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Ocean surface gravity waves play a major role in many engineering and environmental problems, both in the
open ocean and in coastal zones. Therefore, it is essential to improve our knowledge on spatial and temporal
variability of wave climate. This study aims at investigating this variability in the North-East Atlantic Ocean
(25°W-0°W and 30°N-60° N), using a 57-year hindcast (1953-2009) obtained with a spectral wave model
forced with reanalysis wind fields. The hindcast analysis reveals firstly strong seasonal fluctuations of wave
climate, with winters characterized by large and long-period waves of mean direction spreading from

Key Word.s" - south-west to north-west, and summers characterized by smaller and shorter-period waves originating
Wave climate variability . . o o . . .
NAO index from norther directions. From northern (55°N) to southern (35°N) latitudes, the significant wave height

(Hs) decreases by roughly 40%, the mean wave direction (Mwd) rotates clockwise by about 25% while the
peak period (Tp) only grows by 5%. These three parameters also exhibit a strong inter-annual variability,
particularly when winter-means (from 1st of December to 1st of April) are considered. Linear trend analysis
over the studied period shows spatially variable long-term trends, with a significant increase of Hs (up to
0.02 m yr') and a counterclockwise shift of Mwd (up to —0.1° yr~') at northern latitude, contrasting with
a fairly constant trend for Hs and a clockwise shift of Mwd (up to +0.15° yr~!) at southern latitudes. Long-
term trends of Tp are less significant, with still a slight increase in the north-eastern part of the study area
(up to +0.01 s yr~'). Eventually, a comparison between the inter-annual variability of the winter-means of
the three selected wave parameters and the North Atlantic Oscillation (NAO) reveals: (1) a strong positive
correlation between Hs and the NAO index at northern latitudes (correlation coefficientuptoR = 0.91)and a
significant negative correlation at southern latitudes (up to R = —0.6); (2) no significant correlation for Mwd
north of 40°N and a clear positive correlation southward of 40°N (up to R = 0.8) and (3) a northward increas-
ing correlation for Tp (up to R = 0.8). Long-term trends for Hs, Mwd and Tp are finally explained by a signif-
icant increase in the NAO index over the studied period.

North-East Atlantic Ocean
Long-term trends
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1. Introduction 1964), which result in longshore currents, rip-currents and under-

tows. Finally, storm waves can damage or destroy coastal and off-

Ocean surface gravity waves constitute one of the most tangible
evidence of the important exchange of energy and momentum at
the ocean-atmosphere interface. As they travel across the ocean ba-
sins, waves transport the energy they accumulated during storm
events and dissipate it through many processes, whose comprehen-
sion is of the prime importance for off-shore and coastal engineering
and environmental issues. For instance, waves generate a Stokes
drift that can significantly contribute to the dispersion of pollutants
(e.g.Ardhuin et al.,2004). When they propagate over the continental
shelves, theinteraction between orbital motions and the bottom cre-
ates a sorting of sediment grain size (Carter, 1988; Black and Old-
man, 1999). In nearshore regions, wave deformations induce
gradients of radiation stresses (Longuet-Higgins and Stewart,
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shore structures and ships. Since these processes are controlled
mainly by wave height/energy, direction and period/wavelength, a
good knowledge on the variability of these parameters is necessary
for many coastal and ocean engineering studies. Indeed, a common
procedure in engineering studies is to define statistical parameters
(e.g. decennial wave height) based on wave records available on
time-periods often too short to represent possible pluri-decadal
trends. Furthermore, the recent concerns raised by the investigation
of several climate change scenarios, suggesting shifts and frequency
increase of storm tracks (IPCC, 2007), make particularly relevant the
need of a good assessment of long-term variability of wave climate.

During the last four decades, several studies have been under-
taken to analyze wave climate change in the North Atlantic Ocean.
Waldenetal.(1970) examined the mean values of visually estimated
wave heights from nine Ocean Weather Stations in the North Atlan-
tic from 1950 to 1967 and revealed a high variability in wave statis-
tics from year to year. Later, based on shipborne wave recorder data,
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Bacon and Carter (1991) showed an increase in significant wave
height (Hs) of 2.4 cm yr~!' for the period 1962-1986. In 1995, the
Waves and Storms in the North Atlantic (WASA) project was setup
to verify the hypothesis of a worsening storm and wave climate in
the North-East Atlantic and concluded that the wave climate has
roughened in the last decades but seemed yet to be comparable with
at the beginning of this century (WASA Group, 1998). Using a 40-
year wave hindcast, Wang and Swail (2001) detected an upward
trend in seasonal extremes of Hs (from 1958 to 1997) with higher
rates in winter in the region north-west off Ireland. However, based
on a 20-year time-series of wave buoy data in the Bay of Biscay, Du-
puis et al. (2006) found no particular tendency for Hs over the period
1980-1998. Kushnir et al. (1997), by combining a 10-year numerical
wave hindcast and an empirical extrapolation backward in time,
even suggested a decrease in wave height south of 40°N during the
period 1962-1986. Therefore, it can be inferred from these last re-
sults that the wave height increase of Bacon and Carter and others
may only be valid locally or at short-term scales.

In the early 1990s, a link to the North Atlantic Oscillation (NAO)
was suggested by Bacon and Carter (1993) who noticed a relationship
between visual estimates and instrumental records of wave heights
and the atmospheric pressure gradient measured between the Iceland
low and the Azores high, represented by the NAO index (Hurrell,
1995). However, these results were obtained from a few isolated
weather ships and buoys located northward of 50°N, and were not
sufficient to describe the spatial distribution of the wave climate.
More recently, several studies used either satellite altimetry or
numerical models to investigate the wave climate in the North Atlan-
tic Ocean. Thus, Woolf et al. (2002) analyzed data sets from the ERS-1,
ERS-2 and TOPEX satellites and showed decreasing correlations be-
tween Hs and the NAO index from northern to southern latitudes over
the period 1991-2000. Bauer (2001) analyzed a high-resolution wave
hindcast from 1981 to 1993 using the WAM model (WAMDI, 1988)
and obtained low correlations between the monthly values of the
NAO index and Hs, but high correlations when using winter-mean
values only. Bauer (2001) also found higher correlations at northern
latitudes. Dupuis et al. (2006) locally corroborated this spatial distri-
bution, finding no correlation between Hs and NAO index in the Bay of
Biscay (43°). However, they found a weak positive correlation
(R =0.38) between the NAO index and the annual-mean 1/3 highest
wave periods. This result suggests that comparisons between other
wave parameters and the NAO index could be relevant.

This paper aims at re-examining the conclusions of the above-
mentioned studies by analyzing space and time wave climate var-
iability in the North-East Atlantic (hereafter referred to as NEA)
with a 57-year numerical wave hindcast (from 1953 to 2009). In
addition to this unpublished time scale, the originality of this study
stems from the extension of the analysis to the mean wave direc-
tion (Mwd) and the peak period (Tp), which are also relevant for
numerous engineering and environmental applications. The fol-
lowing section (Section 2) describes the settings and the validation
of the regional model used to perform the 57-year hindcast. Sec-
tion 3 analyses model results and describes the spatial and tempo-
ral wave climate variability in the NEA. Section 4 investigates the
correlations between the NAO index and the selected wave param-
eters (Hs, Mwd, Tp). Finally the findings of previous sections are
summarized and discussed in the last section (Section 5).

2. The North-East Atlantic Ocean wave model
2.1. 1-Model description

Consistent studies on space and time variability of the wave cli-
mate have long been restricted by both the spatial limitation of buoy

data (sparse and concentrated in coastal areas) and the temporal
limitation of satellite altimeter data (only available since the late
1980s). To counteract these limitations, spectral wave models have
been developed during the two last decades and have now reached
a level of accuracy that enables reproducing Hs and Tp with errors
of the order of 20% (e.g. Bidlot et al., 2007b; Rascle et al., 2008). In this
study, the wave climate in the NEA Ocean was hindcasted with the
version 3.14 of the third-generation spectral wave model WAVE-
WATCH III™ (henceforth denoted as WW3) (Tolman, 2009). The
parametrization is similar to the one used by Ardhuin et al. (2009a),
with further modifications for the wind input (S;,) and dissipation
(Sgs) source terms. Namely, the parametrization of S, is taken from
Janssen (1991) as modified by Bidlot et al. (2007a), with some modi-
fications for the high frequency part of the spectrum (Filipot et al.,
2008). The representation of white-capping dissipation is based onre-
cent observations of wave breaking statistics (Banner et al.,2000),and
swell dissipation (Ardhuin et al., 2009a). This parametrization is fully
described and validated in Ardhuin et al. (2009b).

The model spatial grid covers the North Atlantic Ocean, from
80.0°W to 0.0°W in longitude and 0.0°N to 70.0°N in latitude
(Fig. 1), with a 0.5° resolution. In order to satisfy the associated
CFL condition, the spatial propagation time-step was set to
15 min. The bathymetry originates from the 2-min global seafloor
topography derived from satellite altimetry and ship depth sound-
ings by Smith and Sandwell (1997). The spectral grid uses 24 reg-
ularly spaced directions and extends from 0.041 Hz to 0.41 Hz with
20 exponentially spaced frequencies.

The model was forced with 6-h wind fields from the NCEP/NCAR
Reanalysis project (Kalnay et al., 1996), available from 1953 to pres-
ent, on a 1.875° (longitude) by ~1.905° (latitude) Gaussian grid,
where longitudes are equally spaced but latitudes are unequally
spaced according to Gaussian quadrature. Wind fields were then
interpolated on a regular 0.5° grid to force the model. Wave interac-
tions with currents were not considered in this study, assuming they
are negligible at the scale of the North Atlantic Ocean. Ice coverage
was neither taken into account since the required data was not avail-
able over the whole studied period. Moreover, the assumption was
made that ice coverage has only a weak impact on wave climate in
the area considered in this study. This assumption is corroborated
by Tolman (2002 ), who showed only minor improvements for wave
predictions in this specific area when considering ice coverage.

A 57-year simulation was performed from 1953 to 2009 and pro-
vided 6-h time-series of Hs, Mwd and Tp over a box extending from
25.0°W to 0°W and from 30.0°N to 60.0°N, which corresponds to the
NEA Ocean mentioned above. In order to deal with the very large
subsequent computational cost, the Message Passing Interface
(MPI)version of WW3 was used on a 268 processors Fujitsu-Siemens
PC-cluster. The whole simulation was split into six 10-year runs,
each of them running on 20 processors within 30 h. In order to quan-
tify seasonal variability of wave climate, winter - (between 1st
December and 1st April) and summer - (between 1st June and 1st
October) means were computed for each parameters. Since the most
energetic wave conditions are of key importance for navigation, off-
shore and coastal engineering applications, the yearly mean of Hs
values higher than the annual Hs 90th percentile (threshold value
below which 90% of Hs values are found) was computed and is re-
ferred to as Hsgo. A three steps procedure was used to process
Mwd in order to avoid problems related to this variable that goes
over a circle: (1) Mwd was decomposed into zonal and meridional
components; (2) means of each component were computed and
(3) mean Mwd was reconstructed using an Arctangent 2 function.

Long-term variability of wave climate and potential correlations
with the NAO were then investigated by analyzing time-series of
these variables.
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Fig. 1. Bathymetric map of the North Atlantic Ocean showing the extension of the modelled area (left) and study area referred to as North-East Atlantic Ocean (right).
Location of wave buoys Bilbao-Vizcaya (BIL), Cabo Silleiro (SIL), Leixdes (LEI), Figueira da Foz (FIG), Sines (SIN) and Ocean Weather Station “Juliett” (OWS) and three selected

model output locations (P1, P2 and P3).

2.2. 2-Model validation

The model was validated against buoy data over time-period
and locations (crosses on Fig. 1) covering, as much as possible,
the time and space extensions of the study: three buoys off the
Portuguese coast - Sines (SIN), Leixdes (LEI) and Figueira da Foz
(FIG) - and two buoys off the Spanish coast - Cabo Silleiro (SIL)
and Bilbao-Vizcaya (BIL). An additional comparison was realized
with data from the Ocean Weather Station (OWS) “Juliett”
(20.0°W; 52.5°N) to cover the period 1952-1975. Model outputs
used for validation were taken at grid nodes and thus do not
always match exactly buoy locations. However, this problem was
only relevant at the FIG station, where the output node was se-
lected seawards of the exact location. Further details on the loca-
tions and time-periods for buoys and OWS are given in Table 1.

Before being compared against model results, the data of each
buoy was processed following a common methodology: (1) Mwd
was corrected to take into account the magnetic declination occur-
ring at the specific location and time-period; (2) Hs, Mwd and Tp
were averaged using (2a) 6-h and (2b) 1-month sliding windows;
and (3) these values were finally interpolated on (3a) 6-h and (3b)
1-month regularly spaced time vectors. For consistent comparisons
between model and data, steps (2b) and (3b) were also applied to
model outputs. The 6-h time-window was chosen to consistently
compare data against 6-h model outputs, corresponding to the tem-
poral resolution of wind forcing. The 1-month time-window was

Table 1
Characteristics of wave data used for the model validation.

chosen to evaluate model precision when investigating long-term
trends and correlation with the NAO index. Comparisons between
6-h averaged data and model outputs are shown in Figs. 2-4 for
OWS *“Juliett”, and Figueira da Foz (FIG) and Bilbao (BIL) buoys,
respectively. In these figures as well asin the rest of this paper, values
of Mwd correspond to the incoming wave direction relative to North
and increase clockwise. Figs. 2-4 illustrate model capacity to fairly
reproduce Hs, Mwd and Tp over a 6 month period. In larger details,
it can be noted at the location of the Bilbao buoy that the model fails
to reproduce short term (i.e. less than 1 day) shift in Mwd from NW
to NE and decrease in Tp. The occurrence of these short-term shifts in
Mwd and Tp while Hs remains constant is due to the superimposi-
tion of two wave regimes: a first one corresponding to long-period
swells coming from the NW and a second one associated to local
NE winds. Better predictions of these two parameters were obtained
by nesting locally a higher resolution grid fed by higher resolution
wind fields, but are not presented here as they fall outside the scope
of this study.

Fig. 5 corresponds to scatter diagrams of measured versus mod-
elled Hs for the entire dataset and shows an overall good agree-
ment between measured and predicted Hs. It can be seen
qualitatively that the model reproduces both weak and energetic
waves with a similar accuracy, although a linear regression reveals
a negative bias of the order of 0.20 m. A comparison between
Fig. 5A and B shows how predictions are improved by averaging
the dataset over 1 month (Fig. 5B) instead of 6 h (Fig. 5A).

Station name and abbreviation Location Depth (m) Period

Number of samples Data coverage (%) Type of instrument

OWS Juliett (OWS) 20.00°W; 57.00°N 2500

1954/11-1975/09 4368 6.6

Shipborne wave recorder

Bilbao-Vizcaya (BIL) 3.04°W; 43.63°N 600 1990/11-2009/04 72,148 66.4 Seawatch (oceanor)
Cabo Silleiro (SIL) 9.40°W; 42.12°N 323 2003/06-2009/04 48,623 86.1 Seawatch (oceanor)
Leixdes (LEI) 9.09°W; 41.20°N 83 1993/08-1995/01 2836 63.3 Wavec (datawell)
Figueira da Foz (FIG) 9.15°W; 40.19°N 83 1993/01-1995/12 5327 57.3 Wavec (datawell)
Sinés (SIN) 8.93°W; 37.92°N 97 1993/01-1995/12 5356 60.2 Wavec (datawell)
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Fig. 2. Comparison between 6-h modelled and measured Hs at Ocean Weather Station (OWS) “Juliett” between August 1962 and March 1963.
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Fig. 3. Comparison between 6-h modelled and measured Hs (top), Mwd (middle) and Tp (bottom) at Figueira da Foz from October 1994 to April 1995.

Bias and Root Mean Square Error (RMSE) were computed for
every parameter (Table 2). For Hs and Tp, the RMSE was normalized
by the mean of the observed values (NRMSE). In order to quantify the
accuracy of model predictions for winter-means (4 months), this
statistical analysis was also applied to monthly averaged data.
4-monthly average were also considered and resulted in smaller er-
rors tending towards the bias. However, these values are not pre-
sented here due to the lack of 4 month periods without any gaps in
the buoy datasets. It can thus be assumed that errors for 4-month
means predictions are significantly smaller than those derived from
the 1-month average analysis. Comparisons between model and
datarevealed RMSE of the order of 0.50 m, 20° and 2 s with 6-h aver-
ageand 0.15 m,5°and 1 s with monthly average, for Hs, Mwd and Tp,
respectively (Table 2). A systematical negative bias in Hs of the order
of 0.10 m to 0.30 m can be observed at every station. Slightly better
predictions for Hs were obtained by tuning parameters for the
source terms, but this parameterizationresulted in less accurate pre-
dictions for Mwd and Tp.

3. Temporal and spatial wave climate variability

In order to describe the temporal and spatial variability of wave
climate in the NEA, 57-year time-series of Hs, Mwd and Tp were
plotted at the longitude 12.5°W for three different latitudes:
55°N, 45°N and 35°N, hereafter referred to as P1, P2 and P3, respec-
tively (see Fig. 1). These three locations present depths larger than
1000 m and thus provide deep-water wave characteristics.

3.1. Wave height

The 3-monthly averaged Hs (Fig. 6) display a large seasonal var-
iability, with an amplitude that decreases from North to South (P1-
P3). Thus during summer months, Hs are of the order of 2.0 m,
1.6 m and 1.4 m from P1 to P3 while during winter months, Hs
are of the order of 4.5 m, 3.5 m and 2.5 m, respectively. A similar
tendency as for Hs is observed for Hsgg, with average values of
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Fig. 4. Comparison between 6-h modelled and measured Hs (top), Mwd (middle) and Tp (bottom) at Bilbao-Vizcaya from November 1990 to May 1991.
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Fig. 5. Scatter diagrams of 6-h (A) and 1-month (B) modelled Hs versus measured Hs for the entire data set. The color bar on the left panel corresponds to sample density and

is arbitrarily expressed in number of point per 0.10 m x 0.10 m squares. The solid

line corresponds to y = x, the dashed line to a linear regression and the difference between

both lines illustrates the slight negative bias of modelled Hs. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)

7.5 m for P1, 6.0 m for P2 and 4.0 m for P3. Moreover, a larger var-
iability of Hsgg is observed from P1 to P3, as illustrated by standard
deviations (o) of 0.66 m, 0.50 m and 0.34 m, respectively. The
summer-means of Hs display a much weaker variability, of the or-
der of 0.15 m (Table 3) compared to Hsgg and Hs winter-means.
Winter-mean values for Hs were not plotted on Fig. 6 for clarity
reason, but comparisons between winter-mean Hs and Hsgg

showed that over 70% of Hsgg occurrence take place during winter
months. Long-term trends for Hsgg and Hs winter- and summer-
means were evaluated by means of linear regressions (Table 3).
Hsgp and Hs winter-means display a strong upward trend at P1, a
weakly positive trend at P2 and no significant trend at P3. On the
contrary, summer-means of Hs don’t show any significant trends
(Table 3). The spatial variability of Hsgg long-term trend was
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Table 2

Statistical results of model/data comparison at each buoy location: Number of entries, Bias, Root Mean Square Error (RMSE) and Normalized (by the mean of observed values)
Root Mean Square Error (NRMSE). Six-h (resp. 1-month) columns correspond to values obtained after applying a 6-h (resp. 1-month) low-pass filter to the data. “na” refers to non-
available values.

Buoy Parameter Number of entries Bias RMSE NRMSE
6-h 1-month 6-h 1-month 6-h 1-month 6-h 1-month
OowWSs Hs 2049 0 —0.37m na 0.89m na 24.44% na
Mwd na na na na na na na na
Tp na na na na na na na na
BIL Hs 17,018 73 —-0.21m —-0.22 m 0.53 m 0.25m 28.08% 13.24%
Mwd 17,018 73 —6.00° —4.81° 20.78° 7.59° na na
Tp 17,018 73 0.63s 0.63s 1.95s 0.89s 18.58% 9.01%
SIL Hs 7853 49 —0.10m —-0.11m 0.50 m 0.17 m 21.89% 7.09%
Mwd 7853 49 —3.25° —-3.92° 18.81° 6.52° na na
Tp 7853 49 0.66 s 0.82s 1.86s 0.98 s 18.84% 10.02%
FIG Hs 2491 10 —-0.14m —0.14 m 0.45 m 0.18 m 20.49% 7.83%
Mwd 2491 10 0.93° 0.87° 14.98° 3.74° na na
Tp 2491 10 —-0.38s —-045s 1.60's 0.52s 14.2% 4.6%
LEI Hs 1318 2 —-0.12m —-0.13 m 0.48 m 0.15m 19.95% 8.49%
Mwd 1318 2 2.73° 3.54° 15.74° 4.63° na na
Tp 1318 2 -0.29s -0.25s 1.51s 034s 13.54% 3.76%
SIN Hs 2621 15 —0.26 m —0.26 m 0.40 m 0.27 m 25.59% 18.33%
Mwd 2621 15 0.39° 0.80° 16.36° 4.26° na na
Tp na na na na na na na na
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Fig. 6. Time-series of 6-h modelled Hs (grey), 3-month filtered modelled Hs (blue line), Hs90 (red solid line) and linear trend for Hs90 (red dashed line) at P1 (top), P2
(middle) and P3 (bottom) from 1953 to 2009. (For interpretation of color mentioned in this figure the reader is referred to the web version of the article.)

further investigated and is plotted on Fig. 9A. This analysis revealed
an increase in Hsgg at northern latitudes up to 1.2 m over the study
period (0.02 myr~!), which matches the 0.022 myr~' rate de-
scribed by Bacon and Carter (1991). This upward trend decreases
southward until latitudes 40°N, after which no significant ten-
dency is observed.

3.2. Wave direction

A similar analysis carried out for Mwd show that mean values of
3-monthly averaged Mwd increase from North to South (281° at P1,
309°atP2 and 326° at P3) (Fig. 7). As observed for Hs, Mwd exhibits a
strong seasonal variability for the three studied locations, with
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Statistics of modelled wave parameters (Hsgo, summer- and winter-means of Hs, Mwd and Tp) at the three selected locations (P1, P2 and P3): mean, standard deviation (std) and

linear trend (values in brackets give the gain calculated over the 57-year period).

Point name P1 P2 P3
Coordinates 12.5°W; 55.01°N 12.5°W; 45.01°N 12.5°W; 35.01°N
Parameter Mean Std Linear trend Mean Std Linear trend Mean Std Linear trend
Hs90 714m 066m 0.0190myr ' (1.08m) 597m 050m 0.0068myr ' (0.39m) 4.05m 0.34m —0.00002myr ' (—0.001 m)
Winter-mean Hs 433m 055m 0.0118m.yr ' (0.67m) 355m 037m 0.0019myr'(0.11m) 248m 024m -0.0016myr ! (—0.09 m)
Summer-mean Hs 213m 0.16m 0.0013 myr ' (0.07 m) 1.72m  0.13m 0.0016myr!(0.09m) 139m 0.10m —0.0004myr ! (—0.02 m)
Winter-mean Mwd ~ 260° 11.54° —0.0257°yr ' (-1.48°) 284° 10.57° —0.0581°yr~' (-3.31°) 317° 7.27° 0.0901° yr~! (5.13°)
Summer-mean Mwd ~ 268° 7.67°  —0.0410°yr~' (-2.36°)  310° 8.03°  —0.0018° yr' (-0.10°) 336° 3.69°  0.090°yr! (5.13°)
Winter-mean Tp 11.1s 044s 0.0070 syr—' (0.40 s) 11.6s 0.50s 0.0051syr ! (0.29 s) 118s 0.43s 0.0022syr~!(0.13 s)
Summer-mean Tp 8.34s 0.23s 0.0039syr ! (0.22's) 8.29s 0.20s 0.0034syr ' (0.19s) 8.21s 0.26 s 0.0070syr~' (040 s)
340 l12.5°w 85°N ]
320+ -
& 300/ ] :
g A ' -y
= 2801 ¥ ) VR el \ W\ | HrM Ty ] P
s _“ L M j[ il ,u ‘u. \ U Il I | AL i "( ’
260 TR ALK R IRl \ hl o O RIRARAIE o AT o 2 WY ...]. Jh! v Vil | # ..... A0y ,(“ ALY
240+ | ¥ L i i _
2200 L ! = S | L I 1 L I L !
34(}; ] | | [ | I ﬁ | 12.5°W 4=-5°N ] | [ | [ | ]
| w A
il kM B Tt Wl It AT FI . Ll Li
- ) ™ . A h A YU ALY YTy b ah |
£ 3001 RO \"'L ’-H[ AL \ XTJ (X NPV Y J’ﬂ k i M‘ AL e (A T 18 ....'.“.| AL iLJ' A TR
y v i f L | 7 " '
S 280 1 | ! ‘ i ] | ¥ ol | l H i T =
= |
260+ —
240+ -
220 | | | | | | | | | | | | | |
340
320 L LA™
T 300
S 280 -
=
260} S :
saol 12.5°W 35°N fvil:tg?tr:;"atﬁmd model output
| | | | | | ! | | ‘ = [ine@r trend for winter wean
220 | I T I =
1952 1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008
YEARS

Fig. 7. Time-series of 3-month filtered modelled Mwd (blue line), winter-mean modelled Mwd (red solid line) and linear trend for winter-mean modelled Mwd (red dashed
line), at P1 (top), P2 (middle) and P3 (bottom) from 1953 to 2009. Six-h modelled Mwd is not shown for clarity reason. (For interpretation of color mentioned in this figure the

reader is referred to the web version of the article.)

summer directions generally 20°-80° norther than winter direc-
tions. However, Mwd at northern latitudes are characterized by a
less regular seasonal signal than at southern latitudes and even
opposite behaviors can be observed at P1 (e.g. summer 1968). As de-
scribed above, winter season corresponds to the most energetic per-
iod of the year regarding Hs. Consequently, winter-means of Mwd
provide a good indication of the direction associated to these ener-
getic waves. Once again, larger inter-annual variabilities for win-
ter-means of Mwd are observed from northern to southern
latitudes (¢ = 11.5°, ¢ = 10.6° and ¢ = 7.3°, for P1, P2 and P3, respec-
tively). Comparing to winter-means, summer-means of Mwd are
characterized by a 30-50% smaller variability (¢ =7.7°, 6 =8.0°
and ¢ = 3.7°, for P1, P2 and P3, respectively) Long-term trends for
Mwd winter-means, deduced from linear regression, revealed a
counterclockwise shift at northern latitudes (Fig. 9B) reaching lo-
cally 5° (—0.1°yr~!) whereas a clockwise shift up to 8°
(+0.15° yr~1) is observed at southern latitudes. Summer-means of

Mwd only exhibit significant long-term trends at southern latitudes,
where a counterclockwise shift up to —5° (—0.09° yr~') is observed
(Table 3).

3.3. Peak period

Fig. 8 presents time-series for Tp at the three locations P1, P2
and P3. Comparing to Mwd, a much more regular seasonality can
be observed, with summers characterized by Tp of about 8-9s
and winters by Tp in the 11 s-13 s range. From North to South, a
slight increase can be seen (+0.5-1 s). For the three locations, a sig-
nificant inter-annual variability of Tp winter-means can be
observed, with minimum values in the late 1960s (10.5s) and
maximum values in the late 1980s (12.5 s). Comparatively, a 50%
smaller variability is observed for summer-means of Tp (Table 3).
Long-term evolution of Tp over the NEA shows a spatial variability
that is in broad agreement with the Hsgy pattern; negligible
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Fig. 8. Time-series of 3-month filtered modelled Tp (blue line), winter-mean modelled Tp outputs (red solid line) and linear trend for winter-mean modelled Tp (red dashed
line), at P1 (top), P2 (middle) and P3 (bottom) from 1953 to 2009. Six-h model output is not shown for clarity reason. (For interpretation of color mentioned in this figure the
reader is referred to the web version of the article.)

changes are depicted south-west, while an upward trend, that 4. The correlation of wave climate variability with NAO
locally reaches +0.6 s over the studied period (Table 3), can be

observed in the north-east sector (Fig. 9C). Long-term trends for In the previous section, winter-means of Hs, Mwd and Tp were

summer-means of Tp are less significant and only exhibit positive shown to display an important inter-annual variability and this

trends at southern latitudes, where they reach +0.4 s over the stud- variability was also shown to vary strongly in space. Compara-

ied period. tively, summer-means were associated to a weaker variability.
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Fig. 9. Contour maps of linear trends for Hs90 (A), Mwd (B) and Tp (C) in the NEA Ocean for the period 1953-2009. Null trend is represented by the black dashed line.
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Moreover, linear regressions over the whole studied period high-
lighted pluri-decadal trends for winter-means of these parameters
and almost no significant trends for summer-means. Several
authors (Bacon and Carter, 1993; Bauer, 2001; Wang and Swail,
2001; Woolf et al., 2002) have proposed that inter-annual fluctua-
tions in Hs are controlled by NAO. Furthermore, Bauer (2001)
showed that wave height was considerably more correlated with
the winter NAO index than the monthly NAO index. This last find-
ing was confirmed in an earlier stage of this study and it was thus
decided to focus our analysis on winter-means only.

In order to extend this finding both in time and to other wave
parameters, Pearson correlation coefficients of the winter (Decem-
ber-March) NAO index with Hsgy and winter-means of Mwd and
Tp were calculated over the NEA. The winter NAO index is based
on the monthly averaged difference of normalized sea level pres-
sure (SLP) between Lisbon, Portugal and Stykkisholmur/Reykjavik,
Iceland since 1864 (Hurrell, 1995) and will be referred to as the
WNAQO index. Fig. 10 presents contour maps of correlation coeffi-
cients between the WNAO index and each wave parameter.
Fig. 10A shows that strong correlations between Hsgy and the
WNAO index occur at northern latitudes (north of 55°N) with a
maximum value of 0.91 at (10°W; 57.5°N). The correlation de-
creases then from latitude 57.5°N to latitude 45°N (with no corre-
lation at this latitude) and then becomes negative south of 45°N,
reaching —0.49 at (15°W; 30°N). The temporal variation of this cor-
relation is illustrated in Fig. 11, where the normalized time-series
of winter-mean Hs and WNAO index show a very close behavior at
P1 and an opposite behavior at P3. The spatial distribution and the
values obtained over this 57-year period match very well the cor-
relation map of Woolf et al. (2002) derived from satellite altimeters
from 1991 to 2000.

Regarding Mwd (Fig. 10B), it can be seen that the correlation
with the WNAO index is very weak at high and middle latitudes
and becomes significant southward, with a maximum value of
0.83 at (7.5°W; 35°N). Time-series of the WNAO index and Mwd
are represented in Fig. 11 for P1 and P3 and illustrate the weak cor-
relation at northern latitude (R = 0.01) and the higher correlation at
southern latitudes (R = 0.58).

Finally, correlations between Tp and the WNAO index are
shown in Fig. 10C. As for Hs, Tp displays a meridional distribution
of the correlation coefficient with the highest values occurring at

A- Hs90

55°

50°

45°

40°

35°

=3
>

- 8 o 150
-5 20 15

-20° -15° -10°

-10°

northern latitudes and reaching a maximum of R=0.81 at
(12.5°W; 57.5°N). A similar spatial distribution of the correlation
between the WNAO index and the mean wave period was derived
from radar altimetry by Challenor et al. (2006) over the period
1993-2003. The weaker values obtained by these authors are prob-
ably due to the use of monthly-means instead of winter-means.

5. Discussion and conclusions

Afirst analysis of the 57-year hindcast revealed a strong seasonal
variability of wave climate in the NEA. Boreal winters are character-
ized by large and long-period waves with mean directions spreading
from south-west to north-west and summers are characterized by
smaller and shorter-period waves with norther mean directions.
During summer, the Azores high-pressure system dominates over
the North Atlantic, whereas it weakens and moves towards the equa-
tor in winter, when the high-latitude Icelandic low-pressure center
predominates (Hurrell and Dickson, 2004). This winter configura-
tion leads to higher pressure gradients and thus stronger surface
winds, resulting in more energetic wave conditions at this time of
the year. Besides, the northward shift of the storm path in summer
results in wave directions norther than in winter.

Winter-means of the three selected wave parameters were
shown to display a significant inter-annual variability, illustrated
by standard deviations of the order of 0.4 m, 10° and 0.45 s, for Hs,
Mwd and Tp, respectively. Several authors (Bacon and Carter,
1993; Woolf et al.,, 2002; Bauer, 2001; Wang and Swail, 2001)
showed a relation between the NAO and the variations of Hs within
the period 1958-1997. In this study, comparisons with the WNAO
index revealed a strong positive correlation between Hs90 and the
WNAQO index at northern latitudes (up to R =0.91) and a significant
negative correlation at southern latitudes (up to R= —0.6). These
spatial distribution and values computed for a 57-year period match
closely the results obtained by Woolf et al. (2002) and Bauer (2001)
over 10-year periods and thus strengthen the idea of a NAO control
upon Hs. In addition, the extension of the analysis to other wave
parameters exhibited: (1) a clear positive correlation between the
WNAO index and winter-means of Mwd south of 40°N (up to
R =0.8) and no significant correlation north of 40°N and (2) a south-
ward decreasing correlation for Tp winter-means with maximum
values of about R=0.8. To better explain these correlations, two

C-Tp
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Fig. 10. Contour maps of Pearson correlation coefficients between the WNAO index and Hs90 (A), Mwd winter-means (B) and Tp winter-means (C) in the NEA Ocean for the

period 1953-2009. Null correlation is represented by the black dashed line.
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Fig. 11. Comparisons between the normalized WNAO index and winter-means of Hs, Mwd and Tp at (12.5°W; 55.0°N) (upper panel) and at (12.5°W; 35.0°N) (lower panel).

The Pearson correlation coefficient is given for each subplot.

extreme NAO configurations were selected: the case “NAO—" corre-
sponds to the winter 1969 (from 1st December 1968 to 31st March
1969) where the highest negative value was found within the WNAO
index between 1953 and 2009, while the case “NAO+" refers to win-
ter 1989 with the highest positive value in this index. Fig. 12 shows
the corresponding winter-means of reanalysis sea level atmospheric
pressure (SLP)and wind velocity (Kalnay et al., 1996) as well as mod-
elled winter-mean wave spectra at P1 and P3. As explained by Hur-
rell (1995), NAO+ winters are associated with larger than normal SLP
gradients, due to the presence of a wide and stable anticyclone cen-
tered on the Azores Islands and deep lows crossing Iceland (Fig. 12E).
This configuration results in stronger than average westerly winds
across the middle latitudes (Fig. 12F), inducing very large and
long-period waves with a mean western direction at northern lati-
tudes (Fig. 12G). Southern latitudes, kept off storm area, are sub-
jected to smaller-than-normal and long-period waves coming
from a very narrow north-west directional window (Fig. 12H). On
the contrary, NAO— winters are associated with Icelandic low- and
Azores high-pressure centers weaker-than-normal and with a more
random spatial distribution, resulting in weaker middle latitude
westerlies. Fig. 12C and D illustrates the wave climate associated
to this negative NAO phase at P1. Namely, at northern latitudes Hs
and Tp are weaker-than-average and present a huge directional
spreading, while at southern latitudes Tp are medium, the direc-
tional spreading large and Hs larger-than-average. These Hs lar-
ger-than-average under NAO- situation match the negative
correlation between Hs and WNAO index shown in Fig. 10 and can
be explained by closer storm areas. The large directional spreading
of wave energy at P1 under NAO- situation (Fig. 12C) displays a
bi-modal structure due to the presence of a northern component,
which does not appear under NAO+ condition (Fig. 12G). This north-
ern component in the wave spectrum can be related to the presence
of northern winds in the Greenland and Norwegian seas under

NAO- conditions (Fig. 12B), driven by an anticyclonic cell centered
on Greenland (Wanner et al., 2001).

Linear trends presented in Section 3 showed a significant in-
crease of Hsgo (up to 0.02 m yr~') and a counterclockwise rotation
of Mwd winter-means (up to —0.1°yr~!) at northern latitudes,
contrasting with a fairly constant trend for Hsgp and a clockwise
rotation of Mwd winter-means (up to +0.15° yr~') at southern lat-
itudes. Long-term trends for winter-means of Tp are less signifi-
cant, with still a slight increase in the north-eastern part of the
study area (up to +0.01 s yr~'). The contour maps of the spatial dis-
tribution of long-term trends for Hsgg, Mwd and Tp (Fig. 9) display
striking similarities with the contour maps of correlations between
the WNAO index and the respective wave parameters (Fig. 10).
Based on these similarities, a regression analysis was performed
on the WNAO index between 1953 and 2009 and resulted in a
positive trend of 5.2% yr~!. This trend is supported by the large val-
ues of the WNAO index that occurred in the late 1980s that were
shown by Hurrell (1995) to be the largest values ever recorded
from 1864. Consequently, this increase in the WNAO index can
directly explain the positive long-term trends for Hsgg and Tp at
northern latitudes and the clockwise rotation of Mwd at southern
latitudes.

This study has confirmed that, over the last six decades, the
wave climate over the NEA has undergone considerable changes,
not only with regard to wave height but also to direction and per-
iod. The temporal scales of these variations ranged from seasonal
to pluri-decadal scales (>50 years) and were found to be highly
spatial dependent. Indeed, over the study area, opposite trends
were observed for each wave parameters considered, so one must
be extremely cautious when extrapolating the conclusions
obtained from one site to another. For example, the increase in
coastal erosion observed in western Europe in the last fifty years
(Eurosion, 2003) could be related to the roughening of the wave
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Fig. 12. Winter-mean SLP, winter-mean wind velocity over the North Atlantic Ocean and winter-mean wave spectra at P1 (12.5°W; 55.0°N) and P3 (12.5°W; 35.0°N) for the
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climate observed in northern Europe (+1.2 m for Hsgg) and not only observed at southern latitudes cannot be attributed to the same
to long-term sea-level rise (Bruun, 1962) and decrease in sediment mechanism as wave height trend was almost null. Instead, it might
supply from rivers (Paskoff, 2004). However coastal erosion be connected to the detected clockwise rotation of winter-mean
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Mwd (up to 8°), which can increase longshore drift and disturb the
coastal sediment budget (Andrade et al., 2007).

The results obtained in the scope of this work put in evidence the
strong link between the ocean and atmospheric climate dynamics,
since inter-annual and long-term variabilities of Hs, Tp and Mwd
were found to be significantly related to the WNAO index. Several
hypotheses were proposed to explain the origin of NAO, such as
changes in the rate and location of tropical heating (Hoerling et al.,
2004) or interactions with the lower stratosphere (Cohen et al.,
2002), but NAO is still a matter of debate in the scientific community
and further research will be necessary to advance our understanding
on this still weakly predictable phenomenon (Hurrell and Deser,
2009). Alternatively, the availability of the NAO index for the last
150 years and even reconstructions of this index since the 16th cen-
tury by means of climate models (Luterbacher et al., 2002) would
allow extending backward in time the investigation and under-
standing of past wave climate.
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