics of the 1755 Lisbon tsunami
(Fig. 1). Figueira da Foz municipality has historical
accounts of the 1755 Lisbon tsunami that report un-
expected high tsunami run-ups of 36 m.(>* This
area is characterized by high seasonal population
dynamics®® and has a major fishing port and in-
dustrial zone along the coast. Vila do Bispo, which
was the first municipality hit by the 1755 tsunami, less
than 20 minutes after the earthquake,*>*) also has
an important fishing port.

Although there are many uncertainties related
to the 1755 Lisbon tsunami, the tsunami numerical
modeling conducted by Santos® and Santos et al.*?)
on a regional scale was validated by both historical
accounts and geological records. This allowed for a
more comprehensive analysis of the tsunami on a lo-
cal scale, and the identification of the inundated areas
of Figueira da Foz(*» and Vila do Bispo*® (Fig. 1),
with a tsunami numerical model whose cell size is
10 m. The model representation showed a maximum
water level height of 10 m for Figueira da Foz and
20 m for Vila do Bispo, where the water level repre-
sents the maximum wave height above the sea level.
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Fig. 2. Tsunami numerical model results (Santos, 2008) and buildings affected in Figueira da Foz municipality.

2.1. Figueira da Foz Characteristics the 2011 Census,*”) the municipality records a pop-
The Figueira da Foz municipality is located in ulation of 62,125 inhabitants, distributed unevenly
the central coastal region of mainland Portugal and among 18 parishes, with a population density of

. . 2 . . .
covers an area of 379 km? (Fig. 1). According to 163.3 inhabitants/km~*. In the municipal area, the city



792

Tavares, Barros, and Santos

s =

Martinhal beach '

[ ] Affected buildings

Maximum water level (m)
(Santos, 2008)

(. High :20m

Low:0m

Fig. 3. Tsunami numerical model results (Santos, 2008) and buildings affected in Vila do Bispo municipality.

of Figueira da Foz is a medium-sized city on the na-
tional scene, with a total of 28,338 inhabitants, where
the seasonality of human occupation is distinct. Ac-
cording to the 2011 Census,*”) the municipality re-
ports a total of 24,893 buildings and 43,300 lodgings,
with a higher concentration in the coastal area. In
terms of working population, there is a clear predom-
inance of the tertiary sector (64.9%), followed by the
secondary (31.6%) and primary (3.5%) sectors. Also
noteworthy in the municipal space is the existence of
the Figueira da Foz port as a dynamic hub of the local
and regional economy.

The altimetry of the study area varies between
0 and 257 m at the Serra da Boa Viagem (Fig. 2a),
which is located in the center of the municipality

and stands out in terms of relief, predominating the
slopes <5°, with the highest values located on the
northern slopes of the Serra da Boa Viagem (Fig. 2a).
The coastline belonging to the municipality of
Figueira da Foz is characterized in general terms
as a flat, low-altitude area with the exception of
Serra da Boa Viagem. To the north of this moun-
tain system there is an extensive coastal plain with
well-developed dune formations.*® The south is also
dominated by coastal plains where the Mondego es-
tuary and sand dunes that form frontal dunes begin
(Fig. 2a). The Mondego cape area is dominated by
cliffs at the base of which a rocky platform abra-
sion develops.*”) The coastline adjacent to the city
of Figueira da Foz is characterized by the existence
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of a beach approximately 500 m long, the result of
sediment retention originating from the north jetty
of the port of Figueira da Foz. At the mouth of the
Mondego River two jetties help to protect the port
area, influencing the adjacent coastline dynamics.

2.2. Vila do Bispo Characteristics

The Vila do Bispo municipality comprises the
furthest southwest area of the mainland, located in
the “Barlavento Algarvio” region and covering an
area of 179 km? (Fig. 1). According to the 2011
Census,*”) the municipality has a population of 5,381
inhabitants, covering a total of five parishes with a
low population density of 29.2 inhabitants/km?. The
municipality has a total of 5,184 buildings and 5,979
lodgings.“” Concerning settlements, Vila do Bispo
is the municipality seat, located in the central area
of the municipality. Along the coast, Sagres, Burgau,
and Salema (Fig. 3) are places of higher population
agglomeration. In terms of working population, there
is a predominance of the tertiary sector (81.2%), fol-
lowed by the secondary (11.1%) and primary sectors
(7.7%).

The coastline of Vila do Bispo municipality is
within the protected area of the Sudoeste Alente-
jano Natural Park and the “Costa Vicentina,” where
there are several sediment records of the 1755 Lisbon
tsunami in the area, specifically in Boca do Rio.®")
The coastal area has great morphological diversity,
dominated by the rocky areas of steep cliffs that are
dozens of meters in height, with the dispersed devel-
opment of sandy areas. Bathing cores often develop
in this area (Sagres, Salema, and Burgau; Fig. 3). The
altimetry varies between 0 and 150 m predominat-
ing the slopes <5° (Fig. 3), where the highest values
are located in areas along the coastal cliffs or in areas
with steep slopes, which belong to small river systems
that flow along the coastline.

3. METHODOLOGY

This study presents a new multidimensional
methodology that combines four domains of analy-
sis, based on the morphological, structural, social,
and tributary components of vulnerability related
to tsunamis inundation. The selection of the com-
ponents was based on several studies: morphologic
component,?*37) structural component,!®) social
component.(334D) Finally, we introduce a new com-
ponent for land allocation based on a property tax.>")

Table II. Morphological Assessment Parameters and Their
Weightings (Mv)

Parameters (P,) Weight Factor (W,,)

Morphology of the flooded area (p1) 100
Average slope® (p2) 76
Distance to coastline (p3) 52
Consolidation of geologic materials (p4) 38
Land use and land cover (ps) 29

This innovative methodological approach has a
final CVI that combines the different territorial com-
ponents. For this purpose, a total of five parameters
were collected and analyzed to calculate the mor-
phological component, 13 parameters to calculate the
structural component, 47 socioeconomic variables to
calculate the social component, and 4 land allocation
coefficients to calculate the taxable property compo-
nent. All vulnerabilities (the four territorial compo-
nents and the final composite) vary 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,” >1 SD.C%

3.1. Morphological Assessment (Mv)

The evaluation process related to the morpho-
logical component considered the parameters pre-
sented in Table II. The analysis and collection of the
different attributes belonging to each parameter was
performed using a matrix that was based on field-
work. The morphology of the flooded area resulted
from the topographic survey using GPS and was also
supplemented with satellite imagery analysis and the
use of GIS software. The following parameters — av-
erage slope, distance to coastline, land use, and land
cover — were analyzed in a GIS environment with
data related to the study areas. The parameter con-
solidation of geologic materials was analyzed with
fieldwork conducted by experts on geology of the
study area.

The matrix presents a set of intrinsic attributes to
each parameter and provides values ranging between
+1 and —1 (Table III). The positive values represent
an increase in vulnerability and the negative values
represent a decrease in vulnerability.

However, not all parameters assume the same
influence on the morphological vulnerability assess-
ment. Therefore, it was necessary to assign dif-
ferent weights, with recourse to the effect of the
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Table III. Morphological Vulnerability Assessment Matrix

+1

+0.5

0

—0.5

-1

Morphology of the
flooded area

Beaches, sandbanks,
sandy ridges,
rocky platforms,
marshes, salines,
rice paddies

Final section of
rivers, coastal
lagoons, coastal
sections with
rocks >625 m?

Dune systems, river
banks, and other
morphologies

Cliffs with <20 m

Cliffs with >20 m

Consolidation of Unconsolidated Low-resistant rocks ~ Low-resistant rock Resistant rocks and ~ Resistant rocks and
geologic materials sediments, and rock mass and rock mass rock mass with rock mass with
beaches, with visible with few visible few
mudslides, landfill discontinuities discontinuities discontinuities discontinuities
Average slope (°) <5° 50-10° 10°-20° 20°-40° >40°
Distance to <50m 50-100 m 100-200 m 200-300 m >300 m
coastline
Land use and land Buildings Other artificial Predominantly
cover (residential, spaces agricultural
commercial, and/or natural
industrial, other) areas, salines
Table IV. Structural Building Assessment Parameters and Their Weightings (Bv)
Parameters (Pp;,) Weight Factor (W,,)
Construction material (pp;) 100
Foundations type (pp2) 97
Emerged building height in relation to the wave (pp3) 95
Built date (pp4) 92
Built form plan (pps) 75
Hydrodynamics of 1/c (ppg) 72
Preservations conditions (pp7) 53
Number of floors (ppg) 50
Existence of underground floors (ppo) 47
Occupation form (pp1o) 37
Average number of daily visitors or residents per unit of use (ppi1) 34
Number of usable units (pp1) 32
Floating occupation (ppi3) 29

multicriteria analysis software M-Macbeth® (523
The weights were calculated via pairwise matches be-
tween each of the factors (Table II).

The weight assigned to each parameter can vary
between 100 (maximum value) and 1 (minimum
value). After the weighting of each of the parame-
ters and assigning values to each of its attributes, the
morphological vulnerability (Mv) is calculated using

the following formula:(1®
Mv = —Zi=1 W F (1)
Yot Wi

where “P,” is the value assigned to each parameter
“n” and “W,” is the weight assigned to each param-
eter. After the calculation of Equation (1), the algo-

rithm shown in Equation (2) was used to reschedule
the final value for the interval between 0 and 1:

: )

X log2/log[(b/a)+1]
y= 0.5(; + 1)

where “x” represents the direct value of the vulner-
ability, “y” is the rescheduled vulnerability value in
the range 0 to 1, “a” is the minimum value of the
vulnerability of the sample, and “b” is the maximum
value amount of the sample.

3.2. Structural Building Assessment (Bv)

With respect to the structural component,
the potentially affected buildings were analyzed
using the numerical modeling of the tsunami
inundation.*) We considered a total of 13
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Table VI. Variables Used in the Calculation of Social Vulnerability

Agriculture

Proportion of singular farmers over 65 years of age (%)

Proportion of natural agricultural producers without any level of education (%)
Proportion of natural agricultural producers with basic education (%)

Buildings and lodgings

Proportion of dwellings with seasonal use (%)

Proportion of conventional lodgings without at least a basic infrastructure (%)
Proportion of lodges itself with charges (%)

Proportion of overcrowded lodgings (%)

Proportion of very degraded buildings (%)

Proportion of buildings with accessibility by wheelchair (%)

Proportion of not exclusively residential buildings (%)

Average monthly rents of classics lodgings leased (€)

Density of lodgings by km?
Proportion of lodgings (%)

Proportion of social lodgings support (%)

Proportion of predominantly nonresidential buildings (%)
Average floors per building (N.°)

Average age of buildings (Year)

Proportion of habitual residence lodgings with heating system (%)

Proportion of buildings between 1971 and 1990 (%)

Average number of individuals per family lodgings of usual residence (N.°)
Average number of individuals per division lodgings of usual residence (N.°)
Proportion of buildings with need of major repairs on the structure (%)

Economy

Proportion of employed earners population (%)

Proportion of employed population working in another parish (%)
Proportion of employed population working or studying in the county (%)
Proportion of population employed in the primary sector (%)

Proportion of population employed in the tertiary sector (%)

Unemployment rate (%)
Population

Proportion of single-parent households (%)

Proportion of population living in classics lodgings leased (%)

Variation rate of private households (2001-2011) (%)

Proportion of the population that 5 years prior inhabited area outside the municipality (%)
Proportion of car use for journeys (%)

Proportion of population aged 65 or more years old (%)

Proportion of resident population with foreign nationality (%)

Proportion of resident population with age between 3 and 5 years attending preschool education (%)

Longevity index (%)

Proportion of female population (%)
Proportion of resident population between 14 and 24 years of age (%)
Proportion of resident population from another parish in the municipality (%)

Birthrate (%o)
Services

Inhabitants per health center and extension (N.°)
Firefighters per 1,000 inhabitants

Average stay in hotel establishments (N.°)

Social support

Institutionalized adult population per 100 inhabitants

Infrastructure of childhood and youth per 100 inhabitants
Infrastructure for adults per 100 inhabitants

parameters (Table IV) that characterize the build-
ings in their structural, architectural, occupational,
and functional aspects. The data acquisition was
based on fieldwork conducted using GIS technology
(ArcGIS 10.2 [ESRI®] and Android®) by using a
tablet for data collection in the field. The fieldwork
not only allowed the identification of potentially
affected buildings but also the collection of the

various intrinsic characteristics of the building and
surrounding areas.¥

As noted above, we have created a matrix that
aggregates all the parameters that comprise the struc-
tural aspects of vulnerability. The matrix presents a
set of intrinsic attributes to each parameter and pro-
vides a value to each attribute ranging between +1
and —1 (Table V).
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New parameters (in bold in Table IV) were
introduced in this component that are related to
the occupation, functionality, and structure of the
buildings,®>% which were not covered by previ-
ous methodologies, including those presented by
Dall’Osso et al.'® and Ismail et al®® The new
parameters (built date, existence of underground
floors, occupation form, number of usable units,
average number of daily visitors or residents per
unit of use, and floating occupation) presented in
Table IV allow strengthen the analysis, enabling the
introduction of new data that were not considered
in previous methodologies. These new parame-
ters distinguish the buildings depending on their
function, seasonality, in terms of occupation, and
understanding how each is used or occupied.

As mentioned previously, because the 13 pa-
rameters belonging to the structural component con-
tributed differently to the vulnerability, it was neces-
sary to assign weights using the multicriteria analysis
software M-Macbeth®.(23) Table IV also shows the
parameters presented for the calculation of the struc-
tural vulnerability and the weights assigned to each.

After weighting each parameter and assigning
values to each of its attributes, the structural vul-
nerability is calculated (Bv) using the following

formula:(19)

> W, Pp,
Sl W

where “Pp,” is the value assigned to each parameter
“n” and “W,” is the weight assigned to each parame-
ter. After the calculation, algorithm (2), mentioned
above, is used to reschedule the values that result
from the calculation for the interval between 0 and 1.

Bv , 3)

3.3. Social Assessment (Sv)

To calculate the social vulnerability, a set of 172
variables were analyzed with a disaggregation at the
municipality and parish level, collected from the 2011
National Census,*” the PORDATA database,®
and the local Social Charter.?)

In this study, the social vulnerability was per-
formed using factor analysis, a methodology applied
by several authors,383%%) with some adaptation at
the local scale. This methodology is applied using a
set of procedures that highlights: the standardization
of the variables to z-scores, where the average is
0 and the standard deviation is 1; a calculation
and analysis of the Pearson correlation matrix; the

implementation of the factor analysis with the Vari-
max rotation; an analysis of variance rate parameters
(should be greater than 60%); and an adjustment
of the Kaiser-Meyer-Olkin (KMO) sample mea-
surement (should be greater than 0.6), with the
elimination of redundant data; and the implemen-
tation of principal component analysis (PCA), in
which the principal components (FAC) that explain
the social vulnerability are extracted.®3%% The
variables were interpreted according to their role
in explaining vulnerability, where a negative or
positive charge indicates the loading component
contribution. The analysis was performed at the
parish level for two municipalities with a combined
total of 23 parishes. To strengthen the analysis it was
necessary to enlarge the sample, which required the
incorporation of 13 municipalities and a sample of 88
parishes. Thus, the PCA was performed for a total of
172 variables. After performing the data correlation
matrix, all the data with a correlation higher than
0.7 were eliminated. The PCA analysis was repeated
to achieve a set of parameters with a KMO of 0.717,
with more than 0.6 communalities and a variance
rate of 78% 02 for a set of 47 variables (Table VI).®)
The resulting social vulnerability index (Sv) was
produced by summing all factors using equal weight-
ing, according to Cutter et al.*® and Chen et al.*")
Upon completion of the PCA the above algorithm
(Equation (2)) was used to reschedule the values
from the calculation that ranged between 0 and 1,
according to the previous classifications. Following
the recommended classification SOVI® from Cutter
et al.®® the vulnerability was varied according to the
standard deviation, as mentioned previously.

3.4 Taxable Property Assessment (TPv)

For the analysis of the inferred property value
component, a set of four allocation coefficients
(housing, commerce, services, and industry) was
considered, serving as a basis for calculating the
municipal property tax. The inclusion of these data
in the tsunami vulnerability assessment comple-
ments the analysis process through knowledge of the
variation across the territory of different allocation
coefficients. These coefficients from the various
activities, such as housing, commerce, services, and
industry, allow for the classification and differentia-
tion of areas depending on the implanted activities,
as well as the improved identification of the various
exposed elements. The products of the coefficients
mentioned above are used to calculate the TPv.
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After the calculation is performed, the values
were rescheduled for the range between 0 and 1 us-
ing Equation (2), resulting in five vulnerability levels
based on the standard deviation classes mentioned
above.

3.5. Composite Vulnerability Index

After calculating the morphological (Mv), struc-
tural (Bv), social (Sv), and taxable property vulnera-
bility (TPv), a CVI was calculated, which is the sum
of the four components, as presented in Equation (4):
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details in Budens parish (Burgau).

CVI = Mv + Bv + Sv + TPv. 4

The CVI varies between 0 (minimal vulner-
ability) and 4 (maximum vulnerability), with the
vulnerability ranging between very low and very
high according to the standard deviation for the five
vulnerability levels mentioned above.

4. RESULTS

4.1. Morphological Vulnerability Assessment

The calculation of the morphological vulnerabil-
ity shows that it is strongly affected by the distance-
to-coastline parameter, resulting in lower vulnerabil-
ity values with an increase in distance (Fig. 4). This
is observable throughout the study areas, particu-

larly in Cabedelo, in Figueira da Foz municipality
(Fig. 4) and Burgau, in Vila do Bispo municipality
(Fig. 5), where the delimitation of morphological vul-
nerability follows this parameter. However, a more
detailed analysis of the two municipalities allows
us to observe a different territorial influence of the
parameters. With regards to Figueira da Foz, further
than the parameter previously mentioned, the mor-
phological vulnerability is also influenced by the ex-
istence of river banks as well as flat areas, and narrow
channels through the salt marshes, as represented in
the estuarine area of Mondego River. For example,
the high vulnerability is caused by slope <2°, the
existence of beaches, sand banks, marshes, and rice
paddies on the flooded area.

With regards to the municipality of Vila
do Bispo, the differentiation of morphological
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Fig. 7. (a) Structural vulnerability assessment in Vila do Bispo; (b) details in Sagres parish; (c) details in Budens parish (Salema); (d) details

in Budens parish (Burgau).

vulnerability results from the parameter distance
to coastline. However, in this area, the presence
of cliffs and the anthropization of some coastal
segments underline the morphology of the flooded
area, slope, and land use and land cover parameters,
consequently increasing the vulnerability of the
analyzed areas (Fig. 5).

In both municipalities, the morphological vulner-
ability varies between very low and very high levels,
with the higher levels along the coastline generally
decreasing moving inland.

4.2. Structural Building Vulnerability Assessment

In terms of the structural vulnerability, the
numerical modeling of the tsunami inundation based
on the 1755 Lisbon tsunami identified a total of 244
buildings that are potentially affected in the two
studied municipalities. Concerning Figueira da Foz,

144 buildings were identified (Fig. 6), emphasizing
the areas of Cabedelo and the port (Fig. 6¢c), Cova-
Gala (Fig. 6¢), and Leirosa (Fig. 6d). The structural
vulnerability of the municipality varies between
very low to very high, wherein 30% (43 buildings)
have a high vulnerability, 28% (40 buildings) have
a very low vulnerability, 21% (30 buildings) have a
moderate vulnerability, 15% (21 buildings) have
a very high vulnerability, and 6% (10 buildings)
have a low structural vulnerability. Considering only
the typology of the buildings, 51% are exclusively
residential, 13% are annexes/storage, 10% are
commercial buildings, 10% are warehouses/yards,
and 5% are agricultural buildings. The analysis of
the potentially affected buildings shows that the
vast majority of the buildings (92%) are located on
the left bank of the Mondego River, which includes
Cabedelo with a total of 22 buildings, the port with
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Table VII. Social Vulnerability Components

Explained
FAC Name of Component Variance (%)
1 Seasonal occupation 18.9%
2 Residential urban centers 15.5%
3 Population dynamics 12.8%
4 Disadvantaged social contexts 5.8%
5 Urban areas with commerce 4.4%
6 Population dependent on 4.3%

social support

10, Cova Gala with 15, and finally Leirosa with
85 buildings.

In the municipality of Vila do Bispo (Fig. 7), a to-
tal of 100 buildings were identified, where the struc-
tural vulnerability varies between very low and very
high. In terms of the number of vulnerable buildings,
39 have a vulnerability that is moderate, 18 are very
low, 17 are high, 15 are very high, and 11 are low. In
terms of key areas, the Salema beach has 41 buildings
(Fig. 7c), Burgau (Fig. 7d) has a total of 25 buildings,
and Sagres (Fig. 7b), primarily the Baleeira fishing
port area, has a total of 10 buildings. In typological
terms, 47 of the buildings are considered to be exclu-
sively residential, 20 have commercial use, and only
8 are of mixed use (residential/commercial).

4.3. Social Vulnerability Assessment

Social vulnerability was calculated using factor
analysis, which identified a set of 12 components
that were used to calculate the vulnerability. The
matrix of the components that results from the
factorial analysis allowed for the selection of a set
of six main components (FAC), which represents
61.7% of the total variance (Table VII). These FACs
were characterized on the basis of the main ex-
planatory variables included therein. The remaining
six components were not considered because they
contribute with residual values to the total variance,
and include explanatory variables also present in the
most representative FACs. Next, the six main FACs
are presented, and a description is provided of each
territorial representation.

4.3.1. Seasonal Occupation (FACI)

The FACI represents 18.9% of the total vari-
ance and relates to the seasonal occupation of the
territory in question. The main variables in this

Tavares, Barros, and Santos

FAC are the proportion of the foreign population
(+), proportion of the employed population (—),
proportion of lodgings (—), proportion of seasonal
lodgings (+), and proportion of individuals per
lodging (—). The variables that have a negative
sign (—) negatively influence the composition of
the FAC. The variables that have positive charge
(+) clearly relate to the seasonal occupation of the
lodgings, something that occurs in the analyzed areas
due their strong seasonal characteristics.

4.3.2. Residential Urban Centers (FAC2)

The FAC2 represents 15.5% of the variance and
groups the following variables around it: the propor-
tion of the population employed in the primary sec-
tor (—), the average number of floors per building
(+), firefighters per 1,000 inhabitants (—), the pro-
portion of single parents (+), the ratio of the female
population (+), and the proportion of owner housing
(4). The positive and negative loads of variables that
comprise the FAC2 translate the urban residential
context of the territory. This FAC also represents the
economic dimension involved in the purchase/rental
of a property and the social dimension translated by
identifying two specific groups of a resident popula-
tion (female population and single parents) that are
intrinsically linked to urban residential contexts.

4.3.3. Population Dynamics (FAC3)

The FAC3 represents 12.8% of the variance and
relates to the dynamics of the population, present-
ing as its dominant variables the average monthly
housing rents (+), the rate of population change (+),
birthrates (+), and the proportion of the population
that 5 years prior inhabited areas outside the munic-
ipality (+). The variables present in this FAC incor-
porate population dynamics and growth to the social
vulnerability calculation.

4.3.4. Disadvantaged Social Contexts (FAC4)

This FAC explains 5.8% of the variance and
has as its primary variables the proportion of
individuals per household (+), the proportion of
overcrowded households (+), the proportion of the
population between 15 and 24 years of age (+), and
the unemployment rate (4). The number of unem-
ployed population and population between 15 and
24 years of age are presented as risk groups because
of a lack of available financial resources and their
family/institutional dependence. In addition, the ex-
istence of households with severe disabilities and
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Fig. 8. Social vulnerability in Figueira da Foz municipality.

overcrowded housing influence the vulnerability and
local carrying capacity.

4.3.5. Urban Areas with Commerce (FACS)

The primary variables that integrate the FACS
are the proportion of predominantly residential
buildings (+), the proportion of buildings that are not
exclusively residential (4), and the proportion of the
population working in another parish (—). This FAC
contributes 4.4% to the variance. The first two vari-
ables have a positive charge and are closely related
to an urban context with a strong commercial bias.
The proportion of the population working in another
parish has a negative charge, which indicates that the

N Maximum water level (m)
A (santos, 2008)

Low:0m M High:20m
Social vulnerability
[ lverytow [ Tiow [ | Moderate

[ High [ VeryHigh

D Control areas

Fig. 9. Social vulnerability in Vila do Bispo municipality.

resident population primarily works in the parish of
residence.

4.3.6. Population Dependent on Social Support
(FAC6)

The FAC6 possesses the following variables: so-
cial support housing (+), adult population support
institutions (+), child-care institutions (+), and the
longevity index (+), contributing 4.3% to the total
variance. This FAC clearly identifies two risk groups:
elderly and young people. These two groups have a
high vulnerability caused by several factors, in partic-
ular the family/institutional dependence and reduced
physical mobility.

In spatial terms, the social vulnerability was cal-
culated for all parishes of the municipalities being
studied. In the Figueira da Foz municipality (Fig. 8),
with 18 parishes, the social vulnerability varies be-
tween a low and very high level. Those areas poten-
tially most affected are Cabedelo, Cova Gala, and the
industrial port of Figueira (parish of S. Pedro; Fig. 8),
which have a very high social vulnerability. Leirosa
village, located in the southern part of the munici-
pality (Marinha das Ondas parish; Fig. 8), has a low
vulnerability.
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In Vila do Bispo municipality (Fig. 9), the social
vulnerability varies between a very low and very high
level. In terms of the potentially most affected ar-
eas, Sagres (Fig. 9) has a moderate vulnerability, and
Salema and Burgau (Fig. 9), both located in Budens
parish, have a high social vulnerability.

4.4. Taxable Property Vulnerability Assessment

With regards to Figueira da Foz, the taxable
property vulnerability ranges from a very high to
very low level with marked differences along the

Tavares, Barros, and Santos
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Fig. 11. Taxable property vulnerability in Vila do Bispo
municipality.

municipal area. If we analyze only the potentially
flooded areas, the highest values are observed in
Buarcos and S. Julido (Fig. 10) because they are in
the presence of consolidated urban areas where the
coefficients are higher.

In contrast, the lowest values are found to be
associated with rural areas (forest and agriculture
dominance) and natural areas. In the Cabedelo area
and the port (Fig. 10), the allocation coefficient
has the same value, with each having a moderate
vulnerability.

In the Vila do Bispo municipality, the taxable
property vulnerability also varies between a very low
and very high level. By analyzing potentially flooded
areas a clear distinction is found between urban and
natural/rural areas. The areas of Sagres, Baleeira
port, and the Martinhal coastal sector have the high-
est values of vulnerability (Fig. 11). The areas with
the lowest values are those that are least developed,
expressing a clear natural/rural predominance. The
Burgau area (Fig. 11) has a high taxable property vul-
nerability because it is a consolidated beach resort
with some urban pressure, where the different allo-
cation coefficients experience an increase.
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4.5. Composite Vulnerability Index

After calculating the morphological, structural,
social, and taxable property vulnerabilities the CVI
that results from the combination of these compo-
nents is calculated.

The CVI results for Figueira da Foz (Fig. 12)
present a mean value of 1.95 with a standard devia-
tion of 0.29. The highest values occur along the coast
and there is a reduction in vulnerability further in-
land in the study area. Noteworthy is the fact that the
CVl is strongly influenced by the morphological and
structural characteristics of the area. With regards to
the different levels of the CVI for Figueira da Foz,
the levels vary from very low to very high. Six percent
of the area is classified as very high, corresponding to
buildings and coastal areas, especially the parishes of

Buarcos, Sdo Julido, and Sao Pedro (Fig. 12(a)—(c)).
The high vulnerability levels occur in small coastal
sectors and salines. Forty-three percent of the area
has a moderate vulnerability, especially the coastal
area in the north of Quiaios and in the south of Cova
Gala (Fig. 12(c)). The moderate CVI is also featured
in the Mondego riverside zones, and the Figueira da
Foz port and marina. The inland areas and estuar-
ine Mondego areas have low and very low CVI lev-
els. The southern area of Leirosa also features a low
or very low CVI, primarily a result of the vulner-
ability of the morphological and taxable properties
(Fig. 12(d)).

With regards to the municipality of Vila do Bispo
(Fig. 13), the results show a CVI mean value of 1.76,
with a standard deviation of 0.33. In general, the
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highest CVI values are associated to coastal areas
with low elevation (e.g., Boca do Rio) or within ur-
ban cores (Sagres, Salema, and Burgau), with 9% of
the area corresponding to very high levels and 22%
corresponding to high vulnerability levels. Thirty-
one percent of the study area features a moderate
CVI, primarily in coastal sections where there is a
transition between sandy beaches and cliffs. Finally,
the low (23%) and very low (15%) vulnerabilities
correspond to coastal areas dominated by cliff slopes
and inland sectors. The CVI analysis demonstrated
that it is heavily influenced by morphological char-
acteristics, especially the “slope” and “land use and

cover” parameters, as well as by the taxable property
and social component of vulnerability.

5. DISCUSSION

The results obtained in this study respond to the
concerns raised by Wisner et al,(!”) Atillah et al.,®
and Tavares et al.,°”) in which the authors empha-
size the importance of territorial vulnerability. Thus,
this study provides a more reliable perspective of the
costal area’s exposure to a potential tsunami event
related to physical, social, economic, and critical in-
frastructure, as indicated by Refs. 16, 19, and 28.
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Fig. 14. Graphical representation of the vulner-
ability for (a) Figueira da Foz municipality and
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Fig. 14 summarizes a graphical representation
of each of the vulnerability classes obtained for the
morphological, structural, social, and taxable prop-
erty components in the two studied areas, which
show different representations of vulnerability. The
y-axis represents the maximum and minimum values
for each vulnerability class. The figure shows that in
both areas lower rates for the structural and social
vulnerabilities are observed when compared with the
morphological and taxable property vulnerabilities.
In the Vila do Bispo municipality, a wide representa-
tion is presented of the very high and moderate levels
for the four components of vulnerability. A very low
level of social vulnerability is absent in Figueira da
Foz, compared with no representation of low-level
social vulnerability in Vila do Bispo. Those results
represent a different importance of components that
explains the vulnerability and highlights the territo-
rial differences, namely, for the lower classes of social
vulnerability.

These results also demonstrate that the vulner-
ability is marked by local characteristics intrinsic to
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the territory, whether morphological, social, or tax-
able in nature. However, the vulnerability is not
stressed by the structural characteristics of the build-
ings in the territory, which represent a deepening
in relation to previous methodologies. This finding
supports the importance of a composite multidimen-
sional analysis, improving upon the methodologies
developed by Cutter et al.,*® Dall’Osso et al.,('®) and
Santos, Tavares, and Emidio.®

This work also notes, in relation to other studies,
that coastal areas with high vunerability to tsunami,
given their flat morphology, can translate exposed
areas with different composite vulnerability, depend-
ing on the land use and land occupation, as well as,
the social functions existent there or economic activ-
ities taking place in flooded or neighboring areas.

This framework is also represented in Fig. 15. In
both graphics, the percentages of the area for each
vulnerability class in both municipalities are pre-
sented. The results demonstrate the representation
of the contrasted area for the morphological, struc-
tural, and social vulnerabilities. This contrast is not
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Fig. 15. Relationship between different classes of vulnerability and the corresponding percentage of area: (a) Figueira da Foz municipality

and (b) Vila do Bispo municipality.

as evident for the taxable property vulnerability. In
both municipalities, the area expressed by this vul-
nerability (very low and low classes) represents more
than 60% of the affected area. This occurs because
this area is expressed as a component normalized for
the entire country, without local specificities. In addi-
tion, Fig. 15 also shows that Figueira da Foz exhibits
a broad representation of the area with the highest
morphological (30%), structural (57%), and social
(48%) vulnerabilities values compared with Vila do
Bispo municipality (morphological [17%], structural
[13%], and social [0%]). These differences demon-
strate the importance of having different components
in the territorial assessment.

The cartography presented in Figs. 12 and 13
shows that the CVI has spatial differences. In gen-

eral, the CVI decreases as the distance to the shore-
line increases, with the exception of coastal segments
with cliffs.

Furthermore, the CVI cartography also demon-
strated some territorial specificities. Thus, in Figueira
da Foz municipality, where the CVI is fundamen-
tally characterized by a morphological and tax com-
ponent of vulnerability, in contrast to Vila do Bispo
beyond the two components mentioned above, the
social component also plays an important role in the
final CVI value. It should also be noted that, in gen-
eral terms, the Vila do Bispo municipality presents a
higher CVI compared to Figueira da Foz. This may
be a result of the percentage of the area occupied
by the two higher classes of vulnerability (31% in
Figueira da Foz and 23% in Vila do Bispo).
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One interesting outcome of the CVI results is
highlighted by the presence of the buildings. There is
a high level of vulnerability among the buildings for
both municipalities. These results are in agreement
with the other methodologies,(!>102) which mostly
express the buildings’ structural vulnerability.

6. CONCLUSIONS

In our approach, new parameters were consi-
dered for the assessment of structural vulnerability
that strengthens the analysis and distinguishes the
potentially affected buildings based on a broad set
of variables. However, contrary to previous metho-
dologies, this work demonstrated that it is possible
to assess the vulnerability of the territorial context of
buildings.

In addition, the improvement featured using
this methodology is also supported by the inundated
areas obtained from the tsunami numerical model.
This allows for a detailed evaluation of all the territo-
rial components that contribute to the vulnerability.

This methodology can also be applied to coastal
areas characterized by high energy, causing overtop-
ping and flooding during storms.(®") The focus given
to different components to assess the territorial vul-
nerability for areas with intense occupation, location
of critical infrastructure, and environmental values
allows the definition of prevention and mitigation
measures. (0064

The process is practical to apply, and with the
change of attribute of the different parameters
presented for each matrix, can be applied to other
geographical contexts, highlighting local character-
istics, particularly in terms of morphology, land use,
and occupation. The various outputs resulting from
the application of the methodology adopted in this
study can and should serve as a tool for the different
stakeholders, enabling them to discuss and imple-
ment measures for the prevention, reduction, and
mitigation of tsunami inundation. The collected data
were based on field work, remote sensing imagery
interpretation, and the analysis of a collection of
a wide range of data from census databases, which
may be observed as a challenge for other studies in
potentially affected coastal areas.

This methodology can be applied to other
geographical contexts and is not dependent on past
historical damages. The results can contribute to
assisting in the emergency management process by
identifying the most vulnerable areas and potentially
affected buildings. The results obtained in this study

can also be an important basis for the definition
of evacuation routes, the site selection of shelter
locations and buildings with vital societal functions,
improve a tsunami warning system,® and also the
definition of spatial planning policies.
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