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Abstract
Climate change has brought about new risks while exacerbating existing ones, with floods 
now accounting for about 45% of global disasters. This trend indicates that the exposure 
to floods and resulting damages will continue to rise. This paper aims to contribute to the 
global efforts to enhance flood resilience in urban areas by introducing a physical vulner-
ability index for buildings in flood-prone urban areas and exploring its connection with 
flood hazard, as defined by the European Union Directive 2007/60/EC. An index-based 
methodology is proposed to assess the physical vulnerability of buildings to flooding, uti-
lising the Portuguese Census and Georeferenced Buildings Database, collected on a nation-
wide scale. The physical vulnerability of buildings is evaluated in the context of the Lisbon 
metropolitan area (LMA) in Portugal, and the results are compared across different scales, 
contrasting flood hazard information for the entire LMA with the areas identified under the 
Flood Directive as having significant potential flood risk. Using cluster analysis, spatial 
patterns of flood risk are identified, highlighting areas where high flood depth and flood 
velocity overlap the high vulnerability of buildings. Lastly, potential adaptation paths are 
discussed, considering the diverse nature of the flood hazard and the lessons learnt from 
other flood events.

Keywords Flood risk · Urban areas · Physical vulnerability · Cluster analysis · Lisbon 
metropolitan area

1 Introduction

Climate change and geophysical events give rise to numerous disasters worldwide each 
year. Over the last two decades (from 2000 to 2022), data processing from EM-DAT 
reveals a staggering 8180 reposted disasters, with a striking 91% attributed to extreme 
weather events, with floods being the most prevalent, accounting for 45% of all disasters. 
The global impact of climate on flooding is evident through the exponential rise in flood 
occurrences from 1900 to 2021 (Fig. 1, left), and projections indicate a continuing upward 
trend (Alfieri et al. 2017).
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In Europe alone, disasters have resulted in substantial economic losses, amounting 
to 281 billion US$. Among these, floods constitute 52% of the damages, followed by 
storms (20%) and earthquakes (15%) (Fig. 1, right). Furthermore, studies estimate that 
exposure to floods and subsequent damage will triple by 2050 due to the increasing 
population and economic assets in flood-prone areas (Merz et al. 2021).

In response to these challenges, the European Union adopted Directive 2007/60/EC, 
providing a uniform flood risk assessment and management framework across its mem-
ber states. Transposed into Portuguese national law by Decree-Law No. 115/2010, this 
framework introduces a series of challenges that make it necessary for robust scien-
tific engagement. Central to the framework’s objectives is the significance of flood risk 
maps, laying the foundation for Flood Risk Management Plans (FRMP). Crafting these 
plans entails addressing various challenges, including selecting the appropriate scale 
of analysis and establishing connections with land use and civil protection emergency 
plans. Hence, comprehensive flood risk studies play a vital role in bridging risk assess-
ment and management processes within risk governance models (Aven and Renn 2010).

Traditional conceptual risk models comprise hazard, exposure, and vulnerability 
components (Miranda and Ferreira 2019). In the past, exposure was often implicitly 
incorporated without being considered an independent risk component (WBGU 2000; 
NATO 2006; Wisner et  al. 2004). Recent flood risk studies within the context of cli-
mate change have generally treated exposure as a subcomponent of vulnerability (Choi 
2019; Saber et al. 2020; Zahmatkesh and Karamouz 2017). However, certain risk mod-
els integrate societal and institutional dimensions, accounting for the capacity to cope 
with and adapt to threats (Marin-Ferrer et al. 2017). Interestingly, the Flood Directive 
2007/60/EC does not explicitly incorporate the vulnerability concept, aiming for con-
sistent applicability across EU countries.

Scale considerations play a crucial role in flood risk analysis. Different scales neces-
sitate specific data and methodologies, with the analysis objectives influencing the cho-
sen approaches (de Moel et  al. 2015). Ensuring consistency and accuracy when com-
paring flood risk across scales remains a significant challenge. However, advancements 
in global datasets provided by Earth observation systems and improved computational 
capacities have alleviated some of the scale-related concerns, enabling more detailed 
flood risk analysis over broader areas (Shonkoff et  al. 2015; Lindersson et  al. 2021; 
Mazzoleni et  al. 2021; Wing et  al. 2018; Alfieri et  al. 2018). The utilisation of flood 
hazard scenarios and vulnerability assessments in flood risk decision-making also varies 
across different scales. These analysis have been applied at various levels, ranging from 

Fig. 1  Global frequency of floods per year (left); Proportion of economic losses from disasters in Europe 
between 2000 and 2021 (right). Data compiled from EM-DAT
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country-wide (Marin-Ferrer et al. 2017) and municipality-specific studies (Vojtek et al. 
2023; Santos et  al. 2022) to household-level investigations (Leal et  al. 2021; Ferreira 
and Santos 2020). Each scale offers valuable insights and context-specific information 
to inform flood risk management strategies.

Assessing the vulnerability of elements at risk is a crucial factor in evaluating flood 
risk and potential damage. In recent years, various methods have been developed for this 
purpose. Physical vulnerability assessment methods can be categorised into three main 
groups, as highlighted by different authors (Nasiri et al. 2016; Huang et al. 2012): those 
based on disaster loss data, vulnerability curves, and index-based approaches.

Vulnerability functions, also known in the literature as damage functions, are mathe-
matical functions that associate a specific flood parameter, typically water depth, with a 
relative amount of loss or an absolute monetary loss (Arrighi et al. 2020). Such functions 
are often developed based on expert judgment (Luino et al. 2012; Dottori et al. 2016; Arri-
ghi et al. 2018) or derived from observed losses (Wagenaar et al. 2017; Carisi et al. 2018), 
while laboratory models have also been used recently for that purpose (e.g., Sturm et al. 
2018; Mejía‐Morales et al. 2023). Vulnerability curves represent the physical vulnerability 
of an asset, the intrinsic vulnerability of a typology of buildings, for example, and, there-
fore, they depend on the identification of key damage mechanisms. This aspect has been 
investigated by different authors, such as Laudan et al. (2017), who adopted a random for-
est approach to determine the importance of contributing variables (e.g., flood depth, flow 
direction, or year of construction), or Postacchini et al. (2019), who investigated the effect 
of flow characteristics and incidence angle on the flood impact on masonry buildings.

Unlike vulnerability functions, the primary aim of index-based vulnerability assessment 
approaches is not to quantify the losses but to compare the level of vulnerability of assets 
potentially exposed to flooding events. As discussed by Julià and Ferreira (2021), index-
based vulnerability assessment approaches are particularly well-suited for flood vulnerabil-
ity assessment in urban areas due to their holistic and integrative nature, and this is why 
several studies have focused on using this type of approach. For example, Mebarki et al. 
(2012) developed a method to estimate the probability of damage in masonry buildings 
based on flood depth and velocity. By analysing post-flood damage reports, they identi-
fied 14 physical vulnerability parameters and established an elliptical relationship between 
these parameters and flood depth. Stephenson and D’Ayala (2014) proposed an index-based 
methodology to assess the vulnerability of historical structures in the UK. This approach 
considered seven parameters, each assigned between 3 and 5 attributes, resulting in the cal-
culation of a vulnerability index that aggregates the vulnerability ratings. Similarly, Gan-
dini et  al. (2018) introduced a holistic approach that considers both physical and social 
vulnerability indicators to assess the potential for historical buildings to be damaged by 
floods. Employing a multi-criteria approach and a decision tree, they obtained a unique 
vulnerability index on the building level. In line with this, (Miranda and Ferreira 2019) 
put forward a flood vulnerability assessment approach for historical centres, combining 
two indices related to exposure and sensitivity based on a comprehensive review of simi-
lar indicators. More recently, Ferreira and Santos (2020) expanded upon the approach of 
Miranda and Ferreira (2019) to generate physical vulnerability results. These results were 
then integrated with hazard data to produce flood risk maps for the Historic Centre of Gui-
marães, Portugal.

Building on the context outlined above, the main purpose of this paper is to explore the 
combined use of flood hazard and building vulnerability results to identify the urban blocks 
in the Lisbon metropolitan area (LMA), used here as a case study, where flood adaptation 
and mitigation are of utmost priority. A multi-criteria method is introduced in this work to 
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assess the physical vulnerability of buildings to floods, with the selection of variables, their 
classes, and weighting based on robust support from the scientific literature. The utility 
of this physical vulnerability index lies in the fact that the methodology was specifically 
tailored to capturing vulnerabilities specific to our study context, at a scale that is not fre-
quently addressed, and used data that were not specifically gathered for that purpose. The 
ability to apply it to vast areas define it as appropriate for regional and local risk decision-
making. The resulting characterisation is then correlated with two levels of flood hazard: a 
simplified measure of susceptibility for the entire LMA—following the geomorphological 
approach, which provides information applicable to extensive areas, addressing a broader 
temporal scale as it is based on past flood evidence—, and a detailed mapping of flood 
depths and velocities—following a hydrological-hydraulic approach—as mandated by the 
implementation of the Directive 2007/60/EC, which undergoes a cluster analysis.

2  The Lisbon metropolitan area case study

2.1  Geographical context

As mentioned earlier, the case study area is located within the geographical limits of the 
Lisbon metropolitan area (LMA), Portugal (Fig. 2).

It comprises 18 municipalities, with the country’s capital, Lisbon, being the most popu-
lated among them. Covering an area of 3105 sq. km, the LMA is home to approximately 
2.8 million residents. The population distribution is uneven, with concentrations along the 
coast in the municipalities of Cascais, Oeiras, Lisbon, Loures and V.F. Xira in the northern 
part of the LMA. In the southern LMA, besides Setúbal, the most populated areas face the 
Tagus estuary, including Almada, Seixal, Barreiro and Montijo. Sintra and Odivelas also 
have substantial built-up areas, with some occupying parts of the valleys of small streams.

2.2  General characteristics of the built environment

The built environment of the LMA comprises a diverse mix of building typologies. Urban 
areas are mainly composed of traditional unreinforced masonry (URM) buildings and mod-
ern reinforced concrete (RC) structures. RC buildings are the predominant type, accounting 
for 65% of the building stock in the LMA, while URM buildings constitute about 34%. The 
remaining 1% includes other types of structures, such as steel and timber constructions. 
Residential use dominates the majority of buildings, comprising 91%, with 8% serving 
mixed (commercial and residential) purposes, and the remaining 1% being dedicated solely 
to commercial use.

Within the URM category, four main typologies have been identified in the LMA 
(Simões et al. 2017). ‘Pre-Pombalino’ buildings, which date back to the period before the 
1755 Lisbon Earthquake. They feature irregular geometry and have up to four storeys with 
poor-quality masonry. ‘Pombalino’ buildings, constructed after the 1755 Earthquake until 
1870, are characterised by structural regularity and can have up to five storeys with mixed 
usage. ‘Gaioleiro’ buildings, built between 1870 and 1930, can have up to six stories and 
lower construction quality. ‘Placa’ buildings, typically constructed between 1930 and 1960, 
combine masonry walls with reinforced concrete elements.

In terms of RC buildings, their main typologies are distinguished by the analy-
sis of the buildings’ period of construction and the number of storeys (Xofi et al. 2023). 
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‘Low-rise RC frame buildings’ (pre-code, i.e., before 1958) are typically up to three sto-
reys. ‘Medium-rise RC frame buildings’ (mid-code, i.e., between 1958 and 1983) usually 
feature up to six storeys. Finally, ‘high-rise RC frame, wall, and dual systems buildings’ 
(post-code, i.e., after 1983) are typically more than seven storeys.

2.3  Flood types and flood hazard

The areas of significant potential flood risk (ASPFR) were defined considering riverine 
floods (flash and progressive) and the particular type of urban flooding, quite often associ-
ated with flash floods in the urban context. Coastal flooding is, therefore, excluded from 
this analysis although it is relevant in the LMA, particularly in the municipalities bathed by 
the Tagus estuary, and in Setúbal bathed by the Sado estuary.

In the LMA, progressive floods are observed in the Tagus River. With the regularization 
of flow regimes caused by dams in the last decades, the frequency and, specifically, the 
magnitude of this type of flood has been reduced. 1978 (11,500  m3/s), 1979 (15,000  m3/s) 
and 1989 (10,900  m3/s) are the years of the highest floods in the last 50 years, as meas-
ured c. 30 km upstream from the LMA boundary—Vila Franca de Xira—along the Tagus 
river (Loureiro 2009). Progressive floods with lower magnitude occurred in 2013, 2019 

Fig. 2  Flood susceptibility in the LMA and in the Flood’s Directive areas (1st cycle) of significant potential 
flood risk. Torres Vedras (A), Tagus floodplain (B), Loures and Odivelas (C) and Setúbal (D)
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and 2022. The human impacts caused by this type of flood are essentially the evacuation 
and temporary displacement of residents (Zêzere et al. 2014).

Most of the municipalities in the LMA are affected by flash floods generated in small 
basins, which drain directly into the ocean or into the estuaries of the Tagus and Sado 
rivers. In addition to the small size of the catchments it should be noted that the catch-
ments cross densely urbanized areas, thus exhibiting a high degree of soil imperviousness, 
which results in short times to peak (Leal and Ramos 2013). Traditionally characterized by 
a higher number of fatalities in comparison with progressive floods—e.g. the catastrophic 
flash floods of 1967 and 1983, in response to rainfall intensities of 137 and 164 mm/day, 
respectively (Zêzere et al. 2015)—the trend of the last decades shows a reduction in the 
number of lives lost (Pereira et al. 2016).

3  Data and methods

Input data regarding the three risk modules—hazard, exposure and buildings’ physical vul-
nerability—are collected and processed at two levels of analysis: the entire LMA and the 
critical areas defined in the Flood’s Directive. Flood hazard is assessed for the entire LMA 
using a geomorphological approach, while hydrologic-hydraulic modeling applied to the 
Directives’ areas allowed for a classification of buildings based on cluster analysis (Fig. 3).

Fig. 3  Methodological flowchart followed in this study: linkages between the hazard, exposure and physical 
vulnerability modules and the cluster classification in the most critical areas
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Given that the information regarding the hazard does not constitute an output specifi-
cally prepared for the purpose of this article, the data and methods are described below but 
are not considered separately in the results section.

The following sections describe in detail the used data and methodology.

3.1  Hazard module

3.1.1  Flood susceptibility in the LMA

A thorough analysis of the susceptibility to riverine flooding was conducted for the entire 
LMA. This mapping was carried out by the authors in 2020 in the scope of the elaboration 
of the Regional Spatial Plan for the West and Tagus Valley region (PROT-OVT). It follows 
two sequential steps.

The first step consists of identifying the reaches from the entire river network that are 
more prone to overbanking, i.e., to initiate a flooding condition at a given section of the 
river network. For that purpose, the approach first presented by Reis (2011), and later 
explored elsewhere, but particularly by Jacinto et al. (2015), Santos et al. (2019) and San-
tos and Reis (2018), was applied. This approach considers, at each location of the basin, 
the cumulative role performed by the entire upstream area concerning a set of flood con-
ditioning factors: the flow accumulation, the slope and the relative permeability of the soil 
and underground substrate. The output is a classification of the drainage network in suscep-
tibility classes, for which a fixed threshold is defined, retaining only the most susceptible 
reaches.

The second step takes as input the drainage network with the highest susceptibility 
resulting from the first step (linear data) and—contiguously to it—defines the areas of 
flood susceptibility (polygonal data). This was performed by following the hydro-geo-
morphologic principles developed by Díez-Herrero et al. (2009) and Ballais et al. (2011). 
The disposition and types and landforms and deposits are analyzed based on remote sens-
ing imagery and topographic maps at a 1:25,000 scale. False color imagery and vegeta-
tion types are also accounted for in the delimitation of the maximum flood extent, from 
a hydro-geomorphologic perspective. It provides, in general, a conservative but validated 
approach, because it assumes that locations near the edge of the floodplain, where there is 
past evidence of flooding, are susceptible of testifying flooding in the present and future.

3.1.2  Flood hazard in the flood’s directive areas

The detailed flood hazard assessment was conducted under the Flood’s Directive and cov-
ers four areas of significant potential flood risk (ASPFR) in the LMA: Torres Vedras (A) 
Tagus floodplain (B), Loures and Odivelas (C) and Setúbal (D) (Fig. 2). From the existing 
flood hazard maps, the 100-yr return period was chosen. In the downstream section of each 
ASPFR, the peak flows are respectively 470  m3/s, 14,600  m3/s, 1017  m3/s and 137  m3/s.

The Torres Vedras ASPFR comprises a small section of the Pequeno River, a tributary 
of the Sizandro basin. It is a flash flood-type ASPFR with 15.2 sq. km, of which only 0.2 
sq. km is within the LMA, in Mafra municipality. As said, Tagus’s ASPFR is the only one 
where slow-onset flooding processes occur. It covers an area of 483.3 sq. km, although 
only 47.6 sq. km is part of the LMA (in the V.F. Xira municipality). Even so, it is by far the 
largest ASPFR in the study area. The Loures and Odivelas area comprises a sector of the 
Trancão River, a Tagus River tributary. Its 14.0 sq. km covers the municipalities of Loures 
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(12.4 sq. km), Odivelas (1.5 sq. km) and V.F. Xira (0.1 sq. km). The Setúbal ASPFR is 
considered the fluvial type, although the existence of tidal variations due to the proximity 
to the ocean affects only the southern sector of the area. It covers 2.4 sq. km, distributed by 
Palmela (0.5 sq. km) and Setúbal (1.9 sq. km) municipalities.

For the same fluvial reaches of the ASPFR, the geomorphological approach provides 
greater susceptible flood areas: Torres Vedras (0.28 sq. km), Tagus (50.6 sq. km), Loures 
and Odivelas (20.2 sq.km) and Setúbal (3.4 sq. km).

According to the scientific reports that support the elaboration of the Flood Risk Man-
agement Plans (FRMP) of the 1st cycle, the flood peaks were estimated with (1) statistical 
methods where long and consistent data series of maximum annual peak flows existed, 
(2) using the rainfall-runoff MOHID Land hydrologic model where flow data was inexist-
ent. The hydraulic model was run with the same MOHID Land model, which recurs to 
1D modelling on the channel network and 2D modelling on the overland flow. While the 
free surface flow is solved with the Saint–Venant equation, the sub-surface flow modelling 
recurs to the Richards equation (APA 2014). The outputs of the flood hazard assessment 
of the Flood’s Directive used in this paper are the flood extent—from which the affected 
buildings are identified—, and the flood depths and velocities.

3.2  Exposure module

The 2011 Portuguese Census includes geographical information about the location and 
characteristics of all the buildings that—partly or entirely—include a residential function, 
which is named the georeferenced buildings database (BGE). The two selected variables 
for expressing exposure are the number of buildings with a residential function and the 
number of inhabitants per building. This second variable is the result of an estimation 
based on the dasymetric distribution of the residents in the smallest polygonal statistical 
unit, the sub-section, according to the number of residential households in the building, 
accounting for the vacant households (Garcia et al. 2016).

3.3  Physical vulnerability module

The assessment of the physical vulnerability of the buildings relies on data sourced from 
the 2011 Portuguese Census, specifically the BGE. This dataset encompasses 14 vari-
ables detailing relevant characteristics of the residential buildings, including construction 
materials, structural systems, and conservation state. Out of these 14 variables, seven were 
selected to gauge physical vulnerability, forming the basis for calculating a vulnerability 
indicator. Denoted as Phys.V., this indicator is derived by computing the weighted sum of 
the parameters outlined in Table 1, as shown in Eq. 1. To aid in result interpretation and 
subsequent integration with hazard and exposure data, Phys.V. scores are normalised to a 
scale between 0 and 100 using the min–max method.

In Eq. 1, Cvi represents the vulnerability class assigned to each parameter, Pi, and Wpi is 
the weight assigned to that parameter. The vulnerability classes, Cvi, and the weights, Wpi, 
associated with each physical vulnerability parameter, Pi, are given in Table 1. According 
to this classification, the higher the class (from A to D), the higher the level of physical 
vulnerability of the building to that aspect or feature.

(1)
Phys.V. = P1 ×WP1 + P2 ×WP2 + P3 ×WP3 + P4 ×WP4 + P5 ×WP5 + P6 ×WP6 + P7 ×WP7
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It is important to note that the parameters used in this work were defined after a com-
prehensive analysis of similar indicators available in the literature, which have been uti-
lised by various authors to assess similar building typologies and structural characteristics 
under equivalent assessment conditions. Table 2 provides a comprehensive overview of the 
selected parameters, along with their theoretical and empirical foundations that guide their 
role in either increasing or decreasing the vulnerability of buildings.

Regarding the vulnerability classes, Cvi, and the weights, Wpi, they were determined 
based on relevant literature sources (e.g., Stephenson and D’Ayala 2014; Miranda and Fer-
reira 2019) and expert opinion. It is also worth noting that since the primary aim of the 
vulnerability analysis presented in this work is to hierarchize the level of physical vulner-
ability among different clusters of buildings rather than to estimate damages and losses, 
the validation of the correspondence between these indicators and actual discrete levels of 
physical vulnerability is not critical.

3.4  Cluster analysis

A clustering classification method was applied with the purpose of better characterizing 
and understanding the relations between the flood hazard’s depth and velocity and the 
physical vulnerability of buildings, in support of spatial and emergency planning. The 
input variables in the cluster analysis are the physical vulnerability of buildings, flood 
depth and flood velocity per building. As the Census buildings are represented by a point-
type geometric feature, a 10-m radius was applied to select the buildings to be considered 
in the cluster analysis. The mean of flood depth and flood velocity of the cells touched by 
that radius was calculated and assigned to the respective building.

The clusters of buildings were obtained by running first a Two-Step Cluster Analysis in 
 SPSS©, testing 2–10 clustering solutions with Schwarz’s Bayesian Criterion (BIC). After 
applying the above spatial filter. the statistical individuals are the 2766 buildings located in 
ASPFR.

Given that the Schwarz’s Bayesian Criterion (BIC) is continuously decreasing as the 
number of clusters increases, the decision to opt for the 4 clusters was based on the analysis 
of the silhouette plot, and the balance between the Ratio of Distance Measures (the highest 
in the 4-cluster solution, 1.791) (Table 3) and expert opinion considering the diversity of 
combinations of input variables expressed by the clusters.

Table 1  Physical vulnerability parameters, weights and classes

Phys.V. parameters, Pi Vulnerability class, Cvi Weight, Wpi

A (10) B (40) C (70) D (100)

P1 Period of con-
struction

1981–2011 1961–1980 1919–1960 Before 1919 1.5

P2 Number of storeys 1 Storey 2 Storeys 4 Storeys 4 + Storeys 1.0
P3 Cladding material Tile/ceramic Stone Wood/glass Traditional plaster 1.5
P4 Structural system RC URM + RC URM + timber Adobe 1.0
P5 Soil and lithologi-

cal context
Hard rock Weathered rock Sandy deposits Alluvial deposits 1.0

P6 Building exposure Clustered – – Isolated 0.5
P7 Condition Very good Good Poor Very poor 1.5
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4  Results

4.1  Exposure of buildings and population

The results of this research consist of the analysis of exposure and buildings’ physi-
cal vulnerability under the two flood hazard scenarios: the one elaborated for the entire 
LMA (applying the geomorphological approach, and the one for the Flood’s Directive 
ASPFR, which cover 4 areas).

The flood susceptibility mapping, as carried out during the elaboration of the PROT-
OVT, identifies 269.6 sq.km of susceptible areas, 8.7% of LMA (cf. also Fig. 4): 144.3 
sq. km correspond to progressive floods, 122.1 sq. km to flash floods and 3.2 sq. km 
to flooding associated with natural lagoons and dam reservoirs. V.F Xira is by far the 
municipality with most of its area under flood susceptibility (149 sq. km, correspond-
ing to 60% of its surface discounting intertidal areas). 10,206 residential buildings 
are located in the susceptible area, from a total of 449,573 in the LMA (2.3%), home 
of 72,676 inhabitants (2.6% of the total LMA). The municipalities most potentially 
affected by flooding are Lisbon (1813 buildings in 3.2% of the susceptible area), Odi-
velas (1314 buildings in 11.6%) and Setúbal (1781 buildings in 5.2% of the susceptible 
area) (Table 4).

Focusing on the four ASPFR of the Flood’s Directive, the hydraulically modelled 
flood-prone areas express small figures of exposed elements: as an example, from Table 4, 
the Setúbal ASPFR accounts 1411 buildings (62 plus 1349 buildings from the Palmela 
and Setúbal municipalities). For the same fluvial reaches, the LMA’s geomorphologi-
cal approach sums 1787 buildings. This is observed in the other ASPFR as well, and is 
explained by the fact that the geomorphological methods express past sedimentological 
and morphological evidence of floods, in a more conservative perspective, the one of the 
maximum probable flood, to which it is not possible to assign an exact return period.

In resume, the area with the most exposed buildings is Setúbal (1411, and 11,293 inhab-
itants) followed by Loures and Odivelas (1317, and 11,432 inhabitants), Tagus (33, and 39 
inhabitants) and Torres Vedras, in the Mafra municipality (5 buildings, and 11 inhabitants).

Table 3  Auto-clustering table resulting from the two-step cluster analysis, using physical vulnerability, 
flood depth and velocity for the buildings within ASPFR

Number of 
clusters

Schwarz’s Bayesian 
criteria (BIC)

BIC change Ratio of BIC 
changes

Ratio of 
distance meas-
ures

1 5797.786
2 4361.895  − 1435.891 1.000 1.661
3 3516.506  − 845.389 0.589 1.623
4 3014.033  − 502.473 0.350 1.791
5 2754.487  − 259.546 0.181 1.407
6 2583.726  − 170.761 0.119 1.031
7 2419.629  − 164.097 0.114 1.030
8 2261.601  − 158.028 0.110 1.389
9 2161.149  − 100.452 0.070 1.105
10 2074.769  − 86.379 0.060 1.308
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4.2  Physical vulnerability of buildings

4.2.1  In the Lisbon metropolitan area

In the LMA’s geomorphologically identified flood susceptible areas, the mean Phys. V. 
values is 35, with a minimum mean of 23 in Amadora municipality and a maximum 
in Lisbon (50). In the other two of the three most exposed municipalities, the Phys. V. 
value is also above the mean: 40 in Odivelas and 44 in Setúbal, which is a concerning 
fact for the medium-term risk adaptation and reduction and short-term emergency plan-
ning and response.

Amadora and Sesimbra stand out as municipalities with lower exposure (28 in 
13,719, and 5 in 20,436 buildings, respectively), and low Phys. V (mean values of 
23 and 25, respectively), despite Sesimbra featuring 4.5% of the territory under flood 
susceptibility.

Fig. 4  Physical vulnerability of buildings to flooding in the LMA and in susceptible areas
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4.2.2  In the flood’s directive ASPFR

The LMA’s ASPFR of the Flood’s Directive with the highest mean Phys. V. is Setúbal 
(39.9), followed by Loures and Odivelas (35.4), Tagus floodplain (34.0) and Torres 
Vedras (33.6) which, considering the amplitude of scores (from 13 to 79), is close to the 
mean Phys. V. of the entire susceptible LMA’s areas (35.0).

By combining Phys. V. and hazard components, classification in clusters contributes 
to better predict how risk drivers may perform during flood events. Each of the exposed 
buildings located in the Flood Directive’s critical areas was categorized in clusters as 
follows: cluster 1, which includes only 8 buildings, cluster 2 including 565, cluster 3 
including 906 and cluster 4 including 1287 buildings. As an anticipated summary of the 
cluster characteristics, to be further detailed, it can be drawn that cluster 1 represents 
the buildings where physical vulnerability is in general very high. Cluster 2 expresses 
the buildings where the hazard is high, and Phys. V. is medium. Cluster 3 aggregates the 
buildings in the safest context—the lowest mean physical vulnerability, and low hazard 
(it has the lowest mean flood depths). Finally, cluster 4 represents intermediate contexts 
in both Phys. V. and flood hazard.

Buildings exposed to the highest flow velocities (Fig. 5) are found in the Loures and 
Odivelas ASPFR (2.6  m/s) and Setúbal (1.1  m/s) due to their proximity to the main 
channel of these ASPFR. On average, the buildings exposed to flooding are subject to 

Fig. 5  The spatial relation between flood velocity and physical vulnerability of buildings to flooding in the 
Flood Directive’s areas of significant potential flood risk in the LMA: Torres Vedras (A), Tagus floodplain 
(B), Loures and Odivelas (C) and Setúbal (D)
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velocities of 0.6 m/s in the Tagus ASPFR, 0.3 in Setúbal, 0.2 in Loures and Odivelas 
and 0.1 m/s in Torres Vedras.

In the hazard variables, mean flood depths are higher in cluster 2, with 0.5 m, while 
mean flow velocity (m/s) is higher in clusters 2 and 4 (Figs. 6, 7B). The highest mean flood 
depth and flow velocity are found in the Tagus floodplain (1.5 m and 0.6 m/s, respectively), 
followed by Loures and Odivelas (0.8 m and 0.3 m/s, respectively).

In the exposure variables (mean number of inhabitants and mean number of house-
holds), clusters 2 and 4 stand out with the highest mean values (Fig. 7A). This finding is 
interesting, as the three variables used in the cluster analysis don’t include the number of 
inhabitants, but there is an evident distinction of clusters 1 and 3 from the others on this 
regard.

Summing up all the inhabitants and households in each cluster, cluster 4 stands out 
with 8247 exposed households and 14,885 exposed inhabitants. A total of 22,776 exposed 
inhabitants are found in the four ASPFR, but Loures and Odivelas comprise 50.2% and 
Setúbal 49.6% of the exposed inhabitants. The same concentration in these two study areas 
is found in the total exposed households (12,815) with 51% in Setúbal and 47.6% in Loures 
and Odivelas.

When the analysis is focused on the parameters of Phys. V of buildings exposed to 
floods, cluster 1 presents the highest mean values for all parameters (P1, P2, P3, P4, P5, P6 
and P7) (Fig. 7C), and the highest Phys. V. index (75.5), concentrated in the critical areas 
of Setúbal, Loures and Odivelas (Fig. 8).

Fig. 6  The spatial relation between flood depth and cluster membership of buildings to flooding in the 
Flood Directive’s areas of significant potential flood risk in the LMA: Torres Vedras (A), Tagus floodplain 
(B), Loures and Odivelas (C) and Setúbal (D)
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Fig. 7  Clusters of flood hazard and physical vulnerability in the Flood Directive’s areas of significant poten-
tial flood risk in the LMA: mean number of exposed population and households per building (A), flood 
depth and velocity (B), physical vulnerability index and composing parameters P1 to P7 (C). For the loca-
tion of ASPFR please see Fig. 2
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The lowest mean vulnerability values are found in cluster 3 for parameters P1, P2, P3 
and P4, and for the vulnerability index (26.9) in the critical areas. These results suggest 
that cluster 3 includes buildings with the lowest index of mean physical vulnerability 
and hazard variables. Cluster 2 and Cluster 4 present moderate mean values of the vul-
nerability index (50.8 and 39.2, respectively).

Figure 8 also reveals that the two flood risk areas (ASPFR) located in predominantly 
urban settings—Loures/Odivelas and Setúbal—exhibit distinct patterns in the relation-
ship between hazard and vulnerability: buildings are generally less vulnerable in the 
former, though they are subject to higher values of flood height and velocity; in Setúbal, 
these two flood properties are generally significantly lower. As mentioned above, the 
Tagus floodplain has the greatest average depth; however, the number of exposed build-
ings is considerably lower compared to those two mostly urban ASPFR.

Figure 9 expresses the mean values of parameters P1 to P7 in each cluster, aggregat-
ing the buildings by ASPFR. In general, the cladding material (P3) is the parameter 
in which scores are lower (mean of 17.6) with most of the buildings presenting tile, 
ceramic or mosaic (class A) or stone (class B). Except for the Tagus and Torres Vedras 
ASPFR, where isolated buildings predominate (class D of parameter P6), exposure fea-
tures a low mean score as well (24.4 in the 4 areas). On the other side, the parameters of 
Phys. V in which the buildings perform worse are:
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Fig. 8  Distribution of buildings, by cluster membership, in the four ASPFR of the Flood’s Directive in the 
LMA
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• Regarding parameter P5—soil and lithological context, which comes as non-surpris-
ingly. ASPFR express areas in which exposure and flood susceptibility overlap spa-
tially, with this later being predominantly found in class D of this parameter (alluvial 
deposits). In the set of the 4 ASPFR, the mean score of P5 is 88.7, with all the buildings 
of Tagus and Torres Vedras being located on that lithological type. The mean scores in 
Loures and Odivelas (84.2) and Setúbal (92.5) are equally of concern to the structural 
stability of buildings;

• Concerning the age-related parameter (P1), which presents the highest mean scores 
(52.3), it is particularly high in clusters 1 and 2 in Loures and Odivelas and Setúbal 
ASPFR;

• Concerning parameter P2—number of storeys—whose mean score is 50.9, being par-
ticularly high in the most urbanized areas Setúbal and Loures and Odivelas, where 
buildings are also taller, aggregated in clusters 1 and 2, as well.

Loures and Odivelas recorded the highest physical vulnerability mean values of the 
cladding materials and structure, while Setúbal recorded the highest physical vulnerability 
mean values for the building’s age and structure.

5  Discussion

A precise assessment of the structural characteristics of buildings to the effect of extreme 
natural processes causing damage is a thorough, data- and time-intensive task, as it requires 
intensive fieldwork. Unlike other natural hazards, flood processes are spatially restricted 
along stream courses and respective bedforms and floodplains, in areas identifiable by local 
analysis of conditioning factors such as relief, slope, permeability, and erosional and depo-
sitional processes and forms (Brierley and Fryirs 2004). This is observed in Fig.  4 and 
quantified in Table 4, where it is observed that except for a few municipalities, the majority 
of them feature only a very small fraction of buildings in flood susceptible areas (less or 
around 1%) and even less in the Flood Directive’s ASPFR. Even so, conducting a field-
based collection of physical vulnerability-related data on the 2766 buildings would be a 
costly task.

Fig. 9  Physical vulnerability parameters in the Flood Directive’s ASPFR
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These two initial considerations (about the vulnerability and the hazard) combine to 
introduce the value of extensive and regularly collected data sources, like Census data. The 
applied methodology led to the identification of buildings based on recognized parameters 
that infer their proneness to suffer structural damage, without fieldwork. Despite this gap—
no fieldwork—the fact that the scoring and weighting of parameters and classes are based 
on laboratory and empirical evidence from past flood impacts provides a relative validation 
of the resulting indices. Crossing the Phys. V. with the Flood’s Directive and the LMA’s 
hazardous areas allows us to identify other flood-prone zones where vulnerability would 
not be neglectable, that were eventually missed out on initial assessments. This is one of 
the advantages of the method. When a down-scale to the ASPFR is done, other results 
emerge as useful in flood risk management and particularly in flood adaptation. Building-
level measures like retrofitting require a priori knowledge of detailed hazard characteristics 
like flood depth and velocity, which are specific to flash or progressive floods.

Additionally, the studies elaborated in support of the risk assessment for the 2nd cycle 
of the Floods’ Directive estimated, under the RCP 4.5 and RCP 8.5 climate change sce-
narios, increases of 6% from the current 100-year flood peak in the Torres Vedras, Tagus 
and Loures/Odivelas ASPFR, and 3% for the Setúbal ASPFR. Such context means that, if a 
reduction in residential areas isn’t imposed by spatial planning instruments, more buildings 
and inhabitants will be summed up to the figures in Table 4, and existing buildings will be 
affected by higher flood heights.

Variations in flood depth and velocity along the floodplains express different degrees of 
loss to buildings. However, few experimental tests exist on the relationship between those 
components: hazard and building characteristics (Lazzarin et al. 2022). Tailored interven-
tions to deal with flood hazard require a deeper knowledge of the role of depth and velocity 
as conditioning factors in flood adaptation for spatial planning and house retrofitting. The 
degree to which the principles of living with floods—or “welcoming” them (Hobeica and 
Santos 2016)—and reaching “fair” flood risk management (Johnson et al. 2007; Hansson 
et al. 2008) are a function of our ability to model the benefits of each measure, and par-
ticularly in respect to this study, retrofitting at the building level. While most of the LMA’s 
ASPFR face flash floods, the Tagus one is subject to progressive flooding. About this later, 
where velocity is normally low in the over banks, a historical adaptation based on stilt-
supported construction (and its more recent development as amphibious or floating houses, 
e.g., English et al. 2016; Moon 2015) has been proven efficient for residential and other 
uses in dealing with well-known and expected slow onset floods (Mónica Silva et al. 2012). 
Models such as those discussed by Molinari et al. (2020) are valuable tools to help decide 
which adaptation measures are better suited for each type of flood. Flood disaster forensic 
studies (Kreibich et  al. 2017; Merz et  al. 2021; JRC 2015) and numerical and physical 
models that consider the flow intrusion on buildings (Mignot and Dewals 2022) provide 
data that help validate damage functions as well as the efficiency of previously adopted 
measures.

Endendijk et al. (2022) analyzed the impact of both emergency and structural measures 
that Netherland residents had taken at the time of the disastrous 2021 flash floods caused 
by the weather system ‘Bernd’ (Mohr et al. 2023). Their survey concluded that structural 
interventions like strengthening foundations and using water-resistant materials and floors 
were efficient in reducing the properties’ damage rations regarding those who haven’t taken 
measures. In the highly affected Arh Valley, Germany, one year after the event 75.6% of 
affected residents didn’t plan to relocate, 5.9% were in the relocation process and only 14% 
have effectively relocated (Truedinger et  al. 2023), which means that rationally the resi-
dents are willing to cope with future floods, authorities as well and, as a result, houses must 
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be adapted accordingly. These findings also suggest the need to invest in social vulnerabil-
ity reduction and resilience strengthening (de Bruijn et al. 2022).

6  Conclusions

In this paper, we presented a simple methodology to evaluate the physical vulnerability 
of buildings based solely on Census and lithological data. Age, number of storeys and the 
geological context are the vulnerability factors that most increase the Phys. V. index, while 
the material of external cladding and the existence of terraced buildings reduce exposure to 
flood damages and physical vulnerability.

The finding from cluster analysis shows that hazard characteristics and buildings’ physi-
cal vulnerability combine in diverse patterns. Within exposed buildings, not all are equally 
vulnerable or exposed to the same flood impact. Cluster 3 was found to be the one with 
lower risk, while cluster 1 presents the highest vulnerability, however, under low hazard 
scenarios.

The research highlights the value of Census data at the building level in performing 
expedited physical vulnerability assessments in vast areas, not requiring fieldwork. The 
vulnerability results were later combined with local flood hazard resulting from hydrau-
lic modelling. With the increasing availability of global hydrologic-hydraulic models, the 
proposed clustering method can be extended to the regional or country-level, in support of 
prioritization of relocation and/or building adaptation to floods.
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