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Assessing coastal flooding hazard in urban areas: the case of estuarian villages in the city of Hyères-les-Palmiers

This study, conducted on the city of Hyères-les-Palmiers (French Riviera) to guide the future land use planning, aimed to evaluate how sea level rise could modify coastal flooding hazards in urban areas located near small estuaries in a microtidal context. A joint probability approach allowed establishing typical storm parameters for specific return periods (30, 50 and 100 years), integrating offshore conditions (sea level and significant wave height) and the river level. Storm scenarios have been established from these parameters and the chronology of the most impacting recent storm. Sea level rise has been integrated (20 cm for year 2030 and 60 cm for year 2100), and the coastal flooding has been simulated with a non-hydrostatic non-linear shallow-water model (SWASH). The calculations have been realized on high resolution DEM (1 to 5 m mesh size), integrating buildings and coastal protections. The approach has been validated by reproducing a recent flooding event. Obtained results show the importance of wave overtopping in current coastal flooding hazard in this area. Nevertheless, if Hyères-les-Palmiers is currently little exposed to coastal flooding, these simulations highlight an increasing role of overflowing due to sea level rise, leading to significant flooding in 2100, even for quite frequent events.

Introduction

Coastal flooding simulation by wave overtopping is a rapidly developing field because of the recent progress on the numerical models (phase-resolving models), on the computer resources and the availability of high-resolution data (topographic and bathymetric LiDAR data) . These tools now allow to evolve from empirical methods (generally determined on idealized cases) to very fine simulations that can predict realistic behaviour of hydrodynamic flows and interactions with coastal defences and buildings [START_REF] Roy | Coastal flooding of urban areas by overtopping : dynamic modelling application to the Johanna storm (2008) in Gâvres (France)[END_REF][START_REF] Pedreros | Multi models approach to assess coastal exposure to marine inundation within a global change context[END_REF].

This study was conducted on behalf of the municipality of Hyères-les-Palmiers (Var), in the framework of a project FRQFHUQLQJ ³Wrials of relocation of activities and goods (spatial reconstruction of territories threatened by coastal risks)", launched in 2012 by the French Ministry for the environment. Using these new tools, the objective was to characterize realistically coastal flooding on the territory of ³&HLQWXURQ plain´ (Figure 1) and the impact of sea-level rise on the exposure of this territory to coastal flooding.

Figure 1. Studied area and extensions the different calculation grids

To this end, a numerical model was implanted, allowing the simulation of coastal flooding processes at high-resolution (taking into account buildings and walls), and allowing to represent the diversity of phenomena likely to interact during a storm event for lead to flooding of low-lying coastal zone (general overflowing, wave overtopping, simultaneity of the storm and of a flooding of the river on the site, called Gapeau).

In a first time, return periods have been determined (30, 50 and 100 years) on the basis of an analysis to joint probabilities to determine the studied scenarios. After a validation of the modeling system, the numerical simulations of these scenarios from offshore to the coastal flooding were realized to estimate the flood including the effect of rising sea level (years 2030 and 2100), and to finally analyze the future exposure of this territory to the various processes involved. Finally, for each necessary return period (30, 50, 100 years), a triplet was selected on the curves to provide offshore forcing conditions for studied scenarios. The choice of this triplets was guided by a number of conditions, including the fact that experience shows that the worst flooding configurations are in the bending area (high sea levels and strong waves) and that the objective of the study was to focus on coastal flooding (low river level were selected). However, the duration of the study did not allow exploring several triplets for a given return period. The synthesis of selected parameters is shown in Table 1. 

Scenarios definition
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Chronology

The analysis of the chronologies of some recent storms (October 1999, December 2008, December 2009) showed that the phase shifts between the different phenomena (river flows, sea levels, waves) could be very variable: if the peak of the waves occurs almost synchronous with the maximum sea levels (within a few hours under the influence of the tide), the river peak may be shifted significantly later (from several hours to over 12 hours). Consequently, it was therefore chosen to simply use the chronology of the only known recent storm that caused significant flooding (December 2008), slightly modified to make waves and sea level peaks perfectly concomitant.

Parameters chronologies during this storm have been standardized over a period of 2.5 days. This standard chronology has then been applied to each scenario, taking into account their specific parameters and setting "normal" values (that is to say off-storm).

Sea level rise as a result of climate change was then superimposed on sea level chronology, resulting in sea levels before and after the storm that includes this elevation.

The wave period was also estimated directly from the dependency relationship with HS established in the statistical analysis.

Results

This approach ultimately allowed to define forcing conditions for the modeling chain, in the form of time series of sea level, offshore wave heights and upstream river levels (which finally remains constant) . Examples of the forcing conditions imposed for the 30 years return period at 2030 deadline scenario and for the 100 years return period at 2100 deadline scenario are illustrated in Figures 5 and6. The wave peak period was directly deducted from their significant heights from the centerline curve of peak periods according to significant heights (generated from the simulation 100 000 years of fictitious data). 

Coastal flooding simulations

Modeling strategy is based on a downscaling and on the choice of the parameters to be considered according to the area and to the configuration. This strategy has been applied to the storm of December 2008 for validation, and then to the selected scenarios for the study.

Wave propagation until the coast

Due to wave transformation while approaching the coast, wave characteristics (determined offshore in the joint probabilities analysis) must be propagated to the coast using a spectral model, with sufficient resolution to capture the changes they undergo when the depth is reduced.

The spectral model SWAN, based on the spectral equation of conservation of wave action that is resolved following an implicit finite difference scheme [START_REF] Booij | Swan Cycle III version 40[END_REF], has been implanted to cover the western part of the Hyères Bay with a resolution of 20 m, the eastern limit corresponding to the point where the waves were characterized in the joint probabilities analysis (Figure 7).

The previously determined scenarios were then simulated, with the following assumptions: -The source of waves is eastern sector; -The waves were assumed to be homogeneous along the eastern limit; -The wave period was directly deducted from their significant height by the dependent relationship established during the statistical analysis; -Simulations for each scenario were performed in unsteady conditions (water levels and waves) over a period of 2.5 days, and include sea level rise associated with each scenario. 

Model

SWASH is a free access phase resolving model (otherwise called "wave to wave") developed by the Delft University of Technology [START_REF] Zijlema | SWASH: An operational public domain code for simulating wave fields and rapidly varied flows in coastal waters[END_REF]. It resolves the nonlinear shallow-water equations (NLSW) including nonhydrostatic pressure terms. This code simulates the propagation of waves in coastal area and the onshore coastal flooding as it takes into account the phenomena of refraction, diffraction, bottom friction, swelling, flood, reflection, interaction (wave-wave, wave-current), generation of currents induced by the waves, treatment of wet-dry interface in the swash zone and flows propagation in the presence of structures and buildings. A preview of the wave propagation simulation and associated flooding with SWASH on the study area is presented in Figure 8. 

Input data

To simulate as fine as possible the complex phenomena on the study area, several computational grids were used, covering variable areas with variable resolutions following the considered area and the implied phenomena (Figure 1): -The largest grid covers the entire Ceinturon plain, and extends to Sainte-Eulalie to allow the simulation of the flow of the Gapeau river. This grid only simulates overflow phenomena (marine and/or river) at a 5 mresolution (the dynamic component of the waves is not simulated). The grid is defined through a digital terrain model (DTM, with no explicit buildings in the topography), mainly realized from LiDAR data and available topographic and bathymetric (sea and river) data.

-On the whole coastline of the Ceinturon plain, high resolution simulations were realized, including this time the dynamic component of the waves. This required the use of 3 computation grids with reduced footprints, covering respectively, from south to north, the coastal road, the hamlet of L ¶Ayguade and the hamlet of ³Cabanes du Gapeau´. These grids correspond this time to digital elevation models (DEM, including buildings and some walls in the topography). from LiDAR data (treated with LASTools software, [START_REF] Hug | Advanced LiDAR data processing with LasTools[END_REF]) completed with additional available data (topographic and bathymetric acquisitions, field survey, buildings footprints from the french database BDTopo © IGN...). An example of the DEM realized on the hamlet of / ¶Ayguade, cleaned of the unsustainable elements of land use and of the elements that are unable to interact significantly with the water flows, is shown in Figure 9. In addition to these DTM and DEM, a map of land use covering the territory has been converted in terms of friction grids through Manning coefficients representing the ground roughness according to its use: the complex initial land-use typology has been declined in a simplified typology (according to soil roughness), for which each category has received a given Manning coefficient inspired from scientific bibliography (especially [START_REF] Chow | Open-channel hydraulics[END_REF][START_REF]Australian Rainfall & Runoff » -Project 15: Two dimensional modeling in urban and rural floodplains[END_REF][START_REF] Bunya | A High-Resolution Coupled Riverine Flow, Tide, Wind, Wind Wave and Storm Surge Model for Southern Louisiana and Mississippi: Part I ± Model Development and Validation[END_REF], Table 2). Urban areas received a special treatment as they received high Manning coefficients (0.1 to 0.4 s/m 1/3 ) on the large grid (DTM) to represent the strong roughness induced by buildings (Figure 10), whereas low Manning coefficient values were used (0.016 s/m 1/3 ) for the more resolved grids (DEM), rather representative of the concrete, since the buildings were incorporated directly into DEM. 

Model forcing

Forcing conditions for each computation grid are deducted directly from scenarios identified in the probabilistic analysis ( § 2.4) and from the simulation of wave propagation through the Hyères Bay ( § 3.1).

Simplified typology

Manning coefficient (s/m Thus, the 5 meter-resolution simulation (Ceinturon Plain) is forced on the one hand by the evolutions of the river level (in the north) and on the other hand by the evolutions of the sea level (including wave-setup caused by wave breaking near the coast, and calculated in the spectral simulations) on the marine side (south), as illustrated in Figure 11.

The finer calculations ranks are forced by the evolutions of the sea level and of the wave characteristics near the coast. In addition, for the grid covering the KDPOHW RI ³Cabanes du Gapeau´ (corresponding to the estuary of the river), the river level is forced by the river level derived from the 5 m-resolution simulation (Figure 12). 

Validation

The modeling strategy was validated through an application on a real event. As observed coastal flooding on this area remain very scarce, the storm that occurred on December 14 th , 2008 was chosen because of wave overtopping observed in / ¶Ayguade. This is the only recent storm that caused a significant coastal flooding (but very limited, with flood heights from a few centimeters to a few decimeters). It should be noted that unlike classical storms in the studied area (which are eastern sector), the December 2008 storm is a southern storm. Wave propagation characteristics was realistically simulated with SWAN, by simply adding an extra calculation rank of 20 m resolution ( § 3.1) to the simulations conducted by [START_REF] Stepanian | Evaluation des Risques Naturels Littoraux sur le territoire du SCoT Provence-Méditerranée ± &DUDFWpULVDWLRQ GH O ¶DOpD VXEPHUVLRQ marine[END_REF].

The flooding simulations on the large rank (5 mresolution) proves consistent with the observations (no significant overflow, either from the river or from the sea side, even if sea level in the estuary reveals to be very close to the top of the docks).

The flood simulation very high resolution in the KDPOHW RI / ¶Ayguade also appears consistent with the available evidences, although the flood seems to be slightly underestimated: the flood is caused by wave overtopping, limited to the holes in the wall on the top of the beach (pedestrian passages), leading to flooding of several centimeters to several tens of centimeters in the seaside streets (Figure 13). Underestimation in the simulation could be explained by the very small intensity of the studied event, with inland water heights of the same order as the estimated accuracy of LiDAR data (about 10 to 20 centimeters). 

Results

The simulations have been carried out on each calculation grid for each considered scenario. The centennial scenario for 2100 deadline was simulated by considering widespread destruction of protective structures (here the wall on the top of the beach in / ¶Ayguade and a riprap in Cabanes du Gapeau).

The large simulations on the Ceinturon Plain show that the river contributes in a limited way to overflow in the estuary (the river outflow remains limited in the scenarios). The very high resolution simulations allow highlighting a number of conclusions on the study site: -The site, although currently little affected by coastal flooding, could be significantly impacted in the future as a result of climate change (especially the hamlets of / ¶Ayguade and Cabanes Gapeau); -The relative roles of the various processes show that if wave overtopping may be significant in short term (even for relatively frequent events, Figure 14 

Conclusions

These results, more than the specific conclusions for the studied site, show that new digital tools in addition to the availability of very high resolution data make now possible to realistically simulate the complexity of the phenomena involved in coastal flooding, including in the context of small estuaries in micro-tidal context. The quantification of climate change impacts becomes conceivable (however with some assumptions, here for example the fact that the statistics produced on the current remain valid in the future), and can show that some sectors currently relatively spared by this hazard could in the future become significantly exposed. 
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 23 Figure 2. 30-years return period contours of joint exceeding parameters for SWL (sea level), Hs (wave significant height) and NR (river level, indicated on each curve); the black dot represents the selected triplet for a 30-years return period.
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 4 Figure 4. 100-years return period contours of joint exceeding parameters for SWL (sea level), Hs (wave significant height) and NR (river level, indicated on each curve); the black dot represents the selected triplet for a100-years return period.
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 5 Figure 5. Forcing conditions for the 30 years return period at 2030 deadline scenario.
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 6 Figure 6. Forcing conditions for the 100 years return period at 2100 deadline scenario.
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 7 Figure 7. Calculation area for wave spectral simulations: Example of the wave significant heights at the peak of the storm for the scenario of return period 30 years at the 2030 deadline.
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 8 Figure 8. Snapshots of a SWASH simulation on the hamlet RI / ¶Ayguade.
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 9 Figure 9. Digital elevation model on the hamlet of O ¶$\JXDGH LQFOXGLQJ EXLOGLQJV DQG ZDOOV
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 10 Figure 10. Map of the Manning coefficients attributed to the large calculation grid (5m-resolution) according to the soiluse
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 1112 Figure 11. Forcing imposed to the larger grid (5m-resolution) and position of the extraction point for imposing the river level in the finer grid on Cabanes du Gapeau

Figure 13 .

 13 Figure 13. Maximal simulated water heights inland in the KDPOHW RI / ¶$\JXDGH GXULQJ 'HFHPEHU VWRUP DQG comparison with a photography during the event (Photography from the Hyères municipality).
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 1415 Figure 14. Maximal simulated water heights inland in the hamlet of / ¶$\JXDGH IRU D UHWXUQ SHULRG RI years at 2030 deadline.DĂdžŝŵĂů ŝŶůĂŶĚ ǁĂƚĞƌ ŚĞŝŐŚƚ ;ŵͿ
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 1617 Figure 16. Maximal simulated water heights inland in the hamlet of Cabanes du Gapeau for a return period of 30 years at 2030 deadline.DĂdžŝŵĂů ŝŶůĂŶĚ ǁĂƚĞƌŚĞŝŐŚƚ ;ŵͿ
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 1 Selected parameters for studying scenarios of given return-periods at a given deadline.
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 2 Attribution of Manning coefficients according to land-use and soil nature
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