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BRGM, Orléans, France

FABRICE ARDHUIN

Ifremer, Plouzané, France
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ABSTRACT

Climate change impacts on wave conditions can increase the risk of offshore and coastal hazards. The

present paper investigates wave climate multidecadal trends and interannual variability in the Bay of Biscay

during the past decades (1958–2001). Wave fields are computed with a wave modeling system based on the

WAVEWATCH III code and forced by 40-yr European Centre for Medium-Range Weather Forecasts Re-

Analysis (ERA-40) wind fields. It provides both an extended spatiotemporal domain and a refined spatial

resolution over the Bay of Biscay. The validation of the wave model is based on 11 buoys, allowing for the use

of computed wave fields in the analysis of mean and extreme wave height trends and variability. Wave height,

period, and direction are examined for a large array of wave conditions (by seasons, high percentiles of wave

heights, different periods). Several trends for recent periods are identified, notably an increase of summer

significant wave height, a southerly shift of autumn extreme wave direction, and a northerly shift of spring

extreme wave direction. Wave fields exhibit high interannual variability, with a normalized standard deviation

of seasonal wave height greater than 15% in wintertime. The relationship with Northern Hemisphere tele-

connection patterns is investigated at regional scale, especially along the coast. It highlights a strong corre-

lation between local wave conditions and the North Atlantic Oscillation and the east Atlantic pattern indices.

This relationship is further investigated at the local scale with a new method based on bivariate diagrams,

allowing the identification of the type of waves (swell, storm, intermediate waves) impacted. These results are

discussed in terms of comparison with previous studies and coastal risk implications.

1. Introduction

The coupled ocean–atmosphere system is of great

concern for natural hazards, especially the surface gravity

waves that are generated and propagate within this sys-

tem. Indeed, waves are a critical parameter for risk as-

sessment. For instance, the design of ships and offshore

platforms takes into account their characteristics. Ship-

ping also relies on wave forecast for navigation safety.

Closer to the coastline, the knowledge of wave statistics is

required to design coastal defenses. Waves are also one of

the main phenomena responsible for shoreline evolution,

where population densities in coastal regions are about 3

times higher than the global average (Small and Nicholls

2003). For instance, regarding shoreline evolution where

the sediment transport is mainly cross-shore, high-energy

waves usually induce shoreline erosion, whereas low-

energy waves generally induce shoreline accretion and

beach recovery. In summary, wave characteristic changes

can lead to important modifications of the marine and

coastal environment, leading to the need for human so-

cieties to adapt to these changes. Identifying past wave

condition changes as well as future trends are a milestone
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in the process of offshore and coastal risk assessment,

especially in the context of climate change (Nicholls et al.

2007).

At the ocean basin scale, twenty-first-century climate

simulations project a poleward shift of storm tracks

(Bengtsson et al. 2006; Yin 2005) and an increase in

wave height at midlatitudes (Wang et al. 2004; Wang and

Swail 2006; Caires et al. 2006). At the local scale, in the

North Sea, Grabemann and Weisse (2008) indicate a

possible increase of 25–35 cm of the 99th percentile of

significant wave heights toward the end of the twenty-

first century. Thus, it has been shown that, forming a part

of the ocean–atmosphere system, waves are likely to be

impacted by climate change. However, quantifying the

future wave climate is still a challenge regarding all the

uncertainties of the system. Looking at wave charac-

teristic evolution over the past decades is a first step

in quantifying and understanding wave climate change.

The analysis of wave height measurements in the North

Atlantic made by Bacon and Carter (1991, 1993) in-

dicated that there is a regular increase in the North

Atlantic mean wave height of about 2.2 cm yr21 from

1962 to 1986 at Seven Stones Light Vessel, and they

suggested that these trends are linked to the North At-

lantic Oscillation (NAO). However, their studies were

based on observations over a limited spatial and tem-

poral range. More recent studies use altimetry mea-

surements (wave heights available since the end of 1985)

(Woolf et al. 2002; Izaguirre et al. 2011) and wave hind-

casts (Kushnir et al. 1997; Wang and Swail 2001, 2002;

Dodet et al. 2010) to characterize past wave climates.

They confirm the existence of a link between North At-

lantic waves and the NAO, and show significant increases

in different ranges of wave height at several northeast

Atlantic locations.

The present study focuses on wave climate change in

recent decades, on the French mainland Atlantic coast,

bordered by the Bay of Biscay. This area is particularly

exposed to energetic waves coming from the North At-

lantic. In the Bay of Biscay, buoy measurements (Dupuis

et al. 2006) and model outputs (Le Cozannet et al. 2011)

have been analyzed and have shown opposite trends re-

garding the annual wave height (21.5 cm yr21 from 1980

to 2000 and 0.8 cm yr21 from 1970 to 2001, respectively).

It is difficult to reach a conclusion as these studies present

some limitations: the Dupuis et al. (2006) analysis is based

on discontinuous measurements covering a short period

(20 yr) and the Le Cozannet et al. (2011) analysis is based

on the wave parameters at a sole offshore point issued

from the wave model of 40-yr European Centre for

Medium-Range Weather Forecasts Re-Analysis (ERA40-

wave) (Uppala et al. 2005). The ERA40-wave reanalysis

includes uncertainties due to, among other causes, the

heterogeneities of the wave data assimilation and the

model quality (1.58 spatial resolution and parameteri-

zation). Thus, the long-term trend needs to be clarified,

especially close to the coastline. Concerning a potential

relationship with the NAO, the correlation between

wave climate variability and teleconnection patterns

within the Bay of Biscay is pointed out by large-scale

studies covering the northeast Atlantic Ocean at a low

spatial resolution. At local scale, the analysis of mea-

sured wave heights (Dupuis et al. 2006) did not bring to

light a significant correlation. Le Cozannet et al. (2011)

used a different approach, classifying waves issued from

the ERA40-wave reanalysis at the Biscay buoy location.

They established a relationship between the relative

occurrence of several wave classes and the NAO index

(correlation coefficients up to 0.63 for annual swell and

storm classes) as well as other teleconnection patterns.

Thus, it is worthwhile to assess and complete these re-

sults by spatially extending and refining the analysis.

The present work aims to characterize the spatial and

temporal wave evolution during recent decades in the

Bay of Biscay, in relation to climate change and tele-

connection patterns.

To overcome the limitations of spatial and temporal

wave data coverage, a numerical modeling approach is

adopted. The model WAVEWATCH III (WW3)

(Tolman 2009) is chosen to compute the waves in the Bay

of Biscay during recent decades and over the whole

North Atlantic Ocean to capture all waves propagating

toward the French mainland Atlantic coast. Issued wave

fields cover the period 1958–2001 at a spatial resolution

of about 10 km. This dataset is called the Bay of Biscay

wave atlas, 10-km spatial resolution hindcast (BoBWA-

10kH) to differentiate it from existing datasets. It is used

to investigate multidecadal trends and interannual vari-

ability of wave climate. The wave evolution for different

wave height ranges and during different seasons is as-

sessed using trends and correlation maps as well as a new

method to visualize correlation on bivariate diagrams.

The paper is organized as follows. Section 2 describes

the wave modeling system and its validation. The anal-

ysis of the resultant wave fields in terms of multidecadal

trends and interannual variability is detailed in sections

3 and 4, respectively. Finally, conclusions are drawn in

section 5.

2. Wave dynamical downscaling

a. Model setup and calibration

To provide adapted wave fields to long-term and re-

gional wave climate analysis, a wave modeling system is

set up and calibrated. The wave model and its spatial
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coverage are described hereafter. Then, the forcing data,

the calibration on the period 1998–2002, and an assess-

ment of the impact of the wind heterogeneities induced

by assimilation are detailed.

The wave hindcast is carried out with version 3.14

of WW3 (Tolman 2009). This third-generation model,

developed at the National Oceanic and Atmospheric

Administration (NOAA)’s National Centers for Envi-

ronmental Prediction (NCEP), solves the spectral action

density balance equation for wavenumber-direction

spectra. The code includes wave propagation, refraction,

and shoaling induced by bathymetry, wave growth, and

decay due to the action of wind, whitecapping, nonlinear

quadruplet wave–wave interactions, bottom friction, and

depth-induced breaking. For this study, like Dodet et al.

(2010), the TEST441 source terms parameterization,

described in Ardhuin et al. (2010), is used. It includes

improved formulations of whitecapping and wind input.

This WW3 version is used in the PREVIMER forecast

system (Magne et al. 2010).

Waves in the Bay of Biscay come from generation

areas in the North Atlantic. They can also be generated

by local wind. To consider global and local scales, waves

are computed on a large domain covering the North

Atlantic Ocean at a 0.58 resolution (Fig. 1). To estimate

wave fields with fine spatial resolution in the area of

interest, the nested approach is used with a second finer

grid (0.18 resolution) covering the Bay of Biscay where

water depths are less than 4000 m and coupled to the

large one by a two-way nesting method. The spatial res-

olution of the second grid improves significantly the

coastal bathymetric resolution and the land–sea limits

and thus allows the use of coastal buoys (17–50-m water

depths) to calibrate and validate the model. For the first

grid, the 2-minute gridded elevations–bathymetry for the

world (ETOPO2v2) (NGDC 2009) is used; for the second

grid, the bathymetry provided by Zijderveld and Verlaan

(2004) is used. The wave spectrum is meshed in 24 di-

rections and 32 frequencies (where f1 5 0.0373 Hz and

fn 5 1.1fn21).

The wave model is forced by the ERA-40 wind fields

(ERA40-wind) (Uppala et al. 2005). They are given

every 6 h at a height of 10 m, on a 1.1258 3 1.1258 grid.

Wind is the only forcing in the wave model and Caires

and Sterl (2003) showed that ERA40-wind high wind

speeds were slightly underestimated. Therefore, the first

step is to validate the wind data in the area of interest

and, if required, to calibrate it. Measured wind speeds

at a height of 3 m at the Biscay buoy are adjusted to

a height of 10 m, assuming a logarithmic wind profile for

neutral atmospheric conditions. The comparison of re-

analyzed and measured 10-m height wind speeds at

the Biscay buoy highlights that the ERA40-wind wind

speeds are weaker than observed ones (bias: 20.64 m s21)

and that it is necessary to correct the wind forcing.

Calibration is carried out using the period August

1998–August 2002. The wind input height is reduced to

offset the underestimation of wind velocity. A sensitivity

analysis is done for different values of the wind input

height, varying from 2 to 10 m. The reduction of the

wind input height increases the friction velocity, which is

used in the WW3 code to generate and dissipate waves.

The friction velocity is a function of the wind speed, the

wind input height, and the water surface roughness, which

varies in time and space since it depends on local wave

conditions. Computed waves are compared to measured

waves at eight buoys (filled diamonds in Fig. 1; deploy-

ment period and depth are given in Table 1) in terms of

significant wave height, mean wave period Tm02 (de-

termined from the zeroth and second-order moments of

the spectrum), and peak wave direction. First, the simu-

lated wave parameters are computed from the output

FIG. 1. Model domains with bathymetry used for the simulations with WW3 wave model.

White areas (water depths . 4000 m and cells at the boundary defined as land in the first

domain) are excluded from the second domain. Diamonds indicate the position of buoys used

for validation. Filled diamonds indicate buoys also used for calibration. The diamond Yeu

represents three different buoys, including Yeu 2 and Yeu 3, used for calibration. Minquiers

and Yeu 2 are directional buoys.
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spectra on the same frequency band as the buoys (cutoff

frequency of 0.5 Hz for the Biscay buoy and 0.625 Hz for

the other buoys). Then, the squared 3-h mean (heights

and periods) and 3-h mean (directions) of each dataset

are calculated, resulting in a certain number of samples.

Significant wave height and mean wave period statis-

tics [bias, root-mean square error (RMSE), squared cor-

relation coefficient R2, and scatter index (SI), defined as

the standard deviation of the error normalized by the

mean] are optimal, first at the Biscay buoy and second at

the other Atlantic buoys for a wind input height value

of 4.5 m (statistics for this height on the whole buoys’

deployment periods are presented in section 2b). As an

example, this reduction of the wind input height from

10 to 4.5 m increases the mean 10-m wind speed at the

Biscay buoy by about 8%. BoBWA-10 kH wave fields

are then calculated for the period 1958–2001 with the

ERA40-wind wind fields given at a height of 4.5 m.

Before analyzing those wave fields in terms of trends

and variability, it is relevant to check if the quality of the

modeled wave fields is impacted by the increasing amount

of wind measurements assimilated in the ERA40-wind

reanalysis (Caires et al. 2002); more specifically, if the bias

is constant during the reanalyzed period. A first investi-

gation of the evolution of statistics (relative bias, RMSE

normalized by the observed mean, SI, R2) is done at the

Biscarrosse buoy during the successive wind assimilation

steps [Special Sensor Microwave Imager (SSM/I) one-

dimensional variational data assimilation (1DVAR)

winds since July 1987, buoy winds from the Compre-

hensive Ocean–Atmosphere Data Set (COADS) since

June 1990, and European Remote Sensing Satellites (ERS)

1 and 2 winds since April 1992]. The comparison of sim-

ulated waves heights with measurements from 1980

to 2000 (Fig. 2) shows no particular break in the wave

statistics at these dates, even if there is a progressive re-

duction of statistical errors. These results suggest that the

assimilation of satellite measurements in the ERA40-

wind reanalysis does not result in strong heterogeneities

in the modeled waves. As no measurements are available

in the Bay of Biscay before 1980, it is not possible to in-

vestigate the impact of assimilation before this date.

However, very few quality measurements are available

and assimilated over oceans and no substantial break in

the wind dataset occurs during that period. Therefore, we

assume that data assimilation does not induce heteroge-

neities before 1980. The evolution of wave fields in the

Bay of Biscay is then considered independent of ERA40-

wind assimilation steps.

b. Validation of the wave modeling system

Before studying wave trends and variability over several

decades and the fine temporal evolution of the wave spec-

trum characteristics, accurate model validation is necessary.

First, a comparison of modeled waves with a large set of

measured wave data is performed. Then, the quality of

the model results is compared to that of results obtained

with other existing models. Finally, the emphasis is put on

two buoys, to assess the performance of the model to sim-

ulate different ranges of wave height in the Bay of Biscay.

The wave modeling system is compared to 11 buoys

(including two directional buoys) displaying measure-

ments from 1980 to 2002 in both oceanic and coastal

areas (Fig. 1, only the Biscay buoy is located in the coarser

grid). As the present study focuses on the Bay of Biscay,

the validation is done specifically against the eight At-

lantic buoys. The three English Channel buoys comple-

ment the validation, allowing the estimation of the model

limitations. Simulated and measured waves are compared,

using the method detailed in section 2a. Bias, RMSE,

squared correlation coefficient, and scatter index are dis-

played in Table 1.

Along the French Atlantic coast, wave height statistics

are satisfactory: calculated biases are between 29 and

TABLE 1. Results of the comparison between the model and measurements: bias, RMSE, R2, and SI are calculated for wave heights and

periods; bias and RMSE are calculated for wave directions.

Significant height Mean period Peak direction

Buoy Period Depth (m) Bias (cm) RMSE (cm) R2 SI (%) Bias (s) RMSE (s) R2 SI (%) Bias RMSE

Bayonne 1989–92 20 210 39 0.87 23 1.27 1.85 0.66 19 — —

Biscarrosse 1980–2000 26 10 35 0.87 24 0.90 1.71 0.56 22 — —

Cap Ferret 2001–02 54 0 28 0.92 15 0.84 1.38 0.70 16 — —

Biscay 1998–2002 4500 21 38 0.94 15 20.17 0.77 0.82 10 — —

Yeu 1 1992–98 47 29 32 0.93 16 0.62 1.24 0.71 17 — —

Yeu 2 1998–2000 32 24 28 0.92 16 0.69 1.14 0.70 15 238 248

Yeu 3 2000–02 32 4 30 0.94 16 0.80 1.35 0.71 17 — —

St Nazaire 1999–2002 17 27 25 0.77 30 1.14 1.89 0.36 33 — —

Minquiers 1992–2000 38 29 26 0.88 20 0.10 1.13 0.55 21 08 368

Cayeux 1999–2001 25 243 58 0.85 29 20.16 1.03 0.16 23 — —

Dunkerque 2000–02 25 233 45 0.76 31 20.40 0.79 0.23 17 — —
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10 cm, RMSE fall within 25 and 39 cm, R2 coefficients are

greater than 0.77, and scatter indices are less than 30%.

Modeled mean periods show good agreement with mea-

surements at the Biscay buoy (R2 5 0.82) but present

a systematic positive bias of about 1 s at the other Atlantic

buoys. Concerning wave directions at the Yeu 2 and the

Minquiers buoys, the bias (238 to 08) is relatively low

and RMSE (248–368) is satisfactory considering the di-

rectional resolution of the wave model (158) and the

spatiotemporal resolution of the wind fields (1.1258 3

1.1258, every 6 h). A thorough investigation of direction

time series (not detailed here) reveals a good correspon-

dence between modeled and measured swell directions

but underlines some weaknesses in the developed model

to reproduce wind sea directions. This could be due to the

poor wind spatiotemporal resolution and to the inability

of the ERA-40 atmospheric model to reproduce coastal

breeze (Žagar et al. 2006). To round off the validation

against the Atlantic buoys, one can notice that the poorest

correlation is obtained at the St Nazaire buoy. This can be

attributed partially to the inaccurate bathymetric resolu-

tion in this coastal area. Indeed, the model water depth is

13 m, whereas the buoy is moored at 17-m depth.

In the English Channel, the quality of modeled waves

at the Minquiers buoy is similar to the Atlantic ones.

However, the two most eastern buoys (Dunkerque and

Cayeux) show large biases and RMSE in wave height

comparisons and show low correlations between mod-

eled and measured periods. These results are mainly due

to the coarse resolution that prevents the proper mod-

eling of waves coming from the North Sea and to the fact

that interactions with strong tidal currents in the English

Channel are not considered here. It indicates that this

model, designed for the Bay of Biscay, should not be

used outside the study area.

This first part of the validation ensures good quality

modeled waves in deep water in the Bay of Biscay as

well as in intermediate water depths along the French

mainland Atlantic coast. It guarantees that the break in

the assimilated wind dataset does not induce any artifi-

cial trend. It also underlines weaknesses of the model in

reproducing wind sea directions, waves in the English

Channel, and wave periods along the coast (systematic

positive bias of about 1 s). The lack of local measure-

ments during 1958–79 prevents assessing the model

quality during this period. The progressive reduction

of error statistics at the Biscarrosse buoy (Fig. 2) is in-

terpreted to be linked to the increasing amount of as-

similated data and suggests that the wave quality is

lower when going back in time.

FIG. 2. Annual wave height statistics at the Biscarrosse buoy from 1980 to 2002. (top to

bottom) Number of samples, relative bias, normalized RMSE (NRMSE), SI, and R2. Vertical

lines indicate the July 1987, June 1990, and April 1992 wind assimilation steps.
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To complete the model validation, the model perfor-

mance is compared to the performance of three other

existing models: the ERA40-wave reanalysis (Uppala

et al. 2005), and the Dodet et al. (2010) and Digital Atlas

of State Oceanic and Coastal Sea (ANEMOC) (Benoit

and Lafon 2004) wave models. The ERA40-wave rean-

alysis is based on the Wave Model (WAM) (Komen

et al. 1994) coupled to an atmospheric model. Waves are

given every 6 h, at 1.58 resolution, from 1958 to 2001.

Both datasets are compared to the measurements at

the offshore Biscay buoy, as the spatial resolution of

ERA40-wave prevents making a comparison at coastal

buoys. It must be noticed that the present study dataset

is optimized to fit the Biscay buoy’s wave height and

period. As expected, a comparison on the same time

step for both models reveals that wave heights simulated

by the present model (bias: 0 cm, RMSE: 39 cm, R2:

0.93, SI: 15%) are of higher quality than wave heights

issued from the ERA40-wave reanalysis (bias: 234 cm,

RMSE: 55 cm, R2: 0.93, SI: 17%). The model detailed in

Dodet et al. (2010) is also based on the WW3 wave

model and the Ardhuin et al. (2010) parameterization,

but it is forced by wind fields issued from the NCEP–

National Center for Atmospheric Research (NCAR)

reanalysis (Kalnay et al. 1996) and covers the North

Atlantic at a 0.58 resolution, from 1953 to 2009. The

validation is based on different buoys (five buoys along

Spanish and Portuguese coasts, and the ocean weather

station ‘‘Juliett’’ located between Ireland and Iceland);

therefore, it is not possible to make a direct comparison.

A qualitative comparison can still be done at the Bilbao-

Vizcaya buoy (43.638N, 3.048W), which is located in the

Bay of Biscay. The statistical results of the comparison

in 6-h windows of measured and modeled wave heights

(bias: 221 cm, RMSE: 53 cm), peak periods (bias: 0.63 s,

RMSE: 1.95 s), and mean directions (bias: 268, RMSE:

20.788) reveal that the bias and RMSE of this model

are larger than our model errors for wave heights but

are of the same order concerning periods and direc-

tions. More specific to French coasts, the ANEMOC

database was developed with the TELEMAC-based

Operational Model Addressing Wave Action Compu-

tation (TOMAWAC) wave model, with a spatial reso-

lution near the shore of about 2–3 km. Also forced by

the wind fields issued from the ERA40-wind reanalysis,

waves are available from 1979 to 2001. Statistics pub-

lished in Benoit and Lafon (2004) concern waves mod-

eled in the oceanic model (variable grid size with a finer

spatial resolution of 20 km near coasts) and are, a priori,

better in the coastal model. The wave heights issued

from the ANEMOC oceanic model from 1999 to 2000 at

the Yeu 2 and Minquiers buoys exhibit a higher RMSE

(37 and 33 cm, respectively) than the presently modeled

waves during the same period (RMSE: 24 cm at both

buoys). Thus, the present wave model is of the same or

of higher quality than existing models run over a similar

period and area.

Coming back to the area of interest, a thorough in-

vestigation of the quality of modeled wave heights is

done by examining logarithmic histograms and quantile–

quantile diagrams (correspondence between measured

and simulated 1st–99th percentiles of wave heights) for

two chosen buoys: Biscay and Biscarrosse (Fig. 1). Lo-

cated in the middle of the Bay of Biscay (at 4500-m water

depth), the Biscay buoy is exposed to swell coming from

the Atlantic. The Biscarrosse buoy is located along the

coast in intermediate water depth (26 m) and was de-

ployed during the last two decades of the simulated

period (1980–2001). Histograms and quantile–quantile

diagrams (Fig. 3) show overall good agreement between

measured and simulated wave height statistical distribu-

tions. One can notice a slight overestimation of larger

wave heights at the Biscay buoy but at an order of mag-

nitude that is acceptable for this study.

In conclusion, wave fields are well reproduced on the

overall range of heights and are of similar or higher quality

than other existing models in the Bay of Biscay for similar

periods. Even if the model still exhibits some weakness

regarding wind sea characteristics, the BoBWA-10kH

dataset can be used to study long-term trends and in-

terannual variability in the area of the Bay of Biscay.

3. Multidecadal trends

a. Method and results

Computed wave fields are available during the period

1958–2001, on the inner grid (0.18 spatial resolution),

every 6 h, and at the Biscay buoy (extracted from the

coarser grid), every hour. A step-by-step investigation is

carried out, starting from an overview to identify pe-

riods, seasons, or wave height ranges that present sig-

nificant changes in the area of interest.

Means and trends of significant wave heights, mean

periods, and peak directions are computed on the whole

year (January–December), winter (December–February),

spring (March–May), summer (June–August), and au-

tumn (September–November). Figure 4 represents means

and normalized standard deviations (discussed in sec-

tion 4) of wave heights for the period 1958–2001. Means

of significant wave height vary spatially, decreasing from

the open sea (about 3 m at 108W during the whole year) to

the coast (1.6 m at Biscarrosse during the whole year),

and seasonally. During spring and autumn, means of sig-

nificant wave height at the Biscay buoy are of the same

order (2.47 and 2.55 m, respectively), whereas means
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of significant wave height are minimal during summer

(1.56 m at the Biscay buoy) and maximal during win-

ter (3.61 m at the Biscay buoy). The annual average is

2.54 m.

To identify multidecadal trends of significant wave

heights in the Bay of Biscay, variations of annual and

seasonal wave height means are first investigated at the

Biscay buoy location (Fig. 5, left). The 10-yr moving

average highlights three phases: 1) a decrease from 1958

to approximately 1970 (minima ranging from 1966.5 to

1972.5), 2) an increase from 1970 to approximately 1989

(maxima ranging from 1981.5 to 1995.5), and 3) a de-

crease from 1989 to 2001. The three identified phases,

extracted from a 44-yr dataset, may indicate a 30-yr pe-

riodicity or a change of the wave climate since the 1970s.

However, it must be noticed that this method does not

filter the interannual variability noise. Furthermore, it

can be noticed that the Fig. 2 bias and the Fig. 5 annual

variations look similar. However, they are not based on

the same datasets (Fig. 2 is based on highly discontinu-

ous measurements at the Biscarrosse buoy). A thorough

study of the evolution of the discontinuous modeled and

measured wave heights (not shown here) indicates that

the bias variations have less amplitude than the wave

height interannual variations and that it does not affect

the wave height trends.

The present paper’s aim is to characterize present

trends. Thus, the analysis focuses on the identification of

trends that could have established in recent decades,

that is, during periods ending in 2001. A linear regression

is performed using annual and seasonal means of signif-

icant wave heights, mean periods and peak directions at

the Biscay buoy during periods starting between 1958

and 1992 and all ending in 2001 (significant wave heights,

Fig. 5, right). The interannual variability noise is removed

by considering only trends significant at more than 95%

[trends significantly different from 0 at more than 95%,

according to Student’s (1908) t test], which can be iden-

tified by the 95% confidence interval upper and lower

bounds.

During the third phase of wave height decrease pre-

viously identified (10–20-yr periods in Fig. 5, right), it

can be noticed that wave height variability is stronger

since no significant trends are computed. For longer

periods, statistically significant wave height trends are

identified only during summer: summer wave heights

increase significantly during periods starting between

1966 and 1970 and ending in 2001. The maximal signif-

icant increase, 0.54 cm yr21, is computed during the

period 1970–2001 (32 yr). Calculation of trends on 20–

30-yr sliding windows (not detailed here) demonstrates

that the summer 1970–2001 significant trend is not iso-

lated and lies within a homogeneous significant increase

period.

Thus, the study of the summer 1970–2001 trend is ex-

tended to the whole inner grid. To assess the spatial

FIG. 3. (left) Logarithmic histograms and (right) quantile–quantile diagrams of significant wave height at the (top)

Biscay and (bottom) Biscarrosse buoys.
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changes occurring along the French mainland Atlantic

coast, a linear regression on summer wave heights from

1970 to 2001 is performed at each cell of the inner grid, for

mean waves, and also for extreme waves (waves higher

than the 90th and 95th percentiles’ significant wave height

of each cell). Figure 6 displays summer means and linear

trends of the three ranges of wave height from 1970 to

2001. Trends significant at more than 95% are indicated

by hatching on trend maps. It exhibits large areas of sig-

nificant positive trends. The larger the considered waves

(mean to the 95th percentile of significant wave heights),

the larger the trends and the closer the area of significant

change is to the coast. The 5% highest waves are signifi-

cantly increasing over the entire French mainland At-

lantic coast, by 1–2 cm yr21 (32–64 cm over 32 yr).

Concerning mean wave periods at the Biscay buoy

(graphs not detailed here), significant trends are identified

during recent periods, starting between 1963 and 1978

and ending in 2001. Considering mean waves, sum-

mer and winter mean wave periods exhibit a signifi-

cant increase of 0.009 s yr21 from 1966 to 2001 and

0.018 s yr21 from 1963 to 2001, respectively. The au-

tumn mean wave periods present a significant decrease

of 20.03 s yr21 from 1978 to 2001. Identified trends for

mean waves are significant but rarely exceed 1 s once

integrated into the whole period. Regarding the wave

period of extreme waves (defined as the periods of

waves having wave height larger than the 90th and 95th

percentiles), only spring months exhibit a significant

decrease during periods starting between 1975 and 1977

(20.047 s yr21 from 1976 to 2001 for waves higher than

the 90th percentile).

Wave peak directions of mean waves do not show

significant trends during the whole period of 1958–2001

nor during recent decades. However, directions of spring

and autumn extreme waves (defined as the directions of

waves having wave heights larger than the 90th and 95th

percentiles) exhibit significant trends over all of the Bay

of Biscay. A significant northerly shift of spring extreme

waves is computed during periods starting between 1958

and 1963 and ending in 2001 (from 1958 to 2001, 0.38 yr21

at the Biscay buoy, 0.18 yr21 at 28W within the Bay of

Biscay, and 0.58 yr21 at 88W for waves higher than the

90th and 95th percentiles). During autumn, a significant

southerly shift of extreme waves is computed on periods

starting between 1966 and 1975 and ending in 2001 (from

1974 to 2001, 20.378 yr21 for waves higher than the 90th

percentile and 20.478 yr21 for waves higher than the 95th

percentile at the Biscay buoy; 20.258 yr21 at 28W within

the Bay of Biscay; and up to 20.758 yr21 at 108W for

waves higher than the 95th percentile).

In conclusion, our dataset indicates a significant in-

crease of all wave height ranges in the Bay of Biscay

during the summer months from 1970 to 2001. Mean

wave periods present relatively low but significant

trends of decrease or increase, depending on the season,

during periods starting around 1970 (between 1963 and

1978). Extreme waves’ peak directions exhibit signifi-

cant trends during intermediate seasons. The autumn

southerly and spring northerly shifts are relatively im-

portant as they reach an absolute value of 138 at the

Biscay buoy, once integrated during the trend period

(1974–2001 and 1958–2001, respectively).

b. Discussion

The obtained results deserve to be discussed in light of

previous studies. Table 2 lists recent studies of wave

climatology, including the Bay of Biscay, and details

each wave dataset. The main trend results issued from

these studies within the Bay of Biscay are detailed in the

FIG. 4. (top to bottom) Annual and seasonal maps of (left) sig-

nificant wave height means from 1958 to 2001 and (right) nor-

malized standard deviation of seasonal means.
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second column of Table 3. These results, in terms of

multidecadal trends, are compared to the present study

trends computed during the same period when possible.

Then, the potential impact of the obtained trends on the

sandy coast morphology is discussed.

Wang and Swail (2002) analyzed North Atlantic

Ocean wave fields from 1958 to 1997, with a spatial res-

olution of 0.6258 3 0.8338 and pointed out a significant

increase of the 90th and 99th percentiles of significant

wave heights for latitudes north of 508N during winter

and an associate decrease south of 408N. The area be-

tween 408 and 508N (including the present study domain)

presents no significant changes, in both winter and sum-

mer. This is consistent with the present study results:

during the period 1958–97, annual and seasonal extreme

wave heights exhibit no significant trends.

Dodet et al. (2010) used a higher spatial resolution

(0.58) and analyzed waves during the 1953–2009 period.

The trend values for the 1953–2009 period are read on

their maps (statistically significant and not significant

trends are not distinguished) and are compared to the

present study trends on the shorter 1958–2001 period.

Their trends for the annual wave periods and directions

in the Bay of Biscay are of the same order of magnitude

as our trends (mainly not significant trends for the

BoBWA-10kH dataset): annual peak period trends in

the Bay of Biscay are of the order of 0.01 s yr21 and

mean wave direction trends range from 0 to 0.058 yr21.

However, their trends of annual significant wave heights

larger than the 90th percentile for the period 1953–2001

(0.75–1.25 cm yr21 in the Bay of Biscay) are one order

of magnitude larger than those found in the present

study for the period 1958–2001 (not significant trends

from 20.15 to 0.3 cm yr21).

The wave dataset analyzed by Woolf et al. (2002) also

covers the North Atlantic Ocean, but it differs from the

two latter studies as it is built from satellite measure-

ments. It provides a large spatial coverage, with a 28

spatial resolution, during the period 1985–2000 (16 yr).

The analysis of annual, seasonal, and monthly wave

heights shows no significant increase trend anywhere

in the North Atlantic, which is in agreement with the

present study trends computed for the same period.

Concerning more local studies, Dupuis et al. (2006)

analyzed the 18-yr-long time series of wave heights

measured at the Biscarrosse buoy. During the period

1980–98, they pointed out the high temporal variability

and did not find any increase in annual wave height but

did find an insignificant decrease (21.5 cm yr21 for mean

waves and 24 cm yr21 for 90th percentile wave heights).

An insignificant decrease was also computed for the

BoBWA-10kH dataset from 1980 to 1998 with a smaller

order of magnitude (20.3 cm yr21 for mean waves and

20.4 cm yr21 for 90th percentile wave heights). These

insignificant trends should be considered with caution

as they are obtained for a relatively short period. Le

Cozannet et al. (2011) analyzed the wave climate at the

Biscay buoy and extended the temporal coverage of the

study, using wave fields issued from the ERA40-wave

reanalysis at the Biscay buoy. They applied a correction

FIG. 5. (left) Evolution of (top to bottom) annual and seasonal wave heights at the Biscay buoy from 1958 to 2001

(black line) and associated 10-yr moving average (dotted line). Circles stand for the moving average minimum and

maximum. (right) (top to bottom) Annual and seasonal wave height trends at the Biscay buoy on increasing periods

finishing in 2001 (black line). Dotted lines are the confidence interval at 95%.
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to offset the detected underestimation of wave heights

by ERA40-wave at this buoy. In agreement with the

present study, they obtained no significant trend during the

period 1958–2001. However, they identified a significant in-

crease in annual wave height during the period 1970–2001

(0.8 cm yr21). In the present study, annual wave heights

exhibit no significant positive trends (not significant

trend of 0.27 cm yr21 at the Biscay buoy, which is about

3 times smaller), contrary to summer wave heights.

Thus, there are a lot of uncertainties related to models

and measurements used in those studies. Among the six

studies detailed here, the Wang and Swail (2002), Woolf

et al. (2002), and Dupuis et al. (2006) studies did not

identify significant trends in wave height, but they did

FIG. 6. Maps of (left) summer significant wave height means and (right) linear trends from

1970 to 2001 for different ranges of wave height. Hatching indicates areas with trends significant

at more than 95%.

TABLE 2. Recent wave climatology studies, including the Bay of Biscay.

Reference Area Period Source of data

Wang and Swail (2002) North Atlantic 1958–97 Oceanweather’s 3G wave model (0.6258 lat 3 0.8338 lon)

forced by 6 h ERA-40 reanalysis wind with kinematic analysis

Woolf et al. (2002) North Atlantic 1985–2000 Satellite-derived wave climatology (28 lat–lon)

Dodet et al. (2010) Northeast Atlantic 1953–2009 WW3/TEST441 wave model (0.58 lat–lon) forced by 6-h

NCEP–NCAR reanalysis wind (1.9058 lat 3 1.8758 lon)

Dupuis et al. (2006) Biscarrosse buoy (44.468N,

1.328W)

1980–98 Buoy measurements

Le Cozannet et al.

(2011)

Biscay buoy (458N, 58W) 1958–2002 ERA-40 wave reanalysis (0.58 lat–lon) corrected

using buoy measurements

This study Bay of Biscay 1958–2001 WW3/TEST441 wave model (0.18 lat–lon) forced by amplified

6-h ERA-40 wind (1.1258 lat–lon)
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not test periods different from the maximal period cov-

ered by their datasets. Computed for the same periods,

the present study trends are also insignificant. The other

three studies tend to show an increase in wave height in

the Bay of Biscay. This increase concerns annual wave

heights for Dodet et al. (2010) and Le Cozannet et al.

(2011), whereas in the present study this increase in mean

and extreme wave height is noticeable only during sum-

mer and not during the rest of the year.

The increase in the summer mean and extreme wave

height identified in the present study is relatively im-

portant and can potentially impact sandy coasts. Indeed,

summer is a period of accretion for most sandy coasts,

and a strengthening of the wave climate during the re-

covery period of beaches could limit this phase of ac-

cretion. Moreover, Castelle et al. (2010) underlined that

the beach system is quite sensitive to changes in low-

energy wave height. Indeed, they show that above

a certain wave height threshold, close to 1 m, a change in

the morphological response of the beach is noticeable.

The value of this threshold is relatively close to the sum-

mer wave height means computed by the present model at

depths of 20 m along the Aquitanian coast. The present

estimated increase could indicate more waves with heights

higher than this threshold, which could then induce

a change in the beach morphology.

Regarding other wave parameters, the identified trends

in autumn and spring extreme wave directions can impact

the longshore sediment transport along the coast. De-

pending on the spatial distribution of wave directions

along the coast, the longshore sediment transport could

vary and induce more erosion or accretion in certain areas

and also modify the local beach dynamics (bar changes). A

better representation of wave directions nearer to the

coast and considering bathymetric refraction is required to

assess this impact.

4. Interannual variability

a. Teleconnection patterns

Waves are directly generated by winds in different

areas of the globe; therefore, global atmospheric circu-

lation plays an active role in regional wave climates. The

global atmospheric circulation description can be sim-

plified into different preferred patterns, useful to un-

derstand and even to predict changes in temperature,

precipitation rates, and wind and wave conditions

(Hurrell et al. 2003; Woolf et al. 2002; Seierstad et al.

2007; Cassou 2008). In the area of interest, Dupuis et al.

(2006) and Le Cozannet et al. (2011) compared wave

condition variations to selected Northern Hemisphere

teleconnection pattern indices defined by Barnston and

Livezey (1987) (indices can be downloaded from the

Climate Prediction Center website at http://www.cpc.

ncep.noaa.gov/data/teledoc/telecontents.shtml). This ap-

proach is used for the present results as a preliminary in-

vestigation of the potential relationships between the local

wave climate and large-scale patterns. Therefore, among

the 10 leading teleconnection patterns investigated, only

the results with the predominant patterns over the study

area—the NAO and the East Atlantic (EA) pattern—are

detailed here.

First, the investigation of wave climate variability and

correlation with teleconnection patterns is done on

the whole Bay of Biscay (section 4b). Contributions

of predominant teleconnection patterns are assessed by

correlation maps between wave characteristics and tele-

connection pattern indices. Second, a more detailed

TABLE 3. Wave parameter trends and correlation with teleconnection patterns within the Bay of Biscay issued from studies detailed in

Table 2. For each result, the following complementary information is given: [trend period or teleconnection pattern] wave parameter

(associated period). The wave parameters are Hs (significant wave height), Hs10 (10% smallest wave heights), Hs90 and Hs99 (90% and

99% highest wave heights, respectively), Tp (peak period), and Dm (mean wave direction). The associated periods are An (annual), Wi

(winter), Sp (spring), Su (summer), and Au (autumn).

Reference Trends Correlation with NAO and EA

Wang and Swail (2002) [1958–97] Hs90 (Wi/Su/Au); Hs99

(An/Wi/Au): not significant

Not investigated

Woolf et al. (2002) [1985–2000] Hs (An/Wi/Sp/Su/Au):

not significant

[NAO] Hs (Wi): R 5 0.4–0.5

Dupuis et al. (2006) [1980–98] Hs10 (An): 20.7 cm yr21; Hs (An):

21.5 cm yr21; Hs90 (An): 24 cm yr21
[NAO] Hs (An): R 5 0.066; Tm (An): R 5 0.38

Dodet et al. (2010) [1953–2009] Hs90 (An): 0.75–1.25 cm yr21; Tp

(An): 0.01 s yr21; Dm (An): 0 to 20.03 yr21
[Wi-NAO] Hs90 (An): R 5 0.2–0.4; Tp (Wi):

R 5 0.55–0.65; Dm (Wi): R 5 0.15–0.3

Le Cozannet et al. (2011) [1958–2001] Hs (An): not significant; [1970–

2001] Hs (An): significant and 0.8 cm yr21
[NAO] swell class (Wi): R 5 0.4; wind sea class (An):

R 5 20.31; intermediate class (An/Wi): R 5

20.39/20.54; [EA] storm class (Wi): R 5 0.52; wind

sea 1 intermediate classes (Wi): R 5 0.54
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analysis based on bivariate diagrams at one buoy loca-

tion (section 4c) is done to determine if the predominant

teleconnection patterns contribute to preferred parts of

the wave spectrum.

Before going further, it should be noted that local wave

characteristics and teleconnection pattern indices are of

different nature and cover different spatial scales. Waves

are directly generated by surface winds, which are linked

to the global atmospheric circulation but also propagate

to areas with different wind conditions, and are impacted

by local variables, such as bathymetry. Teleconnection

pattern indices describe the global atmospheric circula-

tion over large parts of the globe. This implies that cor-

relation coefficients between waves and indices will be

smaller than typical correlation coefficients between

variables of similar nature. Coefficients larger than 0.5

thus indicate a relatively strong correlation between

a given type of wave and the teleconnection pattern

(Bacon and Carter 1993).

b. Spatial correlation

Interannual variability is examined over the entire in-

ner grid using maps of wave height normalized standard

deviation. Then, the correlation between wave parame-

ters and teleconnection patterns is investigated using

correlation maps. Maps for seasons with the most signif-

icant correlation coefficients between wave height, pe-

riod, and direction, and teleconnection patterns are

analyzed in more detail. Correlation coefficients for all

seasons are synthetized in Table 4.

First, as an overview of the order of magnitude and of

the spatial distribution of the wave height interannual

variability, maps of normalized standard deviation,

computed from the annual and seasonal significant wave

height means, are plotted during the period 1958–2001

(second column in Fig. 4). The interannual variability of

annual significant wave heights is spatially homogeneous,

with normalized standard deviations of about 6% in the

Bay of Biscay. On the contrary, the interannual variability

of seasonal significant wave heights is larger and presents

spatial heterogeneities. The normalized standard de-

viation is larger in winter, with maximal values observed

along the coast (larger than 15%), and smaller in summer,

with decreasing values from north to south (from 5% to

10% in the Bay of Biscay).

To assess the amount of the variability related to tele-

connection patterns, the variations are compared to

the teleconnection pattern index variations. Seasonal

anomalies of significant wave height, mean period, and

peak direction are computed for each point of the inner

grid. The seasonal variations of these anomalies are then

compared to the seasonal variations of the teleconnection

pattern indices, resulting in maps of correlation coeffi-

cients. Areas presenting significant correlation coeffi-

cients (at more than 95% by a Student’s t test) are

indicated by hatching. In the Bay of Biscay, among the

examined teleconnection patterns, the NAO and EA

are predominant, as expected as they both present

maximal variance over the North Atlantic Ocean. This

agrees with Izaguirre et al.’s (2011) results: they in-

vestigated the influence of 10 climate patterns on ex-

treme wave height issued from satellite data at a global

scale and identified a significant contribution of NAO

and EA indices in the northeast Atlantic Ocean, between

408 and 608N. Maps of correlation coefficients between

wave characteristics and NAO and EA indices are pre-

sented in Fig. 7 for the two seasons (winter and summer

for NAO, and winter and autumn for EA) that show the

most significant correlations.

Concerning the NAO, direct correlations with signif-

icant wave height, mean period, and peak direction are

observed in winter (Fig. 7), whereas in summer signifi-

cant wave heights present an inverse correlation with

NAO indices. During winter, the positive phase of the

NAO [corresponding to a stronger subtropical high

pressure over the Azores and a deeper Icelandic low

TABLE 4. Significant correlation coefficients between seasonal teleconnection pattern indices and seasonal significant wave heights,

mean periods, and peak directions. Mean correlation coefficients are computed in the area limited by 58W and 488N. Correlation co-

efficients are also given at the Biscay (Bi) and the Biscarrosse (Br) buoys locations. Only significant coefficients are shown (probability

that the relationship is fortuitously higher than 95% by t test). Coefficients with an absolute value larger than 0.5 are in boldface.

Hs Tm Dp

Mean Bi Br Mean Bi Br Mean Bi Br

NAO Winter 0.38 0.33 0.32 0.51 0.55 0.35 0.32 — 0.36

Spring — — — 0.45 0.45 0.44 — — —

Summer 20.43 20.43 20.47 — — — 0.37 — 0.45

Autumn — — — 0.44 0.45 0.41 0.35 0.34 0.47

EA Winter 0.57 0.58 0.60 0.50 0.51 0.55 20.55 20.72 20.72

Spring 0.32 0.32 0.33 — — — — — —

Summer 0.52 0.52 0.53 — 0.34 — — — —

Autumn 0.44 0.42 0.44 0.37 0.40 0.30 — — 20.30
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(NAO1)] is associated with an increase in significant

wave height and mean period, and a northerly shift in

wave peak direction. During summer, the NAO1 is as-

sociated with a decrease in significant wave height (R 5

20.43 averaged in the Bay of Biscay) and a northerly shift

in wave peak direction (R 5 0.37 averaged in the Bay of

Biscay). The analysis of spatial variations shows a stron-

ger correlation with the winter wave height southwest-

ward of Ireland. More locally, in the Bay of Biscay, the

correlation increases from north (R 5 0.3) to south (R 5

0.6). The spatial distribution is reversed during summer:

the correlation is negative, stronger to the north of the

Bay of Biscay and weaker southwestward of Ireland.

Concerning the EA, moderate to strong correlations

are observed for each season between EA indices and

significant wave heights. The positive phase of the EA

[corresponding to a deeper low in the North Atlantic at

approximately 508–558N and a higher subtropical high

(EA1)] is associated with an increase in significant wave

height and mean period. During winter, a strong corre-

lation is noticeable for all wave parameters in the Bay of

Biscay (mean correlations higher than 0.5). The EA1 is

then associated with a southerly shift in wave peak di-

rection. The correlation coefficients are globally stron-

ger in the area between Ireland and England. In the Bay

of Biscay, correlation coefficients between EA indices

and significant wave height anomalies increase from south

(R 5 0.2 during winter) to north (R 5 0.7 during winter).

To synthetize the results, Table 4 lists the significant

correlation coefficients (95% by a Student’s t test) be-

tween wave parameters and the NAO and EA indices

during each season. Spatially averaged correlation co-

efficients are computed in the Bay of Biscay (area eastward

of 258E and southward of 488N), and local correlation

coefficients are computed at the Biscay and Biscarrosse

buoy locations to estimate the extent of the correlation

from offshore to the coast. Globally, the spatial distri-

bution is homogeneous from west to east: correlation

FIG. 7. Maps of correlations between (top to bottom) seasonal NAO and EA teleconnection pattern

indices and (left to right) seasonal significant wave heights, mean periods, and peak directions from 1958

to 2001 for selected seasons. Hatching indicates areas with correlation coefficient significant at more than

95% (Student’s t test).

2032 J O U R N A L O F C L I M A T E VOLUME 25

Unauthenticated | Downloaded 03/26/21 06:24 AM UTC



maps (Fig. 7) and correlation coefficients extracted at

buoys (Table 4) confirm that correlation coefficients ob-

tained offshore and along the coast are quite similar for

points located at the same latitude. Correlation coef-

ficients vary from north to south, with a gradient de-

pending on the teleconnection pattern, the season, and

the wave parameter. However, the sign of the correla-

tion remains globally constant inside the area delimited

by the inner grid.

To summarize, the results in the Bay of Biscay high-

light strong correlations between teleconnection pat-

terns (NAO and EA indices) and wave characteristics

(significant wave height, mean period, and peak direction)

during almost all seasons. The spatial distribution is rela-

tively homogeneous in the Bay of Biscay and particularly

along the east–west axis.

c. Local correlation

Teleconnection patterns and seasons presenting high

correlations with wave parameters in the Bay of Biscay

are identified. To determine which types of waves are

correlated with teleconnection patterns, a thorough ex-

amination is carried out at the Biscay buoy location.

The variability of wave characteristics is investigated

using bivariate diagrams of wave densities (distribution

of wave heights against periods and of wave heights

against directions), for different seasons. To calculate

wave densities, bivariate diagrams are divided into cells

of 1 m, 1.25 s, and 188 for significant wave heights, mean

periods, and peak directions, respectively. Bivariate di-

agrams illustrating the annual wave characteristics

during the whole period (1958–2001) at the Biscay buoy

location are plotted in Fig. 8. During the whole period,

the most frequent waves have a significant wave height

of 1 m, a mean period of 6.25–7.5 s, and a peak direction

of 2888 (west-northwest).

Steepness and energy flux of waves at the Biscay buoy

are detailed on the bivariate diagram of wave height

against wave period. Using the linear theory and the

assumption of deep water, the wave energy flux is de-

fined as F 5 rT
m

g2H2
s /64p, where r is the water density,

Tm is the mean wave period, g is the acceleration of

gravity, and Hs is the significant wave height. Isolines of

each quartile of the wave energy flux at the Biscay buoy are

plotted. Using the linear theory, wave steepness in deep

water is related to the mean period by the following for-

mula: �5 2pH
s
/gT2

m. Wave steepness is an indicator of the

wave age: usually, young waves generated locally present

a large steepness, whereas older waves propagating from

distant areas present a smaller steepness. Isolines of each

quartile of wave steepness at the Biscay buoy are plotted.

A fourth isoline of steepness �5 1/19:7 represents the

constant steepness obtained by Pierson and Moskowitz

(1964) in the case of idealized fully developed wind seas.

Then, seasonal wave density anomalies are deter-

mined by subtracting in each cell the seasonal densities

from the period 1958–2001 from the seasonal densi-

ties of each year, resulting in seasonal density anom-

alies. To go further in the analysis of the link with

teleconnection patterns, variations and amplitudes of

the annual density anomalies are considered. First, the

variations are compared to the teleconnection pat-

tern indices of the corresponding season, resulting in a

bivariate diagram of correlation. Then, the average of

FIG. 8. Bivariate diagrams of significant wave height with (left) mean period and (right) peak

direction, plotted from the wave conditions modeled from 1958 to 2001 at the Biscay buoy.

Color shading indicates the occurrence of waves in each cell (%). Solid lines indicate the wave

steepness isolines, and dashed lines show wave energy flux isolines.
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the density anomalies of every year with a positive phase

are computed, resulting in a bivariate diagram of den-

sity anomalies during the positive phase of each telecon-

nection pattern. The amplitude during negative phases

is quite similar to the amplitude during positive phases

(presenting an opposite sign) and is thus not shown here.

Significant amplitudes (means statistically different from

0 at a probability higher than 90% by a Student’s t test)

are highlighted by hatching on bivariate diagrams. NAO

and EA teleconnection patterns are examined thor-

oughly (Fig. 9) during seasons selected in the analysis of

correlation maps.

The study of bivariate diagrams (Fig. 9) related to the

NAO highlights different correlation patterns during

winter and summer. During winter, an increase of the

NAO index is linked to an increasing occurrence of large

waves and to a decreasing occurrence of waves with

periods shorter than 10 s and heights smaller than 5 m.

During summer, the patterns of correlation are differ-

ent: the NAO index increase is related to an increase of

swell and a decrease of intermediate wave (young waves,

with short periods relative to wave height) occurrence.

Concerning wave directions, winter and summer bi-

variate diagrams show the same northerly shift that is

strongly related to an increase of the NAO index.

Bivariate diagrams related to the variations of EA in-

dices during winter and autumn (Fig. 9) exhibit similar

patterns of correlations and anomalies. Large wave

FIG. 9. Correlation bivariate diagrams for the (top) NAO and (bottom) EA and associated bivariate

diagrams of density anomalies during the positive phase years at the Biscay buoy. Hatching indicates cells

with a mean density significantly different from 0 (probability higher than 90% by t test).
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(including intermediate waves, swell, and storms) occur-

rence increases with the EA index, whereas the occur-

rence of waves smaller than 3 m decreases. A southerly

shift in the wave direction is noticeable during winter and

autumn.

Concerning the correlation of the NAO and EA with

wave density anomalies during other seasons, a synthesis

of the results of bivariate diagrams of significant wave

height against the mean period is given in Fig. 10. The

positions of the minimal (maximal negative value, in

gray) and maximal (maximal positive value, in black)

correlation coefficients on bivariate diagrams are plot-

ted for the NAO and EA for each season (indicated by

symbols). Locations of extrema of correlations on the

bivariate diagrams indicate a different action of tele-

connection patterns, depending on the season. To better

understand the action of teleconnection patterns, isolines

of wave steepness and wave energy flux (previously de-

scribed for Fig. 8) are plotted.

For the NAO and EA, positions of maximal and mini-

mal correlation coefficients on bivariate diagrams of wave

height against the period clearly show a different level of

wave energy flux during winter and a different level of

steepness during summer. In winter, the wave steepness

of minimal and maximal correlation coefficients is quite

similar for the NAO and EA, whereas isolines of wave

energy flux clearly separate the maxima and minima of

each teleconnection pattern. The position of the winter

minimal correlation coefficient indicates waves having

an energy flux between 19 and 53 kW m21, and the

position of the maximal correlation coefficient indicates

very energetic waves, with an energy flux higher than

200 kW m21. Then, an increase of the NAO and EA can

be linked to an increase of storminess in generation areas,

resulting in more energetic waves at the Biscay buoy.

During summer, wave energy flux isolines are quite

similar for the maxima and minima of each teleconnection

pattern, whereas wave steepness isolines (�5 1/58) isolate

the minima from the maxima of each teleconnection pat-

tern. This could mean that during summer, teleconnection

pattern index variations do not modify much wind in-

tensity but do modify the distance of the wave genera-

tion areas from the Bay of Biscay. During intermediate

seasons, NAO and EA influence both steepness and

energy flux, which would suggest an influence of the

teleconnection patterns on the wind speed and on the

distance of wave generation areas from the Bay of

Biscay during autumn and spring.

d. Results analysis

Specific changes in significant wave height, peak pe-

riod, and peak direction appear to be linked to NAO and

FIG. 10. Bivariate diagrams summarizing the locations of minimal value (maximal negative

value, gray symbols) and maximal value (maximal positive value, black symbols) of correlation

coefficients between the NAO, EA, and wave density anomalies during each season. Solid lines

indicate the wave steepness isolines, and dashed lines show wave energy flux isolines.
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EA patterns. To study this link, it is necessary to better

understand the link with global atmospheric circulation.

Figure 11 gives an overview of the seasonal mean stan-

dardized 500-mb geopotential height anomalies during

the positive phase of the NAO and EA during different

seasons. Associated changes in wave conditions in the Bay

of Biscay are indicated by arrows. During the negative

phase of EA and NAO, the 500-mb geopotential height

anomalies are reversed, resulting in a weaker low and

high. These anomalies are mainly located in the North

Atlantic Ocean, in the primary wave generation area

spreading from the east coast of North America toward

the Norwegian Sea (Alves 2006).

The predominance of the NAO in the established re-

lationships was brought to light in many studies (Bacon

and Carter 1993; Woolf et al. 2002; Dodet et al. 2010; Le

Cozannet et al. 2011). This strong correlation can be ex-

plained by the stronger-than-usual and northerly shifted

(weaker and southerly shifted) winds occurring over the

North Atlantic Ocean during the NAO1 (NAO2) phase

(Fig. 11). Those winds impact waves that propagate to

the French mainland coast. In the present study focusing

on the Bay of Biscay, during winter waves present larger

(smaller) significant wave heights and a northerly (south-

erly) shift during the NAO1 (NAO2) phase. However,

during summer, this correlation is reversed with smaller

(larger) significant wave heights occurring more fre-

quently during the NAO1 (NAO2) phase. One plau-

sible explanation could be the northwestward shift of the

north–south dipole of height anomalies occurring during

summer (Fig. 11). Wave generation areas usually located

in the north-central part of the North Atlantic during winter

would move toward Canada and Greenland during sum-

mer. Long-period swell propagating from this more dis-

tant area would occur more frequently and intermediate

and storm waves generated more locally would occur less

frequently during summer. Another explanation could be

a different sensitivity of the summer and winter wave

characteristics to the negative and positive phases of the

NAO. To go further, it is necessary to study the sensitivity

of winter and summer wind and wave characteristics to

the NAO1 and NAO2.

FIG. 11. Maps of seasonal standardized 500-mb geopotential height anomalies for the positive phase of the specified teleconnection

pattern and season (adapted from http://www.cpc.ncep.noaa.gov/data/teledoc/nao_map.shtml and http://www.cpc.ncep.noaa.gov/data/

teledoc/ea_map.shtml) and associated changes in wave conditions in the Bay of Biscay according to this study. Dotted arrows indicate the

mean wave direction during the specified season, and blue arrows indicate the direction changes (not at scale) and their thickness indicates

the wave height evolution.
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A link between the EA and winter wave climate was

previously established and commented on by Seierstad

et al. (2007) and Le Cozannet et al. (2011). Like the NAO,

the EA pattern consists of a north–south dipole of anom-

alies, but its centers are located southward (Fig. 11). Its

positive phase (EA1) is associated with an anomalous

low reaching the Bay of Biscay on its northeastern side

(Seierstad et al. 2007). Strong winds generate waves near

the French mainland coast, leading to an increase of

energetic waves during that phase. The southerly shift in

wave direction is also directly related to the increased

storminess in this north-central part of the North Atlantic

Ocean.

To conclude, the present study underlines strong cor-

relations between wave interannual variability and NAO

and EA Northern Hemisphere teleconnection patterns. In

particular, NAO and EA teleconnection pattern indices

are correlated to an increase in wave height and period

during winter and to a northerly and southerly shift in

wave direction, respectively. During summer, the reversal

of the correlation between the NAO index and significant

wave heights would require further investigation. The

NAO and EA thus play a role in wave climate variability.

e. Discussion

As detailed in section 4d, previous studies highlighted

the high interannual variability of wave fields in the North

Atlantic and in the Bay of Biscay, and correlated it to

several teleconnection pattern indices. The following

discussion is based on the most recent studies (Table 2),

including the Bay of Biscay. The main results issued from

these studies within the Bay of Biscay are summarized in

the third column of the Table 3.

Le Cozannet et al. (2011) used a different approach

from the present study. They classified waves at the Bis-

cay buoy location (issued from the ERA40-wave rean-

alysis) into 12 wave classes using the K-means algorithm,

each class representative of a sea state at the Biscay buoy.

They compared annual and seasonal wave class occur-

rences to teleconnection pattern indices. As in the pres-

ent study, they found a strong and direct correlation

between NAO indices and high-energy swell classes

during winter (R 5 0.40), and an inverse correlation with

wind sea (R 5 20.31) and intermediate wave classes (R 5

20.39) during the whole year, appearing to be greater

during winter (R 5 20.54). During winter, they also

found strong correlations between the EA and storm

classes (R 5 0.52) and wind sea grouped with intermediate

wave classes (R 5 20.54). These patterns are also high-

lighted in the present study: during winter, the results in-

dicate a strong and inverse correlation between EA

indices and waves smaller than 3 m (minimal correlation

coefficient value on EA winter bivariate diagram in

Fig. 9 is 20.59), and a strong and direct correlation with

energetic swells, intermediate waves, and storms (maxi-

mal correlation coefficient value on EA winter bivariate

diagram is 0.47).

Still in the area of interest, Dupuis et al. (2006) com-

puted correlation coefficients between annual NAO

indices and annual wave parameters at the Biscarrosse

buoy (1980–98), obtaining no significant correlation with

mean wave heights (R 5 0.066) and a moderate corre-

lation with mean wave periods (R 5 0.38). They em-

phasized that the period of comparison (1980–98) was

certainly too short to encounter a sufficiently large range

in the NAO index. Finally, Dodet et al. (2010) globally

found a strong correlation between the NAO index and

wave heights southwest of Ireland. In the Bay of Biscay,

they found weak to strong correlations between winter

NAO indices and the annual 90th percentile of wave

heights (R 5 0.3 at the Biscay buoy), the winter means of

mean wave direction (R 5 0.15 at the Biscay buoy), and

peak period (R 5 0.6 at the Biscay buoy). Correlation

coefficients of the same magnitude order were obtained

in the present study; however, the investigation of each

season separately highlighted some differences, partic-

ularly for directions for which correlation coefficients

higher than 0.5 were computed.

These studies show that interannual variability of wave

characteristics in the Bay of Biscay are linked to the NAO

and EA, and that this link is more or less pronounced for

certain seasons, wave height percentiles, classes, or ranges

of wave heights, periods, and directions. These different

behaviors show the relevance of clustering waves (accord-

ing to their height, period, and direction characteristics and

also according to seasons) to better assess the impact

of the global atmospheric circulation, described by

teleconnection pattern indices.

The present study highlights the link between waves

and teleconnection patterns, with phases exhibiting more

energetic waves than usual. Considering coastal risk im-

plications, a relation between teleconnection patterns

and coastal evolution can also be found. For instance,

Ranasinghe et al. (2004) showed that the observed se-

vere erosion of embayed beaches in New South Wales,

Victoria, Australia, was not associated with severe storm

events nor with any long-term recession tren, but with

the alternation of El Niño–La Niña phases. They identi-

fied the physical processes induced by the Southern Os-

cillation index cycle that lead to a rotation of embayed

beaches. In the area of this study, Parisot et al. (2010)

identified a link between NAO indices and sand volume

variations of the Truc Vert beach (Aquitaine coast,

France), which could confirm the role of teleconnection

patterns in the French mainland coastal evolution. In the
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present study, NAO indices are indeed strongly related to

erosive events, such as energetic swells and storms. Terray

et al. (2004) suggest that the winters of the late twenty-first

century will be characterized by an increase (decrease) of

the NAO1 (NAO2) climate regime occurrence. Thus,

the wave climate in the Bay of Biscay could be more en-

ergetic and induce more erosive events along the French

mainland Atlantic coast.

5. Conclusions

In this paper, the long-term trends and the interannual

variability of wave climate in the Bay of Biscay during

recent decades were investigated. A wave modeling

system, based on the WAVEWATCH III numerical

model, was setup to provide wave fields at a high spatial

resolution (10 km) and temporal coverage (1958–2001)

along the French mainland Atlantic coast. Its accurate

validation allowed the thorough analysis of wave fields

in terms of mean wave heights as well as extreme wave

heights (90th and 95th percentiles of wave heights).

The thorough examination of wave parameters for

different periods of the year and different ranges of wave

heights highlighted an increase in wave height from 1970

to 2001 in summer (0.5 cm yr21 for mean significant wave

heights, and 2.6 cm yr21 for the 5% highest significant

wave heights at the Biscay buoy). Previous studies tend

to show a regular increase or insignificant trends of wave

height during the past few decades in that area. The ex-

amination of wave period and wave direction trends al-

lowed for identifying a northerly shift of extreme wave

direction during spring (13.28 from 1958 to 2001 for waves

higher than the 90th percentiles at the Biscay buoy) and

a southerly shift during autumn (210.368 from 1974 to

2001 for waves higher than the 90th percentiles at the

Biscay buoy).

In addition to the analysis of trends, the investigation of

the interannual variability, using seasonal maps of nor-

malized standard deviations, underlined large differences

between seasons. Correlation maps between wave con-

ditions and teleconnection pattern indices confirmed

those seasonal differences. Moreover, they showed that

correlation coefficients were constant from the open sea

to the shore in the Bay of Biscay. Among the 10 leading

teleconnection patterns of the Northern Hemisphere, the

NAO and EA are predominant, impacting significant

wave heights, mean periods, and peak directions during

several seasons. At the Biscay buoy, the analysis of bi-

variate diagrams of correlation indicated that, during

winter, energetic waves were strongly related to the NAO

and EA indices. This is in agreement with previous studies.

The fine spatial resolution used in the present study

allowed for estimating the correlation of teleconnection

patterns and wave characteristics in deep water as well as

in intermediate water depths (about 20 m).

These results led to some coastal risk implications.

Indeed, the summer wave height increase could lower

beach accretion and induce a change in the beach mor-

phological system. Moreover, the identified shifts in ex-

treme wave directions during autumn and spring could

induce important changes in the longshore sediment

transport, with a potential impact on the coast morphology.

The strong correlation between wave heights and the

NAO, which is expected to be more often positive at the

end of the twenty-first century, could induce more erosive

events and thus strong variations in the sediment volume

of sandy coasts.

The characterization of long-term trends and interannual

variability of the present wave climate is a prerequisite for

studying the present-day and future coastal response to

variations in the context of climate change. The model and

methods setup for the present study will be used to study

the future wave climate using wind issued from global cli-

mate model projections.
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