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Abstract 7 

The Bay of Biscay is exposed to energetic waves coming from the North Atlantic that have 8 

crucial effects on the coast. Thus, to better understand last decade’s evolution of coastal 9 

hazards and morphology and to anticipate their potential future changes, it is worthwhile to 10 

analyze the wave climate trends in this region. This study aims at characterizing the long-term 11 

trends of the present wave climate on the second half of the 20th century in the Bay of Biscay 12 

through a robust and homogeneous intercomparison of five wave datasets (CERA-40, ERA-13 

INTERIM, BoBWA-10kH, ANEMOC and Bertin and Dodet, 2010).  14 

The comparison of the quality of the datasets against offshore and nearshore buoy 15 

measurements reveals that at offshore buoys, global models slightly underestimate wave 16 

heights, while regional hindcasts overestimate wave heights, especially for the highest 17 

quantiles. At coastal buoys, BoBWA-10kH is the dataset that compares the best with 18 

observations. Concerning long time-scale features, the comparison highlights that the main 19 

significant trends are similarly presents in the five datasets, especially in summer for which 20 

there is an increase of significant wave heights and mean wave periods (up to +15 cm and +0.6 21 

s over the period 1970-2001) as well as a southerly shift of wave directions (around -0.4° y-1). 22 

Over the same period, an increase of high quantiles of wave heights during the autumn season 23 

(around 3 cm y-1 for SWH90) is also noticeable. For winter, significant trends are much lower 24 

than for summer and autumn despite a slight increase of wave heights and periods during 1958-25 

2001. These trends have been related to different modifications of the wave types’ occurrence.  26 

The results are discussed in terms of comparison with longer time-scale studies and causes of 27 

wave climate trends. The future evolutions of wave climates are also broached with the analysis 28 

of two wave climate projections (BOBWA-10kF and Morellato et al., 2010). 29 
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1 Introduction 1 

The Bay of Biscay (the gulf lying along the western coast of France and the northern coast of 2 

Spain, cf. Fig. 1) is exposed to energetic waves coming from the North Atlantic that are created 3 

by storm winds and cross the Atlantic Ocean following west-east tracks. These waves have 4 

crucial effects on coastal hazards (disturbance, erosion and flooding) and coastal morphology. 5 

Therefore, it is worthwhile to better understand wave climate evolution in this region to be able 6 

to anticipate its potential future changes and impacts at the coast.  7 

Different types of in-situ data have been used to investigate wave climate trends in the North 8 

Atlantic and the Bay of Biscay, from buoy measurements (Dupuis et al., 2006) and Voluntary 9 

Observing Ships data (Bacon and Carter, 1991 and 1993) to satellite imagery (Woolf et al., 10 

2002; Izaguirre et al., 2011). However, in-situ measurements do not provide homogeneous 11 

records of wave parameters in space and time (buoys are sparsely located and there records 12 

present many discontinuities; satellite observations are available since the 90’s only) whereas 13 

the study of wave climatology and trends requires good quality homogeneous data over long 14 

periods with good time and space resolution and coverage. Thus, many efforts have been made 15 

in the last decade to produce spatially homogeneous long-time series of wave parameters 16 

through wind wave numerical modeling based on global meteorological reanalysis. 17 

Several reanalysis and hindcasts of ocean waves over the second half of the 20th century were 18 

produced and analyzed at global scale [ERA-40 and C-ERA-40 for 1958-2001 (Uppala et al., 19 

2005; Caires and Swail, 2004; Caires et al., 2005a and 2005b) ; ERA-INTERIM for 1979-2011 20 

(Dee et al., 2011)] and at regional scale for the North Atlantic [AES40 for 1958-1997 (Swail 21 

and Cox, 2000; Wang and Swail, 2004) ; MSC50 for 1954-2010 (Swail et al., 2006)]. In the 22 

North Atlantic area, these studies show a general agreement in terms of long-term trends of 23 

wave heights:  they point out a general increase for latitudes north of 50°N and a decrease south 24 

of 40°N. For example, Wang and Swail (2004) and Caires and Swail (2004) highlight a 25 

significant increase of winter mean significant wave heights (respectively up to +3 cm y-1 and 26 

+2.6 cm y-1) in the northeast part of the basin. In the same area, Swail et al. (2006) show similar 27 

trends in terms of annual mean significant wave heights (about +0.6 cm y-1). Even so, in the 28 

intermediate area of the Bay of Biscay (between 40°N and 50°N), no significant changes are 29 

detected in these studies, whatever the dataset and the season. However, the spatial resolutions 30 

of global wave models (1.5° for ERA-40) or North Atlantic models (0.625° in latitude by 31 
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0.833° in longitude for AES40) are insufficient to analyze properly this intermediate region, for 1 

which the wave height trends have a poor significance. 2 

To date, three regional long-term wave hindcasts are available for the area of the Bay of 3 

Biscay: ANEMOC, covering the French Atlantic coasts, the English Channel and the North Sea 4 

over the period 1979-2002 (Benoit and Lafon, 2004); BOBWA-10kH, generated with a 5 

dynamical downscaling from the North Atlantic to the Bay of Biscay over the period 1958-6 

2002 (Charles et al., 2012a); and the wave hindcast generated by Dodet et al. (2010) over the 7 

period 1953-2009. The comparison of the long-term trends highlighted by these studies is not 8 

straightforward because the periods investigated and the methods employed differ from one 9 

author to another. On the period 1953-2009, Dodet et al. (2010) show an increase of significant 10 

wave heights up to 2 cm y-1, a slight increase of annual peak period of about 0.01 s y-1 and a 11 

clockwise rotation (i.e. a northerly shift) of mean wave direction ranging from 0 to 0.05° y-1. 12 

Nevertheless, the significance of these trends is not given by Dodet et al. (2010), whereas 13 

Charles et al. (2012a) doesn’t point out any significant trend for the same period. In contrast, 14 

for the period 1970-2001, Charles et al. (2012a) highlight a significant increase in summer 15 

wave heights (0.5 cm y-1 for mean significant wave heights, and 2.6 cm y-1 for the 90th quantile 16 

at the Biscay Buoy) as well as a northerly shift of wave directions during spring and a southerly 17 

shift during autumn.   18 

To sum up, the results of these studies are not contradictory, but some discrepancies limit the 19 

comparison between the datasets, and thus their use to provide robust trend information: the 20 

parameters (seasonal or annual means, 90th or 95th quantiles), the time period, the geographic 21 

area, the use of the statistical significance test, etc. Therefore, this paper aims at characterizing 22 

the trends of the present wave climate in the Bay of Biscay, by re-examining the conclusions of 23 

the above-mentioned studies through a robust and homogeneous intercomparison of different 24 

raw datasets. For that purpose, we selected the three available regional wave hindcasts in the 25 

Bay of Biscay but also the global wave reanalysis C-ERA-40 and ERA-INTERIM. Indeed, 26 

even if the resolution of global models is limited, the use of these two reanalysis enables to 27 

enrich the restricted number of regional datasets and to take into account reanalyzed wave data 28 

(that have been corrected through data assimilation using wave observations). Although our 29 

main goal is to compare wave trends in the different hindcasts and reanalysis, the quality of the 30 

different datasets has to be estimated first. This is done by using buoy measurements along the 31 

French coast. Then, the seasonal trends of mean significant wave heights (SWH), 90th quantile 32 
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of significant wave heights (SWH90), mean wave periods (MWP) and mean wave directions 1 

(MWD) can be estimated based in the datasets results comparison, and for different time 2 

periods.  3 

The paper is organized as follows. Section 2 describes the selected reanalysis and hindcasts and 4 

details the methodology applied for the comparison of the datasets quality and trends. In the 5 

two following sections, we present the results of the quality analysis (Sect. 3) and the long-time 6 

scale features assessment (Sect. 4). Section 5 is dedicated to the discussion and the conclusion 7 

is drawn in Sect. 6. 8 

 9 

2 Data and method 10 

2.1 Wave datasets description 11 

The characteristics of the five datasets are synthetized in Tab. 1 and a detailed description 12 

(grids, resolutions, wind data, wave models, validation, calibration data and method, etc.) is 13 

provided in the following five sections. The positions of the buoys used for the calibration or 14 

the validation of the different datasets (and situated in our study area) are showed on Fig. 1. 15 

2.1.1 C-ERA-40 16 

ERA-40 (Uppala et al., 2005) is a 40-year (1957–2002) world climatology reanalysis produced 17 

by the European Centre for Medium-Range Weather Forecasts (ECMWF) based on an 18 

atmospheric model coupled with the wave model WAM (Komen et al., 1994). It benefits from 19 

the assimilation of altimeter measurements (like ERS-1 and ERS-2 from 1992 to 2001) and was 20 

validated against buoy measurements. As some inhomogeneities were introduced by the use of 21 

different altimeter data, Caires and Sterl (2005a and 2005b) corrected the SWH with a 22 

nonparametric regression method and provided the new 45-yr global 6-hourly dataset C-ERA-23 

40. The wave fields are provided every 6 hours on a 1.5° grid. 24 

2.1.2 ERA-INTERIM 25 

ERA-Interim (Dee et al. 2011) is the latest global atmospheric and oceanographic reanalysis 26 

produced by the ECMWF covering the time period from 1979 to 2011. Amongst others, the 27 

project was conducted to prepare the new atmospheric reanalysis ERA-CLIM covering the 20th 28 

century. Built on the experience acquired with ERA-40, ERA-INTERIM benefits from 29 
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improved data assimilation systems (ERS-1 and ERS-2 satellite observations have been 1 

corrected, and ENVISAT, JASON-1 and JASON-2 data have been added) and numerical 2 

models. The wave data are provided every 3 h on a 0.7° resolution grid 3 

2.1.3 ANEMOC 4 

ANEMOC (Digital Atlas of State Oceanic and Coastal Sea; Benoit and Lafon, 2004) is a wave 5 

hindcast covering the French Atlantic coasts, the English Channel and the North Sea over a 6 

period of 23 years (1979-2002). It has been built with the TELEMAC-based Operational Model 7 

Addressing Wave Action Computation (TOMAWAC; Benoit et al., 1996) and the 6 hourly 8 

ERA-40 wind fields. The spatial resolution of the wave model ranges from 1° offshore to 2-3 9 

km near the coast. Validation was carried out on 4 buoys along the French Atlantic coast (Yeu, 10 

Ouessant, Minquiers and Le Havre) over a period of 2 years (1999-2000). The wave parameters 11 

are provided every hour on different points over the Bay of Biscay. In our study, these data 12 

have been interpolated on a 0.1° grid resolution to produce gridded wave fields. 13 

2.1.4 BAD  14 

Dodet et al. (2010) produced a 57–year wave hindcast (1953-2009), covering the North 15 

Atlantic Ocean with a resolution of 0.5°. The simulations were realized with the version 3.14 of 16 

the third-generation spectral wave model WAVEWATCH IIITM (WW3) (Tolman, 2009), the 17 

parameterization of Ardhuin et al. (2009a, 2009b) and the 6 hourly wind fields from the 18 

NCEP/NCAR Reanalysis (Kalnay et al., 1996). The validation against buoys measurements 19 

(five buoys along the Portuguese coast plus one along the Spanish coast) pointed out an 20 

underestimation of the simulated SWH (systematic bias from -0.10 m to -0.30 m). Thus, Bertin 21 

and Dodet (2010) produced a new wave hindcast based on the same model but forced with 3% 22 

increased NCEP/NCAR wind fields to correct this negative bias. Besides, a 0.2° grid centred on 23 

the Bay of Biscay and the English Channel was added to provide higher resolution data on the 24 

French Atlantic coasts. The validation of the second grid, carried out against four buoys 25 

situated in our study area (Saint-Yves, Cap-Ferret, Bilbao and Bares), showed lower statistical 26 

errors than the previous dataset. For this reason, we chose to use this corrected dataset, 27 

hereafter called BAD, which provides wave fields every 6 hours on the 0.2° grid. 28 
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2.1.5 BOBWA-10kH 1 

BOBWA-10kH (Charles et al. 2012a) is a property of BRGM and CNRM-GAME (URA1357; 2 

CNRS-Météo-France). It is a wave hindcast covering the period 1958-2001 for the North 3 

Atlantic (spatial resolution of 0.5°) and the French Atlantic and English Channel coasts (spatial 4 

resolution of 0.1°). It was produced with a two-way nested WW3 (Tolman, 2009) modelling 5 

framework using the TEST441 source terms parameterization (Ardhuin et al., 2010). The 6 

model was forced by the ERA-40 wind fields (Uppala et al. 2005) given every 6h at a height of 7 

10 m on a 1.125° x 1.125° grid. A calibration was carried out by varying the wind input height 8 

and comparing the simulated waves against the Biscay buoy measurements on the period 1998-9 

2002. The optimal altitude value was assigned at 4.5m. The dataset was also validated against 7 10 

buoys (Biscarrosse, Cap-Ferret, Saint-Nazaire, Minquiers, Cayeux, Yeu1 et Yeu 2) over the 11 

period 1998-2002. The results are available every 6 hours for each point of the 0.1° grid. 12 

2.2 Wave climatology in the Bay of Biscay 13 

A first investigation is carried out to describe the wave climatology and identify the spatial and 14 

seasonal variability in the region of the Bay of Biscay (10°W-0°E; 43°N-52°N). To this end, 15 

we use the maps of mean wave parameters (SWH, SWH90, MWP and MWD) derived from 16 

BOBWA-10kH for the period 1979-2001 (Fig. 2). Generally speaking, annual mean SWH 17 

values vary spatially, decreasing from the open sea (about 3 m at 10°W) to the coast (1 m along 18 

the South French coast). In spring and autumn, seasonal means of SWH are of the same order 19 

of magnitude (from 3 m at 10°W to 1.5 m at 1°W), whereas they are larger in winter (from 5 m 20 

at 10°W to 2 m at 1°W) and lower in summer (from 2 m at 10°W to 1 m at 1°W). SWH90 show 21 

similar patterns but with larger values (from 7 m at 10°W to 3.5 m at 1°W during winter). 22 

Concerning the mean wave period (MWP), a much more regular seasonality is observed, with 23 

summers characterized by MWP of about 7 s and winter MWP ranging from 10 s to 11 s. A 24 

slight gradient from +0.5 s to +1 s appears from North (51°N) to South (44°N). Finally, we can 25 

observe that annual and seasonal averaged waves come from almost the same direction, i.e. 26 

from the west-north-west (from 280°N at 51°N to 300°N at 44°N).   27 

As a preliminary intercomparison, the analysis of the other datasets (maps not shown) reveals 28 

that the three hindcasts and two reanalysis exhibit the same patterns in the study area. 29 

Concerning the annual and seasonal means of SWH, the three regional datasets (ANEMOC, 30 

BAD and BOBWA) are very comparable in terms of spatial variability and range of values. 31 
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Nevertheless, BAD and ANEMOC show higher means for SWH90 (+5 % and + 10 % 1 

respectively). For the two global reanalysis, we notice a good similarity in terms of variability, 2 

but their seasonal means of SWH are lower than those of the three regional hindcasts (from -10 3 

% to -15 %). For the mean wave period (MWP), BAD and BOBWA show similar values within 4 

the Bay of Biscay but the three other datasets (C-ERA-40, ERA-INTERIM and ANEMOC) 5 

present lower means (between -10% to -25% ). In terms of mean wave direction (MWD), we 6 

do not observe any significant differences between the datasets. 7 

 8 

2.3 Method of intercomparison 9 

The intercomparison of the datasets contains two steps: first, the assessment of the quality of 10 

each dataset and second, the comparison of long-term trends.  11 

For the first step, the models outputs (SWH, SWH90, MWP and MWD) are compared against 12 

five buoy measurements spread over the study area (cf. Fig. 1): two offshore buoys [Brittany 13 

(2100 m depth) in the North Atlantic and Biscay Buoy in the Bay of Biscay (4500 m depth)] 14 

and three coastal buoys along the French coast [Biscarrosse (26 m depth), Yeu (35 m depth) 15 

and Minquiers (38 m depth)]. Although our study focuses on the Bay of Biscay, the three 16 

regional models also cover the English Channel. Thus, we decided to include the Minquiers 17 

buoy in this section to investigate the limitations of the models in this area. It is worth 18 

mentioning that models outputs correspond to grid nodes and thus do not always match exactly 19 

buoy locations, especially for global datasets. In order to homogenize the datasets, the squared 20 

6 hourly mean significant wave heights and periods and the 6 hourly mean wave directions are 21 

calculated for each dataset and each buoy record. The 6-hourly fields from these 5 buoys 22 

locations are analyzed through different plots, such as scatter and quantile-quantile plots (Q-Q 23 

plots, see Fig. 3b for example) which show the correspondence between measured and 24 

computed quantiles (from 1% to 99%) of the statistical distribution of SWH. These plots allow 25 

analyzing model capacity to fairly reproduce both weak and energetic waves with a similar 26 

accuracy. The differences between models outputs and observations are also quantified by 27 

computing standard statistics: the systematic deviation between two random variables (BIAS, 28 

Eq. 1), the root mean square error (RMSE, Eq. 2), the residual scatter index measuring the 29 

dispersion with respect to the line x=y (SI, Eq. 3), and the coefficient of determination, known 30 

as the square of Pearson’s correlation coefficient (R², Eq. 4). 31 
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with x, representing the observations, y, the wave model data, and n, the number of 5 

observations. These statistics are synthesized in Taylor diagrams (Taylor, 2001) which provide 6 

a convenient way to represent multiple statistical metrics of model-data comparisons on the 7 

same plot (see Fig. 3a for example). 8 

For the second step, we carry out a comparison of seasonal trends in the region of the Bay of 9 

Biscay (10°W-0°E; 43°N-52°N). Here, the four meteorological seasons are defined as DJF 10 

(December-January-February), MAM (March-April-May), JJA (June-July-August) and SON 11 

(September-October-November). For a detailed analysis of trends, we analyze simultaneously 12 

(1) the surface plots for the variables SWH, SWH90, MWP and MWD (ex.: Fig. 7), and (2) the 13 

bivariate diagrams of wave densities (distribution of significant wave heights against mean 14 

wave periods or directions) on local points (ex.: Fig. 8).  15 

The surface plots are based on reconstructed 6-hourly squared means of significant wave 16 

heights and mean periods and 6-hourly mean directions at each cell of the grids. Seasonal mean 17 

as well as normalized standard deviation (%) and trends of wave parameters are then computed. 18 

The significance of the trends is indicated on each plot by the p-value of the Student’s T-Test 19 

(Student, 1980). Usually, trends are considered significant when the p-value is less than 0.05 20 

but we show the entire plots in order not to restrict the analysis to the most significant areas. 21 

Trends significant at more than 95% (probability value < 0.05 on the map) are indicated by 22 

hatching on the trend maps (ex.: Fig. 7). 23 

The bivariate diagrams are elaborated such as in Charles et al. (2012a) by dividing the 2D 24 

space into cells of 1 m (for SWH) and 1.25 s (for MWP) or into cells of 1 m (for SWH) and 18° 25 

(for MWD) and calculating the percentage of events in each cell. They enable to assess the 26 

repartition of the types of waves, from wind-seas to swells. To better distinguish the different 27 

types, the median steepness is also plotted. With their analysis at the Biscay Buoy, Butel et al. 28 

(2002) and Le Cozannet et al. (2011) estimate that the waves above this curve can be 29 

considered as swell and the waves below represent a mix of swell and wind-seas (intermediate 30 
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waves).  More details about this method are given in Le Cozannet et al. (2011) and Charles et 1 

al. (2012a). For the analysis, models outputs are extracted at two locations corresponding to 2 

coastal buoys positions at different latitudes (see Fig. 1): Ouessant (48°N) and Cap-Ferret 3 

(44.65°N). For the global models, the coarse spatial resolution induces a higher distance 4 

between the extraction point and the real buoys locations. As these two buoys are close to the 5 

coast (Ouessant at 45 km and Cap-Ferret at 15 km) and as global models do not take into 6 

account nearshore processes, the diagrams done for global models should be considered as 7 

tools to study the trends rather than an accurate representation of the reality. 8 
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3 Quality of the datasets 10 

The comparison of the datasets against buoy measurements is performed on the 5 buoys 11 

described in Sect. 2 and Fig. 1. The quality of the regional models is investigated at every buoy 12 

but the global models are analysed only for the two offshore buoys (Brittany and Biscay). Table 13 

2 provides the number of measurements (n), the correlation coefficient (R2), the bias (BIAS), 14 

the Root mean square error (RMSE) and the scatter Index (SI) of the five SWH and MPW 15 

datasets for each buoy. In the following, we analyse successively the quality of the datasets for 16 

SWH, MWP and MWD through these statistics, the Q-Q plots and the Taylor diagrams. 17 

3.1 Significant wave height 18 

Figure 3 presents several graphics synthetizing the statistics of the five SWH datasets against 19 

the two offshore buoys measurements (Brittany and Biscay). The Q-Q plots are showed only 20 

for the Brittany buoy but the Taylor diagram gathers the statistics of both buoys. At the 21 

Brittany buoy, we notice on Tab. 2 that the global models tend to underestimate wave heights 22 

(negative bias down to -19 cm for C-ERA-40) whereas the regional models tend to 23 

overestimate (positive bias from +9 cm for BOBWA-10kH to +22 cm for BAD). Q-Q plots for 24 

the Brittany buoy (Fig. 3b) show that if the regional models tend to overestimate wave heights 25 

above 3-4 m, the underestimation of global models begins for higher quantiles (above 8 m). At 26 

the Biscay buoy (Q-Q plots not shown), the same type of behaviours is observed but (1) the 27 

underestimation of global models is more pronounced for lower waves (above 3–4 m) and (2) 28 

the overestimation of regional models concerns only the highest quantiles (above 5 m for BAD 29 

and above 7 m for BOBWA-10kH and ANEMOC). As shown by the statistics summarized on 30 

the Taylor diagram (Fig. 3a), ERA-INTERIM and BOBWA-10kH are the two models that 31 
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compare the best with offshore buoy observations (ERA-INTERIM is of superior quality at 1 

Brittany buoy but BOBWA-10kH compares better with observations at the Biscay buoy). 2 

Concerning the coastal buoys (Yeu, Biscarrosse and Minquiers), the detailed results for the 3 

three regional datasets are provided on Fig. 4. As for the offshore buoys, the Taylor diagram 4 

(Fig. 4a) presents the statistics at each buoy but the Q-Q plots concern only the Yeu buoy. At 5 

the Yeu buoy, the comparative statistics of the datasets synthetized on Tab. 2 are very similar, 6 

although BOBWA-10kH shows slightly lower errors. For the highest quantiles, the Q-Q plots 7 

(Fig. 4b) show that ANEMOC and BAD tend to overestimate wave heights (error beyond 8 

+10%) when BOBWA-10kH tend to underestimate (between -5% and -10%). At the 9 

Biscarrosse buoy (Q-Q plots not shown), all the models tend to strongly overestimate all type 10 

of waves and show positive bias between +0.11 m (BOBWA-10kH) and +0.26 m (ANEMOC). 11 

This phenomenon could be explained by the proximity of the coast (~5 km) and the limited 12 

resolution of the regional models in this area (around 0.1°) that does not allow simulating 13 

properly the nearshore wave transformations. At the Minquiers buoy (Q-Q plots not shown), 14 

we could have expected a poorer quality of the models (because none of the models take into 15 

account the interaction with the strong tide – water level and currents - in this area) but the 16 

statistical errors are of the same order of magnitude than those at the Yeu buoy. Nevertheless, 17 

Charles et al. (2012a) showed that even if the statistics of BOBWA-10kH at the Minquiers 18 

buoy are comparable with those of the Atlantic buoys, the results obtained for more eastern 19 

buoys (like Cayeux and Dunkerque, not investigated in this study) differ considerably with 20 

larger biases and RMSE. Even though, there is a systematic underestimation of wave heights 21 

for all the quantiles ranges at this buoy (with bias from -0.09 m for BOBWA-10kH to -0.25m 22 

for ANEMOC). To sum up, statistical errors of BOBWA-10kH at the three selected coastal 23 

buoys are generally lower than those of ANEMOC and BAD (cf. Taylor diagram, Fig. 4a). 24 

3.2 Mean wave period and direction 25 

The analysis of MWP quality is based on Tab. 2 summarizing the statistic errors for each 26 

dataset. In general, the quality of the datasets is better on offshore buoys (with R2 above 0.8) 27 

than on coastal buoys (with R2 between 0.5 and 0.8). Contrary to the analysis of SWH for the 28 

offshore buoys (Brittany and Biscay), there is no distinct behaviours for global models on the 29 

one hand and for regional models on the other hand and there is no evidence that one of the 30 

datasets produces MWP of higher quality. For the coastal buoys (Biscarrosse, Yeu and 31 

Minquiers), all the regional models tend to overestimate wave periods (except ANEMOC and 32 



 11 

BAD at Yeu buoy) but BOBWA-10kH compares slightly better with observations for most of 1 

the buoys.  2 

Concerning the directions, only two of the selected buoys (Yeu on the Atlantic coast and 3 

Minquiers in the English Channel) provide records of wave directions in our study area. Thus, 4 

the analysis is based on two graphics representing the repartition of the directions of the three 5 

regional models at the two buoys (Fig. 5). If the main direction of waves (corresponding to 6 

swells) is accurately reproduced by the three models at Yeu buoy (around 270°), the differences 7 

are much larger at Minquiers buoy. BAD and BoBWA-10kH well reproduce the main direction 8 

(280° to 300°) whereas ANEMOC shows a deviation of about 30° north comparing to 9 

observations. This could be explained by the fact that tide and tidal currents (particularly 10 

pronounced in the English Channel) are not taken into account in the different wave models. As 11 

suggested in Charles et al. (2012a), tide’s influence in the Channel grows up from west to east 12 

and it is likely that wave directions have a poorer quality further in the English Channel in 13 

BAD and BoBWA-10k datasets. Lastly, for both buoys, the comparison with observations 14 

highlights some weaknesses in the reproduction of other directions (corresponding to wind-15 

seas), probably due to the coarse discretization of directions in the models and the wind dataset 16 

quality.  17 

3.3 Summary and analysis 18 

To summarize, at offshore buoys, global models slightly underestimate wave heights, while 19 

regional models overestimate wave heights, especially for the highest quantiles. In general, 20 

BOBWA-10kH compares better with observations than the other regional datasets in terms of 21 

standard statistical errors. For coastal locations, BOBWA-10kH represents best the wave 22 

heights measurements as the two other regionals models (ANEMOC and BAD) tend to over-23 

estimate the highest wave heights. For all datasets and all locations, mean wave periods are 24 

poorly reproduced. Concerning wave directions, a deviation of the main direction of about 30° 25 

north regarding to measurements is observed in the English Channel for the ANEMOC model. 26 

The determination of the effect of the model specificities (spatiotemporal resolution, physical 27 

equations, wind forcing, calibration methods, etc.) on the quality of the datasets is not 28 

straightforward. If the low spatiotemporal resolution of the global reanalysis can account for 29 

the underestimation of wave heights, it is harder to explain the differences between the regional 30 

hindcasts. Among them, BOBWA-10kH and BAD are based on the same wave model (WW3), 31 
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and ANEMOC and BOBWA-10kH are forced with the same wind field (ERA-40). However, at 1 

the selected buoys, we did not notice more similarities between ANEMOC and BOBWA-10kH 2 

or between BAD and BOBWA-10kH. The calibration method and the data used for the 3 

calibration seem to have more impact on the quality of a dataset than the wave models and the 4 

raw wind data used to force it. Finally, as the quality of the datasets is often optimum in the 5 

areas of calibration, it is logical to observe a spatial variability in the quality of the datasets and 6 

the good quality of BOBWA-10kH in the Bay of Biscay can be explained by the choice of the 7 

Biscay buoy for the calibration. It is more than likely that BAD quality is better along Spanish 8 

and Portuguese coasts.  9 

It is worth mentioning that our comparison concerns mean wave parameters and does not 10 

consider the analysis of the different types of waves and extremes. Besides, as the objective of 11 

the study is to analyze wave trends, we focused only on long-term hindcasts and reanalysis. 12 

Yet, other datasets with higher spatial and temporal resolutions are available such as IOWAGA 13 

(Magne et al., 2010). Even if they cover a shorter time period, these datasets may be more 14 

accurate to reproduce historical events such as storms.  15 

 16 

4 Long time-scale features 17 

Based on the periods covered by the datasets and the trend study of Charles et al. (2012a), three 18 

time periods can be identified: 1958-2001 which is the longest available period, 1979-2001 19 

which is common to the five datasets, and 1970-2001 for which the strongest significant trends 20 

were observed by Charles et al. (2012a). However, no significant trend appeared for 1979-21 

2001. For example, summer trends of SWH for the period 1979-2001 are illustrated on Figure 22 

6. Even if the SWH positive trend is of the same order of magnitude in the five datasets (+0.5 23 

cm y-1 to +1 cm y-1), it is not significant enough to be highlighted. Thus, we focus on time 24 

frames 1958-2001 and 1970-2001, which exclude the use of ANEMOC and ERA-INTERIM 25 

since these datasets starts in 1979. In the following, the used datasets are C-ERA-40, BAD and 26 

BOBWA-10kH.  27 

In the following, we analyse both the linear trends of wave parameters on the surface plots and 28 

the linear trends of wave type distribution on the local bivariate diagrams. Only the significant 29 

trends (p-value lower than 0.05) common to all datasets are described and illustrated. The 30 

results are organized season by season from summer to winter. Spring is not developed because 31 

no significant trend common to the datasets was highlighted for this season. 32 
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4.1 Summer 1 

Summer is characterised by the most significant and largest trends and the strongest similarity 2 

between the datasets, especially for the period 1970-2001 (Fig. 7).  3 

The detailed analysis of the seasonal maps enabled to point out a significant increase of wave 4 

height for the whole French Atlantic coast during the period 1970-2001 in the three available 5 

datasets (C-ERA-40, BAD and BOBWA-10kH). This increase ranges from +0.5 cm y-1 to +1 6 

cm y-1 for SWH and from +0.5 cm y-1 to +2 cm y-1 for SWH90. For the same period, there is 7 

also a slight significant increase of the mean wave period in the whole grid which is more 8 

pronounced in C-ERA-40 (up to +0.04 s y-1) than in BAD and BOBWA-10kH (up to +0.02 s y-9 
1). Concerning wave directions, we notice a significant southerly shift in the three datasets 10 

particularly pronounced north of 48°N (between -0.2° y-1 and -0.4° y-1 in the area bordered by 11 

the French Brittany Peninsula and the Celtic sea). Over the period 1958-2001 (map not 12 

presented), the positive trend of the mean period highlighted for 1970-2001 is still noticeable 13 

but in the southern part of the grid only (under the 48°N latitude). 14 

The analysis of the bivariate diagrams for the period 1970-2001 enables to partly explain these 15 

trends. Figure 8 shows an extract of the bivariate diagrams for Ouessant and Cap-Ferret buoys. 16 

The diagrams SWH/MWP exhibit, for the three datasets and the two buoys, a significant 17 

increase of the relative occurrence of energetic waves with heights above the 90th quantile and 18 

periods above 6 s. For C-ERA-40 only, there is a significant increase of lower waves (under 19 

2m) with high periods corresponding to the swell type (with a low steepness). Concerning the 20 

diagrams SWH/MWD, they show a significant increase of the highest waves whose directions 21 

range between 250° and 300°.  22 

4.2 Autumn 23 

For this season, the significant wave height is the only variable showing consistent trends in the 24 

various datasets (see Fig. 9). As for the summer, this trend is positive and stronger for the 25 

period 1970-2001. For SWH, this increase is significant only for C-ERA-40 and BAD with 26 

values up to +1.5 cm y-1. For SWH90 (map not shown), it is significant for the three datasets but 27 

more pronounced in C-ERA-40 and BAD for which it reaches +3 cm y-1 in the northern part of 28 

the grid (north of 48°N, in the Celtic sea and the English Channel). The period 1958-2001 is 29 

also characterised by a slight significant increase of SWH90 in the three datasets (about 0.5-1 30 

cm y-1) but only above 48°N.  31 
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The analysis of the bivariate diagrams SWH/MWP for the period 1970-2001 (Fig. 10, left) 1 

shows a significant increase of waves of intermediate type (with higher heights but no higher 2 

periods). In C-ERA-40 and BAD, this increase is more pronounced for waves above the 90th 3 

quantile whereas it is noticeable only for waves below the 90th quantile in BOBWA-10kH. This 4 

could explain the differences between the datasets observed in the surface plots of SWH and 5 

SWH90. Concerning the diagrams SWH/MWD (Fig. 10, right), they also highlight an increase 6 

of the highest waves but no particular trend for the directions. 7 

4.3 Winter 8 

In winter, there is a general increase of wave heights in the three datasets for both 1970-2001 9 

and 1958-2001, particularly above the French Brittany Peninsula. In this area, BAD and C-10 

ERA-40 show a significant trend of SWH90 up to +2 cm y-1 for 1970-2001 and up to +1.5 cm y-11 
1 for 1958-2001 (cf. Fig. 11, top). For BOBWA-10kH, this trend is of the same order of 12 

magnitude but it is less widespread and not significant (although the significance is above 13 

80%). A slight increase of wave periods (+0.02 s y-1 to +0.04 s y-1) is also detectable in the 14 

three datasets for the period 1958-2001, more particularly along the Aquitaine coast (cf. Fig. 15 

10, bottom). For the directions, none of the datasets present any trend. 16 

Bivariate diagrams SWH/MWP (Fig. 11, left) exhibit two different patterns at the Ouessant 17 

buoy (in front of the French Brittany Peninsula) and the Cap-Ferret buoy (situated near the 18 

Aquitaine coast). At the Cap-Ferret buoy, there is an increase of longer waves occurrence but 19 

no particular increase of wave heights whereas at Ouessant buoy, there is an increase of 20 

energetic waves with longer periods and higher waves. It explains the spatial differences in 21 

latitude observed on the maps (Fig. 10). On the contrary, the same pattern appears for both 22 

locations on the SWH/MWD diagrams (Fig. 11, right) as we notice an increase of waves whose 23 

direction ranges between 280° and 300°.  24 

4.4 Summary and analysis 25 

Despite the discrepancies between the datasets observed in the quality analysis (Sect. 3), the 26 

comparison of long-term features derived from the three datasets C-ERA-40, BOBWA-10kH 27 

and BAD, enabled to highlight common trends. More particularly, some similarities have been 28 

brought to light during the period 1970-2001 which was not investigated by all the authors. To 29 

summarise our findings: 30 
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- No significant trend is pointed out for the spring season. 1 

- For the summer season, the comparison highlighted a strong similarity between the trends of 2 

wave parameters and wave distributions of the datasets C-ERA-40, BAD and BOBWA-10kH 3 

for the period 1970-2001. For this period, the analysis of maps and local points pointed out a 4 

general increase of wave heights (+15 cm for mean SWH and +60 cm for the 10% highest 5 

SWH) and periods (+0.6 s) with a southerly shift of wave directions (-1°) in the three datasets 6 

that can be partly explained by an increase of the occurrence of more energetic waves (with 7 

heights above the 90th quantile and high periods) from the west-north-west (between 250° and 8 

300°).  9 

- In autumn, an increase of the wave heights above the 90th quantile is still noticeable in the 10 

three datasets (although more pronounced for C-ERA-40 and BAD) for the period 1970-2001 11 

(up to +45 cm for SWH and up to +90 cm for SWH90 north of 48°N). It can be explained by 12 

an increase of the occurrence of waves with higher steepness (with higher heights but no 13 

particular change for the periods).  14 

- Even if the trends are less significant than in summer, the winter season is also characterized 15 

by a general increase of wave heights for both 1970-2001 and 1958-2001 (particularly north 16 

of the Brittany Peninsula) and mean wave periods for 1958-2001 (particularly south of the 17 

Brittany Peninsula). The analysis of bivariate diagrams showed that it could be partly 18 

explained by an increase of energetic waves coming from the west-north-west (between 280° 19 

and 300°) but whose characteristics vary depending on the latitude. In the northern part of the 20 

bay, they are characterized by larger heights and periods and in the southern part of the bay 21 

they are characterized by longer periods only. 22 

Thus, a general increase of wave heights is detected at the end of the 20th century for summer, 23 

winter and autumn seasons. Although, the analysis of bivariate diagrams enables to point out 24 

that this increase is not due to the same mechanisms and type of waves depending on the 25 

season.  26 

As for the quality analysis, the explanation of the similarities between trends from different 27 

datasets is not straightforward. One can suppose that the wind data used to force the wave 28 

models are determining but we did not clearly notice more similarities between BOBWA-10kH 29 

and C-ERA-40 (which are derived from the same source of wind).  30 
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5  Discussion 1 

5.1 Comparison with longer time-scale studies 2 

In this study, we investigated the long-term trends of wave parameters over the second part of 3 

the 20th century. At longer time scale, two studies explored wave climate evolution in the North 4 

Atlantic over the entire 20th century based on statistical (Wang et al., 2012) or dynamical 5 

(Bertin et al., 2013) reconstruction of SWH from the 20th Century atmospheric Reanalysis 6 

(20CR, Compo et al., 2011). They both show an increase of annual SWH over the 20th century 7 

in the northern part of the basin and in the Bay of Biscay even if the spatial patterns and order 8 

of magnitude of this trend differ from one study to another (the detailed comparison is difficult 9 

due to the use of different variables). Wang et al. (2012) also show that the trends magnitudes 10 

vary depending on the season (with higher magnitude in summer) and the period analysed 11 

(stronger trends are detected for the second half of the 20th century). Even though, present 12 

trends of SWH detected in this study seem to follow SWH trends over the 20th century.  13 

5.2 Causes for SWH trends 14 

Several studies investigated the causes of SWH trends in North Atlantic, from inter-annual 15 

variability (partly-controlled by the NAO oscillation) to long-term trends in North Atlantic 16 

winds and storminess.  17 

Fig. 13 presents the inter-annual variations of SWH at the Biscay buoy for each dataset used in 18 

this study as well as the annual NAO index. Whatever the season, inter-annual variability of 19 

SWH is very strong (from 0.25 m in summer to 2 m in winter) and the variations followed by 20 

the datasets over the years are very similar. As demonstrated in previous studies (Kushnir et al., 21 

1997; Wang and Swail., 2001 and 2002; Dodet el al., 2010; Charles et al., 2012a), these inter-22 

annual variations can be partly related to the NAO index (NAO+ being characterized by 23 

stronger and northerly shifted winds in the North Atlantic). In particular, Charles et al. (2012a) 24 

point out that NAO+ is correlated with an increase of wave heights and periods during winter 25 

and a decrease of wave heights during summer associated with a northerly shift of wave 26 

directions for both seasons. Thus, if the increase of NAO+ occurrence over the second part of 27 

the 20th century can help understanding winter wave height increase detected in the datasets 28 

studied in this paper, the link with summer wave heights increase is more difficult to interpret.  29 
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Another approach entails relating changes of wave characteristics to long-term changes of wind 1 

fields in the North Atlantic Ocean. Some recent studies have pointed out an increase in wind 2 

speed over the past 25 years (Young et al. 2011), and also an increase of annual storm 3 

occurrence for the northern and western Europe since 1960 with a peak of storminess near the 4 

early 90’ (Donat et al., 2011). However, storminess variability and trends over the European 5 

regions exhibit high regional and seasonal differences (Wang et al., 2009 and 2011). Through 6 

an analysis of inland surface pressure observations since 1878, Wang et al. (2009, 2011) 7 

notably show that the peak of storminess detected at the end of the 19th and the 20th century did 8 

not occur at the same season (winter or summer) depending on the regions and the latitudes. 9 

Thus, a thorough analysis of seasonal storminess variability and trends over the entire North 10 

Atlantic Ocean could help understanding the mechanisms at stake and explaining the seasonal 11 

differences in wave climate trends detected in this study.   12 

5.3 Future evolution of these trends 13 

The studies investigating the future wave climates are more recent and only a few of them 14 

concerns the Bay of Biscay. Among the datasets used in our study, two were extended on the 15 

period 2061-2100 under climate change scenarios (A2, A1B and B1): (1) Charles et al. (2012b) 16 

produced the wave forecast BOBWA-10kF with the same model as BOBWA-10kH and wind 17 

fields from the RETIC simulations of ARPEGE-Climat (Gibelin and Déqué, 2003) (2) 18 

Morellato et al. (2010) produced a wave forecast with the same model as ANEMOC and the 19 

wind fields ECHAM5/MPIOM. The examination of wave climate changes (performed with a 20 

similar approach as for the present trends, see Sect. 2.3) points out that past trends do not 21 

pursue, as we observe a general decrease of wave heights between the end of the 20th and the 22 

21th centuries in both datasets. This decrease is all the more pronounced for the more 23 

pessimistic scenarios (from B1 to A2). As for present trends, summer is the season for which 24 

the largest changes are observed with a decrease of -12% of SWH and a clockwise shift of +8% 25 

of MWD at Brittany buoy for A2 scenario. If these results are similar to other regional studies 26 

(Debernard and Røed, 2008; Zacharioudaki et al., 2011), they enable to refine former results at 27 

global scale or North Atlantic scale which detected no significant changes or a slight increase 28 

of wave heights in the area of the Bay of Biscay (Wang et al., 2004, Wang and Swail, 2006; 29 

Caires et al., 2006, Mori et al., 2010).  Yet, the understanding of the transition between present 30 

trends and future changes of wave climates within the Bay of Biscay still requires further 31 

investigations. As a first rough analysis, this transition could be explained by the modification 32 
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of the swell generation area (in the North Atlantic Ocean). Charles et al. (2012b) point out that 1 

the strong wind core is migrating to the North for projected climatic scenarios, and suggest that 2 

this migration could firstly lead to an increase of wave height (present wave climate) and 3 

secondly to a decrease (future wave climate, 2061-2100). A deeper analysis of wind changes is 4 

required to fully understand this transition. 5 

6 Conclusion 6 

In this paper, the long-term trends of wave climate in the Bay of Biscay were investigated 7 

through the intercomparison of three regional wave hindcasts and two global reanalysis.  8 

The first step of validation against offshore and coastal buoy measurements enabled to 9 

conclude that:  10 

- Offshore, global models slightly underestimate wave heights, while regional models 11 

overestimate wave heights, especially for the highest quantiles. ERA-INTERIM and 12 

BOBWA-10kH are the two models comparing the better with observations 13 

- For coastal locations, BOBWA-10kH represents best the wave measurements for most of the 14 

buoys used in the study. The two other regionals models (ANEMOC and BAD) tend to over-15 

estimate the highest quantiles.  16 

Although, the choice of the most suitable dataset for a particular study may vary depending on 17 

the area of interest and the type of application. Amongst others, the position of the 18 

calibration/validation data and the capacity of the model to reproduce accurately the high 19 

quantiles of wave heights may be dominant criteria for the choice of the dataset.  20 

At longer time scale, the most important and significant trends in the Bay of Biscay are 21 

similarly present in the datasets. The largest trends have been detected over the period 1970-22 

2001 during the summer season for which there is an increase of significant wave heights and 23 

mean wave periods (up to resp. +1 cm y-1 and +0.04 s y-1) as well as a southerly shift of wave 24 

directions (around -0.4° y-1). Over the same period, we also noted an increase of high quantiles 25 

of wave heights during the autumn season (around 3 cm y-1 for SWH90). For winter, detected 26 

trends are much lower than for summer and autumn but a slight increase of wave heights and 27 

periods is noticeable during 1958-2001. These trends have been related to different 28 

modifications of the wave types’ occurrence depending on the season but the understanding of 29 

the causes still requires further investigations. 30 
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The trends highlighted in this study may have consequences on coastal risks and more 1 

particularly coastal morphology. Indeed, an increase of wave heights could play a more 2 

significant role in the shoreline evolution than the sea-level rise, as shown by Ruggiero (2013) 3 

and suspected by Bertin et al. (2013). For example, if the larger wave height increasing trends 4 

occur during the summer months, beaches could have more difficulties to build again before 5 

the next winter. It is also worthwhile to notice that the Bay of Biscay shoreline is characterized 6 

by bar systems (Castelle et al., 2007), especially on the Aquitanian coast (between Gironde 7 

estuary and Spain border), and that changes in wave direction, if large enough, could induce 8 

some significant change on such type of beaches (Thiébot et al., 2012). Finally, wave climate 9 

changes can also modify longshore sediment fluxes patterns on the Aquitanian coast as 10 

demonstrated by two studies based on BOBWA datasets. Idier et al. (2013), showed that 11 

longshore sediment fluxes increased over the period 1958-2001, and Charles et al. (2012b), 12 

showed that they would decrease between the periods 1960-2000 and 2060-2100. Even if 13 

preliminary analyses of Idier et al. (2013) show a reasonable agreement between longshore 14 

sediment fluxes patterns and observed shoreline evolution, further analyses are required to 15 

properly estimate the wave climate change impact on the shoreline evolution along the Bay of 16 

Biscay coasts. 17 

18 
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 1 

Figure 1. Extension of the study area in the North Atlantic (left) and bathymetric map of the 2 

study area referred to Bay of Biscay basin (right). Stars indicate the position of the buoys used 3 

in this study for the comparison of the quality of the datasets and/or the position of other buoys 4 

used by the working groups for the validation and/or calibration of their datasets.  5 

6 



 22 

 1 

Figure 2. Annual and seasonal maps of BOBWA-10kH wave parameters (left to right) : mean 2 

significant wave height (SWH), 90th quantile of significant wave height (SWH90), mean wave 3 

direction (MWD) and mean wave period (MWP). 4 

5 
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 1 

Figure 3. a) Taylor diagram for the both Brittany (1) and Biscay (2) buoys and the five datasets 2 

(A: ANEMOC, B: BOBWA-10kH, X: BAD; E: ERA-INTERIM; C: C-ERA-40). b) Scatter 3 

diagrams (grey) superposed with the linear trend (red dashed line) of the quantiles (red stars) of 4 

SWH for each dataset at the Brittany buoy (62163). The vertical (horizontal) dashed lines 5 

represent the 90th and 99th quantiles for observations (model) 6 

7 
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 1 

Figure 4.  a) Taylor diagram for the three buoys (3: Biscarrosse; 4: Yeu; 5: Minquiers) and the 2 

five datasets (A : ANEMOC, B: BOBWA-10kH, X: BAD; E: ERA-INTERIM; C: C-ERA-40). 3 

b) Scatter diagrams (grey) superposed with the linear trend (red dashed line) of the quantiles 4 

(red stars) of SWH for each dataset at the Yeu buoy (08501). The vertical (horizontal) dashed 5 

lines represent the 90th and 99th quantiles for observations (model) 6 

 7 

8 
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 1 

Figure 5. Logarithmic histograms of mean wave direction at Yeu (top) and Minquiers buoys 2 

(bottom).  3 

4 
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 1 

Figure 6. Maps of summer means (first column), normalized standard deviations (second 2 

column), linear trends (third column) and p-value of the Student’s T-Test (fourth column) for 3 

the variable SWH  for the period 1979-2001 for the 5 datasets. Hatching indicates areas with 4 

trends significant at more than 95% (p-value<5%).  5 

6 
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 1 

Figure 7. Maps of summer means (first column), normalized standard deviations (second 2 

column), linear trends (third column) and p-value of the Student’s T-Test (fourth column) for 3 

the variables SWH (top), MWP (middle) and MWD (down) for the period 1970-2001. 4 

Hatching indicates areas with trends significant at more than 95% (p-value<5%).  5 
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 1 

Figure 8. Bivariate diagrams at the Ouessant buoy (top) and Cap-Ferret buoy (bottom) 2 

representing the linear trend of the summer wave distribution for the period 1970-2001. 3 

Hatching indicates areas with trends significant at more than 95% (p-value<5%). The vertical 4 

line indicates the 90th quantile of SWH and the curved line indicates median steepness.  5 

6 
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 1 

Figure 9. Maps of autumn mean (first column), normalized standard deviation (second 2 

column), linear trend (third column) and p-value of the Student’s T-Test (fourth column) for 3 

the variable SWH  for the period 1970-2001. Hatching indicates areas with trends significant at 4 

more than 95% (p-value<5%).  5 

 6 
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 13 

 14 

 15 

 16 

 17 
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 1 

Figure 10. Bivariate diagrams at the Ouessant buoy (top) and Cap-Ferret buoy (bottom) 2 

representing the linear trend of the autumn wave distribution for the period 1970-2001. 3 

Hatching indicates areas with trends significant at more than 95% (p-value<5%). The vertical 4 

line indicates the 90th quantile of SWH and the curved line indicates median steepness.  5 

6 
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 1 

Figure 11. Maps of winter mean (first column), normalized standard deviation (second 2 

column), linear trend (third column) and p-value of the Student’s T-Test (fourth column) for 3 

the variables SWH90 (top) and MWP (bottom) 1958-2001. Hatching indicates areas with trends 4 

significant at more than 95% (p-value<5%).  5 

 6 

 7 

 8 

 9 

 10 
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 1 

Figure 12. Bivariate diagrams at the Ouessant buoy (top) and Cap-Ferret buoy (bottom) 2 

representing the linear trend of the winter wave distribution for the period 1958-2001. Hatching 3 

indicates areas with trends significant at more than 95% (p-value<5%). The vertical line 4 

indicates the 90th quantile of SWH and the curved line indicates median steepness. 5 

6 



 33 

 1 

Figure 13. Evolution of annual and seasonal (winter, summer and autumn) wave heights (m) at 2 

the Biscay buoy from 1958 to 2001 for the five wave datasets (colored lines) and the 3 

measurements (black line). The NAO annual index is also plotted. 4 

5 
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Table 1. Summary of the various wave datasets  1 

2 



 35 

Table 2. Significant wave height and mean wave period statistics of the different hindcasts and 1 

reanalysis products versus buoy measurements.  2 

3 
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