Bruno Castelle 
email: bruno.castelle@u-bordeaux.fr
  
Auguste Ritz 
  
Vincent Marieu 
  
Alexandre Nicolae Lerma 
  
Marine Vandenhove 
  
Primary drivers of multidecadal spatial and temporal patterns of shoreline change derived from optical satellite imagery

Keywords: satellite-derived shoreline, chronic erosion, interannual shoreline variability, wave climate indices, internal and external controls, inlet and estuary mouth

 

Introduction

Climate change, declining sediment supply, and global population growth in the coastal zone are projected to result in unprecedented socio-economic losses and environmental changes in the coming decades [START_REF] Oppenheimer | Sea level rise and implications for low-lying islands, coasts and communities[END_REF]. This is particularly the case of sandy beaches (approximately one-third of the global ice-free coastline, [START_REF] Luijendijk | The State of the World's Beaches[END_REF] which are highly dynamic and provide outstanding recreation, tourism and ecosystem services, while acting as energy buffers in an increasingly stormy environment. Erosion has therefore become one of the biggest threats to coastal zones globally, both in developed (e.g. Southern California, Vitousek et al., 2017a) and less developed (e.g. North Africa [START_REF] Hzami | Alarming coastal vulnerability of the deltaic and sandy beaches of North Africa[END_REF] regions of the world, which calls for improved understanding of past and future shoreline evolution and its drivers. This motivated the recent development of a wealth of reduced-complexity, computationally cheap, shoreline models (e.g. Vitousek et al., 2017b;[START_REF] Robinet | A reduced-complexity shoreline change model combining longshore and cross-shore processes: the LX-Shore model[END_REF]Antonilez et al., 2019;[START_REF] Tran | Combined longshore and cross-shore shoreline model for closed embayed beaches[END_REF] able to simulate shoreline change on timescales of decades of coastlines extending up to 10s to 100s of kilometres. However, model performance heavily relies on training datasets on similar spatial and temporal scales, and comparisons between multiple models on additional datasets are strongly needed (Montano et al., 2020).

Free-of-charge publicly available optical satellite imagery can now be used to provide short-term to multi-decadal shoreline data from the local to the global scale using different techniques (e.g. [START_REF] Liu | Automatic super-resolution shoreline change monitoring using Landsat archival data: a case study at Narrabeen-Collaroy Beach, Australia[END_REF][START_REF] Duarte | Short-time analysis of shoreline based on RapidEye satellite images in the terminal area of Pecem Port, Ceara, Brazil[END_REF][START_REF] Toure | Shoreline Detection using Optical Remote Sensing: A Review[END_REF][START_REF] Sánchez-García | An efficient protocol for accurate and massive shoreline definition from mid-resolution satellite imagery[END_REF][START_REF] Bishop-Taylor | Mapping Australia's dynamic coastline at mean sea level using three decades of Landsat imagery[END_REF]. On microtidal beaches, satellite-derived shoreline (SDS) errors are typically under 10 m (e.g. Vos et al., 2019a;[START_REF] Bishop-Taylor | Sub-pixel waterline extraction: characterising accuracy and sensitivity to indices and spectra[END_REF][START_REF] Cuttler | Interannual Response of Reef Islands to Climate-Driven Variations in Water Level and Wave Climate[END_REF]. Therefore in such environments SDS can be used to improve the understanding of, for instance, embayed beach rotation [START_REF] Di Luccio | Shoreline Rotation Analysis of Embayed Beaches by Means of In Situ and Remote Surveys[END_REF] or the dominant timescales of shoreline variability (Vos et al., 2019a). However, SDS accuracy dramatically worsens at high-energy and/or meso to macrotidal low-gradient beaches with errors potentially exceeding 30 m [START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF] due to the action of breaking waves affecting the total water level at the coast and blurring the dry sand / water limit. Recently, [START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF] investigated the uncertainties associated with SDS on a high-energy meso-macrotidal beach in southwest France. They proposed a new total water level threshold accounting for wave runup which, combined with a horizontal correction of shoreline position based on average beach slope estimated from in situ data, halves shoreline error (decreasing to around 10 m) and doubles the number of usable satellite images, thus dramatically improving shoreline reconstruction. However, and despite fair remotely-sensed beach slope datasets can now be generated [START_REF] Vos | Beach slopes from satellite-derived shorelines[END_REF], longterm breaking wave condition hindcast is challenging to generate and such runup correction ideally needs detailed wave modelling combined with accurate bathymetric data, particularly in complex coastal settings (e.g., sheltered zones, offshore bathymetric anomalies affecting wave transformation).

Global assessment of long-term sandy shoreline trends at 500-m spaced transects has been performed using annual composite of cloud-free images [START_REF] Luijendijk | The State of the World's Beaches[END_REF], i.e. disregarding tide and runup correction. Despite the apparent simplicity of the composite SDS approach (in contrast to the synoptic SDS approach), the spatially-averaged, regional analyses provided fairly accurate insights into chronic shoreline trends for sandy beaches across the globe [START_REF] Luijendijk | The State of the World's Beaches[END_REF]. The ability of SDS without tide and runup correction to provide accurate long-term shoreline trends along entire stretches of coast with contrasting evolution pathways has not been fully validated, particularly at high-energy meso-macrotidal environments. In addition, the strong links between interannual shoreline response and large-scale climate patterns of atmospheric variability has been explored only locally, based in situ monitoring program (e.g. [START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF]. The recent work of [START_REF] Vos | Large regional variability in coastal erosion caused by ENSO[END_REF] is a notable exception, where SDS anomaly around the Pacific Basin was computed during extreme (El Niño/Southern Oscillation) ENSO index phases (multivariate index larger than half of its standard deviation). The authors found significant and coherent regional variability in coastal response to ENSO. The space-averaging of uncorrected (noisy) SDS datasets could, by smoothing the errors, allow addressing the regional variability of the links between shoreline response and different modes of climate variability. However, this has never been tested.

The southwest coast of France is made of high-energy meso-macrotidal beaches. The coast has been eroding over the last decades although erosion and accretion can alternate in both time and space particularly near large-scale tidal inlets and estuary mouths (Castelle et al., 2018a). So far, continuous large-scale (~250 km) long-term (~70 years) shoreline analysis along this coast has only been performed at low-frequency (~10 years) using historical orthophotos [START_REF] Bernon | Caractérisation de l'aléa recul du trait de côte sur le littoral de la côte aquitaine aux horizons 2025 et[END_REF]Castelle et al., 2018a), while high-frequency (daily to monthly) data (<20 years) are limited to a couple of sites (e.g. Coco et al., 2014;Biausque and Sénéchal, 2019;[START_REF] Castelle | 16 years of topographic surveys of rip-channelled high-energy meso-macrotidal sandy beach[END_REF]. In this paper 269 km of sandy coast in southwest France are studied using, uncorrected, SDS data from 1984 to 2020. We explore if time-and/or space-averaging of such SDS data can be used to describe shoreline change, including long-term trends and interannual variability, and their primary driver. To do so, we validate the SDS trends with in situ data and further use wave hindcast, longshore drift estimations and climate indices to link the observed changes with external forcing. We will show that the processing of such SDS data can provide new insight into shoreline response and their primary, thus indicating guidelines for future model development and application.

Study area: the sandy coast of Nouvelle-Aquitaine

The present study focuses on a large sector of the sandy coast of the Nouvelle-Aquitaine region, southwest France, from the mouth of the Adour River in the south to the south of Oléron Island in the north (Figure 1a). The role of the inherited geology on coastline shape and landscape is extensively described in Castelle et al. (2018a). The coast is disrupted by two major inlets (Maumusson and Arcachon), associated with two prominent updrift sandspits (Gatseau and Cap Ferret), and one large estuary mouth (Gironde). The coast is mostly composed of relatively straight sandy beaches backed by coastal dunes (Figure 1d, [START_REF] Bossard | Geomorphologic characteristics and evolution of managed dunes on the South West Coast of France[END_REF], with only a few, isolated, coastal towns built on the dune although with limited coastal defences (e.g. Royan, Soulac, Montalivet, Lacanau, Mimizan, Capbreton, Figure 1a). The coast is also slightly disrupted by the small-scale wave-dominated inlets of Mimizan, Contis-les-Bains, Capbreton and Huchet, with only the latter being not trained by jetties. In the south of the study area, the jetties and groins of the coastal town of Capbreton, the Capbreton submarine canyon, and the northern training wall of the Adour river mouth also disrupt the sediment pathways.

Beaches are made of fine to medium quartz sand slightly coarsening southwards. It is a mesomacrotidal environment with the tidal range increasing northwards due to the widening continental shelf [START_REF] Le Cann | Barotropic tidal dynamics of the Bay of Biscay shelf: observations, numerical modelling and physical interpretation[END_REF], with the highest astronomical tide peaking around 6.5 m in the north. The coast is exposed to an energetic wave climate generated by extratropical cyclones tracking eastwards in the North Atlantic Ocean, driving waves predominantly with a west to northwest incidence. While offshore significant wave height can exceed 10 m during severe storms, the monthly-averaged in the centre of the study area ranges from 1.11 m in July to 2.4 m in January (Castelle et al., 2017a).

Winter-mean incident wave energy shows dramatic interannual variability enforced by natural largescale climate modes of atmospheric variability, primarily the West Europe Pressure Anomaly (Castelle et al., 2017b). Overall, the wave height at breaking slightly increases southwards because of the narrowing continental shelf reducing the bottom friction and resulting in less offshore energy dissipation of the incoming ocean waves. The dominant west-northwest wave climate drives a net southerly longshore drift [START_REF] Bertin | Longshore drift estimation and inter-annual variability at a high-energy dissipative beach: st. Trojan Beach, SW Oleron Island, France[END_REF][START_REF] Idier | Longshore sediment flux hindcast: spatio-temporal variability along the SW Atlantic coast of France[END_REF], except locally at northwest-facing sectors where the longshore drift reverses. The longshore drift also locally reverses north of Capbreton owing to offshore wave refraction across the Capbreton canyon (Abadie et al., 2006;[START_REF] Mazieres | High-resolution morphobathymetric analysis and evolution of Capbreton submarine canyon head (Southeast Bay of Biscay -French Atlantic Coast) over the last decade using descriptive and numerical modeling[END_REF]. Castelle et al. (2018a) used 15 geo-referenced orthomosaics photos between 1950 to 2014 from which shoreline position was manually retrieved using as proxy the dune foot and the limit of the vegetated foredune in eroding and accreting sectors, respectively. The authors showed that, averaged across the entire sandy coast, the shoreline has eroded by 1.12 m/yr at a relatively steady rate. Maximum rates of shoreline change are observed along sectors adjacent to the inlets and estuary mouths. In these sectors, erosion and accretion typically alternate over time on the timescale of decades (e.g. Cap Ferret sandspit, Figure 1e). Computed shoreline change rates range from -11 m/yr (+6 m/yr) in eroding (accreting) sectors, which is evidenced by the coastal landscape in rapidly chronically accreting (e.g. Cape Verdon sector, Figure 1b) and eroding (e.g. Cap Négade, Figure 1c) sectors. Although not captured by the, low-frequency, historical orthophoto analysis in Castelle et al. (2018a), observation along the coast also shows occasional dramatic shoreline erosion driven by severe winters. The most striking example is the winter of 2013/2014, characterised by extreme storm clustering [START_REF] Davies | Weather chains during the 2013/2014 winter and their significance for seasonal prediction[END_REF], which drove widespread erosion along the Atlantic coast of Europe [START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF], including the southwest coast of France [START_REF] Castelle | Impact of the winter 2013e2014 series of severe Western Europe storms on a double-barred sandy coast: beach and dune erosion and megacusp embayments[END_REF]. which has a long history of alternatively eroding and accreting phases as evidenced by the Second World War German bunkers, formerly built on the top of the coastal dune, now lost to coastal erosion (@Observatoire de la Côte de Nouvelle-Aquitaine).

Methods

Shoreline detection from publicly available satellite images

We used the CoastSat toolkit developed by Vos et al. (2019aVos et al. ( , 2019b)). The toolkit allows extracting waterlines from publicly available optical satellite data through Google Earth Engine, namely Landsat 

Satellite-derived shoreline trend computation and validation

At each transect, time series of shoreline deviation from the mean was retrieved from the CoastSatderived shoreline position . Given that shoreline trends are sometimes based on the entire shoreline time series (e.g. Vos et al., 2019), or sometimes from annual composite images [START_REF] Luijendijk | The State of the World's Beaches[END_REF], two approaches for computing long-term shoreline trends were tested here: by linearly 5b). In the following, long-term trend using raw is used throughout ( ).

We also computed the standard deviation around the long-term trend , which is composed of all the components of errors and variability, namely : seasonal and particularly interannual variability and SDS detection uncertainties (e.g. shoreline detection algorithm, tide effects) . Therefore, the comparison shown in Figure 6 between the trends derived from and (using NGF) is fair and can be considered as a validation of our computed SDS trends. 

Wave data, climate indices and longshore drift computation

We used wave data from a regional wave hindcast [START_REF] Boudière | A suitable metocean hindcast database for the design of Marine energy converters[END_REF][START_REF] Michaud | Implementation of the new French operational coastal wave forecasting system and application to a wave-current interaction study[END_REF], which showed excellent skill against interspersed buoy measurements (see Castelle et al., 2020 for details). For each box, hourly time series (2012-2020) of wave conditions was extracted at the grid point the closest to both the box and to the 50-m isobath (cyan dots in Figure 3a). Significant wave height , peak period and angle of incidence in water depth were transformed into wave conditions at breaking in water depth (Figure 7) using the Larson et al. ( 2010) empirical formula which assumes nearly shore-parallel offshore bathymetric iso-contours. The local orientation of the shoreline baseline-normal transect was used to compute the wave angle at breaking (Figure 7). These breaking wave conditions were used to force an empirical longshore transport model (Kaczmarek et al., 2015) which is based on an estimation of the mean longshore current :

(

) 1 
where is the gravitational acceleration, is the breaker parameter and = 2.9 is a free parameter previously validated in the north of the study area [START_REF] Bertin | Longshore drift estimation and inter-annual variability at a high-energy dissipative beach: st. Trojan Beach, SW Oleron Island, France[END_REF]. The longshore sand transport is then computed at each wave time step depending on V as:

(2)

(3)

Hourly hindcast (2012-2020) was then time averaged for each transect to compute the spatial distribution of the longshore drift . Alongshore gradients of are then computed and further compared with shoreline trends . Oscillation (NAO), Scandinavia (SCAND) and East Atlantic (EA) indices, were also used here. These climate indices, which represent primary intrinsic modes of variability in atmospheric circulation, are derived from rotated EOF analysis of the monthly mean standardized 500-mb height anomalies hindcast in the Northern Hemisphere [START_REF] Barnston | Classification, seasonality and persistence of low-frequency atmospheric circulation patterns[END_REF]. Amongst these three indices, the NAO has long been known to be the dominant mode of variability in the North Atlantic climate (Hurrel, 1995). Similar to WEPA, a positive NAO reflects an intensified Icelandic low / Azores high dipole, but without southward shift, which limits its influence on winter wave energy in the Bay of Biscay (Castelle et al., 2017b). These indices were downloaded from the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Centre (www.cpc.ncep.noaa.gov). The relationship between long-term shoreline change rate and longshore drift gradient was explored.

Results

Spatial distribution of shoreline change trends and gradients in longshore drift

In some of the areas adjacent to tidal inlets and estuary mouths, the presence of ebb tidal shoals and swash bars deeply affects the incident wave field and, in turn, breaking wave conditions. For such regions the underlying assumptions of the Larson et al. ( 2010) empirical formula are not tenable.

Accordingly, the longshore drift computation and subsequent longshore drift analysis were restricted to the coastline shown in Figure 10a. The latitudinal distribution of shoreline change rate , longshore drift and gradient of longshore drift are shown in Figures 10b, 10c and10d, respectively. Consistent with previous work [START_REF] Idier | Longshore sediment flux hindcast: spatio-temporal variability along the SW Atlantic coast of France[END_REF], the longshore drift is mainly directed southwards, except locally at northwest-facing sectors. The resulting gradients are weak, except where shoreline orientation varies substantially, i.e. near inlets and estuary mouth (Figure 10d). 

Time evolution of spatially-averaged shoreline position

In Section 4.1 we found that the space-and time-averaged erosion along the 269 km of sandy coast is 0.55 m/yr, however the interannual variability was not explored. Previous work at specific sites along this coast and more broadly along the Atlantic coast of Europe [START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF] showed large interannual shoreline variability that is well correlated with some climate indices. However, the hypothesis that this can apply to entire stretches of coastline has never been investigated. To further test this hypothesis, we addressed the evolution of the yearly shoreline position around the mean , averaged along the entire 269-km coast, and compared it with some dominant winter (DJFM) climate indices in this region. We used the yearly-mean, and not the mean from April 1 to November 30 which would be more consistent to address the impact of winter wave conditions on shoreline change, because some existing shoreline datasets are based on yearly composites [START_REF] Luijendijk | The State of the World's Beaches[END_REF]. This approach is also supported by the fact that most of the cloud-free satellite images in southwest France are collected in spring-summer-fall. This is shown in Figure 11 This space-averaging of the yearly shoreline response masks a considerable alongshore variability. This is emphasised in Figure 14 which divides the study area into three zones with contrasting behaviours. North of the Gironde estuary mouth (Figure 14a), the 34-km long sector shows a time-and space-averaged erosion of 3.05 m/yr with superimposed moderate (10-20 m amplitude) interannual variability linked with WEPA ( over 1999-2020, Figure 14b). Further south, the Gironde coast between the Gironde estuary in the north and Biscarrosse in the south (Figure 14c)

shows moderate erosion (0.62 m/yr) with large (20-30 m amplitude) interannual variability also linked with WEPA ( over 1999-2020, Figure 14d). Further south, the Landes coast (Figure 14e) shows a stable shoreline ( = 0, Figure 14f) with moderate interannual variability (10-20 m amplitude). Such alongshore variability will be further discussed in Section 5. 

Discussion and conclusions

Our SDS analysis (Figure 8) shows an overall eroding sandy coast with maximum shoreline evolutions located along sectors adjacent to the inlets and to the estuary mouth, where erosion and accretion alternate over time on the timescale of decades with an amplitude of 100s of metres. This is consistent with previous work based on historical orthophotos back to the 50s [START_REF] Bernon | Caractérisation de l'aléa recul du trait de côte sur le littoral de la côte aquitaine aux horizons 2025 et[END_REF]Castelle et al., 2018a). The time-and space-average shoreline evolution between 1984 and 2020 indicates an overall erosion by 0.55 m/yr, which is half of the rate computed in Castelle et al. (2018a) between 1950 and 2014. However, in Castelle et al. (2018a) more than the half of the (stable) Landes coast was disregarded due to the absence of data in the 50s. Disregarding such sector in our SDS dataset shows an erosion of 0.7 m/yr, which is still under that computed over 1950[START_REF] Mazieres | High-resolution morphobathymetric analysis and evolution of Capbreton submarine canyon head (Southeast Bay of Biscay -French Atlantic Coast) over the last decade using descriptive and numerical modeling[END_REF]in Castelle et al. (2018a)), but closer to that computed between 1985 and 2014 (0.98 m/yr) in the same paper.

The remaining difference may be explained by the uncertainties in both methods. Sea level rise (SLR) alone does not seem to explain such chronic large-scale erosion. For instance the Bruun rule [START_REF] Bruun | Sea-level rise as a cause of shore erosion[END_REF], which is reasonable to apply along this coastline consisting of large beach-dune system with large accommodation space, predicts a SLR-driven shoreline retreat of approximately 0.14 m/yr using a SLR of 3.31 mm/yr over the last two decades and an active profile slope of 0.0235 according to D' Anna et al. (2020). The statistically significant increase of winter-mean wave height in this region associated with increased WEPA and NAO (Castelle et al., 2018b) can explain this larger observed erosion rate. Large-scale coastal sediment budget [START_REF] Rosati | Concepts in sediment budgets[END_REF], including variation in sediment supply by the rivers and the shelf, appears as another candidate to explain such long-term and largescale erosive trend.

Long-term shoreline trend shows large spatial variability (Figure 8). Away from the tidal inlets and estuary mouths and away from stable sectors (e.g. the Landes coast in Figure 10h), long-term shoreline trends are fairly well correlated with the computed gradients in longshore drift with (Figure 10). Following the one-line assumption that, on the long term, the profile translates parallel to itself without changing shape and with the longshore sand transport taking place uniformly over the entire beach profile from the depth of closure to the top of the dune, the conservation of sediment gives , with the height of the active profile.

Our computations therefore suggest an active profile height of approximately 142 m, which is much larger than that estimated at e.g. Truc Vert (around 37 m, D 'Anna et al., 2021). Such difference may come from an overestimation of the longshore drift magnitude by a factor , which is unlikely given that our values are in line with previous work building on other empirical longshore transport formula [START_REF] Idier | Longshore sediment flux hindcast: spatio-temporal variability along the SW Atlantic coast of France[END_REF]. Another more plausible explanation is that other processes are at work, such SLR-driven erosion, sediment supply and others implying a source/sink term such as . Estimating such, space-(and potentially time-) varying or any other plausible hypothesis is out of scope.

Despite SDS are associated with relatively large uncertainties in meso-macrotidal high-energy environments [START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF], space averaging allowed unravelling different yearly shoreline response modes and the links with large-scale climate patterns of atmospheric variability (Figures 12,13 and 14). Consistent with earlier work on specific sites along the Atlantic coast of Europe (e.g. Castelle et al., 2017a;Burvingt et al., 2018;[START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF], interannual shoreline variability is well correlated with winter WEPA climate index. During the positive phase of WEPA, which reflects an intensified and southward shifted Icelandic low / the Azores dipole funnelling higher energy waves towards western Europe, erosion is observed (Figure 11c). The other teleconnection patterns explain only a little amount of the SDS interannual variability, with the notable exception of EA which can explain up to 40% (Figure 13). This is not surprising as the SLP-based WEPA index contains some variability of EOF-based teleconnection patterns [START_REF] Scott | Role of atmospheric indices in describing inshore directional wave climate in the United Kingdom and Ireland[END_REF], primarily NAO and EA which explain 8% and 36% of WEPA variability (Castelle et al., 2017b). Interestingly enough, in contrast with many in situ monitoring programs that have demonstrated the dramatic erosion caused by the winter of 2013/2014 (e.g. [START_REF] Blaise | Bilan des tempêtes de l'hiver 2013-2014 sur la dynamique du recul de trait de côte en Bretagne[END_REF][START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF][START_REF] Pye | Assessment of beach and dune erosion and accretion using LiDAR: Impact of the stormy 2013-14 winter and longer term trends on the Sefton Coast, UK[END_REF]Burvingt et al., 2018;[START_REF] Garrote | The Severe 2013-14 Winter Storms in the Historical Evolution of Cantabrian (Northern Spain) Beach-Dune Systems[END_REF], the space-averaged SDS erosion during that winter is limited (Figures 12c and14). An explanation is that the SDS proxy, given that images taken at all tidal stages were considered, is around the intersection of the beach profile with mean sea level elevation. As shown by the bimonthly beach monitoring program at Truc Vert, the impact of the 2013/14 winter was mostly observed at the dry beach and embryo dune with limited impact in the lower intertidal domain [START_REF] Castelle | 16 years of topographic surveys of rip-channelled high-energy meso-macrotidal sandy beach[END_REF], their figure 3 at Truc Vert, see also Nicolae [START_REF] Lerma | Pluriannual beach-dune evolutions at regional scale: Erosion and recovery sequences analysis along the Aquitaine coast based on airborne LiDAR data[END_REF]. Limiting satellite images to higher water levels should make the 2013/14 winter impact standing up, as evidenced at Truc Vert using only near high-tide data [START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF], their figure 10).

In our study WEPA explain > 40% of the interannual space-averaged shoreline variability over 1999-2000, a statistical relationship increasing when considering more recent periods (> 80% over 2014-2020) when the amount and quality of satellite images have both increased. In addition, over the last decade, the predominantly positive winter WEPA including some extremes like in 2013/14 (Figure 11c) clearly resulted in an increased erosion with, on average, the shoreline retreating by over 20 m between 2012 and 2020 (Figure 11b). This may suggest that, in addition to SLR and large-scale sediment budget [START_REF] Bruun | Sea-level rise as a cause of shore erosion[END_REF][START_REF] Rosati | Concepts in sediment budgets[END_REF]Cooper et al., 2020), changes in the pattern and magnitude of winter wave height interannual variability may also impact long-term shoreline variability. This must be investigated on a longer term as such response may just be a cross-shore readjustment of the overall profile. Overall, such links between SDS interannual variability and climate indices calls for more research on the impact of climate change on wave height trends [START_REF] Hemer | Projected changes in wave climate from a multi-model ensemble[END_REF][START_REF] Morim | Robustness and uncertainties in global multivariate wind-wave climate projections[END_REF][START_REF] Morim | Global-scale changes to extreme ocean wave events due to anthropogenic warming[END_REF] and on the climate modes of atmospheric variability [START_REF] Smith | Robust skill of decadal climate predictions[END_REF][START_REF] Smith | North Atlantic climate far more predictable than models imply[END_REF].

The space averaging of SDS has already been found to provide unprecedented global insight into regional variability of long-term shoreline trends [START_REF] Luijendijk | The State of the World's Beaches[END_REF]. We advocate that the pursuing collection of free and publicly-available Landsat and Sentinel 10-m imagery in the next years and decades will make possible an accurate global assessment of the links between the dominant modes of climate variability on shoreline response globally, similar to what has been done for e.g.

wave height (e.g. [START_REF] Shimura | Ocean waves and teleconnection patterns in the Northern Hemisphere[END_REF].

Figure 14 showed that the study area can be further divided into different sectors, revealing different long-term SDS trends and different relationships between winter WEPA and interannual SDS variability. To provide more insight into such alongshore variability in the correlation between climate indices and shoreline response, Figure 15 shows a similar analysis but with all climate indices (WEPA, NAO, EA and SCAND) and by applying a 20-km SDS moving averaged window over the period 1999-2020. It confirms that WEPA is the dominant climate index in explaining shoreline interannual variability along most of the coast, followed by EA and well after NAO and SCAND. Results also show that correlation with WEPA (and the other indices) dramatically drops downdrift of the Gironde estuary mouth and Arcachon inlet, which is not observed updrift. This suggests that, along O(1-10 km) of coast downdrift of large-scale inlets and estuary mouths, shoreline response is controlled by factors internal to the estuary mouth / inlet system such as quasi-cyclic ebb-tidal delta dynamics from the timescales of months to years and decades [START_REF] Cayocca | Long-term morphological modeling of a tidal inlet: the Arcachon Basin, France[END_REF][START_REF] Ridderinkhof | Cyclic behaviour of sandy shoals on the ebb-tidal deltas of the Wadden Sea[END_REF][START_REF] Weidman | Cyclic spit morphology in a developing inlet system[END_REF]Burvingt et al., submitted). Along the rest of the coast, even updrift fairly close to the inlet or estuary mouth, the shoreline interannual variability superimposed onto the longterm trend is controlled by factors external to the system which are primarily the variability in winter-mean wave height correlated to winter WEPA index. Noteworthy, less uncertain SDS data (e.g. through tide and/or runnup correction, Vos et al., 2019a[START_REF] Vos | Beach slopes from satellite-derived shorelines[END_REF][START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF] should result in more accurate correlations with the climate indices. [START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF] showed that, at Truc Vert beach in southwest France, interranual shoreline change correlation with WEPA increases by nearly 60% using tide and runup correction. We hypothesize that such correction could allow narrowing the moving average window and thus provide higher spatial resolution information on shoreline response. For instance, it could be used to address in more detail the internal -external control transition at the updrift sectors of the estuary and inlet mouths that is hypothesized to occur at a short (e.g. a few kilometres) distance from the mouth. The SDS analysis provided new insight into shoreline response and the primary drivers, which can guide future numerical model application. For instance, we hypothesize that reduced complexity models coupling cross-shore and longshore processes (e.g. Vitousek et al., 2017b;[START_REF] Robinet | A reduced-complexity shoreline change model combining longshore and cross-shore processes: the LX-Shore model[END_REF]Antonilez et al., 2019) can be applied and further used for future shoreline prediction well away from the downdrift zones of the major inlets and estuary mouths. Such models can then be used to estimate sediment sources and sink through calibration with SDS. Further, prediction of future shoreline change and their uncertainties will be made possible using a similar approach as D' Anna et al. (2021).

A similar SDS analysis can be performed along any coastline in the world in order to guide future model development and application. In this frame, SDS are also a promising input for coastal modelling through data assimilation (Turner et al., 2021). We advocate that, by keeping the reducedcomplexity model 'on the track', data assimilation will allow: (1) to both identifying the primary sources of model errors and understanding the links between time-varying free parameters and changes in environmental conditions but also (2) to impose shoreline boundary conditions at inlets and estuary mouths during hindcast thus extending their range of application.
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 1 Figure 1. Study area (delimited by the southern and northern black dashed segments) mostly

  5, 7 & 8 (L5, L7, L8, 30-m spatial resolution) and Sentinel-2 (S2, 10-m spatial resolution) images. In brief, for a given RGB (+ infrared) satellite image (Figure2a), image classification into four classes is performed based on a Neural Network classifier (Figure2b) which, combined with a global threshold on the Modified Normalised Difference Water Index (MNDWI), provides a waterline using a sub-pixel resolution contouring algorithm (Figure2c). For an extensive description of the CoastSat toolkit, the reader is referred toVos et al. (2019b). Following[START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF] who used CoastSat at Truc Vert beach on this coast, images with cloud cover larger than 50% were automatically disregarded.Additional images were manually removed by visual inspection when the algorithm failed to depict shoreline position due to e.g. flawed detection of the water/sand limit in the saturated intertidal domain or shadows cast by clouds affecting waterline detection. Contrary to[START_REF] Castelle | Satellitederived shoreline detection at a high-energy meso-macrotidal beach[END_REF], tide and runup SDS correction was not performed because accurate runup estimation was not possible at many sectors affected by offshore wave refraction / breaking that strongly affect nearshore breaking wave conditions. Disregarding such correction and thus using off-the-shelf CoastSat toolkit also allowed us to explore if and how spatial or temporal averaging can provide accurate and new information on shoreline change along this coast.
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 2 Figure 2. Outputs from the CoastSat toolkit of Vos (2019b): (a) RGB image of a stretch of coast north

Figure 3 .

 3 Figure 3. (a) Location map of the southwest coast of France, with colour indicating shoreline type,

regressing ( 1 )

 1 raw giving trend and (2) yearly-mean SDS giving trend . Figure 4 shows examples of time series at representative transects showing contrasting variability in both pattern and amplitude, e.g. from a quasi-steady erosion (Figure 4b) to strong interannual variability with an amplitude of 100s of metres and net accreting long-term trend (Figure 4d). Trends from the two methods are shown for two different periods, i.e. the entire 1984-2020 time series and for the 2008-2019 period which will be used for validation with field data. The two methods show similar results, with a root-mean-square error RMSE and coefficient of determination R 2 of 0.59 m/yr and 0.95, respectively, for the 1984-2020 period (Figure 5a), changing to 1.06 m/yr and 0.92 for the 2008-2019 period (Figure

Figure 4 .

 4 Figure 4. Time series of SDS position deviation from the mean at different representative transects

Figure 5 .

 5 Figure 5. Long-term shoreline trend computed using yearly-mean shoreline versus that

Figure

  Figure6bshows the comparison between observed trend and SDS trend and its

Figure 6 .

 6 Figure 6. (a) Zoom onto the southern part of the study area where OCNA in situ profiles have been

Figure 7 .

 7 Figure 7. Schematics of longshore drift computation approach: wave hindcast data (

Figure 8

 8 Figure 8 shows the spatial distribution shoreline change rate over the period 1984-2020 along 269

Figure 8 .

 8 Figure 8. 1984-2020 SDS statistics: (a) Sandy shoreline used in the analysis (thick black line); (b) 2500-

Figure

  Figure 10e-h shows that along the southern coast of Oléron island (Figure 10e) and the Gironde coast

Figure 9 .

 9 Figure 9. Satellite images showing complex offshore wave transformation and breaking wave

Figure 10 .

 10 Figure 10. 1984-2020 SDS change trends and longshore drift characteristics: (a) shoreline sectors

  that displays the monthly percentage of satellite images used over 1984-2000, with 82% of the yearly SDS data collected between April 1 and November 30. The yearly mean shoreline is therefore close to the AMJJASON mean shoreline position. The yearly mean shorelines were systematically computed at each transect, with their 1984-2021 average further removed to obtain yearly shoreline position around the mean . The time series of averaged along the entire 269-km coast is shown in Figure 12c. In order to only account for years when enough spatial coverage was obtained, we computed the yearly percentage of transects where SDS data are available showing that years with consistently are from 1999 onwards (Figure12a). However, it is important to note that the space-averaged number of available images per year has varied quite a lot over the years (Figure12b) depending on the ongoing Earth observation missions, with a dramatic increase since 2016 thanks to Sentinel-2 mission. Hereafter the 1999-2020 time series is thus used to explore the correlation between climate indices and shoreline response.
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 11 Figure 11. Percentage of SDS data available per month computed over 1984-2020 in southwest

Figure 12 .

 12 Figure 12. Time series of (a) yearly percentage of transects where SDS data are available; (b) space-
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 13 Figure 13 further demonstrates this increase in correlation between SDS interannual change and

Figure 13 .

 13 Figure 13. Coefficient of determination R 2 between yearly-mean shoreline deviation from the mean

Figure 14 .

 14 Figure 14. Left-hand panels: sectors (thick blue line) and in the right-hand panels their corresponding

Figure 15 .

 15 Figure 15. (a) Shoreline sector addressed here (thick blue line); (b) coefficient of determination R 2
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