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Abstract

:

Santorini Island, located in the Southern Aegean Sea, is prone to tsunamis due to its proximity to the Hellenic subduction zone, which is one of the major tsunamigenic areas. Characteristic events, such as those of 365 A.D. and 1303 A.D. greatly affected the coasts of the Eastern Mediterranean Sea, causing significant loss of life and construction damage. Tsunami disaster risk is nowadays significantly higher due to the increased exposure of the buildings as a result of the economic and touristic growth of the Aegean Islands. This study focuses on the eastern coast of Santorini, since its morphology and human presence amplify the necessity to assess its building vulnerability. After conducting an exposure analysis at the settlements of the eastern coast, Kamari poses the highest physical, social and economic relative exposure to any potential natural hazard. The main objective of this research is to quantify the building stock’s vulnerability to tsunami hazard. For this purpose, a “worst-case run-up scenario” was developed. Considering the history of tsunamis in the Aegean Sea, an extreme sea-level rise after a 10 m a.s.l. tsunami run-up, caused by an earthquake with Mw~8.5, was assumed. The relative vulnerability of the buildings in Kamari was calculated via the application of the Papathoma Tsunami Vulnerability Assessment (PTVA-4) analytic model. The results indicate that 423 buildings are within the inundation zone, 58% of which are characterized as highly and very highly vulnerable to tsunamis, revealing the problematic characteristics of the building stock, offering important information to the decision-makers to mitigate a possible future tsunami impact.
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1. Introduction


Tsunamis are extreme waves that are triggered by other natural hazards, such as earthquakes, submarine or coastal landslides and volcanic activity. These hazards are capable of causing a severe disturbance in the water mass, providing it with high energy, resulting in enormous waves [1,2,3]. However, the main cause of tsunamis worldwide is earthquakes. Their intensity is directly related to the characteristics of the earthquake, such as the magnitude, the focal depth, and the length and direction of the surface rupture of the activated fault. The larger tsunamis are associated with the subduction zones’ geodynamic process along convergent plate boundaries [4]. The main wave characteristics of tsunamis are similar to those of wind-generated waves, but the speed at which they can travel is extremely high, reaching up to hundreds of km/h [5,6]. Tsunamis have the ability to maintain their kinetic energy over long distances, enabling them to spread in any direction and potentially to affect any coastal area. Moreover, the incipient breaking wave height is significantly greater than the usual waves and can reach, in extreme cases, tens of meters [6].



Two main characteristics of a tsunami wave, describing its risk potential, are the run-up and the inundation zone. The run-up expresses the maximum vertical distance between the mean sea-level and the highest point to which the flood zone extends inland and indicates a short-term sea-level rise caused by a tsunami. In other words, run-up represents the maximum elevation at which the inundation flows can reach. Inundation zone is defined as the maximum horizontal intrusion of the flood flows in the coastal area [7]. Both of these characteristics are positively correlated with the magnitude of the earthquake and express the intensity of the tsunami [6]. Along with the aforementioned characteristics, flow depth and flow velocity are critical factors impacting the potential building damage [8].



Proximity to a tectonic plate boundary, particularly in subduction zones, as well as to submarine active major fault zones, characterizes the coastal areas as prone to tsunamis, and increases the risk [9]. The aftermath of the two recent and extreme events of 2004 and 2011 in the Indian Ocean and Japan, respectively, revealed that both developing and developed societies are vulnerable to tsunamis. The knowledge of past events is crucial in revealing the proneness to this particular hazard. The identification of such events is often achieved through archaeological and historical evidence. Direct or indirect indications may come from references to historical texts, while structural indications are derived from the studies of ruins of ancient structures [10,11,12]. In addition, in recent decades, significant efforts have been made to identify events through the study of coastal geomorphology, as well as coastal and submarine stratigraphy [13,14,15]. Tsunami waves are associated with corrosive and depositional processes [16,17,18] and usually lead to the deposition of a characteristic sedimentary unit in the stratigraphic column of coastal low-energy environments which is called “tsunamite” [19]. Additionally, deep-sea sedimentary deposits located at the bottom of the Mediterranean Sea, which are linked with the action of tsunami waves, are called “homogenites” [2,20].



Throughout the Mediterranean basin, a plethora of geographical areas can be identified with features capable of creating tsunamis. Greece is one among the countries most prone to tsunamis, due to its location within the broader geodynamic setting of the Eastern Mediterranean Sea. The main mechanisms that create tsunamis are considered to be either the surface deformation of the seabed by the activation of a fault, or the triggering of a submarine landslide after an earthquake or volcanic activity [21]. The tsunamigenic zones in Greece with the highest potential are the eastern and western parts of the Hellenic Arc, the fault zones within the Aegean Sea and the Gulf of Corinth [22,23,24].



Although the historical records include dozens of such high energy marine events in the Aegean Sea, the hazard, until recently, was underestimated. Since antiquity until the present, many catastrophic tsunamis have affected coastal areas in Greek mainland and islands. Tsunami catalogues provide important information about these past events, such as the generation mechanism, the date of occurrence, the area of origin and the areas the tsunamis affected [21,25]. However, there is not enough information in the literature about the consequences of these tsunami events, particularly the events that occurred in the past few centuries. According to Bryant (2014) [6], 30% of the earthquakes in Greece cause tsunamis with measurable characteristics, while about 20 major events have been identified [7]. Characteristic extreme tsunami wave events, such as the 365 A.D. and 1303 A.D. ones, which followed the two earthquakes with magnitudes of Mw=8.3 and Mw = 8.0, respectively, and with an estimated 9 m a.s.l. run-up, greatly affected the coasts of the Eastern Mediterranean Sea [7,21,26,27,28,29,30].



Aside from earthquake-originated sea waves, tsunamis caused by submarine landslides, triggered mainly by seismic events, can also affect the Aegean Sea coasts, producing extensive run-up. For instance, the 1956 A.D. Amorgos tsunami, triggered by a magnitude of Mw = 7.4 seismic event, impacted several islands of the Cyclades complex, recording a run-up of at least 10 m a.s.l. [5,31,32,33]. Moreover, volcanic activity was the cause of one of the largest tsunamis in the Mediterranean Sea that initiated the decline of Minoan Civilization in the Late Bronze Age [14,34]. Similarly, a tsunami with a run-up exceeding 2 m a.s.l. and a sea-water inundation over 3 km inland, caused by the collapse of the Columbo submarine volcanic cone, NE of Santorini, was recorded in 1650 A.D., affecting many islands of the Cyclades complex as well [35].



The aforementioned events have caused significant loss of life and construction damage in the past. There is a high likelihood for similar events to take place and affect the coasts of the Aegean Sea in the near future. Furthermore, the disaster risk is now significantly higher due to the increased exposure of the buildings, as a result of the economic and touristic growth of the Aegean Islands. The need to consolidate the safety of coastal human societies against tsunamis, necessitates the assessment of different aspects of vulnerability. The objective of this study focuses on the assessment of the building stock vulnerability to tsunamis for the coastal settlement of Kamari, Santorini, by applying the Papathoma Tsunami Vulnerability Assessment (PTVA-4) model [36]. Vulnerability expresses the susceptibility of an entity in consequences, such as casualties, damage, destruction or general losses due to the occurrence of a hazard [37]. In this paper, vulnerability refers to the physical type of vulnerability that concerns damage in the buildings. In order to quantify the building stock’s vulnerability, a “worst-case run-up scenario” was developed, which was derived from scientific research that links tsunami run-up to earthquake magnitude [38] based on the history of tsunami characteristics in the Southern Aegean Sea [21]. Therefore, the aim of this study is to analyze the building vulnerability to tsunamis, providing decision-makers with useful information on the potential impact of a future tsunami event. Building vulnerability assessment can be an important part of the mitigation strategy. Furthermore, as a systematic approach, it aids in reducing the effects of an upcoming disaster and helps in reshaping public policies and plans by improving building codes, building use regulations and land use management.




2. Study Area


Santorini is a volcanic island located in the Southern Aegean Sea, approximately 150 km north of the active convergent Africa–Eurasia plate boundary. Hence, the region is dominated by geodynamic processes related to the subduction of the northern part of the African tectonic plate beneath the Aegean microplate at a rate of ~3.5-4.0 cm/year [39,40]. Santorini is situated in the middle of the inner volcanic arc, and is the most active volcanic center, with nine eruptions in the last six centuries [41]. The recent island complex of Santorini is the remnants of the prehistoric Strongyli, an island created by volcanic activity during the Plio-Quaternary. The ancient name Strongyli is derived from the circular shape of the island [42]. Santorini consists of a metamorphic bedrock and various types of volcanic rocks. The main geomorphic feature of the island is the steep caldera formed during the eruption of the volcano in the Late Bronze Age, around 3500 years B.P. [43,44].



The seismicity in the wider area is controlled by extensional faulting within the Aegean microplate (Figure 1). The most typical tectonic feature is the Santorini–Amorgos fault zone where the largest tsunamigenic earthquake of the last century was recorded in 1956. The earthquake had a magnitude of Mw = 7.4 followed by an aftershock of Mw = 7.2 [11,29]. However, the most seismically active area is the Hellenic subduction zone, where earthquake magnitudes could reach a maximum of Mw = 8.5, and where the largest tsunamis were generated, affecting the coasts of the entire Mediterranean basin (such as the events of 365 and 1303 A.D.) [28,45].



This study focuses on the coastal settlement of Kamari at the eastern coast of Santorini. The coastal geomorphology of the area along with the intense human activities amplify the necessity of its vulnerability assessment. In terms of disaster management, Kamari poses the highest physical, social and economic relative exposure to natural hazards. According to the Hellenic Statistical Authority (2014) [46], Kamari has the highest population density (433 residents/km2) hosting 10% (1344 residents) of the total island’s population. The number of buildings in Kamari amounts to 849. The majority are used as dwellings (55%), tourist facilities (21%) and commercial stores (15%) [47]. Kamari is ranked among the most touristically developed settlements of the island. It is a “mass tourism” holiday destination and can accommodate more than 8000 visitors. This means that the seasonal population of the summer months can potentially reach 9500 people and the corresponding population density can exceed 3000 people/km2. Furthermore, the presence of critical facilities, including medical centers, schools and the airport raises the risk. With a coastline length of 2 km and maximum elevation of 50 m, the number of the buildings vulnerable to tsunami is increased.




3. Materials and Methods


3.1. Coastal Settlements Exposure Analysis


In an attempt to determine which coastal settlement of the island the methodology would be applied to, an investigation of the exposure to any potential natural hazard at the settlement-level took place, since detailed data for the coastal zone were not available. Exposure is an important component in developing strategies for risk reduction management. It is defined as the number of all the synthetic elements of a society, including people, infrastructure, dwellings, critical facilities and production capacities, which are located in a hazard-prone area [48]. An analysis was carried out to quantify the exposure by examining the multi-level structures and functions that compose the settlements as an entity exposed to natural hazards. According to this analysis, the total exposure is expressed as the sum of the critical variables that potentially add to the vulnerability. In the context of the exposure assessment of the coastal settlements in Santorini, total exposure is expressed as follows:


Total Exposure = Social Exposure + Physical Exposure + Economic Exposure



(1)







To calculate the total exposure, 15 variables were taken into account, and were categorized into three main groups and six subgroups (Figure 2). The categorization of variables was based on the type of exposure and its resulting vulnerability (social, physical and economic). Social exposure includes variables related to the population characteristics, such as the population density and the vulnerable population; physical exposure includes the building stock and the critical facilities; economic exposure includes the buildings related to economic development and the main residences (see [49,50]).



The necessary information was obtained from the “2011 Population-Housing Census” [46]. The data were organized in a database according to the population of each variable. The individual subgroups were classified using the “Natural Breaks (Jenks)” classification method. Since Santorini is a tourist destination, both the winter and the summer exposure were estimated. The seasonal variation in the total exposure, is a result of the variation in the social exposure, which is dependent on the number of tourists that visit the settlements. The tourists affect the population density of each settlement, resulting in an increase in the population during the summer months. Moreover, the tourists were counted as a vulnerable group, due to difficulties in understanding the local language. The fact that they are in an unknown environment, and that they might face a natural hazard that is unknown to them, adds more to their vulnerability [51]. The analysis of the seasonal exposure indicates that Kamari appears to be the settlement with the highest exposure in natural hazards, in both winter and summer (Figure 3). According to the results of this analysis, the building vulnerability assessment method focused on the coastal settlement of Kamari.




3.2. Tsunami Run-up Scenario


To implement the vulnerability assessment methodology in the settlements of the eastern coast of Santorini, it is initially necessary to determine the inundation zone of the study area that is expected to be affected by a destructive tsunami event. A “worst case run-up scenario” was developed by using a static inundation method and based on previous scientific evidence on seismicity in tectonic plate boundaries that associates earthquakes’ magnitude to tsunami run-up. According to Iida (1963) [38], tsunamis triggered by an earthquake of magnitude Mw ~ 8.5 can create a wave with a mean maximum run-up of 10 m a.s.l. Moreover, evidence of 10 m run-up was confirmed by various studies [5,11,35] conducted in coastal areas of the Cyclades islands complex. Accordingly, a 10 m run-up scenario was adopted in this study.



Based on this scenario, the inundation zone is delimited by the area with an elevation less than the maximum expected run-up. A high resolution (5 m) Digital Elevation Model (DEM) was manipulated in a GIS software (ArcGIS/ArcMap ESRI®), and the elevation pixel values were converted to inundation depths. According to PTVA model the hydrodynamic impact of the tsunami wave on the buildings is expressed through the inundation depth. Hydrodynamic characteristics of the inundation flows, such as the flow velocity and the turbulence, and their potential for causing building damage are already included in the model’s core design through the weighting of attributes, which are utilized after field observations in building damage from past tsunami events. Figure 4 depicts the inundation zone and the depths of the flood flows in both the entire island and Kamari settlement. The areas that are expected to be significantly affected are the central and southern parts of the eastern coast of Santorini. The calculations reveal that, in Kamari, the maximum inundation reaches 493 m inland, while the mean inundation depth is 4.6 m. Out of the total 849 buildings in the settlement that were recorded in the “2011 Building Census” [47], 423 buildings were found to be within the inundation zone, indicating that almost half of the buildings are expected to be affected. Almost half of these are located at inundation depths between 7 and 9 m. Moreover, 373 buildings are characterized as single-use, and the other 50 buildings were characterized as mixed-use. Table 1 and Table 2 portray the number of the inundated buildings and their use within the inundation zone, which are classified according to the inundation depth.




3.3. Building Vulnerability Assessment


In order to achieve the objective of this study, which is to quantify the building stock’s vulnerability to tsunami at a settlement level, the Papathoma Tsunami Vulnerability Assessment (PTVA-4) analytical model was applied. The PTVA model is designed to provide estimates of the relative building vulnerability to tsunami hazard. The PTVA was selected as it takes into account a variety of parameters for the calculation of the relative vulnerability of each building, as shown in Figure 5. The PTVA model has been applied in studies in various countries, since the wide range of parameters it takes into account can be applied to any building around the world [52,53,54]. The weighting of these parameters derived from an Analytic Hierarchy Process (AHP) with the participation of experts, contributing their experience in consequences in buildings from catastrophic tsunami events around the world [36]. It is a multi-criteria evaluation tool, where the analysis is performed by a GIS software. The availability along with the easy access to the required information material and the ease of calculations, render the model adequately functional. Furthermore, the ability to update and extend the database that is used by this approach, makes this analytical model a dynamic tool. The PTVA model was introduced by Papathoma (2003) [55], and since then, the model has been revised and upgraded three times [36,56,57,58]. The latest version of the model PTVA-4 was used in this study.



The application of the PTVA model presupposes the design of the database, from which the values of the individual attributes used for the calculations, are drawn. The information used by the model concerns the building stock data as well as the characteristics of the surrounding environment of the building and the inundation depth [36]. PTVA calculates each building’s numerical index, referred to as the Relative Vulnerability Index (RVI) which ranges from 1 (minor) to 5 (very high). The reference level for implementing this model, requires the organization of information for each building. Some information about the characteristics of the buildings (such as the ground floor hydrodynamics, the shape of the building footprint, the building row, etc.), was retrieved from satellite images, while others (e.g., the number of stories, the preservation condition, and the sources of large moveable objects) were collected through on-site observation. For this reason, a field survey was carried out in the settlement of Kamari in order to catalogue the necessary attributes of the predefined parameters of the model for each building and to identify its use.





4. Results and Discussion


4.1. Structural and Water Vulnerability


Kamari developed as a settlement mainly after the 1956 earthquake, due to the relocation of the population from other settlements of the island that were destroyed by the earthquake. The majority of the buildings in Kamari (82% of the building stock) were built after the first Greek Anti-Seismic Regulation, which was stated in 1959 [47]. The main construction materials of the buildings are reinforced concrete for the skeleton frame, and brick walls for the building shell.



The field survey showed that five buildings that were constructed mainly from reinforced concrete are characterized according to PTVA-4 as minor vulnerability, 365 brick wall buildings have an average vulnerability, whereas 53 buildings constructed from other materials have very high vulnerability. The maximum number of stories recorded in the study area was three, as a result of the building height restrictions. In summary, 147 one-story buildings were recorded, 254 with two stories, and 22 with three stories, labeled as very high, high, and average vulnerability, respectively. Regarding ground floor hydrodynamics, the buildings represent the typical architecture of Greek islands, without an open plan ground floor, but with many open-breakable accesses, such as doors and windows. This fact increases the wave impact, since the hydrodynamic pressure could cause damage to the building shell. Exceptions included some hotels and restaurants found on the coastal front of the settlement, the ground floor of which is surrounded by glass windows. Thus, 75% of the buildings were characterized as of high or very high vulnerability score.



Regarding the building foundation, 271 buildings were reported to have deep pile foundation, 91 with average depth foundation, and 61 with shallow foundation, a fact that characterizes the buildings as minor, average and very high vulnerability, respectively. The shallow foundation buildings, mostly food facilities, which were scored as having the highest vulnerability, were found in the first row of buildings on the coastal front of the settlement. As for the shape of the building footprint, the majority of the buildings have rectangular (104 buildings) or lengthened rectangular (233 buildings) shape, attaining average and high vulnerability scores. In regard to the preservation condition, 303 buildings are characterized as minor and moderate vulnerability, 102 buildings are characterized as average, and 18 buildings are characterized as high or very high vulnerability. The building vulnerability (Bv) component of the model, consists of the above-mentioned attributes, and as shown in Figure 6a. In total, 300 buildings are characterized as having an average vulnerability and 109 as highly vulnerable, while 6 scored as very highly vulnerable and 8 as moderately vulnerable. There were no buildings found as having minor vulnerability. The analysis of the Bv component that also represents more or less the techniques of architecture and the construction technique, portrays the prevalence of the characteristics of the buildings in Kamari which negatively affect the vulnerability to tsunami.



Exposure (Ex) is the second component of the PTVA-4 model that was calculated, and it expresses the ratio between the water depth impacting the building, and the maximum effective water depth in the study area [36]. Figure 6b portrays the distribution of vulnerability to water exposure in comparison with the inundation depth. In total, 91% of the total buildings were labeled as having high scores of vulnerability (284 very high, 58 high, and 45 average vulnerability), while the remaining buildings scored as having low vulnerability (35 moderate and 1 minor). The results reveal that the buildings in the northern part of the settlement are characterized with higher vulnerability. This fact is linked to the surface topography since, in the northern part, the slope appears to be lower than in the southern part.



Examining the protection the surrounding gives to the buildings, the building surroundings (Surr) component revealed that 128 buildings that were found lined in the first row along the shoreline have very high vulnerability score, 131 buildings that were lined in the second and third row have high vulnerability score, 122 between the fourth and sixth row have average vulnerability, 41 between the seventh and the tenth row with moderate vulnerability and one building beyond the tenth row scored as minor vulnerability. The absence of a sea wall and natural barriers results in an increase in vulnerability of the buildings, and characterizes them, according to the model, as very highly vulnerable. Moreover, the presence of sources of large moveable objects, such as cars, and the existence of constructions that are susceptible to waves along the coastal front, raises the risk for the buildings (Figure 7). Therefore, 43 buildings exhibit very high, 338 exhibit average, and 12 exhibit minor vulnerability (Figure 6c).



The Structural Vulnerability (SV), a factor of the PTVA-4 model, is the multiplication of the Bv, Ex and Surr components, and expresses the result of the vulnerability of the building itself, the building exposure to the inundation scenario and the building surroundings [36]. Within the inundation zone, 51 buildings were labeled as having a high SV score, 201 as average, 121 as moderate and 50 as minor SV score. No buildings were considered as having very high vulnerability (Figure 8a).



As for the Water Vulnerability (WV) factor, the height restriction law and the existence of basements (Figure 9) in some of the buildings led to an increased vulnerability. The survey found that 342 buildings have high or very high vulnerability score, whereas 81 buildings that are located towards the end of the inundation zone, have average to minor vulnerability (Figure 8b).




4.2. Relative Vulnerability Index and Building Use


The RVI scores, classified with the “Natural Breaks (Jenks)” method, revealed that 51 out of the 423 buildings were considered as having very high vulnerability to tsunamis. These buildings are found mainly in the first two rows facing the coastline, presenting a linear pattern. The highly vulnerable buildings totaled 195, and are clustered between the 5 and 9 m depth of the inundation flows. There are 94 buildings that are considered as having average vulnerability, found between 3 and 5 m of flood depth. The buildings labeled as moderate and minor vulnerability (35 and 48, respectively) are located towards the end of the inundation zone, within water depths between 1 and 2 m (Figure 10).



In summary, more than half (58%) of the buildings of the settlement are characterized as having a high to very high level of vulnerability (Figure 11). The corresponding percentage of buildings with minor or moderate vulnerability is 20%. Buildings with average vulnerability account for 22%. As Figure 12 depicts, the maximum values of the two classes with the highest (high and very high) vulnerability are recorded in the flood depths of 7 and 8 m, respectively. The frequency of the buildings that scored as having high and very high vulnerability, decreases as the distance from the coastline increases, taking a value of 0 at depths of 3 and 5 m, respectively. The spatial distribution of the class of average vulnerability presents two local maxima at the depths of 3 and 5 m. Buildings characterized by the lowest levels of vulnerability are located at the highest elevations of the flood zone, where the dynamics of flood flows appear more weakened. These buildings are mainly distributed at the flood flow limit.



Relating the use of the buildings to the level of vulnerability (Table 3), it is found that 42% of dwellings are characterized by high and very high relative vulnerability. The corresponding percentage for hotels is 57%, accounting for 82 out of 146 buildings. Retail and restaurants record the highest values in the high and very high vulnerability classes with 62% and 90%, respectively, which is explained by the spatial polarization of the development of economic activity along the coastal front.





5. Conclusions


The Southern Aegean Sea is an area prone to tsunamis. A review of the catalogues of past events, supplemented by historical records and research findings, shows that the geodynamic setting of the wider area renders it an active tsunamigenic zone. Earthquakes, volcanic activity and submarine landslides can trigger tsunami waves capable of causing severe damage to the coasts of the Eastern Mediterranean Sea. The proximity of Santorini Island to the Hellenic subduction zone, as well as to other active features, combined with the geography of the island and the exposure of human structures and systems to tsunamis, are the main reasons for the increased vulnerability of the coastal settlements of the island. This study focused on the assessment of the buildings’ vulnerability to tsunamis in Kamari, which is the coastal settlement with the highest exposure to natural hazards, as the exposure analysis in this study revealed. In order to assess the building vulnerability, a 10 m tsunami run-up “scenario” was developed. The PTVA-4 model was applied to the buildings of the settlement, which are expected to be within the inundation zone. A plethora of attributes (i.e., building material, ground floor hydrodynamics, height of the building, level of protection against the tsunami waves, etc.), in addition to the characteristics of the inundation, were analyzed by the model. It seems that they positively contribute to the increase in building vulnerability in Kamari. The Relative Vulnerability Index (RVI) estimation revealed that 246 out of 423 buildings are rated as highly or very highly vulnerable and are mostly located on the coastal front of the settlement. According to building use, dwellings and hotels proved to display higher vulnerability scores in comparison to other building uses.



In light of these results, the lack of tsunami building codes in Greece, designed to reduce the impact of a tsunami wave in constructions, should be seriously considered. A set of regulations for constructions could be introduced, including measures for building protection based on the PTVA-4 application aftermath and its results. Therefore, some recommendations could include the encouragement of using reinforced concrete as the main construction material in the new buildings. The PTVA-4 results showed that buildings built solely from reinforced concrete appears to have the lowest vulnerability compared with buildings built from mixed materials, including bricks or wood in the buildings’ shell. Regarding ground floor hydrodynamics, the lower level of the buildings could be designed to allow waves to pass through the ground floor, a feature already present in a few buildings hosting tourist facilities in Kamari. As for the shape of the building footprint, it is preferable to use geometries, such as lengthened rectangular constructions with the main side perpendicular to the coastline, in order to reduce the hydrodynamic pressure of the inundation flows. However, the limitation of such a building geometry is that the view from the inside will be compromised. It is also preferable to avoid having buildings with floors below the ground levels and to encourage the construction of protective walls around the buildings, such as garden walls. Another recommendation regarding the surrounding protection of the buildings is to remove land uses (such as car parking spaces and the susceptible constructions of the coastal front) outside of the inundation zone, in order to reduce further damage in the buildings from the impact of the debris flow and the movable objects. An additional recommendation could be the construction of a submerged wave barrier (without degrading the landscape) to reflect a significant amount of the energy of the tsunami back into the open sea and reduce the impact on the coast.



As evidenced by the results of the PTVA-4 model implementation, an increased level of vulnerability characterizes many of the buildings of the coastal zone. The predominant use of these buildings is related to economic activity and touristic development. In case of extreme event occurrence, high vulnerability to tsunamis is likely to contribute to the loss of the local comparative advantage of Kamari. Therefore, this fact is expected to increase the potential for declining tourism development and the need to absorb financial resources for restoration and recovery. Therefore, further research on how to increase the resilience of the settlement is needed.



The PTVA-4 model is a valuable tool in investigating vulnerability in high disaster risk coastal areas. It is a tool which can be included in mitigation strategies against tsunami hazard globally and particularly in Greece. Future studies could combine PTVA model with more sophisticated methodologies, such as empirical vulnerability functions, to closely examine the building damage from a tsunami impact [59]. Moreover, methodologies, such as that of Bressan et al. (2018) [60], which describe the transport processes of objects from extreme marine events could be used for further investigation in building damages from moveable objects. Furthermore, a newer version of the PTVA model could consider human population aspects, to provide additional insights when understanding spatiotemporal aspects of the human presence in coastal vulnerability. An integrated model combining the PTVA-4 with population characteristics data, could be a useful tool also for tsunami early warning systems.



A main limitation of the study is the “bathtub” approach of a worst-case tsunami scenario which was utilized. This approach has had numerous applications in the past and it pairs well with the PTVA model, as its framework inherently considers attributes of flow hydrodynamics, such as the building shape, ground floor plan, foundations, the presence of walls, seawalls and the proximity to movable objects. However, a tsunami inundation flow simulation could provide more accurate data on the inundation depth and the hydrodynamics of the flow, since these are important characteristics that are taken into account in the implication of the PTVA-4 model.
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Figure 1. Simplified map of the geotectonic setting of the Eastern Mediterranean Sea (after [25]). The epicenters of some of the major tsunamigenic earthquakes in the Southern Aegean Sea are also depicted (after [18]). 
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Figure 2. Total Exposure calculation framework. 
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Figure 3. Total Exposure to natural hazards of the coastal settlements of Santorini in: (a) winter and (b) in summer. 
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Figure 4. The inundation zone after a 10 m tsunami run-up in Santorini (left) and in Kamari (right). 
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Figure 5. The PTVA-4 model framework. 
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Figure 6. Maps depicting the spatial distribution of: (a) building vulnerability (Bv); (b) exposure (Ex); (c) surrounding characteristics (Surr) components. 
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Figure 7. Characteristic structures in the coastal front of the settlement with high risk of drifting due to a tsunami wave, increasing the possibility of damage in the surrounding buildings. 
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Figure 8. Maps depicting the spatial distribution of: (a) Structural Vulnerability (SV) and (b) Water Vulnerability (WV) factors. 
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Figure 9. Buildings with basements found in the south (left) and central (right) part of Kamari. 
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Figure 10. Spatial distribution of the Relative Vulnerability Index (RVI). 
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Figure 11. Relative Vulnerability Index (RVI) percentage per vulnerability level. 
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Figure 12. Diagram depicting the building vulnerability level in relation to inundation depth. Value 10 on the x-axis represents the coastline and value 1 represents the end of the inundation zone. 
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Table 1. Number of buildings per inundation depth.
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	Inundation Depth (m)
	Number of Buildings
	Cumulative Frequency
	Cumulative Frequency %





	9–10
	0
	0
	0



	8–9
	33
	33
	7.8



	7–8
	88
	121
	28.6



	6–7
	80
	201
	47.5



	5–6
	40
	241
	57.0



	4–5
	33
	274
	64.8



	3–4
	28
	302
	71.4



	2–3
	37
	339
	80.1



	1–2
	35
	374
	88.4



	0–1
	49
	423
	100
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Table 2. Use of buildings in relation to inundation depth.






Table 2. Use of buildings in relation to inundation depth.





	
Single-use




	
Inundation depth (m)

	
Dwelling

	
Hotel

	
Restaurant

	
Retail

	
Religious

	
Storage

	
Unknown




	
9–10

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
8–9

	
5

	
10

	
6

	
7

	
0

	
0

	
0




	
7–8

	
16

	
23

	
22

	
14

	
0

	
3

	
2




	
6–7

	
12

	
35

	
7

	
14

	
1

	
1

	
1




	
5–6

	
11

	
19

	
1

	
3

	
0

	
2

	
0




	
4–5

	
7

	
14

	
2

	
1

	
0

	
1

	
1




	
3–4

	
5

	
11

	
5

	
5

	
0

	
0

	
0




	
2–3

	
12

	
11

	
3

	
4

	
2

	
2

	
0




	
1–2

	
15

	
10

	
2

	
3

	
1

	
1

	
1




	
0–1

	
20

	
13

	
0

	
4

	
0

	
0

	
2




	
Total

	
103

	
146

	
48

	
55

	
4

	
10

	
7




	
Mixed-use




	
Inundation depth (m)

	
Retail/Dwelling

	
Retail/Restaurant

	
Retail/Hotel

	
Restaurant/Dwelling

	
Restaurant/Hotel

	
Hotel/Dwelling




	
9–10

	
0

	
0

	
0

	
0

	
0

	
0




	
8–9

	
0

	
0

	
1

	
0

	
4

	
0




	
7–8

	
3

	
1

	
2

	
1

	
0

	
1




	
6–7

	
5

	
1

	
0

	
1

	
2

	
0




	
5–6

	
3

	
0

	
0

	
0

	
1

	
1




	
4–5

	
4

	
0

	
2

	
0

	
0

	
0




	
3–4

	
2

	
0

	
0

	
0

	
0

	
0




	
2–3

	
0

	
1

	
0

	
1

	
0

	
1




	
1–2

	
3

	
0

	
0

	
0

	
0

	
1




	
0–1

	
4

	
1

	
1

	
1

	
0

	
1




	
Total

	
24

	
4

	
6

	
4

	
7

	
5
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Table 3. Relative Vulnerability Index (RVI) in relation to the use of the buildings.
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Relative Vulnerability Index (RVI)




	

	
Number of Buildings per Use

	
Minor

	
Moderate

	
Average

	
High

	
Very High






	
Single-use




	
Dwelling

	
103

	
18

	
16

	
24

	
42

	
3




	
Hotels

	
146

	
13

	
14

	
37

	
80

	
2




	
Restaurant

	
48

	
0

	
0

	
6

	
18

	
24




	
Retail

	
55

	
4

	
0

	
11

	
21

	
19




	
Religious

	
4

	
1

	
0

	
2

	
1

	
0




	
Storage

	
10

	
1

	
0

	
2

	
4

	
3




	
Unknown

	
7

	
2

	
1

	
0

	
4

	
0




	
Mixed-use




	
Retail/Dwelling

	
24

	
5

	
2

	
7

	
10

	
0




	
Retail/Restaurant

	
4

	
1

	
1

	
0

	
2

	
0




	
Retail/Hotel

	
6

	
1

	
0

	
2

	
3

	
0




	
Restaurant/Dwelling

	
4

	
1

	
0

	
1

	
2

	
0




	
Restaurant/Hotel

	
7

	
0

	
0

	
0

	
7

	
0




	
Hotel/Dwelling

	
5

	
1

	
1

	
2

	
1

	
0




	
Total

	
423

	
48

	
35

	
94

	
195

	
51
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