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Abstract

:

Episodic coastal hazards associated to sea storms are responsible for sudden and intense changes in coastal morphology. Climate change and local anthropogenic activities such as river regulation and urban growth are raising risk levels in coastal hotspots, like low-lying areas of river deltas. This urges to revise present management strategies to guarantee their future sustainability, demanding a detailed diagnostic of the hazard evolution. In this paper, flooding and erosion under current and future conditions have been assessed at local scale at the urban area of Riumar, a touristic enclave placed at the Ebro Delta (Spain). Process-based models have been used to address the interaction between beach morphology and storm waves, as well as the influence of coastal environment complexity. Storm waves have been propagated with SWAN wave model and have provided the forcings for XBeach, a 2DH hydro-morphodynamic model. Results show that future trends in sea level rise and wave forcing produce non-linear variations of the flooded area and the volume of mobilized sediment resulting from marine storms. In particular, the balance between flooding and sediment transport will shift depending on the relative sea level. Wave induced flooding and long-shore sand transport seem to be diminished in the future, whereas static sea level flooding and cross-shore sediment transport are exacerbated. Therefore, the characterization of tipping points in the coastal response can help to develop robust and adaptive plans to manage climate change impact in sandy wave dominated coasts with a low-lying hinterland and a complex shoreline morphology.
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1. Introduction


Population growth and migration from rural to urban areas will lead low-elevation coastal zones or LECZ (i.e., contiguous area to the sea at less than 10 m height) to held a higher population density and a greater rate of urbanized land in the incoming years, a worldwide phenomenon especially critical in developing countries of Asia and Africa [1,2]. This poses a great challenge, since LECZ risk due to episodic seashore erosion and hinterland flooding will continue rising during the incoming decades in several places [3,4,5,6]. Coastal response to this hazard is modified by anthropogenic activities (i.e., land use changes, hydrological or coastal infrastructures, land claim, and groundwater extraction) but also by global phenomena such as climate change [7,8,9]. In this sense, global warming may strongly modify the hydrodynamic forcings that drive flooding and erosion: sea level and wave climate.



In this way, the 5th Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) [10] estimates the global sea level rise (SLR) at the year 2100 to range between 0.52 and 0.98 m with respect to the 1986–2005 period, for the highest emission RCP 8.5 scenario. Nevertheless, this is not a definite interval. According to Church et al. [10], sea level rise has a 33% probability to lie outside this 5% to 95% confidence interval, being the main source of uncertainty the collapse of the Antarctica ice sheet areas. In this regard, Jevrejeva et al. [11] propose an upper limit or worst-case projection for the global sea level rise of 1.80 m by 2100, considering the high-end estimations of each sea level rise contributor for the RCP 8.5 scenario. This estimation would have a 5% probability of being exceeded.



On the other hand, 2070–2099 extreme wave climate projections under the RCP 8.5 scenario, show an increase of ocean wave heights focused at the tropics and at the highest latitudes of the southern oceans. Additionally, the return period of current storm events might be reduced in several coastal regions of both southern and northern hemispheres, increasing flood and erosion risk [12].



Regarding mean wave climate, a high emission scenario (SRES A2) highlights an increase of wave generation in the southern oceans which might produce a 10% rise in mean significant wave height for the 2070–2099 period; a reverse situation than in the northern oceans. These changes are generally accompanied by shifts in mean wave direction and mean wave period [13].



Once the forcings are characterized, there are several methods to assess episodic marine flooding and erosion. In general terms, their suitability is related to a trade-off between its computational cost and the desired resolution and accuracy of the results. In addition, other local factors such as the coastal geomorphological complexity and the data availability may also have an important role in the choice of the methodology. In areas in which sharp gradients (modifications of the bathymetry) are expected, complex models are needed.



Coastal Vulnerability Indices (CVI) are useful to define the potential impacts of sea storms based on a physical characterization of the drivers (i.e., wave height, tidal range, subsidence, and sea level rise) and a physical (e.g., annual shoreline retreat, dune height, beach slope) and socioeconomic (e.g., population density, land use) description of the receptor [14,15]. Nevertheless, CVI and similar indicators do not consider the interaction between the hazard and the coastal morphology, and as a consequence they do not provide a quantitative assessment of beach erosion and flooding. However, they can be useful to evaluate whether the studied environment is resilient or susceptible to this hazard within a large domain and even at different time scales [16,17,18].



In order to consider the effect of coastal system features on hazard’s drivers and vice versa, process-based indicators can be employed. Those indicators allow characterizing overwash, inundation and flooding. Since they refer to a measurable distance, they can easily be mapped. Some examples are: (i) Overwash potential, (ii) overwash extent, (iii) flood depth, (iv) shoreline retreat, or (v) vertical erosion [19].



Process-based indicators can be computed through empirical equations that are applied to representative beach profiles. For instance, the Stockdon et al. [20] or the Nielsen and Hanslow [21] formulations to calculate wave run-up, the Schüttrumpf and Oumeraci [22] or the Donnelly [23] expressions to evaluate wave overwash and the erosion structural function [24] or the convolution model [25] to assess beach erosion. Usually, these indicators are assembled together and linked with data about the exposure and potential damage caused by marine storms in order to perform an index-based coastal risk assessment [26].



This approach can be advantageous at a regional scale (tens to hundreds of km), since it allows to obtain a good hazard estimation at an affordable cost. Nevertheless, the usage of process-based indicators needs to consider the limitations of their formulations. For example, flood extension can be determined by means of the “bathtub” approach using GIS software [27]. Nevertheless, this method disregards some factors such as the influence of structural barriers on hydraulic connectivity and the effect of terrain friction forces [28], which may limit its applicability range, as discussed below. In particular, the bathtub approach may not be suitable when the hinterland consists of low-lying areas or has a complex drainage network. Moreover, empirical formulations do not consider feedback processes between the wave conditions and the changing beach morphology during the impact of a storm [19]. Then, advanced numerical models such as XBeach 1D [29] or other based on the shallow water equations [30] should be used to derive some of the aforementioned process-based indicators, specially under highly energetic storm events that can alter both the bathymetry and the hydraulic connectivity between low-lying areas.



However, in certain environments the use of 1D models might not be enough to describe accurately the impact of marine flooding and erosion. In particular, in those cases in which the coastal layout is complex and cross-shore and longshore fluxes cannot be uncoupled. Irregular bathymetry, a non-linear coastline or the existence of a natural or artificial inlet are examples in which a 1D configuration would not be enough. In these cases and for a local scale of analysis (hundreds of meters to few km), it might be convenient to implement a two-dimensional numerical model such as XBeach 2DH [29]. This model has already been used in several worldwide locations to assess the storm impact (flooding and erosion) on sandy beaches [31,32,33,34].



Storm-induced risk assessment can be assessed with different tools ranging from the regional to the hotspot scale [35]. For instance, a fast scanning method based on simple formulations (CRAFT1) may identify hotspots at the regional scale (10–100 km). Then, a local in-depth analysis which uses a 1D process-based model (CRAFT2) may rank potential impacts at hotspots. Finally, an early warning system and/or decision support system (EWS/DRR) could be implemented at selected hotspots using, among other techniques, complex 2DH process-based models.



Therefore, high-resolution assessments of coastal flooding and erosion at a local scale can be helpful to design long-term management strategies that can partially alleviate the uncertainty associated to climate change scenarios [36]. Indeed, Representative Concentration Pathways (RCP) and Shared Socio-economic Pathways (SSP) do not have an associated probability, leading to conditions of deep uncertainty. Despite this, they are a choice of worldwide decision-makers [37].



In this context, it is essential to develop robust and adaptive plans that can function under multiple future scenarios and accommodate to unforeseen situations [38]. Examples of this adaptive management strategies are the Dynamic Adaptive Policy Pathways [39]. To implement these strategies, it is required to identify the so-called adaptation tipping points, in which the current management approach to deal with hazards should be modified to meet the planning objectives (e.g., no flooding at inhabited areas) [38,39].



Taking into account these considerations, the aim of this paper is to make a detailed diagnosis of the present and future evolution of coastal flooding and erosion hazards at Riumar urban area (Ebro delta, Figure 1). The results will serve for identifying tipping points in the coastal response that could suggest the need for different adaptation interventions. The work is structured as follows. In Section 2, past and future trends regarding hydrodynamic forcings (waves and sea level) at the study site are exposed along with some references to its origin and socioeconomic context. In addition, the local morphodynamic features are described. In Section 3, the proposed scenarios and methodology are explained. In Section 4, the obtained results for each scenario are presented and in Section 5 their implications for coastal management are discussed. Finally, in Section 6 the conclusions of the study are summarized.




2. Study Area


2.1. Origin and Context


This contribution assesses flooding and erosion at Riumar urban area, a tourist enclave placed in the Ebro Delta, in the northeast of the Iberian Peninsula (Figure 1). The Ebro Delta is a wave-dominated micro-tidal environment with a tidal range of approximately 0.25 m. The mean wave height is 97 cm in winter and 63 cm in summer; but this value can be exceeded up to 5 times under extreme regime [40]. The mean storm duration in the Ebro Delta is 20 h [41,42].



Riumar’s urban development started in 1970 at the northern bank of the Ebro River mouth, following an urbanistic declaration of the area as a “Centre of National Tourist Interest” [43]. Since the 1970s, due to the set-up of the Ebro Delta Natural Park in 1983, Riumar has become a tourist and second housing place that in summer may increase its population (of only few hundreds) by an order of magnitude. At present, it plays an important role in the economy of its municipality, Deltebre, which is mainly based on the primary sector [44].



In 1970, the area chosen to build the urbanization was morphodynamically active, since it was originally an overwash plain with several mobile dune fringes. Even though that area was exposed heavily to coastal flooding and erosion, the risk was overall low. However, during the last decades, several processes have contributed to intensify the impact of sea storms, leading to increased damage to rice fields, beach facilities and other coastal assets. In particular, dam construction during the 1950s, 1960s, and 1970s caused a sharp sediment flux reduction in the Ebro River, up to 99% of the original yield [45]. Moreover, long-shore sediment transport redistributed sand along the coast, eroding the shoreline at some stretches. At present, it is estimated that almost 80% of the Ebro Delta shoreline is erosive at an average rate of −7.7 m/year [41].



In addition, river regime regulation prevented flooding of the Ebro Delta plain, stopping its vertical accretion. Meanwhile, self-weight driven soil compaction led to progressive subsidence, yet active at present time at a mean rate that varies from 2 mm/year at the central part of the delta to 6 mm/year in some coastal areas [46]. Moreover, the 21st century will be conditioned by climate change. At the NW Mediterranean, sea level rise in 2100 for the RCP 8.5 scenario is expected to range between 0.40 to 0.85 m, given a 90% confidence interval [47]. When compared with a mean berm height lower than 1 m [41], the freeboard reduction exacerbates vulnerability, especially against storm impacts.



Although SLR will enhance flooding at a steady rate, ocean waves may unleash important overtopping discharges at the backshore, reaching valuable assets. Regarding mean wave climate, 2071–2100 projections for the Mediterranean Sea associated to a scenario of high concentrations of greenhouse gases (A2 SRES) indicate a general reduction of the seasonal average significant wave height. The exception would be the summer season that it is expected to increase over the Eastern and Western Mediterranean in comparison to 1961–1990 period [48]. According to the same study, significant wave height extremes would diminish throughout the Mediterranean for all seasons in this scenario, which suggests milder sea storms in the future.



A similar pattern was predicted in [49] for the southern part of the NW Mediterranean. Future (2071–2100) significant wave heights for a high to moderate emission scenario (A1B SRES) are expected to decrease during winter and to increase in summer, in comparison to present climate (1971–2000). For both seasons, projected variations for the significant wave height are greater for extreme climate conditions (±20%, approximately) than for mean climate conditions (±10%).



In general, storm magnitudes at the northern part of the Catalan coast are greater than at the south. Although storm energy will decrease throughout the region, it seems that storm duration will rise at the north while it will be reduced at the south [50,51]. Moreover, changes in significant wave height will be accompanied by shifts in mean wave direction and mean wave period. In the NW Mediterranean, Casas-Prat and Sierra [49] found a common increase of NE-E waves during summer but some disagreement among the tested models regarding the winter season: some projected more frequent W-NW waves while others predicted a raise in eastern storms.



Anyway, changes in waves and sea level will perturb beach dynamics, such as longshore and cross-shore sand fluxes as well as wave setup. Wave height and period variations would influence cross-shore erosion, flooding and overtopping during extreme events. Small variations in mean wave direction or significant wave height could imply deep variations of longshore sand transport rates [52,53].



As a result of those processes, the strategies that may guarantee the future sustainability of Riumar urban area must be revised assigning a lifetime to each intervention. In this context, the public administration has commissioned several studies during the last years that assess the risk associated to littoral dynamics at the Ebro Delta, with a special focus on the climate change impact [54,55]. In addition, two specific studies were carried out in 2011–2012, assessing the shoreline evolution of Riumar area [56] and evaluating the flood and erosion risk due to climate change at the western sector of such area [57]. However, there is still a lack of understanding of the emerged zone at Riumar under the impact of marine storms both for present and future conditions. Therefore, a holistic study is needed, involving both (i) the coastal features that influence coastal flooding and (ii) the evolution of the coastal response.




2.2. Coastal Morphology


Riumar beach is a dissipative beach with an alongshore length of 1316 m and a variable width (from 42 m at the west up to 201 m at the eastern side). It is composed by well sorted fine sand of deltaic origin with a median diameter of 190 µm and a standard deviation of 51 µm, featuring a mild slope at the front part of the beach (0.07%) [41]. By contrast, the backshore has a dune system that extends along the coast—beyond Riumar beach limits—creating a defensive barrier that protects the low-lying hinterland against wave impact. Although dunes are well-developed right in front of Riumar urban area, reaching heights up to 9 m at the central part, the dune size is much lower along the rest of the coast. This is particularly true at the western side of the stretch, where dune height reaches a maximum value of 1.6 m.



From a morphological point of view, the study site presents some complex features (Figure 2) that enhance the importance of local hydrodynamic processes:




	
First, the coastline layout is intricate: (a) The shoreline has a changing orientation; (b) the river mouth influences littoral hydrodynamics and inner land flooding; (c) the bathymetry presents sharp gradients from the emerged zone to the closure depth.



	
Secondly, coastal zone limits are diffuse. Since most of the hinterland is placed below one-meter height, uneven coastal flooding may be expected depending on the storm impact regime [58] and on the hydraulic connectivity between low-lying areas. Hence, it is not possible to define in advance which area will be affected by wave action.



	
Finally, important seabed changes are expected due to the join effect of fine sediment and extreme wave conditions.










3. Materials and Methods


The proposed methodology consists of five steps: (i) Wave propagation from deep to intermediate waters using a spectral wave model; (ii) refining of previous results near the study site to capture hydrodynamic nonlinearities; (iii) assessment of nearshore circulation and sediment fluxes with a 2DH model; (iv) computation of the flooded surface taking into account the relative contribution of SLR and wave forcings; (v) quantification of the spatial distribution of sediment erosion and accumulation. The same methodology was applied to each of the six analysed scenarios (see Section 3.1).



Modelled storms were characterized by a different combination of mean wave direction, significant wave height and return period. Input wave conditions at the model boundaries were constant (storm formation and decay were not modelled), so that the simulation time would be representative of the storm peak.



The effect of mid-term coastal erosion processes on the shoreline position was disregarded. This conservative approach allowed analysing which would be the impact of joint future wave storm and sea level conditions given that beach conservation works were undertaken to maintain natural coastal defenses (beach width, dune height, etc.) in the current state. Consequently, it was intended to determine whether present coastal configuration is adequate to withstand future hydrodynamic forcings or, on the contrary, it should be reinforced with additional risk mitigation measures.



3.1. Studied Scenarios


For this work, six scenarios have been considered (Table 1). Two of them refer to current climate conditions whilst the other four represent future conditions (RCP8.5) projected by the IPCC in its 5th Assessment Report [10]. For each scenario, taking into account the four possible directions that can reach the study area (NNE, NE, ENE, and E), only the three most relevant wave directions in terms of wave height have been selected. This means that for current climate the direction NNE is not considered, as well as the direction ENE for the future climate, since wave heights in these cases are relatively small. For each direction, two different return periods TR, corresponding to low (TR = 5 years) and high (TR = 100 tears) storm energy conditions have been chosen.



In addition, each scenario has been characterized by a stationary mean sea level. On the one hand, current climate scenarios reflect local, short term variations of the sea level, which are produced by storm surge and astronomical tide. To account for these variations, two levels have been assumed: 0 m, which corresponds to mean water level (MWL) without storm surge and 0.35 m that considers MWL with a storm surge representative of stormy conditions obtained analysing data from a tidal gauge as indicated in Section 3.3. On the other hand, future climate scenarios incorporate global, long term variations of the sea level. They are produced by relative sea level rise (RSLR), which is composed both by climate change induced sea level rise and land subsidence. Storm surge range in future climate scenarios is considered to be equal to the current one since its sensitivity to climate change in the Mediterranean appears to be low [59].



Since there are several future projections of the SLR according to different emission scenarios [10,60], two values of SLR have been chosen. For being on the side of safety the worst-case scenario has been implemented. That corresponded to RCP 8.5 [10] values at the 90% confidence interval associated to years 2050 and 2100, which are 26 cm and 78 cm respectively. However, as stated in Section 1, considering the high-end estimations of each sea level rise contributor to RCP 8.5, SLR could rise beyond Table 1 values.




3.2. Methodology


A methodology based on the process-based numerical models SWAN [61] and XBeach [29] was implemented. This approach had been employed in previous studies about the Catalan coast. For instance, it was used in the development of the Map for the Prevention of Geological Hazards in Catalonia [62] and it was implemented to study the behavior of the Trabucador barrier beach at the Ebro Delta [63]. The model suite and the sediment transport formula have been calibrated for this area in this last study [63].



Since wave propagation, flooding and erosion are extremely dependent on the bathymetry and topography quality, efforts were made to correct manually the digital elevation model and the bathymetry to obtain a reliable representation of the studied domain. Such corrections were held with Geographic Information System software (ArcMap from ESRI).



An emerged beach DEM was obtained from LIDAR images (cell size of 2 m) taken in 2011 and downloaded from http://www.icc.cat/vissir3/, whereas bathymetric data were obtained digitalizing 2016 nautical cartography. The high-resolution digitalised bathymetry spans the whole Ebro Delta and several kilometres of the adjacent coastline until −30 to −40 m water depth. This bathymetry was merged with another one with a coarser resolution that covered deep sea waters until the edge of the continental platform. Such information has served as input both for SWAN and Xbeach.



The SWAN model solves the wave action balance equation and propagates waves from deep to shallow waters. XBeach is a coupled hydro-morphodynamic code that solves nearshore circulation (using the 2DH depth-averaged shallow water equations, including bottom friction) and sediment fluxes in sandy beaches, by addressing the feedback mechanisms between the forcings (waves and sea level) and the coastal morphology. XBeach considers both the effect of short waves (wind-generated waves) and long waves (infra-gravity waves).



This methodology can be applied to any sandy coast where the following data are accessible: (i) Detailed extreme waves and sea level climates; (ii) topographic and bathymetric data; (iii) sand properties.



For each combination of wave direction, return period and sea level, the following steps were taken (Figure 3—flow chart, and Figure 4—computational grid extension):




	
SWAN model was run in stationary mode at a coarse mesh (100 × 100 m cell size) that spans the whole Ebro Delta continental shelf. The boundary conditions imposed at deep waters were the wave conditions selected in the scenarios from the extreme wave climate (see Table 2).



	
A nested SWAN model with a finer mesh (20 × 20 m) was settled around the Ebro north hemidelta, achieving a greater resolution of the wave spectra at the study site. This spatial resolution was necessary to capture the nonlinearities in the bathymetry (Figure 2). Bottom friction, triad interaction, and wave breaking were included in the source and sink term in the balance equation.



	
SWAN model outputs (2D wave spectra) were used to run the XBeach model on the study area, which was defined with a curvilinear mesh, finer around the surf zone and the emerged area. The cross-shore resolution ranges from a minimum of 3 m to a maximum of 15 m. The alongshore grid size was constant, of about 10 m. In order to save computational cost, only the storm peak, (that usually lasts around 6 h in the NW Mediterranean Sea [50,64]) was modelled, since most of the morphodynamic changes tend to occur at the storm peak. The modelled response can be considered as representative of the total damage made by the storm.



	
XBeach outputs were post-processed obtaining three products:




	(i)

	
The flooded surface by comparing XBeach water level outputs, which indicate the position of the water free surface, at the first- and last-time step of the simulation. To obtain accurate results, the cells actually flooded by the storm should be distinguished from those that were erroneously shown as flooded because they were below the sea level, although located in points never reached by sea water.




	(ii)

	
The relative contribution of SLR and wave forcing to the total flooded area, which were distinguished as follows: firstly, the increase in the flooded area associated to a certain sea level with respect to zero water level was computed; secondly, for this sea level, the flooded area at the beginning of the simulation (when no wave trains reached the shoreline) and at the end were compared. Hence, the total flooded area was divided into the static contribution of relative sea level and the increase of the inundated area due to wave impact and its associated processes (dune erosion, overwash, etc.).




	(iii)

	
The sediment transport patterns, which were obtained from the post-storm sedimentation/erosion provided by XBeach. Boundary conditions at the lateral limits of the domain led to spurious values of sediment erosion and accumulation in a fringe of about 200 m along these boundaries. This area was disregarded in the quantification of the eroded and accumulated volumes being represented as a shadowed area in the eastern and western limits.














Despite this procedure offers a feasible approach to coastal flooding and erosion, it must be taken into account that there are still some uncertainties that limit its applicability. In general, simulations reproduce qualitatively the observed erosion and accretion patterns, but post-storm bathymetry has associated a high degree of uncertainty [32,33].




3.3. Available Datasets


The hydrodynamic forcings and boundary conditions were obtained from historical data records and previous research (Table 2). Present extreme wave climate data was obtained from [41]. The employed dataset spans 17 years, ranging from 15/06/1990 to 31/12/2007, and corresponds to Cape Tortosa buoy, which belonged to the XIOM gauging network [42]. A 17-year record may be statistically too short for obtaining extreme wave conditions, in particular if the annual maxima method (just one data per year) is used. For this reason, the POT (Peak over Threshold) method was selected, which works with several hundred data allowing to fit the extreme wave climate with a representative probabilistic function.



On the other hand, extreme event characterization for future climate was gathered from a pre-analysis performed in [51] under a stationary climate assumption. It corresponds to a projection of the extreme wave climate for the time interval between 2050 and 2100, considering the RCP 8.5 scenario. These scenarios have been selected to show the contrast between present and future patterns of flooding at the study area. This illustrates how sea level rise can enhance flooding at low-lying areas.



In Table 2, significant wave heights associated to future climate scenarios are significantly lower than those corresponding to present climate scenarios. This behavior follows the state-of-the-art of extreme wave climate at the NW Mediterranean Sea [49,51]. This is because the numerical projections of wave climate reproduce trends reasonably but tend to smooth extreme behavior [65,66]. In addition, extreme wind fields from General Circulation Models (GCM) face important uncertainty due to the complexity associated to the general circulation processes. Although the use of present climate wave data (larger values) would be on the side of the safety, to keep consistency, in the future climate wave projections have been preferred to assume that present values remain stationary. As a consequence, the obtained results can be considered a lower bound of the possible flooded areas in the future.



Present extreme sea level data were inferred from Tarragona harbour tide gauge records for the period 2011–2015 [67] and SLR projections were obtained from [68], in which the projected regional rise of the sea level in the north-western Mediterranean was studied. Subsidence was considered to be about 3 mm/year on average [16].





4. Results


4.1. Flooding Assessment


4.1.1. Present Climate


In scenario 1 (SL = 0, present climate; see Table 1), in which no storm surge is considered, the impact of sea storms is almost entirely absorbed by natural coastal defense structures, i.e., beaches, barrier dunes and wetlands, without significant flooding of the human settlement (Figure 5). Although the emerged beach width is reduced along the whole coastline due to wave impact, the barrier dune (red marked) remains intact in all cases, except for the most energetic events. In this case, small flooding is produced at the western part of the domain due to the low dune crest. Moreover, sea water enters “El Garxal” (purple area) wetland through the river mouth.



In scenario 2 (SL = 0.35 m, present wave climate), the increase in sea level produced by storm surge is retained by the barrier dune. However, when a highly energetic storm impacts on the coast, the dune collapses at the most vulnerable stretches leading to severe flooding of low-lying areas around Riumar urban area (Figure 5). In this context, local topography plays a very important role. Whereas roads that surround crop fields act as artificial dykes that stop the progress of flooding, rice crops themselves generate an opposite effect, enhancing water inflow.



In Figure 6 the flooding for present climate scenarios is quantified. It can be observed that for both scenarios 1 and 2 (SL = 0 m and 0.35 m, respectively) the total flooded area is highly dependent on the incoming wave energy.



In scenario 1, a raise in significant wave height produces a moderate increase of the flooded area in all the studied cases. For example, given an ENE storm of 5 years return period (Hs = 5.03 m) the flooded area is about 0.33 km2, but increases to 0.91 km2 (3 times more) for a wave of 100-year return period (Hs = 7.39 m).



Conversely, in scenario 2, the same differences in wave height imply a much greater variation of the flooded area. For instance, a 5-year return period ENE storm causes an additional increase of the flooded area—to that already flooded by storm surge—of 0.63 km2, which rises to 3.24 km2 (5 times more) given the same storm with return period of 100 years.



Overall, storm surge increases the vulnerability of the dune barrier until the breaching in all cases, although the total flooded area strongly depends on the significant wave height magnitude. In particular, for milder storms (NE) the influence of sea level is lower than for highly energetic storms (E and ENE). For such milder storms, wave energy is not enough to break the dune barrier, although SLR reduces dissipation prior to the impact and, at the same time, dune height relative to mean sea level decreases.




4.1.2. Future Climate


The floodplain for scenarios 3 and 4 (2050 RSLR without and with storm surge, respectively) is analogous to that observed for scenario 2 (current climate with storm surge). Although sea level can be contained by local geomorphological features (i.e., the barrier dune), wave impact causes dune breaching at the western part of the study domain, where dune height is lower, and leads to significant flooding (Figure 7).



However, in scenario 4, the area affected by important flood depths is larger in comparison with the previous scenarios. For example, in scenario 1 given an eastern storm of 100-year return period, flooded areas with water depths above 25 cm are about 0.2 km2, which rise to 0.9–1.0 km2 in scenarios 2 and 3 and to 1.4 km2 in scenario 4. This could pose a greater risk to the survival of backshore ecosystems and rice crops as well as to the integrity of beach infrastructure.



Because of the low-lying geomorphology, the floodplain is mainly related to the short-term evolution of sea level and the hydraulic connectivity between low-lying areas rather than by overwash. Even though storm surge is a temporary phenomenon, it could contribute to opening a waterway between the shore and some inner land areas, which could lead to a more persistent flooding.



The main difference between scenarios 3 and 4 is the fragility of the coastal response, which is clearly exacerbated by storm surge. While in scenario 3 only the rice crops closest to the seashore are flooded, in scenario 4 almost all croplands are affected. In both situations, however, Riumar urban area is not affected since it is placed in a relatively elevated area (1.1–1.8 m a.s.l.) and it is protected by a developed dune system at the backshore of Riumar beach.



Scenarios 5 and 6 present a completely different landscape. In both cases, RSLR, regardless of the storm impact, leads to a permanent flooding of the hinterland. As Figure 8 shows, when RSLR overcomes dune height, the floodplain spans all those interconnected areas placed below sea level, which is most of the study site emerged area. In this context, the impact of a highly energetic storm enhances dune breaching even more than in the previous scenarios. Even some of the highest dunes at the east of the domain, around 2.4 m height, become vulnerable to erosion. In spite of this, the total flooded area does not increase significantly.



When no storm surge is considered, the surroundings of Riumar urban area seem not to be completely flooded due to its higher topography. However, this is only true at local scale. The roads connecting Riumar with the nearby villages would be totally flooded with a RSLR of 1 m. Therefore, Riumar urban area would be isolated. Building and service networks could expect damage due to the high water table and the greater exposure to sea waves. This situation would also pose a threat to people living there and could alter coastal ecosystems.



Flooding is quantified for the future climate scenarios in Figure 9. Scenarios 3 and 4 show a similar behavior to current climate ones: storm surge eases dune barrier erosion and the additional floodplain associated to wave impact rises sharply. The exception is the 5 years return period NNE storm case, in which the high sea level wave energy is not enough to breach the dune barrier. This is an evidence of the fragile coastal response against episodic flooding and erosion hazards.



On the contrary, in 2100, RSLR scenarios induce flooding that clearly dominates against wave storm flooding, regardless of the return period and/or wave direction. In fact, the increase in relative sea level causes an opposite effect, as it reduces the effectiveness of storm impact in terms of flooded surface, making it almost negligible. Although coastal natural defenses are able of: (i) To withstand transient wave impact, (ii) to reflect partially the wave energy, and (iii) to dissipate the other energy fraction through friction, erosion and turbulence; such defenses cannot confront certain levels of stationary RSLR.





4.2. Sediment Erosion and Accumulation Assessment


Although the analysis of erosion/accretion patterns seems unnecessary for assessing the flooding generated by wave storms and higher sea levels, flooding is strongly related with such patterns, especially at low-lying areas such as deltas. In particular, the studied area is highly exposed to erosion [41,60] because the sand is from deltaic origin (around 200 μm) and wave storms mobilize important volumes. As a consequence, beach berms decrease their elevation and the coast is more flooding-exposed. A modelling study that does not address such morphodynamic changes would underestimate the flooding patterns. The longshore and cross-shore wave induced sediment transport jointly with the application of the sediment mass balance equation in a coastal stretch result in variations of the emerged beach width and elevation. By neglecting these changes, a non-realistic coastal flood pattern is obtained. The effect of morphodynamics in coastal flooding is stressed in Gracia et al. [63].



4.2.1. Present Climate


Figure 10 shows the sediment transport pattern associated to scenario 1 (present climate, no storm surge). At the east side of the study domain, in front of the Ebro River mouth, the sandbar is landward displaced due to the wave impact on the steep slope described by bathymetric lines −3 m to −10 m. At the same time, along the west side of the coastline consecutive erosive and accumulation-prone zones are generated, which are advected by long-shore currents.



At the central part of the domain, a second sand bar due to the sand erosion comprised between bathymetric lines −3 m to −7 m is formed. It is progressively deposited in front of Riumar beach through long-shore sediment transport. This sand bar may act as a submerged natural defense barrier, dissipating wave energy before it reaches the shoreline.



In scenario 2 (Figure 11), in which storm surge is considered, dune erosion at the west side of the domain becomes evident through the formation of overwash fans (Figure 11, area 1). In addition, two processes can be observed at the shoreline: (i) The effect of cross-shore sediment transport, carrying sediment seawards, and (ii) wave overwash that produces an inverse effect (Figure 11, area 2).



In Figure 12, the eroded volume associated to scenarios 1 and 2 is quantified for each of the studied directions. The values correspond to total eroded volume, without considering accretion. They are estimated in the entire model domain, although most of the erosion takes place between the isobath −6 m and the emerged beach. As expected, sediment mobilization is proportional to wave energy. For instance, given an ENE storm, a 50% increase in incoming wave height (from 5.03 m, TR = 5 years, to 7.39 m, TR =100 years) leads to twice the erosion rates. Conversely, although storm surge increases the importance of cross-shore sediment transport, the higher water depth diminishes the influence of wave trains over the seabed, which reduces long-shore sediment transport. Overall, the total eroded volume is just 10%–16% larger.




4.2.2. Future Climate


In 2050 scenarios (see Figure 13), the amount of mobilized sand by the storm impact is generally reduced in comparison to present situation scenarios (Figure 12). This is because wave height tends to be lower so that wave induced transport capacity decreases non-linearly. In summary, longshore sediment transport intensity is reduced and the formation of sand bars in the Ebro River mouth is also attenuated, especially the one closer to Riumar beach.



Nevertheless, in 2100 scenarios the high water level reduces wave breaking dissipation at the surf zone, increasing the weight of overwash and cross-shore sediment transport processes. This leads to extensive dune erosion and the subsequent formation of overwash fans (Figure 14), which are greater than in the present climate scenario with storm surge. Moreover, damages to local road embankments are observed (Figure 14, area 1). In addition, due to SLR, the dune system placed at the rear of Riumar beach is partially eroded, which does not occur in any of the other studied scenarios (Figure 14, area 2).



In all cases, SLR produces an almost linear increase of the mobilized sediment volume, although it is slightly greater, in percentage, for low return period storms. The increase in eroded volume is larger in comparison with present climate scenarios, even in absolute terms, since the higher sea level exacerbates dune erosion (Figure 14). However, wave energy is still the key driver for sediment transport. A change in the storm return period from 5 to 100 years leads to increases in the eroded volume between 100% and 200%.



Moreover, the extensive flooding associated to 2100 scenarios does not change the overall coastal response in terms of sediment transport. The studied coast is a dissipative environment, so that wave energy is dampened before it reaches the flooded hinterland.






5. Discussion


Coastal changes are the result of complex morphodynamic processes acting at different spatial and time scales [69,70]. The coupling of different scales in coastal modelling is nowadays a major issue [71,72]. It is widely accepted that a rise in the sea level will cause a rise and retreat of a sandy coast [73]. However, the exact response of a coast will be governed by additional factors such as the sediment availability or the human coastal policies [74,75]. The methodology used in this study assumes a proactive management of the coast in which the existing morphology is maintained to preserve the present land uses (urban settlement and agriculture).



The relative contribution to total flooding associated to waves and sea level, indicates how the coastal geomorphology interacts with episodic flooding hazard (Figure 15). In the case of Riumar area, three regimes can be observed:




	
For low sea level values (<0.4 m) coastal natural defenses play a major role reducing flood hazard since they are able to withstand wave impact, except for highly energetic storms. In this situation, the floodplain is generally limited to the backshore of the beach.



	
For moderate sea level values (0.4–0.7 m) ocean waves can exacerbate coastal flooding. Low energetic storms manage to break the dune barrier. In this context, coastal flooding is determined at the same level by two main factors: (i) Coastal natural defense weak points, which become waterways, and (ii) the hinterland morphology, which defines the hydraulic conductivity between low lying areas. The floodplain results from the combination of both factors.



	
Finally, for high sea level values (>0.7 m), flooding is driven by stationary relative sea level rise. Coastal natural defenses have a passive role since they are surpassed at multiple points and they can no longer control the hazard. Then, the morphology of the hinterland becomes the only restriction to water inflow, which in the case of the Ebro Delta results in large flooded areas.








These results indicate that, for sea level values smaller than 0.7 m, waves play an important role in coastal flooding and, therefore, the use of static SLR for assessing floodplains would underestimate their extension for such sea levels. This illustrates the need of using numerical models to consider the wave impact on flooding. On the contrary, for sea levels greater than 0.7 m, the effect of sea level prevails and controls most of the flooding.



Sediment transport also shows a dual behavior. For moderate sea level values and highly energetic storms, long-shore sediment transport and sand bars formation dominate. Conversely, for high sea level values and mild energetic storms, cross-shore sediment transport and overwash fans formation are the most significant processes.



From this analysis two important changes in the coastal response are identified, associated to (i) 0.4 m and (ii) 0.7 m sea level thresholds. They could be classified as adaptation tipping points, in which to change the coastal management strategy against coastal flooding is needed [38,39]. Obviously, together with episodic flooding and erosion, the evolution of mid-term coastal erosion processes should be considered.



Then, based on the evaluation of these results, it is possible to define and assess alternative long-term strategies taking into account–either alone or mixed–all types of policies [76]: (i) Defense (reinforcing dunes or building coastal structures), (ii) adaptation, (iii) managed retreat and also (iv) the feasibility of intervention with respect to the causes (lack of sediment, climate change, etc.).



These strategies ought to be accompanied by a regular monitoring of the obtained results and environmental conditions in order to re-evaluate the planned actions and their milestones towards certain outcomes, new findings and possible divergences from early prognosis. Considering stakeholders’ perception of the proposed measures and their involvement throughout the process is also crucial [76,77,78].




6. Conclusions


Episodic coastal flooding and erosion hazard in the Ebro Delta is expected to change throughout the incoming decades because of land subsidence and climate change influence on sea level and ocean waves, posing a great uncertainty to decision-makers.



The proposed modelling chain (SWAN and 2DH Xbeach models) has shown that coastal response against hazard evolution in the case of Riumar area, at the northern hemidelta of the Ebro River, is non-linear and changes in nature affecting flooding and sediment transport patterns.



Particularly, a shift in the growing importance of SLR induced flooding from 2050 onwards is observed. At the same time, longshore sediment transport processes are slowed down while they are enhanced in the cross-shore direction. Such shifting would be gradual, but is preceded by an instability period in which small variations in the hazard magnitude can produce large effects on the coastal response in terms of flooded surface and mobilized sediment.



Although the intensity rate of this shifting is specific of the studied location, the diagnostic could be extrapolated to similar coastal stretches of the Ebro Delta or to other places with similar features: Wave-dominated, low-lying coasts under a microtidal range. Moreover, the methodology used is transparent to location so that it could be implemented in any other site of interest.



The early identification of RSLR thresholds in which flooding and erosion patterns change becomes an opportunity to revise whether current management strategy will be sustainable in the future. Indeed, determining not only the timing but the properties of hazard changes (e.g., from transient wave induced flooding to permanent RSLR flooding) provides some clues about which kind of solutions might be more cost-effective.



Hence, this analysis enables long term planning that allows an adequate transition between present climate conditions and those that may come in the future.
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Figure 1. Location of the study area. Modified from Google Earth and Institut Cartogràfic i Geològic de Catalunya (ICGC) (http://www.icc.cat/vissir3/). 
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Figure 2. Study site orthophoto and bathymetry. Modified from ICGC (http://www.icc.cat/vissir3/). The separation between isobaths is 50 cm. The white straight lines are roads. The coastal dune barrier extends along the entire coast, from the river mouth to the left end of the figure (see also Figure 5). 
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Figure 3. Flow chart of the adopted methodology to assess flooding and erosion at Riumar. The blue part refers to the SWAN model pre- and post-processing, whereas the orange one to the Xbeach. 
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Figure 4. Location of the computational meshes used to run SWAN (red, coarse mesh; yellow, fine mesh) and XBeach (white, local mesh) models. Modified from ICGC (http://www.icc.cat/vissir3/). 
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Figure 5. Flood map before (left panels) and after (right panels) the impact of an ENE storm with a return period of 100 years. Left panels can be considered as the effect of static sea level (i.e., bath-tub approach). Top panels correspond to scenario 1 (present climate without storm surge, SL = 0 m), while bottom panels are associated to scenario 2 (present climate with storm surge, SL = 0.35 m). Green areas represent emerged elevation below 1 m; whereas yellow areas are above 1 m. 
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Figure 6. Flooded area compared to that in which no flood situation is associated to present climate scenarios for each of the studied combinations of storm direction, return period and sea level (legend: [storm direction] [return period] _ [sea level]). The total flooded area is divided into the static contribution of relative sea level and the increase of the inundated area due to wave impact and its associated processes (dune erosion, overwash, etc.). 
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Figure 7. Flood map before (left) and after (right) the impact of a northeastern storm of 100-year return period. Left panels can be considered as the effect of static sea level (i.e., bath-tub approach). Top pictures correspond to scenario 3 (future climate, 2050 sea level rise (SLR), no storm surge), while bottom pictures are associated to scenario 4 (future climate, 2050 SLR, storm surge). Green areas represent emerged elevation below 1 m; whereas yellow areas are above 1 m. 
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Figure 8. Flood map before (left) and after (right) the impact of a northeastern storm of 100-year return period. Left panels can be considered as the effect of static sea level (i.e., bath-tub approach). Top pictures correspond to scenario 5 (future climate, 2100 SLR, no storm surge), while bottom pictures are associated to scenario 6 (future climate, 2100 SLR, storm surge). Green areas represent emerged elevation below 1 m; whereas yellow areas are above 1 m. 
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Figure 9. Flooded area compared to that in which no flood situation is associated to future climate scenarios for each of the studied combinations of storm direction, return period and sea level (legend: [storm direction] [return period] _ [sea level]). The total flooded area is divided into the static contribution of relative sea level and the increase of the inundated area due to wave impact and its associated processes (dune erosion, overwash, etc.). 
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Figure 10. Post-storm erosion/accumulation patterns associated to scenario 1 (current climate without storm surge, SL = 0 m) due to the impact of an east-northeastern storm of 100-year return period. The areas where sediment is eroded are colored in deep blue while the areas where sediment is accumulated are shown in light yellow. Color bar (units in meters): in deep blue, accumulated erosion throughout the simulation; in light yellow, accumulated accretion. The shadowed western and eastern areas were not considered for the eroded volume quantification. 
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Figure 11. Post-storm erosion/accumulation patterns associated to scenario 1 (current climate without storm surge, SL = 0 m) due to the impact of an east-northeastern storm of 100-year return period. The areas where sediment is eroded are colored in deep blue while the areas where sediment is accumulated are shown in light yellow. Color bar (units in meters): in deep blue, accumulated erosion throughout the simulation; in light yellow, accumulated accretion. 
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Figure 12. Sediment eroded volumes corresponding to present climate scenarios for each of the studied combinations of storm direction, return period and sea level (legend: [storm direction] _ [sea level]). 
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Figure 13. Cumulative sand eroded volumes corresponding to future climate scenarios for each of the studied combinations of storm direction, return period and sea level (legend: [storm direction] _ [sea level]). 
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Figure 14. Post-storm erosion/accumulation patterns associated to 2100 scenario without storm surge (relative sea level rise (RSLR) = 1.03 m) due to the impact of an eastern storm of 100-year return period. The areas where sediment is eroded are colored in deep blue while the areas where sediment is accumulated are shown in light yellow. Color bar (units in meters): in deep blue, accumulated erosion throughout the simulation; in light yellow, accumulated accretion. The shadowed western and eastern areas were not considered at the eroded volume quantification. 
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Figure 15. Variation of the flooded area depending on relative sea level and the characteristics of the modelled storm. The solid line shows the static contribution of sea level to the total floodplain, whereas dashed lines indicate the additional contribution of storm impact to the total flood according to each tested combination of wave direction and wave height (legend: [current or future climate] _ [wave direction] _ [significant wave height]). 
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Table 1. Characteristics of the studied scenarios. Wave conditions refer to significant wave height Hs and peak period Tp. Return periods (in years) refer to those from the extreme wave climate.
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Scenario

	
Wave Climate

	
Sea Level (m)




	
Wave Conditions

	
Wave Directions

	
Return Period

	
Storm Surge

	
SLR

	
Land Subsidence

	
Total SL






	
1

	
Current climate

	
NE, ENE, E

	
5, 100

	
0

	
0

	
0

	
0




	
2

	
0.35

	
0

	
0

	
0.35




	
3

	
Future climate

	
NNE, NE, E

	
5, 100

	
0

	
0.26

	
0.10

	
0.36




	
4

	
0.35

	
0.26

	
0.10

	
0.71




	
5

	
0

	
0.78

	
0.25

	
1.03




	
6

	
0.35

	
0.78

	
0.25

	
1.38











[image: Table] 





Table 2. Wave height and peak period data corresponding to current and future climate scenarios.
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TR (years)

	
NNE

	
NE

	
ENE

	
E




	
Hs (m)

	
Tp (s)

	
Hs (m)

	
Tp (s)

	
Hs (m)

	
Tp (s)

	
Hs (m)

	
Tp (s)






	
Current climate

	
5

	

	

	
3.52

	
8.8

	
5.03

	
10.5

	
4.38

	
9.8




	
100

	

	

	
5.17

	
10.6

	
7.39

	
12.7

	
6.43

	
11.8




	
Future climate

	
5

	
2.62

	
10.5

	
2.67

	
10.6

	

	

	
2.66

	
10.6




	
100

	
4.34

	
12.4

	
4.42

	
12.5

	

	

	
4.40

	
12.4
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