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A B S T R A C T

Historic areas have faced escalating risks due to population growth, urbanization, climate
change, and increasing public awareness. Existing risk assessment methods often focus on indi-
vidual hazards, necessitating a more integrated approach. This research introduces a comprehen-
sive multi-risk model to assess the potential impacts of rainfall and earthquakes on Lisbon's his-
toric city centre. The model considers key risk components – hazard, exposure, and vulnerability
– providing a detailed evaluation. Pluvial flood hazards for different return periods were analysed
using a proper hydrological model, and seismic hazards were estimated based on PGA values
(0.035g–0.25g) with a 10 % exceedance probability over 50 years. Concerning the exposure, the
paper integrates spatial distribution data acquired through satellite remote sensing and GIS tools,
along with census data. Vulnerability assessments for ordinary unreinforced masonry buildings
(URM) used the Risk-UE method and flood stage-damage curves. The results obtained through a
multi-exposure and multi-vulnerability framework provide insight into the expected building
losses: for a 475/500-year return period, the estimated losses are approximately 1150 M€ for
earthquakes and 22 M€ for floods. The higher losses for earthquakes are attributed to structural
damage, whereas flood losses are predominantly associated with indirect impacts and loss of con-
tents. This study marks a novelty in the application of risk assessment methodologies in Portugal
addressing multiple hazards and highlights the protection of the built environment to mitigate
economic and human losses. The paper serves as a starting point for further assessments, offering
an overview of the influence of multiple risks on urban settings.

1. Introduction
1.1. Definition of the problem

Natural hazards are expected to become increasingly harmful to communities and urban areas as the severity, frequency but also
spatial distribution of catastrophic occurrences have changed [1]. As a result, the topic of assets exposed to hazards has gained signifi-
cance in recent years, raising community awareness about the issue. Population growth, coastal city expansion, uncontrolled urban
development, inadequate multi-level governance, and climate change are among the primary drivers of the rise in exposure to risks
[2–5]. The world's average temperature has grown dramatically as a result of the increase in greenhouse gas emissions caused by hu-
man activity. By 2100, it is expected that the Earth's temperature will increase from 1 to 5 °C, with higher recurrence of extreme
events such as droughts, landslides, floods, heat waves, and fires [3,6]. Indeed, climate and environmental changes have been docu-
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mented for several decades, resulting in a significant influence on natural hazards, with severe repercussions for populations [2,6].
According to Ref. [7] approximately 19 % of the planet's land area and more than half of its inhabitants are severely exposed to at
least one hazard. Natural disasters affected more than 1.5 billion people between 2005 and 2015 [8]: more than 700.000 people died,
1.4 million were injured, and around 23 million lost their homes, plus additional individuals who were affected in different ways by
these disasters. In terms of monetary losses, it has been estimated that the real cost per year to the global economy due to disasters is
around US$ 520 billion [9].

The statistics presented show how the increasing frequency and intensity of severe events have made communities more vulnera-
ble and exposed to hazards, particularly in urban areas, which concentrate a high percentage of the population, infrastructures, and
assets in general, putting them at the top of the list of intervention priorities [3–5]. Furthermore, UNESCO World Heritage Sites are
equally subject to geological hazards, which can become disasters if the local governments are inadequately prepared [10]. Many
studies have been conducted to estimate World Heritage asset's exposure to hazards. For example, a study [11] reported that in Italy,
geological hazards affect approximately 70 % of the UNESCO sites. Furthermore, in the analysis of different datasets developed by
Ref. [10], noteworthy findings have emerged: almost 60 % of World Heritage Sites are vulnerable to at least one hazard among
tsunamis, landslides, earthquakes, and volcanic eruptions. Therefore, the increasing exposure of assets to natural hazards necessitates
a procedure for adapting cultural heritage to climate change, i.e. modifying how a system responds to threats. However, the limited
research in this field indicates a forthcoming challenge that needs to be addressed [6].

Given the increasing importance of the topic, an international effort has been made: the Hyogo Framework for Action, HFA [12],
and the subsequent update UN Sendai Framework for Disaster Risk Reduction 2015–2030 [8], emphasised the need for understand-
ing, assessing and managing risks in exposed urban areas. This issue is particularly problematic for the historical city centres, as their
value to communities as prominent testimony of culture and history, as well as their importance as a source of attractiveness and eco-
nomic development, require special attention [5]. In light of these considerations, the assessment of hazard, vulnerability and risk is
important to preserve the built environment, increase the preparedness population, propose more effective disaster reduction plans
and reduce economic and human losses [1,4,5].

1.2. Risk terminology
The terminology related to risk can be found with different connotations within the scientific literature [4], therefore a brief ex-

planation of the main terms is useful. The term risk is usually defined as “the combination of the probability of an event and its negative
consequences” [13] and can be intended as a combination of three terms, hazard, vulnerability and exposure [14], resulting in the
well-known risk equation:

R = H ⋅ V ⋅ E (1)

where R is the risk, H is the hazard, V is the vulnerability and E is the exposure. The hazard term is defined as “a process, phenomenon
or human activity that may cause loss of life, injury or other health impacts, property damage, social and economic disruption or environmen-
tal degradation” [15], i.e. a physical phenomenon (e.g. earthquake, flood or sea level rise) with the capacity to inflict damage and loss
to different assets [1]. Vulnerability can be defined as “the conditions determined by physical, social, economic and environmental factors
or processes which increase the susceptibility of an individual, a community, assets or systems to the impacts of hazards” [15], i.e. the predis-
position of an asset to be negatively impacted by a certain hazard [1]. The definition of exposure is “the situation of people, infrastruc-
ture, housing, production capacities and other tangible human assets located in hazard-prone areas” [15], i.e. the presence of assets in po-
tentially hazardous areas [1].

In light of [16], it is important to point out that in the 1970s and early 1980s, the vulnerability concept was primarily related to
physical fragility, and can be defined as the degree of loss of a specific element at risk caused by a specific hazard, represented as a
percentage of loss ranging from 0 (no damage) to 1 (total damage), as explained in Ref. [17]. However, the concept of vulnerability
evolved, including not only the physical fragility but also the socio-cultural, economic, environmental, and political dimensions, as
well as the capacity to cope and recover from the negative effects of a disaster event [16,17]. As a result [16], stated that a dual notion
of vulnerability that combines susceptibility and coping capacities, and that encompasses different dimensions, led to a variety of
slightly different vulnerability connotations and approaches, see Refs. [17–20]. In this context, the risk term evolved alongside the
other concepts, thus [15] defines a “disaster risk” as “the potential loss of life, injury, or destroyed or damaged assets which could occur to a
system, society or a community in a specific period, determined probabilistically as a function of hazard, exposure, vulnerability and capacity”.
The term "capacity" refers to both being able to cope, which refers to short-term reactions to events, and adaptive capacity, which
refers to long-term risk-reduction measures. Due to this, the adaptive capacity may modify an asset vulnerability, by improving the
capacity to cope, as well as the asset exposure [4,20]. This new notion is consistent with the understanding, which gained prominence
in the 1990s, that disaster adaptation is inevitable since climate change is already occurring and the consequences are unavoidable
[6]. Therefore, a new risk concept can be defined as [21]:

Risk =

Hazard ⋅ Exposure ⋅ Vulnerability

Capacity
(2)

The evolution of the aforementioned concepts has inspired the development of different risk assessment methods, leading to a
more comprehensive and interdisciplinary vision [22]. Moreover, in recent years, a further evolution of hazard, vulnerability and risk
assessment has moved towards a multi-hazard perspective, since many places throughout the world are vulnerable to a range of haz-
ards, and an effective response plan should take these multiple threats into account [5,21].
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1.3. Multi-hazard context
As mentioned above, risk mitigation has gained importance and, consequently, several methods for determining hazard, vulnera-

bility and risk have been developed. The temporal or spatial overlap of multiple hazards in a given location results in a multi-hazard
context [4,23]. Despite this, fewer approaches have been dedicated to investigating multiple hazards concurrently, instead analysing
one hazard at a time, especially for historical city centres [24–26]. According to Ref. [4] a multi-hazard approach for risk assessment
and disaster management was first stated in Agenda 21 [27] to define strategies for sustainable urban development. This requirement
was reaffirmed in the Johannesburg Declaration of Sustainable Development in 2002 [28] and later, the Hyogo Framework of Action
[12] and the UN Sendai, emphasised the need for a multi-hazard approach [8]. The UN Sendai statement expressly mentions the idea
that risk reduction practises must be as "multi-hazard and multisectoral" as feasible, and risks must be mitigated by a deep understand-
ing of hazard, vulnerability, capacity and exposure to multiple hazards. The "multi-hazard approach" is the base of an efficient disaster
risk reduction strategy, as stated in the guideline principles of [8].

The problem of disaster risk reduction (DRR) is essential not only for preventing losses and safeguarding ecosystems and human
lives but also for the preservation of historical city centres. Indeed, historic centres are particularly vulnerable because they have a
dual value: their physical or tangible value which results in economic relevance, and their immaterial value which includes social
value, historical value and associated traditions, community identity and memory, as well as the sense of belonging [6,24]. Despite
the international effort to reduce disaster risk, multi-hazard assessment approaches are still not well established. Indeed, the technical
understanding, the expertise, as well as the significant financial investment required, make this topic difficult to develop. An addi-
tional challenge is how to assess vulnerability and losses that may arise, due to different metric systems and process characteristics for
each hazard. These issues become particularly acute in historic city centres, where the complex nature of the physical environment
highlights the challenges of multi-risk assessment with the aim of conservation [5,24,26]. Multi-hazard impacts are more than the
sum of the individual hazards examined and the total level of risk may be affected by hazard interrelations that result from their spa-
tial and temporal overlap [23,26]. As a result, adopting a standardised approach that takes into account the numerous possibilities of
hazard combinations remains complex [26]. In this regard, a definition of a common multi-hazard language might be beneficial in
building a consistent strategy. Consequently, several authors [1,21,23,29] have made an effort to clarify the terminology related to
multiple hazards. Starting from a general point of view [29] distinguish the terms "multi-layer single-hazard" and “multi-hazard”. The
first one refers to a general strategy that can involve both the identification of areas where many hazards overlap and the independent
analysis of various hazards within a given area. Contrarily, the term “multi-hazard” should also consider the relationships between the
various hazards. Ref. [1] describes multi-hazard language depending on the risk component (hazard, vulnerability, or risk). When
two or more hazards overlap geographically with or without temporal coincidence, the term "multi-hazard" is used. Instead, "multi-
vulnerability" refers to the dynamic aspect of vulnerability: an asset may show different levels of vulnerability to different hazards, but
the vulnerability can also change over time. Starting with these two definitions, the term risk may lead to two categories of ap-
proaches: "multi-risk" and "multi-hazard risk". Multi-risk is when the risks are separately assessed with their exposure and vulnerability,
and these assessments are then combined into a holistic evaluation that considers all potential hazard and vulnerability relationships.
A multi-hazard risk assessment, on the other hand, occurs when a multi-hazard index and a single global vulnerability index are sim-
ply combined, resulting in a multi-hazard risk assessment [1].

The definitions of these terms are slightly different from one author to another, however in the present paper “multi-hazard” is
used for a general context in which multiple hazards and their interrelations are considered; “multi-vulnerability” is used for different
degrees of vulnerability depending on the type of hazard, and “multi-risk” is used for the calculation of the impact, which includes the
concepts of multi-hazard and multi-vulnerability. Hazard interactions are undoubtedly an important issue in the multi-hazard context
since different types of interactions may result in distinct outcomes as well as different methods for risk mitigation. It is important to
note that multiple hazards may have distinct distributions since they can overlap geographically, only temporally, or both spatially
and temporally [4]. Different definitions of interactions may be found in the literature [23,29,30], however, according to Ref. [23]
they can be divided into five main categories:
• Independence: geographical and temporal overlap of the effects of two or more hazards with no interrelations;
• Triggering or cascading: a primary event causes one or more secondary hazards to occur, resulting in a hazard cascade;
• Change conditions: one hazard might affect how another hazard impacts by altering environmental conditions;
• Compound hazard: different hazards all come from the same "primary event" on a large-scale process, there is no primary or

secondary hazard since they happen at the same time;
• Mutual exclusion: it is when two natural hazards are mutually exclusive or may have a negative dependency.

As a consequence of the above, risk assessment for multiple hazards is a complex subject which needs to consider the spatial, tem-
poral and type of hazard interactions, the dynamic nature of exposure and vulnerability, as well as coping capacity. It must be also
kept in mind that future decisions in the field of disaster risk reduction have to consider the modifications in the environment due to
climate change [1,4]. Due to the complexity of the problem, various literature reviews on multi-hazard approaches have been con-
ducted, trying to establish a generic framework for the multi-hazard context [1,5,23,25,26]. Methodologies can be described using a
different classification, for example, the study proposed by Ref. [25] divides them into qualitative, semi-quantitative and quantita-
tive. Qualitative analyses provide qualitative results usually with descriptions in words (e.g. low, medium, high), as depicted in Refs.
[4,31–33]. Semi-quantitative methods differ from qualitative ones since they introduce a scale, usually in numbers, which allows to
assign relative ranks between hazards [34–37]. Quantitative methods usually address a complete quantitative definition of the prob-
lem, allowing for an absolute value on a predefined scale, as reported by Refs. [38,39]. However [26], subdivided different methods
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into multi-hazard analysis, vulnerability for multiple hazards analysis, and multi-hazard risk analyses. In the multi-hazard analysis,
the intensity of each hazard is evaluated, allowing for the assessment and development of maps concerning the potential occurrence
of multiple hazards in a specific location [40–42]. In the analysis of vulnerability to multiple hazards, the assessment considers the
dynamic nature of vulnerability. This means that the occurrence of one hazard can influence the vulnerability conditions for another
hazard, and the cumulative impact of multiple hazards can modify the overall vulnerability level. Moreover, the same building char-
acteristics may contribute differently to vulnerability depending on the specific hazard under consideration, see Refs. [43–47]. The
multi-hazard risk analysis allows for risk evaluation and can be viewed as a combination of the previous two components [14,24,48].

In light of these considerations, the objective of the present study is to provide a thorough multi-risk assessment model that is
specifically tailored to historical centres. This study focuses on a multi-risk assessment method that considers the likelihood of earth-
quakes and pluvial floods, which have already occurred in the city of Lisbon [49,50]. The study evaluates the risk and vulnerability of
typical unreinforced masonry structures (URM) in Baixa Pombalina, an important historical area of the city. To begin, the exposure
model was developed using remote sensing techniques and then processed into the GIS environment. Then, scenarios for different re-
turn periods were simulated, and seismic and flood vulnerability were appropriately assessed using the Risk-UE approach and flood
state-damage curves, respectively. Lastly, a multi-risk assessment was performed, which included an assessment of building economic
losses to determine financial consequences. The paper is organized as follows: in Section 2 an explication of the materials and meth-
ods that have been applied is provided; Section 3 explains the result and discussion of the methodology used in the case study area; in
Section 4 further developments of the work are addressed; finally, in Section 5 the main outcomes are discussed.

2. Materials and methods
The multi-risk approach presented assesses risk by combining flood and earthquake threats (multi-hazard) and calculating differ-

ent vulnerabilities to these distinct hazards (multi-vulnerability). The effort will focus on an urban scale in a historic city centre, using
a GIS tool to develop an exposure model to evaluate building losses. It is assumed that the two analysed hazards occur within a short
time from one another, with no interactions (independent). Therefore, this multi-risk assessment relates more to a multi-layer single-
hazard risk assessment, according to the nomenclature specified in Section 1.3. Indeed, this classification is important because the
two discrete hazards in this scenario overlap independently, with the total risk evaluated as the likelihood of two hazards occurring in
a short time. For both hazards, the basic elements of the risk equation, i.e. hazard, vulnerability, and exposure, have been determined.
It is important to note that the comparison of the two threats takes place through the definition of the return period TR, but the inten-
sity measures are different: for flood hazard, the most important parameters defined were flood depth and inundation extent, whereas
for earthquake hazard is the Peak Ground Acceleration (PGA), which is then converted into EMS-98 intensity [24]. Vulnerability has
been assessed following a different procedure for earthquakes and floods since the damage metric systems associated with the two
hazards are different. However, the result is a common metric system consisting of physical damage (D%), which allows the evalua-
tion of the percentage of losses concerning global exposure. Consequently, the exposure model serves as a common layer for both haz-
ards allowing the losses for all created scenarios to be compared [24]. The present study introduces a novel framework for evaluating
seismic and rainfall-induced flood risks, filling the gap from the conventional research emphasis on either seismic risks or flood risks
related to alluvial floods [24,48]. In comparison to the study proposed in Ref. [24], this work includes some new ideas, even though
the overall workflow is similar. Both assess the multi-risk of seismic and flood threats in a historic city, treating the two events as inde-
pendent natural occurrences and comparing scenario losses based on cost aggregation. However, the application to the Italian context
[24], with its unique hazard and building characteristics, makes the current work novel for multi-risk assessment in Portugal. There
are significant differences in the exposure model. In Ref. [24], the monetary exposure, representing repair costs, was calculated as
20 % of the market value. This approach was validated in other Italian contexts where damage data were accessible. Due to a lack of
data in this study, the monetary value is assumed to be the market value, and consequently the losses might be understood as a depre-
ciation of market value. It is also worth noting that in the multi-hazard evaluation in Ref. [24] alluvial flood has been analysed,
whereas the current work considers the pluvial flood phenomena. Lastly, although the seismic vulnerability has been evaluated with
the same methodology, for the flood vulnerability a different stage-damage curve model has been adopted in the two works.

The procedure was divided into six basic phases, which are discussed next. First, the exposure model was methodically developed
by gathering a full inventory of the buildings under consideration with a consistent set of building features, then organized and visu-
alised within the QGIS environment [51]. The second step included a flood hazard assessment, defined by water depth and inunda-
tion extent, which involved simulating pluvial flood scenarios for different return periods. Flood vulnerability has been subsequently
estimated through the use of stage-damage curves, which relate the intensity parameter (flood depth in metres) to the relative physi-
cal damage (D%

FL). In the fourth step, an earthquake scenario is simulated by estimating the intensity parameter (EMS-98) associated
with various return periods. The fifth phase involved assessing seismic vulnerability using the Risk-UE approach, which allows for the
calculation of physical damage defined as degree of loss (D%

EQ). Finally, the multi-risk assessment was evaluated by combining the
economic losses produced by two independent hazards, which were expressed as market value depreciation if the two hazards oc-
curred. Fig. 1 depicts the flowchart of the current state of the proposed work.

2.1. Exposure model
The first step to carrying out a risk assessment procedure, especially at an urban scale, is the development of an exposure model.

Exposure, vulnerability, and capacity to a certain hazard are required to assess the risk associated with a given hazard over an area
[15]. People, properties, economic activities, and private and public services are all examples of risk-exposed assets that can be af-
fected directly or indirectly by a catastrophic event in a specific area [17]. When analysing risk, all assets that may be exposed to haz-
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Fig. 1. Flowchart of the applied methodology.
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ards should be identified, classified, and organised using an inventory that includes the relevant physical attributes. However, in the
current work, the exposure model is restricted to ordinary unreinforced masonry (URM) structures in a subsector of the city of Lisbon.
The exposure of a building can be identified by its position and monetary value, and it is an essential spatial data layer to be used for
risk assessment, as it allows for the comparison of scenario losses in multi-risk analysis [17,24]. Thus, the exposure model used in the
current study, which includes data collection, spatial representation, and monetary exposure, was carefully evaluated.

2.1.1. Collection of data and inventory
Gathering data about the examined buildings and establishing a complete inventory comprising a consistent range of building

variables (e.g. building typology, number of storeys, physical condition, position in the aggregate, building function on the ground
floor and the existence of a basement) is the first stage for a congruent development of an exposure model. Following that, the spatial
representation and storage of the main features can be performed. For the current study, the open-source QGIS software was used for
the data gathering and representation [51]. GIS offers a wide range of activities such as graphical representation, data storage, updat-
ing, georeferencing, elevation model downloading, and a variety of other analytical processing. This is useful for risk assessment, par-
ticularly across vast geographical regions with a large amount of data, allowing for mapping and analysing vulnerability and losses, as
well as designing emergency response and management strategies [52]. Data collecting is a key aspect, especially when addressing
existing buildings, because data accessibility, availability, and reliability are major concerns [52]. During this phase, all relevant in-
formation must be obtained from various sources such as literature, online databases, remote sensing, census statistics, surveys or of-
ficial databases. However, data availability is not always satisfactory, and most of the time professionals must cope with a shortage or
lack of data. In this specific case, the key information acquired was on: location and geomorphologic features; building typology char-
acteristics; flood hazard classification; earthquake hazard classification; and monetary value. Data on building typology characteris-
tics, flood and earthquake hazard classification were acquired from previous and ongoing research, while sources for spatial and geo-
morphological elements included Google Maps, Google Earth, and GIS. Finally, census data were used to have a better understanding
of the monetary exposure. Following the data collecting phase, inventory organisation is an essential stage in the risk assessment
method. The current study systematically classified multiple factors such as building type, number of storeys, physical conditions, ag-
gregate position, and ground-level building function. All of this information enabled statistical analysis of the building sample as well
as geographical visualisation in the QGIS environment through maps.

2.1.2. Monetary exposure
The monetary exposure of the analysed building sample is obtained by multiplying the floor area, by the market value, and the

number of floors, according to the:

Ei =

n∑

j=1

Vm,j ⋅ Aj ⋅ nj (3)

where Ei is the monetary value of the i-building, Vm,j is the market value expressed in €/m2, Aj is the building area and nj is the num-
ber of floors. Normally data about the market value can be found in the census statistics or relevant databases.

2.2. Hazard model
Assessing hazards quantitatively entails determining “the likely frequency of occurrence of different intensities for different areas, as

determined from historical data or scientific analysis” [13]. Defining the occurrence probability and visualising the hazard distribution
intensity within the selected urban area are both steps in the process of building seismic and flood scenarios. Because the intensity
measures for the two hazards differ, so does the hazard evaluation method. The most frequent intensity measures for describing seis-
mic severity are macroseismic intensity or Peak Ground Acceleration (PGA) [53]. In particular, the EMS-98 scale, which is often used
to estimate macroseismic intensity, offers a measure of the severity of ground shaking based on observed damage [54,55]. In the pro-
posed study, the use of EMS-98 is based on its proven effectiveness and broad use in assessing seismic effects. In the case of a flood
event, the intensity is normally determined by using the water depth and inundation extent that may be experienced during the flood
event at a specific location for a certain return period [24]. Different types of floods can be modelled, such as pluvial floods (consider-
ing rainfall events) or alluvial floods (considering river flooding), although the current case study only considers pluvial floods. More-
over, the area under examination is not susceptible to alluvial floods, as discussed in Section 3.

2.2.1. Flood hazard
The initial step in estimating rainfall-induced hazard is to run pluvial flood simulations for different return periods. These scenar-

ios have been simulated using a hydraulic model in HEC-RAS (Hydrologic Engineering Center, River Analysis System) software [56].
The two main categories of input data required by the HEC-RAS 2D model are topographic data and unsteady flow data. Topographic
data are related to spatial information such as the Digital Elevation Model (DEM), 2D flow area, land use and the value of Manning's n
coefficient. The DEM has been processed through GIS, in particular through the SRTM (Shuttle Radar Topography Mission) down-
loader plugin which allows to derive terrain geometry with a resolution of 30 m from NASA earth data. The 2D flow area was also
specified, which is a polygon that defines the 2D area's boundary created using the Geometric Data editor 2D flow data drawing tool.
Also, in the case of unsteady flow, the upstream discharge (i.e. the direction where the flow begins or comes from, or the upper part of
the watercourse) and a downstream discharge-stage rating (the direction where the flow moves or flows, or the lower part of the wa-
tercourse) were defined properly [56]. Defining land-use data is crucial for determining Manning's n values within the 2D flow area.
This data is essential for accurately characterizing the terrain and optimizing the representation of flow dynamics. These parameters,
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often referred to as Manning's roughness coefficients, are parameters used in open-channel hydraulics to quantify the resistance to
flow within a channel. The land-use data have been downloaded from the Esri Land Cover website [57], from the Environmental Sys-
tems Research Institute, which provides an annual 10-m resolution map of the land surface of the Earth. This map has been created for
each year from 2017 to 2022, through the application of existing artificial intelligence land classification models to the Sentinel-2
data [57]. The precipitation input data utilised in HEC-RAS is presented in terms of hyetographs, which are curves that correlate the
duration of the event and the corresponding rainfall depth (in millimetres). These hyetographs were derived by dividing the flood hy-
drographs, calculated using the Soil Conservation Service-Curve Number (SCS–CN) method, by the basin area.

Thus, the hydrographs have been calculated using the SCS-CN approach [58], using observed rainfall data for the site under con-
sideration. Indeed, the collected data from previous occurrences is used to create the IDF curves (intensity-duration-frequency),
which indicate the relationship between precipitation intensity and duration associated with a return period for a certain udometric
meteorological station.

Using a statistical analysis of previous data and the probability distribution function (Gumbel's law), the precipitation intensities
associated with the return periods for different intensity durations are computed. This enables the depiction of rainfall intensity I
(mm/h) as a function of rainfall duration (h) for each specific return period. Subsequently, to derive the hydrographs, the SCS-CN
method was applied, which is a method for calculating “the volume of direct surface runoff for a given rainfall event” based on the water
balance equation, which results in [59]:

Q =

(
P − Ia

)2

P − Ia + S
=

(P − λ ⋅ S)2

P + (1 − λ) ⋅ S
(4)

where P is the total precipitation (mm), Ia is the initial abstraction (mm), Q is the direct runoff (mm), S is the potential maximum re-
tention (mm), and λ is the initial abstraction coefficient. This formula relies on two fundamental terms: P can be obtained from IDF
curve parameters; S is evaluated with the Curve-Number method. Once the IDFs were estimated, the constants a and n for defining the
hydrographs were calculated using a regression model that describes the rainfall density, as [60]:

I = a ⋅ t(h)n (5)

where a and n are constants, I (mm/h) is the intensity and t is the duration (h).
It is important to point out that the values of the coefficient a vary from a minimum of 176.46 for the return period of 2 years to a

maximum of 375.21 for the return period of 500 years. Furthermore, the exponent, n, ranges from −0.529<n < −0.451 associated
with the same examined return periods.

Next, the parameter S can be calculated as in the following equation [59,61]:

CN =
25400

S + 254
(6)

The CN number is a non-dimensional term and depends on soil groups A, B, C, and D (where A denotes soils with higher infiltra-
tion rate and D soils with lower infiltration rate), and a complex classification composed of land-use, treatment and hydrologic condi-
tion, and antecedent soil moisture conditions. Indeed, the CN number considers soil moisture levels before the event (Antecedent
Moisture Conditions, AMC): AMCI (dry), AMCII (normal), and AMCIII (wet), see Ref. [62] for details. Once the hydrographs were esti-
mated, the corresponding hyetographs were used as the boundary condition in HEC-RAS software [56]. This allows for pluvial flood
scenario modelling and the estimation of water depths for different return periods.

2.2.2. Seismic hazard
The seismic hazard was defined in terms of EMS-98 macroseismic intensity [63], with a formula that relates Peak Ground Acceler-

ation (PGA) with EMS-98 intensities used. Specifically, the methodology proceeds with the PGA value for the 475-year return period
and then, as explained in Ref. [64], computes PGA values for other return periods using:

a b|PR=t = a b|PR=T ⋅

(
t

T

)0.37 (7)

where ab∣PR=t is the basic acceleration for a return period t and ab∣PR=T is the basic acceleration for the return period of 475 years. The
relation between PGA and EMS-98 macroseismic intensity conversion reads [64]:

log10

(
ab

)
= 0.301030 ⋅ I − 0.2321 (8)

where ab is the basic acceleration and I is the macroseismic intensity according to the EMS-98 scale [63].

2.3. Vulnerability model
2.3.1. Flood vulnerability

The flood vulnerability model was developed by adopting stage-damage curves which relate the intensity parameter (flood depth
in meters) with the relative physical damage (D%

FL). This approach finds widespread application, as evidenced by Refs. [24,65,66],
where the selection of the proposed stage-damage curves is used for evaluating the structural damage in a building exposed to a spe-
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cific water depth. Selecting a damaging grade involves developing a defined category using a damage scale. It also serves to reduce
subjectivity, as different stakeholders may define damage differently. It also takes into consideration grading sensitivity as a result of
the scale's discrete subdivision. Damage scales typically range from DS0 (no damage) to DS5 (collapse), although their thresholds' def-
inition varies according to the desired level of precision [67,68]. There are damage scales available in the literature for many types of
floods: Refs, [69,70] established damage levels to buildings exposed to tsunamis; the classification proposed by Ref. [71], later ex-
tended in Ref. [67], proposed seven damage states to classify the damage to some components (e.g. roof, windows, foundation etc.)
for wind and flood, as depicted in Ref. [72], Refs. [73,74] proposed five damage states for floods. In the present study, based on the
water depth obtained, six damage thresholds were defined to gain insight into the predicted implications of the current scenario,
(DFk = 0, 1, 2 …, 5) where the letter k represents the expected damage thresholds, namely: DF0 (no damage); DF1 (very low); DF2
(low); DF3 (moderate); DF4 (high); and DF5 (very high). These correspond to a specific water depth, (h), expressed in meters as re-
ported in Table 1.

2.3.2. Seismic vulnerability
The Risk-UE project [75] developed an index-based technique that has been used to study the seismic vulnerability of structures,

as depicted in Ref. [76]. The main objective of this project was to promote the creation of an extensive seismic risk assessment method
that all of Europe could use [77]. In this method, buildings are classified into typological classes based on the Building Typology Ma-
trix (BTM), and the vulnerability of each building is computed considering:

VI = V
∗

I
+ ΔVR + ΔVm (9)

where VI∗ is the most probable value of the vulnerability index VI of the corresponding building class, ΔVR is the regional vulnerability
factor that considers, on a regional scale, the specific quality of the building types derived from expert opinion or observed vulnerabil-
ity, and ΔVm is the sum of behaviour modifier scores provided by the methodology. These modifiers alter the vulnerability index for
each building taking specific characteristics into account, such as plan regularity, foundation type, or state of preservation. After cal-
culating VI, it is possible to calculate the mean damage grade (μD) through the semi-empirical formulation reported in Eq. (10), which
correlates the mean damage with the vulnerability for a specified intensity I. This formulation is based on the damage levels derived
from the European Macroseismic Scale (EMS-98) [63].

μD = 2.5 ⋅

[
1 + tanh

(
I + 6.25 ⋅ VI − 13.1

2.3

)]
(10)

Furthermore, six damage thresholds (Dk = 0, 1, 2, …, 5) were defined according to the EMS-98 damage scale [63], to get insight
into the predicted implications of the present scenario, are: D0 (no damage); D1 (negligible); D2 (moderate); D3 (substantial); D4
(near collapse) and D5 (collapse). These correspond to certain μD thresholds as reported in Table 2 [63].

Based on the resulting damages obtained by adopting Eq. (10), the Damage Probability Matrices, DPM (refers to Eq. (11)), were
assessed using the weighted average of damages, μD, to have an overview of the expected damage [78]:

Table 1
Flood damage levels adopted.

Damage level (DFk) Damage type Damage description Rainfall water depth [m]

DF0 No damage No structural or non-structural damage. h ≤ 0.25
DF1 Very low No structural damage, slight non-structural damage. 0.25 < h ≤ 0.5
DF2 Low No structural damage, moderate non-structural damage. 0.5 < h ≤ 1.0
DF3 Moderate Slight structural damage, moderate non-structural damage 1.0 < h ≤ 1.5
DF4 High Moderate structural damage, significant non-structural damage 1.5 < h ≤ 2.5
DF5 Very high Significant structural damage, non-structural components destroyed. h > 2.5

Table 2
Earthquake damage levels adopted in the present study.

Damage level (Dk) Damage type Damage description Damage threshold

D0 No damage No structural or non-structural damage. μD ≤ 0.5
D1 Negligible No structural damage, slight non-structural damage. 0.5 < μD ≤ 1.0
D2 Moderate Slight structural damage, moderate non-structural damage. 1.0 < μD ≤ 2.0
D3 Substantial Moderate structural damage, heavy non-structural damage 2.0 < μD ≤ 3.0
D4 Near collapse Heavy structural damage, very heavy non-structural damage 3.0 < μD ≤ 4.0
D5 Collapse Very heavy structural damage 4.0 < μD ≤ 5.0
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⎧⎪⎪⎨⎪⎪⎩

pk =
5!

k! ⋅ (5 − k) !
⋅

(μD

5

)k

⋅

(
1 −

μD

5

)5−k

μD =

5∑
k=0

pk ⋅ k

(11)

Then, the Risk-UE method allows the assessment in terms of both discrete damage distributions and fragility curves. A beta distrib-
ution may be employed to define the damage distribution associated with the investigated building type under consideration, as indi-
cated in the Risk-UE method [75], and given by:

pβ (x) =
Γ (t)

Γ (r) ⋅ Γ (t − r)
⋅

(x − a)r−1
⋅ (b − x)t−r−1

(b − a)t−1
, a ≤ x < b (12)

assuming a = 0, b = 6, t = 8 and r = t (0.007μD3 ‐ 0.052μD2 + 0.2875 μD).
Moreover, Eq. (13) is then used to compute the discrete damage distribution (discrete beta density probability function) using the

probabilities associated with damage grades k and k+1, where k = 0,1, 2 …,5:

pk = Pβ (k + 1) − Pβ (k) (13)

The typological fragility curves, which determine the likelihood of achieving or exceeding a specific damage grade, were obtained
directly from the cumulative probability beta distribution as:

P
(
D ≥ DK

)
= 1 − Pβ (k) (14)

2.4. Multi-risk assessment
The multi-risk assessment was carried out considering the two risks treated as independent (no interactions). As a result, the total

risk analysis may be viewed as the sum of earthquake and flood losses, which may represent the situation in which two different disas-
ters occur in a short period [48].

Because the two hazards discussed here have different processes and metric systems, the risk assessment approach must be consis-
tent for them to be comparable. As mentioned in Ref. [48] the first step is to select a common risk time frame (i.e., the period during
which a risk could affect a generic area) and the type of analysis (i.e., probabilistic or scenario-based). The risk time frame, instead,
corresponds to the different return periods, which are 2, 5, 10, 20, 50, 100, and 475/500 years, and the effects are evaluated as the to-
tal expected losses for each of them.

Furthermore, the same risk metric (i.e. losses) must be adopted for consistent earthquake and flood damage estimates. The losses
can be classified as either direct or indirect: direct losses are physical losses, such as physical damage to buildings and infrastructure,
as well as casualties and injuries; indirect losses are the result of an indirect impact, such as interruption of functions or disruption of
the flow of commerce. As a result, how risk is assessed depends on the hypotheses, although it usually relates to direct losses, further
subdivided into economic losses and population losses [30,48,79]. The direct economic losses caused by earthquakes are largely con-
nected to structural damage to buildings, whereas in the event of flooding, damage to contents is more important than structural
losses. Furthermore, in the case of a flood event, the consequences in terms of indirect economic losses (interrupted business activi-
ties) may be greater than the damage to structures [48]. However, in this study, only direct economic losses related to building struc-
tural damages were compared, allowing future research to address risk by including for example content damage, population losses or
indirect losses.

The quantification of losses in risk assessment usually results in a risk curve that comes from a fully probabilistic approach. These
risk curves, also called Loss Exceedance Curves, LEC, have consequences (i.e. direct economic losses) plotted against the probability
of occurrence of the hazard event and, as a result, the area under the curve represents the total risk [48,79]. As a result, a fully proba-
bilistic risk assessment may be produced while considering all probable hazard events as [48]:

v (p) =

Events∑
i=1

Pr
(
P > p||Eventi

)
⋅ FA

(
Eventi

) (15)

where v (p) is the exceedance rate of loss p,FA(Eventi) is the annual frequency of occurrence of the Eventi, and Pr
(
P > p || Eventi

)
is

the probability of the loss to be greater than or equal to p, conditioned by the occurrence of Eventi. Since the probabilities of ex-
ceedance in the loss exceedance curve do not relate to a particular hazard, it is simple and straightforward to compare losses between
different hazards [48]. The present research applied two types of curves to compare losses. The first type, known as the Loss Ex-
ceedance Curve (LEC), correlates expected losses with the related mean annual frequency of exceedance. The second one, defined as
the Probable Maximum Loss curve (PML), relates losses to the return period. Total losses were calculated for both hazards by multi-
plying the monetary exposure (Ei), as derived by Eq. (3) in Section 2, by the damage level (D%) achieved by the structures in the simu-
lated scenario, i.e. flood (D%

FL) and earthquake (D%
EQ). The monetary exposure (Ei) is common between the two hazards, whereas the

calculation of damage level varies depending on the analysed hazard.
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From the seismic damage (Dk = 0,1,2, … 5) evaluated, loss thresholds (D%
EQ) experienced by the building are taken as provided

by Ref. [80]. Accordingly, the index shown in Table 3 represents the correlation between the level of damage and the global damage
index, which is comparable to a percentage of the cost of replacement and may be used to estimate economic losses caused by earth-
quakes.

Flood damage, instead, corresponds directly to the physical damage obtained from the stage-damage curves (D%
FL). According to

Ref. [80], the losses are estimated from the cost of replacement through the global damage index. However, in the current study, the
cost of replacement has not been evaluated due to a lack of data, and the market value was used instead. Therefore, the losses are esti-
mated as a percentage of the market value, which represents the decrease in the market value of a building due to a natural event.

3. Results and discussion
3.1. Case study

In the context of a multi-hazard scenario, a thorough vulnerability and risk assessment was conducted for an urban compound sit-
uated in the historical city centre of Lisbon. The historical significance of this area is underscored by its vulnerability to various haz-
ards, as evidenced by its exposure to a diverse range of events throughout history (see Section 3.3). The city of Lisbon has a total land
area of around 100.1 km2, with Earth's surface of 86.43 km2, subdivided into 24 parishes. The population is 548.703 inhabitants
(291.224 women and 257.479 men), with a total number of 49.223 buildings, according to the Census data 2021, see Ref. [81]. The
case study focuses on the Baixa Pombalina neighbourhood (Fig. 2), which is located in downtown Lisbon between the Rua Nova do
Almada (West), Praça Dom Pedro IV and Praça da Figueira (North), Rua da Madalena (Est), and Praça do Comércio (South).

The chosen urban area results from the post-earthquake 1755 reconstruction, which is acknowledged to be vulnerable to several
hazards because of its coastal location along the Tagus River and the wide existence of historic masonry structures. The peculiarities
of this metropolitan neighbourhood make it a tourist destination representative of the cultural identity of the city and its historic dy-
namism; and, as a result, it is important to preserve [83]. To demonstrate the significance of the area, the comprehensive heritage
conservation plan Plano de Pormenor de Salvaguarda da Baixa Pombalina (PPSBP) was developed in 2011, as detailed in Ref. [52].

The occupancy is mostly mixed, with commercial activity taking place on the ground floor and residential functions taking place
on the higher floors [52], see Fig. 3.

The Baixa Pombalina district is one of the most famous places for the Lisbon earthquake of November 1, 1755, because it was de-
stroyed by the disaster, which was followed by a tsunami and fires. Following the tragedy, the destroyed buildings were rebuilt under
the leadership of the Marquis of Pombal, and many of the remaining structures were dismantled and rebuilt [52,85,86]. The Pomba-
line reconstruction was distinguished by the introduction of the so-called building typology “Pombalino”, which was characterised by
its robustness, regularity and uniformity [49,52]. These structures marked the introduction of specific structural peculiarities aimed
at improving their seismic performance. Indeed, the structural system called the “Pombalino cage”, in Portuguese “Gaiola Pom-
balina”, consists of a set of internal walls called “frontal” walls, with a three-dimensional timber structure forming a triangular geom-

Table 3
Damage-cost thresholds [80].

Damage level (Dk) Cost of replacement (%)

D0 0
D1 1
D2 20
D3 40
D4 80
D5 100

Fig. 2. The case study area: Baixa Pombalina [82].
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Fig. 3. Examples of Baixa Pombalina cityscape [84].

etry filled with poor quality masonry, that is connected with the orthogonal walls by vertical studs in the corners. The slabs were
formed by wooden beams embedded in the façade and "frontal" walls, with wood planks. Together with the timber floors, the struc-
ture ensures the bracing of exterior stone masonry walls and the resistance to forces in any direction [49,52,87].

3.2. Exposure model
The exposure model was developed by compiling a database for the case study area that included multiple building-related attrib-

utes such as area, number of floors, typology, position in the aggregate, physical condition and function at the ground floor. In terms
of the presence of a basement data were sourced from Ref. [88], indicating that only one ordinary building in the study area includes
a basement, and therefore, it was not included in the statistical analysis. These exposure parameters are very important when assess-
ing the physical damage of a building due to a hazard. Indeed, according to Ref. [79], when analysing the degree of damage and possi-
ble losses, two types of factors should be defined: the type of negative effects that an event may have on a structure and the building
characteristics that determine the degree of damage to a hazard. The negative impacts on a building depend on the type of hazards it
faces. These could include things like being hit by falling objects, strong winds, shaking from earthquakes, or flooding, among other
possibilities. In each of these situations, the distinctive characteristics of a structure may make it more or less vulnerable to damaging
effects [79]. As a result, depending on the hazard type, some features should be examined and evaluated for vulnerability assessment.
As an example, during an earthquake, the damage can depend on many factors such as building height (i.e. high masonry buildings
are more likely to show high damage [75,89]), location of the building in the aggregate (i.e. intermediate structural units suffer less
damage due to the confined behaviour of surrounding cells, whereas corner or head structural units suffer more damage [90]), build-
ing typology (i.e. different buildings types will experience different degree of damage [63]) or physical condition (i.e. generally bad
condition maintenance increase vulnerability [90]). During a flood event some other characteristics are important, for instance, the
building use (that determines the number of people inside the building as well as the type and value of the content [24,91]) or the
presence of basement (that can affect the degree of damage even for low levels of water depth [24,91]).

Based on that, a thorough inventory of the examined buildings was assessed, and the findings were subsequently processed in the
QGIS tool [51]. The development of a building inventory for the investigated area includes assets potentially vulnerable to a variety
of hazards and is an important step in assessing potential losses [14]. This facilitates loss assessment and allows for statistical analysis
of the most important building features (see Fig. 4), and spatial visualisation in a GIS environment, as presented in Fig. 5.

Fig. 4 illustrates the statistical analysis of the aforementioned area which, in general terms, contains 393 ordinary buildings con-
structed in aggregate conditions, with the majority of them being unreinforced masonry (URM – M3.1) "Pombalino" (82 % of the
cases) and others built in (RC) reinforced concrete (18 % of the sample) as a result of interventions over the years (Fig. 4a). Regarding
the number of floors (Fig. 4b), it is possible to notice that the building's stories vary from 2 to 9 floors, with a significant majority
(96 %, i.e. 376 buildings) having from 5 to 7 floors. The physical condition of the buildings (see Fig. 4c) reveals that the majority of
them are in good or very good condition (53 % of the sample), while a considerable percentage (42 %) is in moderate to very poor
condition. Moreover, it is worth noting that in Fig. 4c, the term "Constr." highlights buildings that were undergoing a restructuring
process. Finally, concerning the aggregate conformations (Fig. 4d), which consist of 8 buildings per aggregate on average, present the
majority of buildings in the intermediate position (58 %), e.g. enclosed among two internal structural cells within the aggregate, fol-
lowed by the corner (37 %), e.g. between two buildings in the corner of the aggregate and a lower fraction of buildings categorized as
head (5 %) types, at the ends of the aggregate. Finally, in terms of ground-floor building typology, the area under investigation has a
large proportion of ground floors (86 % - 340 buildings) allocated to commercial activities, such as shops, hotels and restaurants, with
just a small proportion (3 % - 10 buildings) dedicated to residential uses. The remaining buildings (11 % - 43 buildings) were found to
be unoccupied, i.e. not in use. Fig. 5 shows maps characterizing the data obtained.

The monetary exposure, for the analysed building sample, is determined by multiplying the floor area of each floor, by the market
value, according to Eq. (3) (see Section 2.1). Analysing the [81] database, the market value has been assumed as 5200 €/m2 for com-
mercial areas and 3788 €/m2 for residential areas.
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Fig. 4. A statistical representation of main attributes for the study area: a) building typology; b) number of floors; c) physical condition; d) position in the aggregate.

3.3. Hazard model
3.3.1. Flood hazard

Large towns with large populations, such as Lisbon, are often situated on estuaries or next to rivers. Flood assessment is difficult in
coastal areas due to the confluence of multiple phenomena, such as tides, river flows, wind, and waves, which are exacerbated by cli-
mate change, and Portugal has a relatively high flood risk [92,93]. In the case of Lisbon, the Tagus River estuary covers around
320 km2 and is surrounded by 18 municipalities of the Lisbon Metropolitan Area (LMA). The LMA has almost three million citizens
and is separated into two parts by the estuary: north and south [81,93,94]. In this context, the study in Ref. [94] explains that the
Northern LMA, where is located the examined case study building stock, is more vulnerable to pluvial flooding than the Southern
LMA due to a higher proportion of built-up areas, smaller drainage basins, a greater extension of low permeability formations, and
higher values of average altitude and slope. Lisbon has a long history of experiencing floods with the three most significant flood
events being on November 25–26th, 1967, November 18–19th, 1983, and February 18th, 2008 [94]. On November 25–26, 1967, Lis-
bon experienced the deadliest natural disaster since the devastating earthquake of 1755. Rain with extraordinary intensity fell on the
Lisbon metropolitan area, causing flash floods and landslides. The November 1967 event set daily rainfall records (137 mm) that
were significantly higher than the normal average for that single month (100 mm). This event had significant socioeconomic conse-
quences: official estimates reported 495 killed people as a result of the floods in Lisbon's densely populated metropolitan area; nearly
900 people lost their homes; and, several road and train communications were disrupted [50,94]. In the same month, but several
years later, the Lisbon area witnessed an extraordinary precipitation event on November 18–19th, 1983. This event was swiftly fol-
lowed by extensive urban flash floods and landslides. The November 1983 event set daily rainfall records (164 mm), higher than the
monthly average, making this day the rainiest day in the twentieth century. This high rainfall event resulted in flash floods, urban in-
undation, and landslides. Despite the lack of official records, the reported overall number of fatalities was ten, with huge economic
losses as a result of power outages and obstructed road and rail lines [94,95].

In more recent years, on 18th February 2008, another intense flood struck Lisbon. The event set a daily rainfall record (141 mm)
much higher than the normal average for that month (89 mm). This catastrophic event resulted in urban inundation, flash floods, and
landslides. The National Authority of Civil Protection reported 4 deaths, 65 individuals displaced, and 121 evacuated. There is no offi-
cial assessment of the economic damage related to this event, such as rail service disruptions, blocked roads, and power outages
[94,96]. Datasets about the precipitation in Lisbon from 1864 to 2018 (i.e. 154 years) are provided by Ref. [97] and the distribution
of the recorded daily rainfall data (mm) in Lisbon is reported in Fig. 6, with the average M and limit with ± twice the standard devia-
tion σ.

As outlined in Section 2.2, the current case study exclusively focuses on pluvial floods, while disregarding alluvial floods that may
arise from the Tagus River. This assumption relies on data from the Agência Portuguesa do Ambiente [98] in the Planos de Gestão dos
Riscos de Inundações (PGRI). The PGRI provide strategies to minimize the negative consequences of flooding in high-risk areas, and it
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Fig. 5. Spatial representation of main attributes for the study area: a) building typology; b) number of floors; c) physical condition; d) position in the aggregate.

Fig. 6. Distribution of maximum daily precipitation (1864–2018) for Lisbon. Available at https://www.ipma.pt/en/oclima/series.longas/list.jsp.

conforms with "Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the Assessment and Man-
agement of Flood Risks." The PGRI have been evaluated and updated by the Directive's second cycle of implementation (2022–2027)
and the mapping of areas of considerable potential flood risk (Áreas de Risco Potential Significativo de Inundação, ARPSI), has been
made available, as shown in Fig. 7.

As observed in Fig. 7, the Baixa Pombalina area is not affected by inundation due to the river for any return period (20-100-1000
years), for this reason, the current work specifically analysed the pluvial flood derived from rainfall events. As described in Section 2,
the main input data categories required by the HEC-RAS 2D model are topographic data and unsteady flow data. The most important
terrain data are the DEM, obtained from the SRTM downloader plugin in QGIS [51], see Fig. 8, and land-use data, obtained from the
Esri Land Cover website [57].

For the input data of precipitation, the IDF curves have been used for different return periods (2-5-10-20-50-100-500 years). In the
case of Portugal, the IDF curves developed by Ref. [60] have been taken into account. This type of curves, see Fig. 9a, are those that

https://www.ipma.pt/en/oclima/series.longas/list.jsp
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Fig. 7. Flood area due to alluvial flood in Lisbon for 20, 100 and 1000-year return periods. The blue dot indicates the location of the case study area, instead, the filled
blue area delineates the boundaries of the investigated urban compound.
Available at https://sniamb.apambiente.pt/content/diretiva60ce2007-2%25C2%25BA-ciclo.

Fig. 8. Digital elevation model, DEM, for Lisbon.

best match the relationship between precipitation intensity and duration for a given return period, for further details see Ref. [60].
The hydrographs were assessed using the SCS-CN method [58], detailed in Section 2.2. Following this, the volumetric flow rate of the
hydrographs was transformed into water height (mm) by dividing them by the area of the studied basin (0.501 km2). The resulting
hyetographs are depicted in Fig. 9b.

https://sniamb.apambiente.pt/content/diretiva60ce2007-2%25C2%25BA-ciclo
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Fig. 9. Precipitation data for Lisbon: a) IDF curves; b) hyetographs.

The hyetographs represent the boundary condition for the rainfall model developed in HEC-RAS software [56], which allowed the
simulation of flood depth maps for the return periods adopted, see Fig. 10. It is worth noting that the areas with a water depth over
2.5 m can be attributable to the type of floods that have been simulated, specifically rainfall floods. Indeed, these floods are caused by
severe rainfall, which produces a slow increase in the gradient of water levels dependent on the topography of the area, until struc-
tures are flooded.

3.3.2. Seismic hazard
The Algarve region (south of Portugal) is considered to have the highest seismic hazard on the Portuguese mainland. Given the ex-

posure and vulnerability, Lisbon is likely to have the highest risk. Portugal's mainland is prone to seismic hazards due to its location
on the Eurasian plate near the boundary with the African plate, which primarily results in very large offshore earthquakes and moder-
ate to large onshore earthquakes [49,99]. Earthquakes have struck Portugal, and particularly Lisbon, several times in the past [49].
According to the records, an earthquake of an estimated magnitude between 6.5 and 7.1 struck Lisbon on January 26th, 1531. This
event, named the “Lower Tagus Valley earthquake”, caused significant damage in the city downtown and surrounding areas: the
earthquake caused widespread devastation in the city, damaging around one-third of the building stock [100,101]. The most signifi-
cant earthquake in Portugal, with subsequent tsunami and fire events, happened in 1755 on 1st November and is generally referred to
as "The Great Lisbon Earthquake", with an estimated magnitude of 8.5–8.7 located offshore. This earthquake destroyed over 85 % of
the structures and killed 30,000 to 40,000 people, representing roughly 20 % of the population of Lisbon at the time [49,100]. Due to
heavy damage, in the epicentral area, the “Benavente earthquake” (1909) made 80 % of the houses unusable, while 46 people died
and 75 suffered injuries. The earthquake mostly devastated the eastern part of Lisbon, where the primary damage in masonry build-
ings was the partial collapse of chimneys and corners of buildings, as well as vertical cracks. The magnitude of this onshore earth-
quake, which occurred around 60 km northeast of Lisbon, was 6.0 [49,102]. The most recent significant earthquake to strike Lisbon
was the "Algarve earthquake" in 1969, which had a magnitude of 7.8 and was centred offshore to the south of Algarve. This earth-
quake killed 13 people and mostly struck the south of Portugal, where over 400 structures were seriously damaged, while the primary
damage noticed in Lisbon was the collapse of several chimneys [49]. In the last ten years (2013–2023), there have been 96 earth-
quakes with a magnitude of four or higher that have occurred within 300 km of Portugal, resulting in an average of nine 4+ earth-
quakes annually; no earthquakes with a magnitude greater than six was recorded (see Fig. 11). This information can be obtained by
analysing online datasets about the more recent earthquakes in Portugal [103].

Based on the data acquired from Refs. [99,104], the mean Peak Ground Acceleration (PGA) hazard map for Portugal reveals PGA
values spanning from 0.035g to 0.25g in rock. The expected PGA value for the Lisbon Metropolitan Area is 0.2g associated with a
10 % probability of exceedance within a 50-year (i.e. return period of 475 years). Starting from this value, Eq. (7) (see Section 2) has
been used to estimate the acceleration for different return periods (TR), i.e. 2-5-10-20-50-100 years, see Fig. 12a. Subsequently, the
PGA has been related to the EMS-98 macroseismic intensity [63] through empirical correlation as explained in Ref. [64] (see Eq. (8)
in Section 2) and reported in Fig. 12b.

3.4. Vulnerability model
3.4.1. Flood vulnerability

The present research adopted the stage-damage curves reported by Ref. [88] applied for the same building sample. These curves
relate the water depth (in m) with the degree of damage (D%

FL) ranging from 0 to 100. Moreover, the authors evaluate building dam-
age by categorizing structures based on the presence or absence of a basement, as well as distinguishing between those with two or
fewer stories, and those with three or more levels, see Fig. 13. Additionally, it was assumed that the buildings in the case study area
were unlikely to suffer any damage at water levels below 0.25 m. Because of the varying ground elevations in the area, this assump-
tion is reasonable; indeed, the above-mentioned threshold indicates the average height of entrance doors over the road level of build-
ings as suggested by Ref. [24].
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Fig. 10. Pluvial depth maps for: a) 2 years; b) 5 years; c) 10 years; d) 20 years; e) 50 years; f) 100 years and g) 500 years return period.
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Fig. 11. Analysis of earthquake data (2013–2023) with a magnitude of 4 or higher within 300 km of Portugal: a) number of recorded earthquakes; b) probability distri-
bution of the occurred earthquake. Available at https://earthquakelist.org/portugal/#statistics.

Fig. 12. PGA estimation for the analysed return periods: a) expected PGA values as a function of the return period, TR; b) correlation between PGA and EMS-98 macro-
seismic intensity.

Fig. 13. Adopted Stage-damage curves [88].

Given these stage-damage curves, the flood damage has been calculated through the water level that every building experiences
for the associated return period. Six flood damage thresholds have been provided: DF0, DF1, DF2, DF3, DF4, and DF5. These thresh-
olds allowed a simplified visualisation of the damage distribution in the area for the investigated return periods. Here, two scenarios
are presented, corresponding to a 2-year and a 500-year return period. These represent the lower and upper limits of the conducted
analyses, as reported in Fig. 14.

https://earthquakelist.org/portugal/
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Fig. 14. Flood damage scenarios for: a) 2 years; b) 500-year return periods.

For a return period of 2 years, 73 % of the building sample (i.e. 238 URM buildings) experienced a damage DF0 (water level below
0.25 m), while 3 % of the sample (i.e. 9 buildings) experienced a water depth over 2.50 m (i.e. more than 2.50 m). For a 500-year re-
turn period, 61 % of URM buildings had water depths below 0.25 m (DF0), while just 4 % faced depths over 2.50 m (DF5).

3.4.2. Seismic vulnerability
According to the Risk-UE project, the vulnerability index and damage grade for each building have been calculated. Based on the

features of the structures, the 324 Pombalino URM buildings of the current study area were analysed and an M3.1 category (i.e.
wooden slabs URM) was assigned, to which corresponds a most probable value of the vulnerability index VI∗ = 0.74, see Table 4.

Starting from the most probable value of the vulnerability index for the abovementioned category, a series of behaviour modifica-
tions have been summed ΔVm to consider the specific characteristics of each building. In Fig. 15, a spatially vulnerability index distri-
bution is presented.

The results reveal that 75 % of URM buildings have very high vulnerability (VI > 0.8), while 25 % present a VI between 0.6 and
0.8 (high vulnerability). Then, the mean damage grade (μD) has been evaluated through the semi-empirical formulation, see Eq. (10)
in Section 2, which correlates the mean damage with the vulnerability index for a specified intensity I. Moreover, the six damage
thresholds (D0,.., D5), determined according to the EMS-98 damage scale [63], allowed for the damage-predicted implications for dif-
ferent scenarios. Concerning the above-introduced formulation, it is worth noting that the reason for using the mean damage curve
from the literature is that there is no historical record of events that have occurred in Portugal, making calibration difficult. However,
this should be investigated further in other case studies characterized by the same structural taxonomy of the buildings present in the
case study area. Similarly, Fig. 16 offers a comprehensive overview of the simulated scenario, encompassing the lower and upper
bounds (i.e. 2 and 475-year return periods, respectively).

Table 4
Building vulnerability index for M3.1 category [75].

Category (BTM) VI,BTM
min VI,BTM

− VI,BTM
∗ VI,BTM

+ VI,BTM
max

M3.1
Wooden slabs

0.46 0.65 0.74 0.83 1.02

Fig. 15. Spatial vulnerability distribution for Baixa Pombalina.
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Fig. 16. Earthquake damage maps: a) 2 years; b) 475-year return periods, respectively.

The damage analysis shows for a 2-year return period that 26 % of the buildings experience damage grade D0, 59 % D1, and 15 %
D2. For a return period of 475 years, the damage distribution is as follows: 38 % of buildings are classified as D3, 57 % fall into the D4
category, and the remaining 5 % are categorized as D5. Consequently, the Damage Probability Matrices, DPMs, were assessed for
each simulated scenario using the weighted average of damages, μD, as discussed in Ref. [78]. Moreover, the results for the above-
introduced return periods, i.e. 2-year and 475-year, are depicted in Fig. 17.

Finally, the fragility curves as well as discrete damage distributions were calculated for the M3.1 category according to Ref. [75],
as shown in Fig. 18. From the results obtained, it is evident that for a 2-year return period, which corresponds to a macroseismic in-
tensity of 5.5, there is a 40 % probability of exceeding damage level D1. In contrast, for a 475-year return period, the seismic intensity
increases up to 8.4, resulting in a 100 % probability of exceeding the D1 threshold, a40 % probability of exceeding the D4 threshold,
and a 15 % probability of occurrence of the D5 threshold (collapse).

3.5. Multi-risk assessment
The multi-risk assessment was carried out under the assumption of independence between the two hazards, as described in Section

2, with no interactions considered. The overall risk was computed as the sum of earthquake and flood losses, resembling a scenario in
which two independent events may occur in a short period [48]. Then, a comprehensive analysis was conducted to examine the rela-
tionship between the increase in seismic damage caused by floods, providing a thorough assessment of potential losses in the studied
multi-hazard context. The study specifically quantifies the extent to which flood-related losses amplify earthquake losses across the
examined return periods. To delve into the details, the study estimates losses for each return period, considering both flood and earth-
quake hazards. Following this, the total losses were computed by summing up earthquake and flood losses for the same return period,
TR. Consequently, Fig. 19a presents the Multi-Hazard Probable Maximum Losses curve (MHPML). Subsequently, Fig. 19b depicts the
Multi-Hazard Loss Exceedance Curve (MHLEC), expressed in terms of annual frequency losses. Finally, Fig. 19c depicts the two inde-
pendent loss curves associated with the above-mentioned hazards, i.e. pluvial floods and earthquakes. This representation facilitates a
more effective comparison of the consequence-loss model presented in Ref. [105].

As expected, for longer return periods, building losses are higher as shown in the multi-hazard curve reported in Fig. 19a. Indeed,
for a 2-year return period, earthquake losses are approximately 76 M€ while flood losses are around 14 M€. For a 475/500-year sce-
nario, losses caused by earthquakes are around 1150 M€ and flood losses are around 22 M€. Additionally, Fig. 19c highlights the sig-

Fig. 17. Damage probability matrices for the analysed return periods: a) 2 years; b) 475 years.
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Fig. 18. Vulnerability estimation for M3.1 typology: a) fragility functions; b) discrete damage distribution.

Fig. 19. Multi-Hazard Curves: a) MHPML; b) MHLEC; c) Loss curves for floods and earthquakes.

nificantly higher losses attributed to earthquakes compared to those originating from floods. This contrast in terms of losses can be at-
tributed to the nature of the analysed damages. The resulting loss data are summarized in Table 5. The current work only considers
damage to the structure that for an earthquake event has a higher impact compared to the degree of damage caused by floods, which
affect the content losses and larger indirect losses.

Next, the relationship between seismic and flood consequences has been calculated. Fig. 20a shows how the flood losses represent
a fraction of total losses between 7% and 16 % for return periods of 2, 5, and 10 years when both hazards occur nearby. However, the
flood losses only represent between 2% and 5% of total losses for longer return periods (20, 50, 100, 475/500 years). The significantly
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Table 5
Evaluated hazard losses.

Return period TR [years] Earthquake losses [M€] Flood losses [M€]

2 76.17 14.13
5 155.63 15.87
10 251.66 16.67
20 366.00 17.71
50 534.74 18.82
100 740.23 19.82
475/500 1150.12 21.65

Fig. 20. Estimation of the losses: a) increase of seismic losses due to floods; b) multi-risk correlation.

lower losses induced by floods can be attributed to the fact that, in flood events, only a portion of the building, usually the lower
floors, contributes to the overall damage. In contrast, earthquakes involve the entire structure, leading to more widespread damage
and consequently higher losses. In Fig. 20b, the multi-risk correlation between earthquake and flood losses is depicted for a return pe-
riod of 475/500 years, and each analysed building is represented by a red dot. The X-axis represents flood losses, and the Y-axis repre-
sents earthquake losses. Notably, seismic losses have a more substantial impact than flood losses, with several buildings experiencing
only seismic losses (as indicated by red dots along the Y-axis).

4. Further developments
This study represents a significant advancement in multi-hazard research, in line with established scientific perspectives

[1,25,26,106]. Recognizing the need for effective disaster mitigation, the research addresses the limitation of predominantly focusing
on single hazards despite the demonstrated geographical and temporal overlap of natural hazards [7,107]. While not explicitly ex-
ploring interactions between potential hazards and vulnerabilities, the study allows for ranking and comparing various risks affecting
a specific area. By harmonizing assessment procedures and metrics, it provides a valuable tool for prioritizing risk reduction initia-
tives and tailoring urban risk mitigation strategies. The application of a multi-risk methodology in the city centre of Lisbon, coupled
with the estimation of expected economic losses, is a novel approach. Notably, the study's focus on rainfall-induced floods holds par-
ticular significance for Lisbon, addressing a commonly experienced phenomenon in the region [50,94–96].

Despite the novelty of the work, it is essential to understand its limits, as they point to future advancements and enhancements to
the multi-risk assessment process. Concerning the literature advancement [29,39], the initial limitation lies in the oversight of inter-
relations between seismic and flood hazards. Placed within multi-layer single-hazard methodologies [4,14], the analysis indepen-
dently addresses different hazards [29]. To enhance hazard interrelationship, future developments could integrate the probability of
occurrence for both events through Multi-Criteria Analysis (MCA), selecting and combining significant parameters of different haz-
ards. In dealing with a multi-hazard perspective, vulnerability dependence is essential [26]. Considering vulnerability to different
hazards necessitates accounting for different contributions of the structural building components, hazard consequence variability,
and progressive impacts. Overcoming these challenges remains a task for future improvement.

The methodology could be refined by addressing vulnerability changes occurring when two independent hazards overlap spatially
and temporally, such as a flood following an earthquake or vice versa. Vulnerability changes can occur when (i) building characteris-
tics influences differently the overall vulnerability level, for example, although they might increase vulnerability to flood, wide win-
dows on the ground floor can reduce fire vulnerability [5,26]; (ii) the impact of many hazards on a structure changes its vulnerability;
for example, if the roof is covered with snow or volcanic ash, the impact of an earthquake may be higher because the increased weight
alters the structural behaviour of the building [26]; (iii) building vulnerability can be altered by the sequential impact of several haz-
ards since the structure is already compromised after the first hazard, and the effect of the second hit is likely to be greater than in the
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case of an undamaged building [26]. Some works have tried to overcome this limitation [43,47], however, this remains a challenging
task.

The methodology presented herein could be improved further in this regard by accounting for vulnerability changes that may oc-
cur if two independent hazards overlap spatially (the same area) and temporally (one hazard occurs shortly after another), such as
when a flood occurs in the aftermath of an earthquake or vice-versa. For example, the impact of a rainstorm event may be greater if
the building has already been damaged by the earthquake, or the impact of the earthquake may be greater if a flood event has already
occurred, since vulnerability conditions may differ owing to rain infiltration. This can occur, for example, if the roof is severely dam-
aged by the earthquake and rain penetration is permitted through the superior part of the wall. However, water penetration or rising
in the walls caused by a flood event can reduce the strength qualities of the structural material and, as a result, have a higher impact if
affected by an earthquake.

An insightful research study proposed by Ref. [108] delves into understanding the vulnerability of masonry walls to flash floods in
alpine areas. Using a limit analysis framework, the study considers various building configurations and demonstrates stability thresh-
olds as a function of water depth given in dimensionless form. The study acknowledges the influence of debris resulting from seismic
events on subsequent flood impacts, known as debris loading (i.e. material can be carried by the water and inflict more damage to
structures) [109]. This phenomenon raises significant post-disaster risk management concerns, emphasizing the need for accurate de-
bris categorization, quantification and logistical issues useful for reconstruction plans for the affected areas [110].

While the obtained results provide a reliable preliminary estimate of losses, a more detailed and comprehensive loss estimation is
essential for a thorough understanding [24,48]. Future investigations should consider expanding the types of losses evaluated beyond
structural damages, particularly in assessing economic and social value in cultural heritage contexts [66,91]. A challenge in monetary
assessment arises from a lack of data, with losses estimated as a percentage of market value. The study suggests future interesting
progress by comparing losses as market value depreciation with losses estimated as reconstruction cost, considering potential cost in-
creases during post-disaster recovery [111]. Indeed, it must be noted that prices (i.e. reconstruction cost) may increase significantly in
the case of an emergency or post-disaster recovery [111]. This approach may be of interest to various stakeholders, including insur-
ance companies and property owners, highlighting the ongoing potential for advancements in multi-risk assessment methodologies.

Finally, in the proposed study, no mitigation strategies for reducing disaster risk have been provided, despite recognizing vulnera-
bilities and risks. However, future research should focus on developing refined methodologies to reduce losses, enhance community
preparedness, and increase urban resilience. In light of these considerations, the current scientific work aims to further provide re-
search initiatives by getting into strategies for completely analysing the several hazards affecting increasingly vulnerable cities. De-
spite the present contribution, the main goal is to significantly improve the field of multi-risk assessment. The study aims to have an
important part in the development and enhancement of risk-reduction techniques to accomplish so by allowing decision-makers and
communities to effectively mitigate the negative effects of natural catastrophes.

5. Conclusions
The research work presents a thorough multi-risk assessment model for Lisbon's historic city centre, with an emphasis on seismic

and rainfall-induced flood threats. As reported in Refs. [5,24,26], the inherent challenges in multi-disciplinary subjects, diverse met-
ric systems, and distinct process characteristics across hazards highlight the ongoing difficulty in establishing well-defined multi-
hazard assessment methodologies, particularly in historic city centres. The study applies the model to Baixa Pombalina, which is
highlighted for its unreinforced masonry (URM) structures, to emphasise the relevance of historical urban areas in multi-risk assess-
ment and mitigation. The consideration of earthquakes and rainfall-induced floods as independent hazards reflects a scenario where
two different events occur in a short period [48].

The multi-risk procedure involved a thorough examination of hazard, vulnerability, and exposure components. The seismic haz-
ard assessment used EMS-98 macroseismic intensity, whereas the pluvial flood hazard assessment considered water depth and inun-
dation area caused by rainfall events. Recognizing the different kinds of damage processes implicit in each hazard, the multi-risk
method uses distinct vulnerability models. The Risk-UE model was adopted to estimate seismic susceptibility, while literature-based
stage-damage curves contributed to the assessment of flood vulnerability. An individual exposure model made direct comparisons of
expected losses for seismic and flood threats feasible. Monetary exposure was estimated by multiplying the market value by the build-
ing floor size, simplifying the loss assessment procedure. The quantitative loss estimating method systematically examined multi-risk
scenarios, successfully addressing the intrinsic problem given by multiple metrics associated with independent hazards. This compre-
hensive methodology considerably contributes to gaining an improved understanding of the multi-risk environment, giving useful in-
sights for informed decision-making and strategic urban planning.

The analysis results for a 475/500-year return period revealed earthquake losses of approximately 1150 M€ and flood losses
amounting to around 22 M€. The higher earthquake losses were primarily attributed to a greater proportion of structural damage, in
contrast to flood-related losses, which were more associated with content or indirect losses. Notably, in this highly vulnerable area,
flood losses were observed to represent 7%–16 % of total losses for return periods of 2, 5, and 10 years when both hazards occurred
nearby. However, this fraction was reduced to roughly 2%–5% for longer return periods (20, 50, 100, 475/500 years). The multi-risk
analysis reveals that the contributions of the two separate hazards to the estimated consequences are quite different. This is deter-
mined not only by the type of hazards under consideration but also by the varying degree of vulnerability displayed by the same struc-
tures to different hazards (multi-vulnerability).

The type of structure plays a critical role in the evaluation of vulnerability to earthquakes or floods: the vulnerability to earth-
quakes appears to be significantly larger than the vulnerability to flood for the buildings sample under consideration (URM, wooden
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slabs, with a narrow and long plan shape). Importantly, this analysis emphasizes the critical insight gained from assessing the inter-
play between flood and earthquake risks, providing valuable information for informed decision-making in disaster management and
urban planning, ultimately contributing to enhanced resilience and risk reduction strategies for the studied area.

Despite treating the hazards as independent, this approach offers new insights into multi-risk analysis for urban centres, particu-
larly in exploring spatial correlations and joint probability distributions. The choice to use the same return periods was taken to com-
pletely evaluate the two hazards for each specified return period. Nevertheless, it is important to note that floods and earthquakes of-
ten have distinct occurrences. Floods, which occur more frequently than earthquakes, are more significant for shorter return periods,
but earthquakes become increasingly important for longer ones. This contrast is especially notable for critical historical structures,
which, owing to their elevated importance factor, are typically associated with longer return periods due to their social and economic
repercussions in the case of collapse. This issue can be evaluated in future work; however, this study sets the stage for future and more
detailed risk assessments in Lisbon. It could involve combining different hazards, allowing for fully probabilistic risk analysis, and
conducting comprehensive risk assessments. The method described herein provides a well-structured framework for prioritizing fu-
ture risk reduction efforts and tailoring urban risk mitigation measures. Indeed, urban decision-making processes can rely on this
methodology to effectively implement disaster response plans as well as to allocate resources for minimising the potential impacts of
future risks, resulting in the reinforcement of community preparedness and resilience.

Specifically, the approach outlined in this research, provides a monetary multi-risk evaluation at the single building level, allow-
ing for a more quantitative cost-benefit analysis of potential mitigation actions [24]. However, it is essential to highlight the study's
limitations discussed in Section 4, which have been provided for flood and earthquake hazards, but may also be reflected in the cur-
rent state of the art regarding multi-hazard assessment.

In conclusion, this work is the first step in analysing the multi-hazard problem in the city of Lisbon due to floods and earthquakes.
The research emphasizes the practical benefits of the proposed approach, highlighting its ease of implementation.

This method offers an effective strategy for implementing disaster response plans and allocating resources to minimize potential
future impacts. The capacity to conduct a monetary multi-risk evaluation at the single building level enables a more quantitative cost-
benefit analysis of potential mitigation actions, reinforcing the community's preparedness and resilience.
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