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CLIMATE CONTROL ON WINTER WAVE ACTIVITY IN THE NORTHEAST ATLANTIC AND IMPACTS ON BEACH EROSION AND RECOVERY ALONG THE WEST COAST OF EUROPE

The west coast of Europe is exposed to high-energy winter waves generated in the North Atlantic Ocean by low pressure systems traveling eastward. The present study builds on recent research on atmospheric and ocean wave climate in the North East Atlantic over the last 70 years using numerical weather and wave hindcast, in-situ sea-level pressure measurements, and beach response from a unique dataset of decadal beach morphological changes along the west coast of Europe. Interannual to decadal variability of winter wave activity in the North East Atlantic is strongly affected by the North Atlantic Oscillation (NAO) and the West Europe Pressure Anomaly (WEPA). It is found that extreme winter-mean wave heights become more frequent and variability increases, resulting in extreme winters such as that of 2013/14. We show that the recovery signature is site-specific and multi-annual, and that interannual variability of both erosion and recovery is well correlated with WEPA and NAO.

Introduction

Large-scale patterns of atmospheric and oceanic variability over interannual and longer timescales can have a profound influence on temperature, rainfall or storm tracks and intensity [START_REF] Wang | Climate change, climate modes, and climate impacts[END_REF]. Coastal hazards are also strongly affected by large-scale climate patterns with changes in extreme wave climate having the potential to cause dramatic change in the equilibrium state of beaches (e.g., [START_REF] Barnard | Coastal vulnerability across the Pacific dominated by El Nino/Southern Oscillation[END_REF][START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF]. As climate is changing, it is therefore increasingly important to link extreme wave energy arriving locally at the coast to large-scale oceanic and atmospheric variability [START_REF] Camus | A weathertype statistical downscaling framework for ocean wave climate[END_REF] and how this drives trends and interannual variability in shoreline change [START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF].

The west coast of Europe comprises a wide range of low-lying and/or populated regions. It is exposed to high-energy winter waves generated in the North Atlantic Ocean by extratropical storms traveling eastward, with maximum track density found between about 45°N in the West Atlantic to about 70°N in the Norwegian Sea (Zappa et al., 2018). During the 2013/2014 winter, the combination of a very intense polar vortex and unusually strong North Atlantic jet stream caused a succession of deep low pressure systems to cross the Atlantic [START_REF] Davies | Weather chains during the 2013/2014 winter and their significance for seasonal prediction[END_REF] and reach western European coastlines. The combination of high cyclone frequency and above-average cyclone intensity resulted in exceptional storminess. At the coast, considerable impacts were reported across the entire European Atlantic seaboard, down to Morocco (e.g., [START_REF] Castelle | Impact of the winter 2013-2014 series of severe Western Europe storms on a double-barred sandy coast: Beach and dune erosion and megacusp embayments[END_REF][START_REF] Blaise | Review of winter storms 2013-2014 on shoreline retreat dynamic on Brittany coast, Geomorphologie : Relief, Processus[END_REF][START_REF] Autret | A comprehensive hydro-geomorphic study of cliff-top storm deposits on Banneg Island during winter 2013-2014[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] Burvingt | Climate forcing of regionally-coherent extreme storm impact and recovery on embayed beaches[END_REF][START_REF] Cox | Extraordinary transport by storm waves (west of Ireland, winter 2013-2014), and criteria for analyzing coastal boulder deposits[END_REF]. This stimulated new research over the last four years linking up storminess in the North Atlantic, climate variability, and resulting beach response and recovery.

The present study builds on recent research [START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF][START_REF] Castelle | A new climate index controlling winter wave activity along the Atlantic coast of Europe: The West Europe Pressure Anomaly[END_REF][START_REF] Castelle | Increased wintermean wave height, variability, and periodicity in the Northeast Atlantic over 1949-2017[END_REF][START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF] on atmospheric and ocean wave climate in the North East Atlantic over the last 70 years using numerical weather and wave hindcast, in-situ sea-level pressure measurements, and beach response from a unique dataset of decadal beach morphological changes along the west coast of Europe.

Data and methods

Atmospheric and ocean wave climate: winter means and trends

The data and method used are described in detail in [START_REF] Castelle | A new climate index controlling winter wave activity along the Atlantic coast of Europe: The West Europe Pressure Anomaly[END_REF]. In short, 6-hourly sea-level-pressure (SLP) and 10-m wind (𝑢 ⃗ 10) fields (2.5°x2.5°) were downloaded/obtained from the National Centers for Environmental Prediction (NCEP) / National Center for Atmospheric Research reanalysis project [START_REF] Kalnay | The NCEP/NCAR 40-year reanalysis project[END_REF], while EOF-based monthly teleconnection indices NAO, EA, and SCAND were downloaded from the National Oceanic and Atmospheric Administration (NOAA) Climate Prediction Center (www.cpc.ncep.noaa.gov). The spectral wave model WAVEWATCH III V4.18 [START_REF] Tolman | User manual and system documentation of WAVEWATCH III version 4.18[END_REF] was implemented on a 0.5° resolution grid covering the North Atlantic Ocean (80°-0°W; 0°-70°N) forced with the 6-hourly wind fields 𝑢 ⃗ 10. This modelling strategy was extensively validated in [START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF].

A smaller-scale, high-resolution model was used to simulate the wave conditions close to the breaking point at the five study sites described hereabove. For this purpose we used a WAVEWATCH III hindcast implemented on an unstructured grid with a resolution increasing from 10 km offshore to 200 m in the coastal region, and extending from north of Spain to south of Ireland [START_REF] Ardhuin | Numerical wave modeling in conditions with strong currents: Dissipation, refraction, and relative wind[END_REF][START_REF] Boudière | A suitable metocean hindcast database for the design of marine energy converters[END_REF]. Hereafter, we address winter (December, January, February, and March -DJFM) averages of wave and atmospheric variability from 1949 to 2017 (67 winters). Wintermean (December to March, 1949-2017) significant wave height Hs is shown in Fig. 1a.

Beach data

Five beaches along the Atlantic coast of Europe (see their locations in Fig. 1a) were surveyed on a monthly basis for more than 10 years, which is the most complete series of beach profiles in western Europe. Of note, two representative beach profiles were analyzed separately for Slapton Sands, as this site displays a strong alongshore variability in beach profile evolution owing to rotation. Morphological characteristics as well as information on survey methods can be found in [START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF] and [START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF]. To address beach system change, shoreline position and beach volume above mean sea level (V) were computed for each site, which include the dune system at Vougot, Porsmilin and Truc Vert.

Results

Winter wave climate variability and trends

Winter-mean (DJFM, 1949(DJFM, -2017) ) significant wave height Hs is shown in Fig. 1a. Results show that interannual to decadal variability of winter wave activity in the North East Atlantic in the northern latitudes, north of 50°N, is strongly affected by the North Atlantic Oscillation (NAO, Fig. 1b), while the recently developed West Europe Pressure Anomaly (WEPA, [START_REF] Castelle | A new climate index controlling winter wave activity along the Atlantic coast of Europe: The West Europe Pressure Anomaly[END_REF] index outscores all the conventional climate indices, including the NAO, in explaining winter wave height variability along the west coast of Europe, from UK (52°N) to Portugal (35°N), and even further south along the northwest coast of Africa (Fig. 1c).

Using an algorithm that objectively searches for the optimal SLP-based climate index, the WEPA index was defined in [START_REF] Castelle | A new climate index controlling winter wave activity along the Atlantic coast of Europe: The West Europe Pressure Anomaly[END_REF] as the normalized sea level pressure (SLP) gradient between the stations Valentia (Ireland) and Santa Cruz de Tenerife (Canary Islands, Spain). The WEPA positive phase reflects an intensified and southward-shifted latitudinal SLP gradient across the east Atlantic, driving severe storms that funnel highenergy waves toward the west coast of Europe southward of 52°N [START_REF] Castelle | A new climate index controlling winter wave activity along the Atlantic coast of Europe: The West Europe Pressure Anomaly[END_REF][START_REF] Santos | Spatial and temporal clustering analysis of extreme wave events around the UK coastline[END_REF]. NAO and WEPA are found to explain extreme winter wave conditions in the North-East Atlantic, in the Bay of Biscay and in the Celtic Seas [START_REF] Dodet | Wave climate variability in the North-East Atlantic Ocean over the last six decades[END_REF][START_REF] Castelle | A new climate index controlling winter wave activity along the Atlantic coast of Europe: The West Europe Pressure Anomaly[END_REF]. The extreme winter 2013/2014, which was characterized by a striking pattern of temporal and spatial extreme storm clustering with the highest winter average wave height since at least 1948 [START_REF] Masselink | Extreme wave activity during 2013/2014 winter and morphological impacts along the Atlantic coast of Europe[END_REF], was associated with an average positive NAO, but with the highest WEPA over the period (WEPA index of +2.66). During this winter, the latitudinal atmospheric dipole of anomaly resembled the NAO+ pattern shifted 15° southward together with a substantial longitudinal anomaly driving increased W-NW winds around 45°N (Fig. 2a). This generated larger waves along the entire coast of Europe, down to northwest Africa, with anomaly peaking at +1.62 m at approximately 50°N (Fig. 2b). Figure 3 shows the spatial map of linear trends in winter-mean Hs (Fig. 3a) and winter-mean Hs interannual variability (Fig. 3b). For the latter, the time evolution of the 10-year moving standard deviation of local winter-averaged Hs was linearly regressed. Results show a large increase in winter average Hs over the last 69 years exceeding 10 mm/year offshore of Scotland and Ireland, that is, an increase by more than 0.7 m over the study period. The rate of increase in winter average Hs decreases southward to approximately 5 and 1 mm/year along the French and Portuguese coasts, respectively, although the trend is not statistically significant at the 95% level along the Spanish and Portuguese coasts. Importantly, removing the outstanding 2013/2014 does not alter these rates off the Irish coast, but substantially decreases those further south.

The patterns of linear trends in winter Hs interannual variability (Fig 3b) are quite different from those computed directly from the winter Hs (Fig3a).

Although the maximum increase is located along the Irish coast (+1.2-1.4%/year), most of the west coast of Europe also shows a large increase (+0.6-1%/year). This large increase along all the west coast of Europe is largely due to the increased range in normalized winter Hs since the early 1990s [START_REF] Castelle | Increased wintermean wave height, variability, and periodicity in the Northeast Atlantic over 1949-2017[END_REF]. Both NAO and WEPA show the same rate of increase in interannual variability of +0.5%/year (not shown). 

Beach response

Fig. 4 shows the time evolution of beach volume and dune foot position at the study sites, with outstanding storm erosion impacts during the 2013/2014 winter leaving the majority of the sites in their most depleted state since measurements began. The most exposed sites (Perranporth and Truc Vert) lost in excess of 200 m 3 /m from the intertidal beach and dune system, and such storm response was observed to be typical of most exposed beaches along the coast of SW England and France. Contrasting responses occurred at the more sheltered sites such as Porsmilin and Vougot. At Slapton Sands, the middle profile (SP10) experienced a sediment loss of 100 m 3 /m, whereas accretion of a similar amount occurred at the north profile (SP18) owing to unprecedented beach rotation (Masselink et al., 2015). Fig. 4 shows that the recovery signature is site-specific and multi-annual, with one studied beach fully recovered after 2 years, and the others only partially recovered after 4 years. Results also show that beaches recover during the spring-summerautumn period at modest and relatively steady rates (not much inter-annual variability). However, it is the energetic winter conditions that primarily control the time it takes for beaches to recover from extreme erosion as energetic winter conditions stall the recovery process whereas moderate winter conditions accelerate it. Additional efforts (not shown, see [START_REF] Dodet | Beach recovery from extreme storm activity during the 2013/14 winter along the Atlantic coast of Europe[END_REF] show that on exposed beaches, equilibrium models (e.g., [START_REF] Yates | Equilibrium shoreline response: Observations and modeling[END_REF][START_REF] Davidson | A simple equilibrium model for predicting shoreline change[END_REF][START_REF] Splinter | A generalized equilibrium model for predicting daily to interannual shoreline response[END_REF] show significant skills in reproducing the post-storm recovery and thus can be used to investigate the recovery process in more detail, while at other sites more complex shoreline models [START_REF] Vitousek | A model integrating longshore and cross-shore processes for predicting long-term shoreline response to climate change[END_REF][START_REF] Robinet | A reducedcomplexity shoreline change model combining longshore and crossshore processes: the LX-Shore model[END_REF]) should be used. 

Conclusion

The winter-mean wave height, variability, and periodicity all increased significantly in the northeast Atlantic over the last seven decades. These changes in wave height primarily are significantly correlated with two climate indices -the North Atlantic Oscillation (NAO) and the West Europe Pressure Anomaly (WEPA) -which reflect changes in atmospheric circulation in the North Atlantic. These various modes of variability resulted, in recent years, in more high-WEPA winters with extreme winter-mean Hs situations along the west coast of Europe, with the winter of 2013/2014 standing out. During this outstanding winter, extensive beach and dune erosion occurred along exposed open-coast sites due to offshore sediment transport. More sheltered sites experienced less erosion and one of the sites even experienced accretion due to beach rotation induced by alongshore sediment transport. The recovery of beaches from this outstanding winter was site-specific and multi-annual, with one studied beach fully recovered after 2 years, and the others only partially recovered after 4 years. During the recovery phase, winter waves primarily control the timescales of beach recovery, as energetic winter conditions stall the recovery process whereas moderate winter conditions accelerate it. This inter-annual variability is well correlated with climate indices. With high-energy winter becoming more common during the next decades if the trend in both winter-mean wave height and interannual variability continues, predicting WEPA and NAO a few months ahead is crucial to anticipate coastal hazards, which is of interest for coastal and climate communities.

Fig. 1 .

 1 Fig. 1. (a) Winter-mean (December to March, 1949-2017) Hs with locations (circles) of beach study sites Perranporth (PP), Slapton Sands (SP), Vougot (VG), Porsmilin (PM), Truc Vert (TV); Spatial correlation of the winter-mean Hs against the (DJFM) winter-averaged (b) NAO and (c) WEPA indices. The North Atlantic Oscillation (NAO) and West Europe Pressure Anomaly (WEPA) indices defined as the normalized sea level pressure difference measured between two stations are indicated by the dark and light gray circles in panels. The hatched zones are the areas where correlations are not significant at the 95% confidence level.

Fig. 2 .

 2 Fig. 2. Atmospheric and wave height expression of the winter of 2013/2014 showing the highest WEPA. (a) winter-mean SLP anomaly with superimposed 𝑢 ⃗ 10 field and (b) winter-mean Hs anomaly.

Fig. 3 .

 3 Fig. 3. Linear trend of (a) winter-mean (1949-2017) Hs and (b) winter-mean (1949-2017) Hs interannual variability in percent/year. The hatched zones are areas where trends and correlations are not significant at the 95% confidence level.

Fig. 4 .

 4 Fig. 4. Time series of beach volume at the five study sites (with two profiles shown for Slapton Sands), with the beach volume set to zero on 1 December 2013. The dashed blue line represents the long-term trend over the period prior to the 2013/2014 winter, the red line represents the 2013/2014 winter response and the green line represents the recovery period. For Vougot and Truc Vert the evolution of the location of the dune foot (grey line) is also shown.
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