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Abstract

:

In this study, an analysis of coastal vulnerability and flood risk due to sea-level rise was conducted in the southern margin of the Ría of Arosa, Pontevedra (Spain), which is an area of urban impact and tourist activity. The vulnerability index was calculated using the following parametric maps: lithology, geomorphology, slope, elevation, distance, coastline change, significant wave height, sea level, and extreme tidal range. This vulnerability index was validated through the results obtained from the flood risk analysis, developed for different temporal and extreme scenarios (Xa—present, Xb—100 years, Xc—500 years, Xd—1000 years, Xe—storm, and Xf—tsunami). These analyses were performed using Geographic Information System and remote sensing techniques, spatial analysis, interpolation processes, and geostatistical analysis. The results of the analysis show the vulnerable areas and areas at high risk of coastal flooding, with the urbanized area exposed to a risk of 7.45 km2. Thus, this study contributes to designing appropriate management for the coastline of the southern margin of the Ría of Arosa in the event of a flood.
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1. Introduction


Natural disasters have become more unpredictable and occur more frequently and forcefully due to climate change [1]. This climate change has led to an increase in the global average temperature [2], changes in the intensity and frequency of winds and waves [3], alterations in precipitation patterns [4], and variations in mean sea level [5]. Various studies by the Intergovernmental Panel on Climate Change (IPCC) indicate a sustained sea-level rise since the late 19th century, with a certain acceleration in the rate of rise during the second half of the 20th century. This trend has been recorded by various tide gauges since 1880, and confirmed through altimetric data collected by different satellites from 1993 to 2011. These studies have shown that the sea-level rise is approximately 3 mm per year [6,7,8].



Additionally, satellite data analyses have yielded diverse predictions for future sea-level rise in the 21st century, with rates ranging from 21–48 cm [6], 50–135 cm [5,6], 60–115 cm [9], 85–200 cm [10], 60–95 cm [11], 80–190 cm [12], 78–160 cm [11], to >100 cm [13]. Some projections suggest that in the 21st century and beyond, sea-level change will strongly influence regional patterns [14], with significant deviations in local and regional changes compared to the global average. Thus, during decadal periods, regional variation rates, due to climate variability, can differ by more than 100% from the global mean rate [14,15].



Coastal areas, in general, are threatened by hazards such as floods, erosion, and storms [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17], and they will become more vulnerable in the future to the mentioned impacts of climate change. Furthermore, it is expected that the number of people living in coastal areas worldwide will increase from 1.8 to 5.2 billion by the 2080s [8,18,19]. As coastal systems become more complex from both social and environmental perspectives, the cost of damages caused by coastal hazards due to climate change impacts will also increase, making it essential to develop action strategies and raise awareness of these hazards [6,20,21,22].



Thus, the importance of awareness regarding coastal vulnerability is gaining attention among researchers and the public. Various vulnerability indices have been developed to study different impacts [23]. As a result, numerous studies on coastal vulnerability and flood risk have been conducted with the aim of evaluating these risks.



The coastline in the southern margin of the Ría of Arosa (the term “Ría” describes an estuary generated by an ancient coastal river valley that had been flooded by the sea during the Quaternary) is vulnerable to sea-level rise, particularly in beaches, marshes, and coastal wetlands. Human activity in these areas, especially tourism, poses additional challenges in terms of increasing vulnerability and exposure to hazards. Therefore, a study addressing short- and medium-term flood risk is necessary [24,25].



The objective of this work is to evaluate the degree of vulnerability and risk of coastal flooding by evaluating different characteristic factors for the study area. An innovative methodology is presented that allows the use of high-resolution and updated information, allowing the optimization of the data and the ease of calculation as new information is known. The vulnerability is calculated using the vulnerability index, which was developed by the United States Geological Survey (USGS), and which uses different intrinsic parameters of the coast studied using the Geographic Information System (GIS) ArcGis 10.8. For the analysis of flood risk, which is a function of the vulnerability of the studied area, deterministic methods are used, assigning a probability of sea-level rise based on a variety of foreseeable temporal scenarios (present (25 years), 100 years, 500 years, 1000 years, and extreme scenarios (storms and tsunamis)). This area was chosen due to its great tourist interest, which implies a large area of territory destined for urban uses due to its large influx of visitors, especially in the summer. The study will make it possible to reveal the areas of greatest vulnerability and/or risk of flooding so that the necessary preventive measures can be taken, both structural and non-structural. The latter measures are especially sensitive to this cartography.




2. Materials and Methods


2.1. Study Area


The study area is located in the northwest of the province of Pontevedra, on the southeastern coast of the Ría of Arosa (Figure 1). This ría is one of the largest and most important in the Rías Bajas, with its northern area belonging to the province of La Coruña and its southern area to the province of Pontevedra. In general, the study area covers approximately 9600 hectares and includes the Galician municipalities of Cambados, El Grove, and La Isla de Arosa, and parts of the municipalities of Sangenjo, Meaño, Ribadumia, and Villanueva de Arosa, where a total of 57,358 people reside. Climatologically, it is situated in a continental zone with Mediterranean influences that result in mild and humid average annual conditions [26]. The oceanic effect is the primary influencing factor for the mild temperatures and abundant precipitation. An average annual precipitation of approximately 1455 mm is recorded, with a mean summer temperature of 19.3 °C and 9 °C in winter [27].



The southeastern area of the Ría of Arosa is located in the northwest part of the Iberian Massif, specifically within the Galicia-Trás-os-Montes Zone. Geologically, it represents an internal zone of the Variscan orogeny and is characterized by being composed of various allochthonous domains overlying a bedrock of Paleozoic metasediments and granitic rocks. More precisely, the study area exhibits distinct lithological domains. The first domain is initially referred to as the Vigo–Pontevedra–Noya complex (“polymetamorphic graben” or “blastomylonitic trough”) and more recently referred to as the Malpica–Tui unit. It is a basal unit consisting of metasediments, including orthogneisses and metabasites. The deformation within the unit varies, with a dominance of highly deformed facies where mylonites can be observed. Structurally, it represents an elongated belt that covers almost the entire western part of Galicia. It is laterally bounded in the western part by a shear zone where it contacts the schistose or autochthonous domain, while in the eastern part, it is in contact with the para-autochthonous domain through a dextral-subvertical tear [28]. The autochthonous domain consists of metasediments and sandstones from the schist–graywacke complex, the mica schists of the “El Rosal-La Lanzada” region, and the two-mica alkaline feldspar granite of synkinematic nature from the “Villagarcía-Cuntis” region [28].



The western part of Galicia is dominated by a significant amount of granitic magmatism, representing the main typologies studied in the northwestern part of the Iberian Peninsula (Figure 2A). All these granites, in a simplified manner, can be classified according to their synkinematic and postkinematic nature. In the Barbanza Peninsula and on the Isla de Arosa, the postkinematic calc-alkaline granites belonging to the Caldas de Reyes pluton are best represented. This pluton exhibits multifacial characteristics ranging from biotite monzogranites to biotite granodiorites, with occasional occurrences of tonalite [29]. In the southeastern part of the study area, synkinematic calc-alkaline granites outcrop. In general, these granites appear as parallel and concordant bands with medium- to low-grade Variscan rocks. They exhibit deformation and local migmatization resulting from regional shear processes equivalent to the D3 evolutionary phase of the Variscan orogeny [30].



Geomorphologically, there are numerous well-defined geomorphological units grouped into different morphogenetic systems (Figure 2B). Several Quaternary units can be distinguished, which constitute the morphogenetic deposits of different depositional agents. These units are found overlying the Variscan basement. The structural conditions and transitional nature of the area allow for the development of various morphogenetic systems, with the lithological characteristics shaping the unique and specific relief of the Galician coastal zone, including the Ría of Arosa, and influencing the area’s morphogenesis.



The entire area is dominated by granitic lithologies that have been altered as a result of external geological processes, defining a granitic landform with mixed morphologies, divided based on their size. Large-scale morphologies, developed here in the two-mica granites, are represented by domes or bornhardts. These structures have a bell-shaped morphology, conditioned by orthogonal, curved, and radial fractures and joints within the body [31]. The reliefs dominated by these structures indicate a youthful attribute. In areas closer to the eastern margin of the ría, more evolved morphologies have undergone weathering (sandification) and more aggressive erosion, forming a more mature relief. The forms that appear here can range from tors to rock outcrops. The latter represent a more mature evolutionary stage compared to a dome. On the other hand, small-scale or minor morphologies are superimposed by all these large-scale ones, and are generated by subsurface processes. Examples of these structures can include gnamma pans, tafoni, or protruding walls.



The coastal or littoral system marks the transition between the aquatic and terrestrial environments. This transition does not occur abruptly but rather in a transitional manner. Therefore, three environments can be distinguished: marine, transitional, and aeolian (fully terrestrial). The marine environment encompasses two distinctly different processes: constructive and destructive. Constructive processes generate deposit or sedimentary forms, classified according to their origin: allochthonous (from fluvial systems), par-native (from aeolian processes and cliff erosion), and native (from biological activity). Under these conditions, the formation of beaches, tidal bars, tombolos, and coastal spits can develop. On the other hand, weathering and erosion will act in destructive processes, generating abrasion or planation surfaces. Structures originating in this environment can be marine terraces (former abrasion platforms subsequently uplifted by tectonic processes) and recent abrasion platforms. The origin of a relict abrasion platform can be marine or represent old polygenic surfaces exhumed by oceanic erosive processes [32].



Transitional environments represent areas where marshes and lagoons are affected by cyclic flooding. In these environments, low-energy constructive processes can be observed as a result of fine-grained sediment deposition. The aeolian environment consists of dune fields, and their mobility can vary depending on the vegetation they host.




2.2. Vulnerability Analysis of Coastal Flooding


Vulnerability is the extent to which geophysical, biological, and socioeconomic systems are susceptible and unable to cope with adverse impacts originating from environmental conditions or territorial elements [6].



To conduct a coastal vulnerability analysis of the study area, the Coastal Vulnerability Index (CVI) will be employed. The CVI, developed by the United States Geological Survey (USGS) [33], has been utilized in various subsequent coastal analyses along the Atlantic and Pacific coasts of the United States, as well as in studies of the Spanish coastline [15,34].



The USGS CVI method employs six parameters, whereas the index used in this study will incorporate ten parameters (Equation (1)), establishing the equation for the Ría de Arosa Vulnerability Index (IVRA):


IVRA = √(Fl × Fg × Fs × Fh × Fd × Fb × Fc × Fw × Fsl × Ftr)/10



(1)




where “Fl” represents the lithological factor; “Fg” denotes the geomorphological factor; “Fs” signifies the slope factor; “Fh” corresponds to the height factor; “Fd” stands for the distance factor; “Fb” represents the bathymetric factor; “Fc” indicates the coastal line change factor; “Fw” relates to the significant wave factor; “Fsl” pertains to the sea-level change factor; and “Ftr” represents the extreme tidal range factor.



By assigning five values to each parameter map, various vulnerability maps have been constructed for use in calculating the aforementioned index. A value of 1 will be assigned to the least vulnerable feature, while a value of 5 will be assigned to the most vulnerable feature. This weighting is depicted on a map with a cell size of 1 × 1 m, enabling a clear and detailed visual representation of the influence of each factor on the advancement of seawater towards the coastline.



2.2.1. Lithological Factor (Fl)


This factor indicates the resistance of lithological units to marine erosion. For the analysis of the lithological factor, geological materials are grouped into five classes based on their “hardness” in the face of potential water encroachment. The most recent unconsolidated materials (sand, gravel, etc.) have lower resistance to the effects of surface water, making them more vulnerable to sea encroachment than more consolidated lithologies such as metamorphic or igneous rocks. Therefore, the following vulnerability values are assigned: metamorphic rocks (value 1), granodiorites (value 2), limestones and sandstones (value 3), metasediments (value 4), and Quaternary deposits (value 5) (Figure 2A).




2.2.2. Geomorphological Factor (Fg)


As indicated by the previous factor, this one also provides information about the resistance of geomorphological units to marine erosion. The spatial distribution of geomorphological units and associated surface formations allows for the establishment of resistance levels based on their future location beneath the sea surface, revealing the degree of disintegration of each formation. Accordingly, the following vulnerability values are assigned: 1 to metamorphic and granitic rocks, 2 to alluvial fans and alluvial plains, 3 to pediments, fluvial reliefs, and piedmonts, 4 to river and marine terraces, as well as endorheic areas, and 5 to all coastal sedimentary environments, including beaches and dunes (Figure 2B).




2.2.3. Slope Factor (Fs)


The terrain slope significantly influences inundation during a sea-level rise, also controlling the incline and speed of seawater retreat in the face of potential continental flooding [35]. To create the parameter map, a digital elevation model (DEM) is generated using 2015 Lidar data, where each pixel represents the elevation value, with a spatial resolution of 1 m. Vulnerability is weighted, considering that lower slopes are more vulnerable because seawater penetration is easier. Thus, 5 intervals are displayed indicating vulnerability for each pixel: 0–1% (value 5), 1–2% (value 4), 2–4% (value 3), 4–6% (value 2), and >6% (value 1) (Figure 3A).




2.2.4. Heigh Factor (Fh)


The height factor is one of the most important ones when assessing current risks related to sea-level rise. A 10-m elevation limit is considered unattainable based on current estimates of sea-level rise over the next 100 years [6]. Areas with elevations above 10 m will have low vulnerability levels, in contrast to areas near sea level (0 m) which will be more vulnerable. Thus, vulnerability gradually decreases as one moves inland. Vulnerability values are reclassified using the elevation values from the DEM, with the following height values for each pixel: 0–2 m (value 5), 2–4 m (value 4), 4–6 m (value 3), 6–10 m (value 2), and >10 m (value 1) (Figure 3B).




2.2.5. Distance Factor (Fd)


The distance factor estimates the ability of seawater to advance inland from the current coast of Ría de Arosa, as long as there is spatial continuity with the sea. This parameter calculates linear distances to the mainland from the 2017 coastline using the ArcGIS Map buffer tool. A raster layer was generated, and its data were reclassified based on standard deviation, with intervals of 0–458 m (value 5), 458–1173 m (value 4), 1173–1889 m (value 3), 1889–2604 m (value 2), and 2604–3092 m (value 1) (Figure 3C).




2.2.6. Bathymetric Factor (Fb)


The bathymetric factor determines the ease of greater or lesser marine encroachment on the coast, with greater progradation in deeper waters compared to shallow waters with less wave action, where the depth is less than half the wavelength causing wave drag. This factor provides information about the effect of waves on the beach and coastal ridges. The bathymetric map was created through data interpolation obtained from the EMODnet website. The reclassification of values was performed with the consideration that vulnerability will be high in shallow depths, as the action of breaking waves is more significant. The intervals are: <1.5 m (value 5), 1.5–3 m (value 4), 3–10 m (value 3), 10–20 m (value 2), and >20 m (value 1) (Figure 3D). Ría of Arosa is not a very deep area, as it does not exceed 70 m in depth.




2.2.7. Coastal Factor/West Coastline Change Rate (Fc)


Coastal management for a section of coastline (e.g., hard coastal defenses, sediment input to the beach, or controlled realignment) is a key aspect in determining the long-term response of the coast to the impacts of climate change, including sea-level rise. Coastal erosion and coastal flooding are related through high water levels and energetic wave conditions during storms. Coastal geomorphology plays a crucial role here, as different types of morphology exhibit varying vulnerabilities, in addition to providing the pathway for coastal inundation [36].



The analysis of coastal evolution and morphological variations was carried out using GIS overlays, analyzing changes in the coastline over a 61-year period (1956–2017). This analysis is based on the overlay of aerial photographs from 1956 (coverage by American Flight—US Air Force) with a 1 m resolution and more recent orthophotographs from 2004–2005 and 2017, which were obtained from the National Geographic Institute’s National Aerial Orthophotography Plan (Figure 4). The positions of the coastlines were digitized and analyzed using the USGS-DSAS extension for ArcGIS v10.8, in terms of retreat or accretion rates (meters per year) during the mentioned periods (Figure 4). This tool allows for the analysis and quantification of changes in the coastline based on geospatial data and, in this case, is primarily used to study erosion and sediment accumulation in coastal areas [37].



High growth values (coastline moving seaward) indicate high vulnerability, while negative rates (coastline retreating inland) indicate low vulnerability, with the following intervals in meters per year: <−2 (value 1), −2 to −1 (value 2), −1 to 1 (value 3), 1–2 (value 4), and >2 (value 5) (Figure 4). In general, there are moderate values (between −1 and 1 m per year) for coastline retreat along the entire Ría of Arosa coast.




2.2.8. Wave Factor: Average Rate of Significant Waves (Fw)


The wave factor indicates the maximum wave values that affect the coastline of Ría of Arosa, recorded at buoys located around the study area. These historical values have been obtained from the SIMAR dataset, retrieved from the Ports of State website (puertos.es) (Figure 5). The SIMAR dataset consists of time series of wind and wave parameters derived from numerical modeling, making them synthetic data and not directly measured from nature.



The SIMAR series arises from the amalgamation of two extensive datasets of simulated wave data historically maintained by Ports of State, namely, SIMAR-44 and WANA. Its primary goal is to provide more extensive and up-to-date temporal series. Consequently, the SIMAR dataset offers information dating back to the year 1958 and extending up to the present year, 2023. Through these data, valuable information about wave direction (Figure 5), peak and mean wave periods, and significant wave heights can be obtained. Notably, information on the latter is used to calculate the vulnerability factor for significant wave conditions. From among the significant wave height values, the highest data points for each SIMAR location are selected. This selection process aligns with the aim of this study, which is to statistically evaluate the most likely flooding risk, even in less frequent scenarios.



Once all significant wave heights from each SIMAR point were collected, the coordinates and data of the SIMAR points were entered into a Geographic Information System (GIS), and interpolation was performed. This allowed us to obtain a map of significant wave activity in the study area (Figure 6A). Considering that vulnerability is directly proportional to wave height, it can be assumed that the higher the wave, the greater the vulnerability in that area, and vice versa. Based on this assumption, the following vulnerability intervals have been established: 3.5–4 m (value 1), 4–5 m (value 2), 5–6 m (value 3), 6–7 m (value 4), and >7 m (value 5).




2.2.9. Sea-Level Factor (Fsl)


Through this factor, the relative sea-level change is analyzed using historical data recorded by tide gauges located near the study area. The data were sourced from the REDMAR dataset, which, as in the previous case, is available through Ports of State (Figure 5). The primary purpose of this dataset is to continuously measure, record, analyze, and store sea-level data in ports, with real-time data access being one of its key features. In this instance, data were obtained from the tide gauges in Villagarcía 2, Marin, and Vigo 2, resulting in different time series for each of them. Data for Villagarcía 2 and Vigo 2 cover the period from 1992 to 2021, while data for Marin spans the period from 2010 to 2021. Additionally, data from the Cascáis tide gauge, located in Portugal, were acquired through the PSMSL (Permanent Service for Mean Sea Level) website (psmsl.org), where international tide gauge data are archived. Historical data for this particular tide gauge extend from 1882 to 1993.



From the obtained data, the change in mean sea level was calculated for each tide gauge in millimeters, and these values were entered into and represented in a Geographic Information System (GIS). Interpolation was employed to generate a map depicting the average sea-level rise in the vicinity of the study area (Figure 6B). By reclassifying the acquired intervals, the following values were assigned: 1.1–2.05 (value 1), 2.05–3 (value 2), 3–3.96 (value 3), 3.85–4.91 (value 4), and 4.91–5.86 (value 5).




2.2.10. Extreme Tidal Range Factor (Ftr)


This factor analyzes the difference in height between high and low tides, with the tidal range varying from a few centimeters to several meters, depending on the geographical location of the tide gauge. As in the previous case, the data were obtained through the REDMAR dataset provided by Ports of State, including data for Villagarcía 2, Marin, and Vigo 2, as well as through the PSMSL website for the Cascáis tide gauge. Once the data was collected, it was input into a Geographic Information System (GIS), and interpolation was performed to generate the map of extreme tidal ranges in the study area. Despite the study area being located in a mesotidal regime (2–4 m), extreme tidal ranges exceeding 4 m were recorded. The vulnerability ranges assigned to the obtained values are as follows: 4.38–4.40 (value 1), 4.40–4.42 (value 2), 4.42–4.43 (value 3), 4.43–4.45 (value 4), and 4.45–4.47 (value 5) (Figure 6C).





2.3. Coastal Flooding Analysis


To support the results obtained through the vulnerability index, a coastal flood analysis of the study area was conducted using the Flood Hazard Index (FHI). Despite the last tsunami in Galicia being associated with the Lisbon earthquake of 1755, and the fact that the earthquake was more perceptible than the subsequent tsunami, Galicia is considered an exposed area to this natural hazard due to several proximal and distant focal mechanisms in the North Atlantic that could trigger a tsunami. These mechanisms include volcanic activity in the Azores and Madeira islands, seismic activity in the Mid-Atlantic Ridge, the Caribbean Plate, and the Azores-Gibraltar oceanic convergence zone, as well as large sediment masses mobilized along the North American coast. In the case of the Lisbon tsunami, maximum elevations of up to 3.3 m were recorded [38]. However, for this study involving extreme values, the maximum elevation reached by this tsunami on the coast was set to 8 m [39].



The coastal flood analysis is based on the parameters of significant wave height (Fw), sea-level change (Fsl), and extreme tidal range (Ftr), which are used to estimate flood hazard in different scenarios. The values for significant wave height and extreme tidal range are considered constant, while the sea-level change parameter values vary, capturing both minimum and maximum rates of rise (mm/year) from the interpolation conducted using Ports of State data.



As a result, the scenarios used for flood risk analysis include present conditions, defined as a 25-year interval (Xa); 100 years (Xb); 500 years (Xc); 1000 years (Xd); and extreme storm (Xe) and tsunami (Xf) scenarios. These data and values are presented in Table 1, where summing the obtained values provides the maximum and minimum absolute extent of sea-level rise for each scenario.





3. Results


3.1. Coastal Vulnerability in the Ría of Arosa


After obtaining all the parameters, the coastal vulnerability of the Ría of Arosa was calculated by modifying the vulnerability index developed by the USGS. To calculate the vulnerability index using the ArcGIS program, map algebra (raster calculator) was used to combine different parameters and generate the vulnerability map along the coast of the estuary (Figure 7). Therefore, a higher index indicates greater vulnerability to rising water levels.



In general, a higher vulnerability can be observed near the coast, with vulnerability decreasing as one moves away from the coastline. Along the coastline, the highest vulnerability is often found in areas dominated by beaches and wetlands, while lower vulnerability is typically observed in cliff areas. When it comes to the most vulnerable localities, Sangenjo is considered the municipality with the highest vulnerability to sea-level rise, while El Grove or the Isla de Arosa exhibit the lowest vulnerability. Vulnerability can also be observed around the mouth of the Umia River and the tombolo of El Grove, where much of the area exhibits very high vulnerability.



In Villanueva de Arosa (Figure 7), the highest vulnerability is mainly concentrated along the coast, but it is worth noting that most of its pixels show a medium vulnerability. The most vulnerable areas in this locality are where there is no coastal protection, allowing water infiltration through the beaches in this area. However, urbanized areas protected by barriers or walls, such as the area near the port and the main urban core of the locality, show lower vulnerability values. In Cambados (Figure 7), high vulnerability values stand out in the floodplain of the Umia River, decreasing to medium and low values as one moves away from the flood-prone area. On the other hand, in the municipality of El Grove, predominantly low vulnerability values are found, increasing towards the coast but without significantly high vulnerability. However, it is observed that in the tombolo of El Grove (Figure 7), very high vulnerability prevails, making it the most vulnerable area in the entire study area. Finally, in the locality of Sangenjo (Figure 7), low vulnerability values predominate, with some high values in beach areas. Nevertheless, between Sangenjo and the locality of Portonovo, there is an area with very high vulnerability following the course of two streams that converge at the beach.




3.2. Coastal Flood Analysis of Ría of Arosa


Once the table of scenarios was complete, the maximum values obtained were used to generate flood risk maps for the coast of the Ría of Arosa. The sea-level rise scenarios were overlaid onto the orthophoto from the present year (2020), allowing for the visualization of various degrees of flood risk along the coast and areas with the highest water inundation potential in different scenarios (Figure 8).



It can be observed that, from scenario Xb to scenario Xe, there is no significant change in the extent reached by the sea level. This is because the difference in extent between these scenarios generally does not exceed one meter, with the minimum difference being 40 cm (from scenario Xd to scenario Xe) and the maximum difference being 80 cm (from scenario Xc to scenario Xd). In other words, the change is not very noticeable on the maps. However, the map of the extreme tsunami scenario (Xf) shows a significant change in extent, with a difference of 6 m when compared to the extreme storm scenario (Xe) and almost 8 m of difference when compared to the present situation (Xa).



In Villanueva de Arosa, there is not much variation in the extent of inundation between scenarios Xb and Xe, with most of the urbanized area near the sea being covered in scenario Xb (urban center, industrial areas, the port, etc.). With each subsequent scenario, the extent of water inundation expands over these urbanized areas. However, it is in scenario Xf where the most significant difference in extent can be observed, reaching urbanized areas further away from the coastline.



In Cambados, water inundation not only occurs from the sea but also from the Umia River, as this town is located near the mouth of the river. Most of the urbanized area near the coast is covered, with minimal variations in the first five scenarios, including urbanized areas (parts of the town center) further inland within the floodplain of the Umia River. Scenario Xf (tsunami) reaches urbanized areas further inland, both from the sea and the floodplain of the river. However, it does not extend to cover all urbanized areas in the town, leaving a significant portion unaffected.



In El Grove, scenarios Xb to Xe cover most of the urbanized areas along the coast. It can be observed that water infiltration is greater when it enters through a beach area than when it enters through a cliff area. In scenario Xf, the water covers more urbanized space but still does not reach some of the urbanized areas further inland from the coastline.



Lastly, in Sangenjo, it is worth noting that the most significant water infiltration occurs along two streams in the area, covering the urbanized areas near them. In the rest of the locality, the scenarios cover the ports but do not substantially inundate the other urban areas, with minimal variations in the extent of inundation in different scenarios. In the final scenario (Xf), the water covers more ground but still does not inundate the terrain more significantly than in the other scenarios.



By weighting the different extents of water inundation based on their flood risk, the flood risk map of the SE sector of Ría of Arosa can be generated (Figure 9). As a result, the mainland area occupied by all scenarios will be the area with the highest flood risk (5), which is the zone closest to the sea. Conversely, the area covered by the fewest scenarios will represent the least vulnerable area (1), which, in this case, is represented by the extreme tsunami scenario (Xe) and is the zone furthest from the sea.



The flood risk map (Figure 9A) indeed exhibits similarities with the map obtained through the vulnerability index. As with the vulnerability index, the flood risk map shows higher risk in areas closer to the coast, while areas further inland have a lower risk of inundation. Overall, it can be observed that the tombolo of El Grove (where the Umia–O Grove intertidal complex is located), the Isla de Arosa, and the surroundings of the Umia River have a larger inundation area. Additionally, upon closer examination of the map, it is noteworthy that El Grove is at risk of the tombolo becoming submerged, effectively separating this municipality from the mainland and turning it into an island. Similarly, the Isla de Arosa is at risk of potentially becoming three separate islands in the future.



Creating detailed maps that focus on urban centers and urbanized areas in general allows for an examination of how different degrees of flood risk affect these zones (Figure 10). In this case, one can observe the urban centers of Villanueva de Arosa, Cambados, El Grove, and Sangenjo, which are areas with the highest population density (Table 2). These areas are also subject to the flood risk that encompasses the same zones explained previously.



Using the flood risk map and the 2018 land use map, it is possible to assess exposure to risk by considering several parameters: municipality area, population size, population density, elevation, and distance from the coast of each municipality (Table 2). First, the urbanized areas, including urban centers, industrial areas, and infrastructure, can be identified using the land use map. Geographic information system (GIS) tools can be employed to delineate these areas and calculate the square kilometers of urbanized land. By applying geospatial techniques, the exposed area can be easily determined.



The results of flood risk exposure in the Ría of Arosa for different scenarios indicate that the coastal sector with the largest urbanized area exposed to the risk of marine flooding is 1.90 km2 in El Grove, where the population density is 494.46 inhabitants/km2, and the flood risk could potentially affect 944 people. However, the greatest population exposed to the risk is on the Isla de Arosa, where 947 people could be affected by flooding in an exposed urbanized area of 1.36 km2 (Figure 9B).



Summing up all the results, it is estimated that in the studied area of the Ría of Arosa, there is a total of 7.45 km2 of urbanized area exposed to the risk of flooding, putting 3707 inhabitants at risk. This represents approximately 6.46% of the total population in the studied area.





4. Discussion


4.1. Socio-Economic Impact Due to Coastal Flooding


Studying or assessing coastal vulnerability to the risk of sea-level rise-induced flooding in the Ría of Arosa coast, and considering that approximately 50% of the world’s population lives in the 10% of land area that comprises the coastline [40], it is possible to relate the results to the impact it will have on society and the economy of the study area.



In Spain, coastal population increased at an annual rate of 1.9% in the first decade of the 21st century. In Galicia specifically, the population density in municipalities located on the coast in the others provinces of Galicia (Coruña with 269 inhabitants/km2 and Lugo with 92 inhabitants/km2) is below the national average of Spain (435 inhabitants/km2). However, in the province of Pontevedra, the population density is higher, at 724 inhabitants/km2 [41]. The total population in coastal municipalities in Galicia is 1.1 million, with approximately 11,500 people living in flood-prone areas [42], meaning areas at high risk of flooding. In total, in Galicia, 59% of the total population of the autonomous community resides in its coastal areas, which account for less than 10% of the entire Galician territory [43].



Coastal tourism in Galicia, with more than 700 beaches along a 1400 km long coastline in northern Spain, is considered of great importance. The coastal areas of Rías Altas and Rías Bajas are the ones with the most coastal tourism activity, representing 53.7% of all coastal tourism in the autonomous community. In addition to coastal tourism, the Ría of Arosa is known for its significant wine tourism, featuring some of the best white wines in the country, as well as cultural tourism with visits to towns and churches (turismo.gal).



In Galicia, the majority of the employed population in coastal areas is in the service sector (financial, public, commercial, and tourism) (67.2%), and the primary sector activity in coastal areas, as mentioned earlier, includes fishing, shellfish harvesting, and aquaculture, with a high production and export of seafood products nationwide, particularly in aquaculture, which accounts for 98% of all mussel production in Spain [43].



Flooding in the area would have a significant negative impact on the economy, potentially affecting various sectors. In the tourism sector, flooding can lead to direct or indirect damage, causing harm to tourism infrastructure and significant losses for hotels and businesses dedicated to tourism. This disruption in business operations leads to reservation cancellations, reduced tourism, and significant income losses for tourism-related enterprises.



The loss of tourism can also occur due to tourists’ perceptions of risk and unfavorable conditions in the area. Decreased tourism results in reduced demand for personnel in the sector, leading to job losses for workers dependent on tourism, such as waiters, tour guides, hotel staff, etc. [44].



Another sector negatively affected by flood risk is the fishing and aquaculture industry, which can suffer damage to port and maritime infrastructure in addition to potential water contamination with sediments and harmful substances, leading to a decrease in marine density and biomass. This reduction in marine life results in decreased catches of fish and shellfish, reducing income for those engaged in these activities [45,46].



All these damages across various economic sectors generate costs for the recovery, repair, and reconstruction of the affected areas, requiring significant investments. This places pressure on the government and various organizations to allocate financial resources for damage repair, which can strain public finances and limit investment capacity in other areas [47].




4.2. Action Strategies against Coastal Flooding


In the face of the socio-economic impact that a coastal flooding event can cause, such as in the case of Ría of Arosa, it is crucial to develop and implement various strategies of action. These strategies can help minimize the damage caused by flooding and the associated repair costs. Currently, it is proposed that the most appropriate action is to carry out a combination of structural and non-structural measures, which are based on coastal territorial planning [48,49]. The preparation of these maps is above all useful to correctly establish territorial planning measures on the coast. In this work, different strategies focused on action against coastal flooding are presented.



One of the most commonly employed and potentially effective strategies in addressing the risk of coastal flooding involves coastal infrastructure, which can be divided into two types of defenses.



The first is hard engineering, which involves the construction and fortification of coastal structures (such as levees, breakwaters, groynes, and retaining walls). These measures can reduce the impact of the risk by mitigating wave intensity and coastal erosion, thus protecting populated areas and critical infrastructure. However, it is important to note that these measures may not be sustainable in the long term, as they can disrupt the natural physical environment, potentially altering the hydrodynamic regime.



The second is soft engineering, primarily focused on beach replenishment to protect areas experiencing sediment loss due to erosion. This approach aims to safeguard against extreme weather events, such as storms.



Another method that can be utilized is the restoration and management of coastal ecosystems like mangroves, wetlands, or marshes. These natural features can act as natural barriers against hazards, absorbing and retaining water [50,51].



Land use planning and urban development constitute another strategy against flood risk that can help reduce both damage and costs associated with natural events. This involves identifying high-risk zones and avoiding development in flood-prone areas, establishing buffer zones, and imposing construction restrictions in vulnerable areas. Promoting resilient construction practices in coastal regions is also crucial [51,52].



Passive strategies for mitigating flood risk include hazard response systems, early warning alerts, and community education and awareness. Hazard response and early warning systems entail monitoring and predicting sea levels, and disseminating clear information about flooding conditions and safety measures. This aids in predicting imminent flooding and the swift evacuation of populations in high-risk areas. Community education and awareness efforts involve providing information and promoting best safety practices, hazard response, and evacuation plans, as well as raising awareness about the importance of coastal systems [51,53].





5. Conclusions


After conducting the study, several conclusions can be drawn. Firstly, the methodology employed allows for the precise and effective delineation of coastal areas at risk of inundation due to sea-level rise at an economical cost. Furthermore, the results obtained provide valuable information regarding the degree of vulnerability and the flood risk profile along the southern coast of Ría of Arosa, in the event of a potential sea-level rise, whether it occurs gradually or during extreme events.



The vulnerability and flood risk maps represent the risk associated with any sea-level rise in Ría of Arosa. The calculated urbanized area affected by flood risk is approximately 7.45 km2, but this figure increases when considering agricultural areas and non-urbanized or uninhabited zones. Concerning the population exposed to flood risk, there is a total of 3707 individuals exposed, with a higher exposure on the Isle of Arosa and the El Grove peninsula.



The validity of the study’s methodology is confirmed through the alignment of the affected areas obtained in the results, using both the vulnerability index method (based on empirical parameters within the study area) and the risk method (based on deterministic methods employing temporal trend scenarios).



Lastly, the produced maps serve as a preventive measure that can help mitigate the risk of this coastline, which includes urban developments and tourism infrastructure, attracting a large number of tourists. Therefore, this tool can be effective in identifying sectors requiring structural measures to minimize the risk of sea-level rise impacts, whether due to natural trends or short- and long-term extreme events.
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Figure 1. Location map of the study area (in red) within the province of Pontevedra in Galicia. 
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Figure 2. (A) Lithological map (left) and its corresponding vulnerability map of the study area (right). Vulnerability values: metamorphic rocks, granodiorites, limestone and sandstone, metasediments, and Quaternary deposits. (B) Geomorphological map (left) and its respective vulnerability map (right). Vulnerability values: metamorphic and granitic rocks, alluvial and fluvial fans, slopes, fluvial reliefs, and foothills, fluvial and marine terraces, and endorheic areas, and all coastal sedimentary environments: beaches and dunes. 






Figure 2. (A) Lithological map (left) and its corresponding vulnerability map of the study area (right). Vulnerability values: metamorphic rocks, granodiorites, limestone and sandstone, metasediments, and Quaternary deposits. (B) Geomorphological map (left) and its respective vulnerability map (right). Vulnerability values: metamorphic and granitic rocks, alluvial and fluvial fans, slopes, fluvial reliefs, and foothills, fluvial and marine terraces, and endorheic areas, and all coastal sedimentary environments: beaches and dunes.



[image: Applsci 13 12099 g002]







[image: Applsci 13 12099 g003] 





Figure 3. (A) Slope map (left) and its corresponding vulnerability map (right). Vulnerability intervals: 0–1%, 1–2%, 2–4%, 4–6%, and >6%. (B) Altitude map of the study area (left) and its corresponding vulnerability map (right). Vulnerability intervals: 0–2 m, 2–4 m, 4–6 m, 6–10 m, and >10 m. (C) Distance map (left) and its corresponding vulnerability map (right). Vulnerability intervals: 0–458 m, 458–1173 m, 1173–1889 m, 1889–2604 m, and 2684–3092 m. (D) Bathymetric map of Ría of Arosa (left) and its corresponding vulnerability map (right). Vulnerability intervals: <1.5 m, 1.5–3 m, 3–10 m, 10–20 m, and >20 m. 
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Figure 4. Analysis of coastal change. Vulnerability intervals: <−2.0, −2.0 to −1.0, −1.0 to 1.0, 1.0–2.0, and >2.0. 
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Figure 5. Distribution of buoys (green marks), SIMAR points (red marks), and tide gauges (yellow marks) on the Ports of State website, along with an example of information view. 
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Figure 6. (A) Map of significant wave heights in the study area (left) and its corresponding vulnerability map (right). Vulnerability intervals: 3.5–4 m, 4–5 m, 5–6 m, 6–7 m, and >7 m. (B) Map of sea-level change around the study area (left) and its corresponding vulnerability map (right). Vulnerability intervals in mm/year: 1.100–2.050, 2.051–3.000, 3.001–3.850, 3.851–4.910, and 4.911–5.860. (C) Map of extreme tidal range around the study area (left) and its corresponding vulnerability map (right). Vulnerability intervals in meters: 4.385–4.400, 4.401–4.420, 4.421–4.430, 4.431–4.450, and 4.451–4.478. 
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Figure 7. Vulnerability index map of the Ría of Arosa. The higher the index obtained, the greater the vulnerability to rising water. 
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Figure 8. Flood risk results for different scenarios. 
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Figure 9. (A) Flood risk map of SE sector of Ría of Arosa. (B) Flood risk map of the SE sector of the Ría de Arosa in which the urban areas have been added. 
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Figure 10. Detailed maps of the risk of flooding in the urban centers of each municipality. 
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Table 1. Analyzed scenarios and their corresponding parameter values (in meters).
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Scenario

	
Fw

	
Fsl

	
Ftr

	
Total




	

	
Min.

	
Max.

	
Min.

	
Max.

	
Min.

	
Max.

	
Min.

	
Max.






	
Xa

	
0.11

	
4

	
0.027

	
0.4

	
4.38

	
4.47

	
4.52

	
8.51




	
Xb

	
0.11

	
4

	
0.11

	
0.16

	
4.38

	
4.47

	
4.60

	
8.63




	
Xc

	
0.11

	
4

	
0.55

	
0.8

	
4.38

	
4.47

	
5.04

	
9.27




	
Xd

	
0.11

	
4

	
1.1

	
1.6

	
4.38

	
4.47

	
5.59

	
10.07




	
Xe

	
0.11

	
4

	
2

	
2

	
4.38

	
4.47

	
6.49

	
10.47




	
Xf

	
0.11

	
4

	
8

	
8

	
4.38

	
4.47

	
12.49

	
16.47











 





Table 2. Parameters for calculating exposure to flood risk (INE.es).






Table 2. Parameters for calculating exposure to flood risk (INE.es).















	Municipality
	Area (km2)
	Inhabitants
	Population Density (Population/km2)
	Elevation
	Distance from Coastline
	Exposed Urbanized Area (km2)
	Exposed Inhabitants





	Sangenjo
	45.08
	17,760
	393.97
	52
	0
	1.76
	693



	El Grove
	21.86
	10,809
	494.46
	64
	0
	1.91
	944



	Cambados
	23.44
	13,671
	583.23
	15
	0
	1.52
	886



	Villanueva de Arosa
	38.84
	10,240
	263.65
	50
	0
	0.90
	237



	Isla de Arosa
	7
	4878
	696.86
	9
	0
	1.36
	947



	Total
	135.92
	57,358
	421.99
	
	
	7.45
	3707
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