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Abstract. Large scale atmospheric oscillations are known to have an influence on waves in the North Atlantic.
In quantifying how the wave and wind climate of this region may change towards the end of the century due to
climate change, it is useful to investigate the influence of large scale oscillations using indices such as the North
Atlantic Oscillation (NAO: fluctuations in the difference between the Icelandic low pressure system and the
Azore high pressure system). In this study a statistical analysis of the station-based NAO index was carried out
using an ensemble of EC-Earth global climate simulations, where EC-Earth is a European-developed atmosphere
ocean sea-ice coupled climate model. The NAO index was compared to observations and to projected changes in
the index by the end of the century under the RCP4.5 and RCP8.5 forcing scenarios. In addition, an ensemble of
EC-Earth driven WAVEWATCH III wave model projections over the North Atlantic was analysed to determine
the correlations between the NAO and significant wave height (Hs) and the NAO and extreme ocean states.
For the most part, no statistically significant differences were found between the distributions of observed and
modelled station-based NAO or in projected distributions of the NAO.

Means and extremes ofHs are projected to decrease on average by the end of this century. The 95th percentile
ofHs is strongly positively correlated to the NAO. Projections ofHs extremes are location dependent and in fact,
under the influence of positive NAO the 20-year return levels of Hs were found to be amplified in some regions.
However, it is important to note that the projected decreases in the 95th percentile of Hs off the west coast of
Ireland are not statistically significant in one of the RCP4.5 and one of the RCP8.5 simulations (me41, me83)
which indicates that there is still uncertainty in the projections of higher percentiles.

1 Introduction

The Northeast Atlantic possesses an energetic and variable
wind and wave climate which has a large potential for re-
newable energy extraction; for example along the western
seaboards off Ireland as discussed in Gallagher et al. (2013,
2016c) and Atan et al. (2016). The role of surface winds in
the generation of ocean waves means that global atmospheric
circulation patterns and wave climate characteristics are in-
herently connected. Several studies have identified strong
correlations between the Atlantic wave climate and telecon-
nections such as the North Atlantic Oscillation (NAO) and
the East Atlantic teleconnection pattern (EA) (Barnston and
Livezey, 1987); both at Atlantic basin scale (Wang and Swail,

2001, 2002) and for the Northeast Atlantic region (Charles
et al., 2012; Bertin et al., 2013; Dodet et al., 2010; Atan et al.,
2016; Santo et al., 2016a). Le Cozannet et al. (2011) carried
out a regional study using the ERA-40 dataset (Uppala et al.,
2005) to drive the WAve Model (WAM) for the Bay/Gulf of
Biscay (west of France) and also found a strong influence
of the NAO/EA on the wave climatology in that region. The
East Atlantic Western Russian (EAWR) pattern and the Scan-
dinavian pattern are other modes of Northern Hemisphere at-
mospheric variability, and along with the EA have a weaker
influence on the North Atlantic than the NAO (Santo et al.,
2016b). For the purpose of the study presented in this paper,
we focus on the NAO which is the most important North-
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24 E. Gleeson et al.: Extreme waves in the North Atlantic Ocean

ern Hemisphere mode of variability (Greatbatch, 2000; van
Loon and Rogers, 1978; Hurrell, 1996). In addition, it is as-
sociated with changes to the westerly winds across the At-
lantic and hence to the wave climate. In particular, variations
in its amplitude and phase manifest themselves in changes to
the frequency and intensity of blocking patterns and the posi-
tion and intensity of the Atlantic storm track (Scherrer et al.,
2006). During the positive phase of the NAO the pressure
gradient over the North Atlantic increases due to strengthen-
ing of the Icelandic Low and Azores High. Stronger west-
erly winds, associated with the increased pressure gradient,
also generate larger waves. On the contrary, a negative NAO
phase is associated with a weaker pressure gradient over the
North Atlantic and slacker westerly winds.

The NAO index is sensitive to the method used in its def-
inition. It is most commonly defined as the difference be-
tween mean sea-level pressure (MSLP) anomalies in the Ice-
landic Low and Azores High action regions. Stykkisholmur,
Reykavik or Akureyri (all in Iceland) are commonly used for
the specific locations in the Icelandic Low and Ponta Del-
gada (Azores), Lisbon (Portugal) or Gibraltar for the Azores
High (Hurrell, 1996; Pokorná and Huth, 2015). The station-
based NAO index can thus be calculated using station ob-
servations or gridded reanalysis datasets (using the nearest
grid point to the location of interest or some weighted av-
erage). In the case of the latter, 500 hPa geopotential height
is also often used in place of MSLP. As well as basing the
index on fixed locations, it can also be defined using the lo-
cation of the centres of both pressure regions (Icelandic Low
and Azores High), which change with time (Hameed and Pi-
ontkovski, 2004). An alternative approach for the calculation
of the index involves principle component analysis (PCA).
Gridded, rather than station, data are required where either
MSLP or 500 hPa geopotential height may be employed. A
PCA of the leading Empirical Orthogonal Function (EOF)
of MSLP/500 hPa height anomalies over the North Atlantic
region spanning 20–80◦ N and 90◦W–40◦ E is used to cal-
culate the NAO time-series. Either correlation or covariance
matrices can be used with this method and the EOFs may or
may not be rotated. The PCA method is particularly sensitive
to the spatial domain and time period used. Dommenget and
Latif (2002) showed that patterns derived from EOFs may be
misleading at times and not associated with climate physics.

Gallagher et al. (2014) identified a strong link between the
station-derived NAO and significant wave height (Hs), wave
period and peak direction for winter and spring off the west
coast of Ireland where WAVEWATCH III (Tolman, 2014),
driven by ERA-Interim data, was used to derive the wave
climatology. The influence of the EA, while significant, was
much smaller, and mostly affected waves off the southern
half of Ireland in autumn and winter. In a separate study Gal-
lagher et al. (2016a, b) showed that an EC-Earth (Hazeleger
et al., 2010, 2012) driven WAVEWATCH III ensemble of
wave projections indicates an overall decrease in the mean
and 95th percentile of Hs in summer and winter around Ire-

land by the end of the 21st century. Further details on the EC-
Earth global atmosphere/ocean/sea-ice coupled model and
WAVEWATCH III spectral numerical wave model are pro-
vided in Sect. 2. The study presented here expands on Gal-
lagher et al. (2014, 2016a, b) and focusses on the influence of
the NAO on extreme sea states in the North Atlantic and how
this may change in the future. This is important because phe-
nomenal sea states (Hs> 14 m) have been regularly reported
off the west coast of Ireland (Tiron et al., 2015; Gleeson et al.,
2013; Clancy et al., 2015, 2016; O’Brien et al., 2013).

It is important to point out that there is still considerable
uncertainty in projected changes in the frequency and inten-
sity of extratropical cyclones over the North Atlantic (Ul-
brich et al., 2009; Woollings et al., 2012) which directly im-
pacts on projections of the wave climate. As a result, there
is also substantial uncertainty in projected changes to North-
ern Hemisphere winter storm tracks, especially in the North
Atlantic basin (Church et al., 2013), as a result of factors in-
cluding horizontal resolution (Colle et al., 2013), the Atlantic
Meridional Overturning Circulation (Woollings et al., 2012)
and the zonal jet and Hadley circulation (Zappa et al., 2013).

The paper is organised as follows: Sect. 2 provides de-
tails about the EC-Earth and WAVEWATCH III models used
in this study and a summary of their validation is given in
Sect. 3. In Sect. 4 the results are presented and discussed. We
conclude the findings of this study in Sect. 5.

2 Models and datasets

The EC-Earth global climate model and WAVEWATCH III
wave model were used to generate the atmospheric and wave
datasets used in this study. A third datatset, the National Cen-
tre for Atmospheric Research (NCAR) NAO station-based
time-series was also used. Details regarding the models and
datasets are provided in this section.

The EC-Earth global climate model (version 2.3) used in
this study consisted of an atmosphere–land surface mod-
ule coupled to an ocean–sea ice module (Hazeleger et al.,
2010, 2012). The atmospheric component of the model was
based on the European Centre for Medium-Range Weather
Forecasts (ECMWF) Integrated Forecasting System cycle
31r1 with T159L62 spectral resolution (corresponding to
1.125◦ or approximately 125 km) and 62 vertical layers up
to 5 hPa. The Nucleus for European Modelling of the Ocean
version 2 was used for the oceanic component (Madec,
2008) with an average horizontal resolution of 1◦ (approx-
imately 110 km) and 42 vertical levels. The sea-ice compo-
nent was the Louvain-la-Neuve Sea Ice Model (LIM) version
2 (Fichefet and Maqueda, 1997). The Ocean Atmosphere
Sea Ice Soil coupler (OASIS) version 3 (Valcke, 2006) was
used to couple the atmosphere–land surface module with the
ocean–sea ice module.

WAVEWATCH III is a third-generation “phase-averaged”
model based on a stochastic representation of the sea sur-
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Figure 1. Left panel: the three wave model grids as described in Gallagher et al. (2016a). (a) The largest resolution North Atlantic grid has a
0.75◦× 0.75◦ resolution. (b) The grid for the Northeast Atlantic has a 0.25◦× 0.25◦ resolution. (c) The unstructured grid around Ireland has
a resolution ranging from 15 km offshore to 1 km in the nearshore. Right panel: wave model unstructured grid used for the finest resolution
domain around Ireland (c). This grid has 4473 nodes and the resolution varies from 15 km offshore to 1–2 km in the nearshore.

face solving the wave-action balance equation (Komen et al.,
1996). The evolution of the wave energy spectrum (or vari-
ance density spectrum) in the presence of currents and
bathymetry is described through the conservation of action
density (advection and refraction), which is balanced by
source terms (Janssen, 2008). The source terms correspond to
physical processes such as the generation of waves by wind,
dissipation (white-capping and bottom friction) and nonlin-
ear wave–wave interactions.

The 10 m wind speeds and sea-ice fields from an ensem-
ble of EC-Earth global climate projections (Gleeson et al.,
2013) were used to drive an ensemble of nested regional
wave projections over the North Atlantic using the WAVE-
WATCH III model (see Fig. 1). This was done in order to
estimate how climate change might affect the wave climate
and wave energy resource around Ireland and the North At-
lantic. The outermost WAVEWATCH III grid was a regu-
lar grid of 0.75◦× 0.75◦ resolution over the North Atlantic;
the second grid covered part of the Northeast Atlantic on
a 0.25◦× 0.25◦ regular grid and the innermost grid centred
around Ireland was unstructured with a resolution of approxi-
mately 15 km at the grid boundaries increasing to 1 km in the
nearshore. The North and Northeast Atlantic grids were two-
way nested, whereas the innermost grid was run separately
using the wave spectra output from the second grid to force
the innermost grid 3 at its boundaries. Grid 3 was constructed
using an unstructured grid formulation (Roland, 2008). Fur-
ther details on this set-up can be found in Gallagher et al.
(2016a).

The EC-Earth historical simulations span from 1850 to
2009 and include observed greenhouse gas and aerosol con-
centrations, including volcanic eruptions. The future simula-
tions ran from 2006 to 2100 where the RCP4.5 and RCP8.5

climate scenarios developed for CMIP5, the Coupled Model
Intercomparison Project 5 (Taylor et al., 2012), were applied.
To generate the wave datasets, 3 of the 14 EC-Earth ensemble
members were used; these were representative of the spread
of the EC-Earth ensemble. This is because the EC-Earth en-
semble does not have a very large spread in terms of mean
annual wind speeds and the three chosen ensemble members
cover the range of interannual variability of the winds.

Each member consists of an historical simulation and 2
future simulations (RCP4.5 and RCP8.5) and are denoted
meiX, me4X and me8X where X = 1,2,3 denotes the en-
semble member. WAVEWATCH III simulations were run for
the following 30-year periods: 1980–2009 and 2070–2099
for each available EC-Earth ensemble member. The com-
parisons referred to hereafter are between the future period
2070–2099 and the historical period 1980–2009.

The final dataset used in this study is the monthly obser-
vation station-based NAO index by NCAR which was com-
puted using MSLP data recorded in Reykjavik (Iceland) and
Ponta Delgada (Azores) and is based on Hurrell (1996). In
this case, for each month each station’s raw data are nor-
malised separately by the 1864–1983 long term mean; the
NAO station index is then the difference between the Reyk-
javik and Ponta Delgado normalised values.

3 EC-Earth and WAVEWATCH III validation and
projection summary

A full validation of means and extremes of EC-Earth surface
winds and WAVEWATCH III Hs is presented in Gallagher
et al. (2016a). The EC-Earth and WAVEWATCH III data
capture wind/wave extremes well for the period 1981–2009
compared to ERA-Interim and an ERA-Interim driven wave
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Figure 2. The annual (black), JJA (red, summer) and DJF (green,
winter) change in the 10 m wind speed percentiles over the Atlantic
Ocean for the future (2070–2099) versus the historical (1980–2099)
period under RCP8.5.

hindcast, which was independently validated using wave data
from 11 buoys located around the coast of Ireland.

The EC-Earth RCP4.5 and RCP8.5 projections show an
average decrease in mean 10 m wind speeds over the North
Atlantic Ocean for each season, greater under RCP8.5 than
RCP4.5 (Gallagher et al., 2016a, b). They also suggest de-
creases in wind extremes (e.g. a 14 % decrease in the 95th
percentile of 10 m wind speed in winter under RCP8.5, see
Fig. 2) and an overall decrease in storminess, defined as de-
pressions with a core pressure < 990 hPa crossing an area
around Ireland (50–57◦ N, 3–13◦W). This is consistent with
the decrease in the Arctic to Equator temperature gradient
at low levels of the atmosphere. In agreement with the wind
projections, the WAVEWATCH III projections show overall
decreases in annual and seasonal meanHs over the North At-
lantic by the end of the century (up to 10 % in winter and up
to 15 % in summer) and up to 15 % decreases in the 90th and
95th percentiles of Hs (Gallagher et al., 2016a).

Projected changes in the 95th percentile of Hs for winter
for each RCP4.5 and RCP8.5 ensemble member are shown in
Fig. 3. In this figure (a) shows the ensemble mean Hs for the
meiX ensemble members for the period 1980–2009, (b)–(d)
show the projected percentage change in the 95th percentile
of winter Hs for each me4X while (e)–(g) show the corre-
sponding changes for each me8X. The ensemble mean Hs
for the meiX ensemble members is shown, rather than in-
dividual members, and is included in order to give context
to the projected changes. The 95th percentile of Hs is pro-
jected to decrease in most coastal areas around Ireland. The
increase in the 95th percentile ofHs in the Irish Sea for me41
is dubious because the coarse resolution of the EC-Earth sim-
ulations (125 km) is of the same order of magnitude as the
extent of the Irish Sea which acts much like a closed basin

as regards wave modelling, with local wind-seas dominat-
ing the wave climate (Gallagher et al., 2014). The projected
decreases off the west coast of Ireland are not statistically
significant in me41 and me83 (lack of hatching in these ar-
eas in Fig. 3) and indicate that there is still uncertainty in the
projections of higher percentiles.

4 Analysis and results

4.1 North Atlantic Oscillation (NAO)

There are many ways to describe the temporal evolution of
the NAO index. The most popular and simplest method in-
volves calculating a station-based NAO index, as discussed in
Sect. 2. This method was also applied to the EC-Earth meiX
historical simulation data and me4X and me8X RCP4.5 and
RCP8.5 projection data. As for the observation data monthly
indices were computed for each of the three EC-Earth en-
sembles. Note that the future projection data were normalised
using the 1864–1983 data from the corresponding historical
simulation. MSLP values at Reykjavik and Ponta Delgado
were extracted from the EC-Earth MSLP gridded fields using
the nearest neighbour remapping algorithm (remapnn) avail-
able in the CDO (Climate Data Operators: Schulzweida et al.,
2006) package.

Histograms of the distribution of monthly mean NAO
index (using the months of December, January, February
and March; DJFM or winter hereafter and chosen because
winds are stronger and wave heights are larger during these
months) covering 30-year historical/future periods are shown
in Fig. 4 where the observed NAO and NAO based on the EC-
Earth meiX historical simulation are for the period 1980–
2009 while the EC-Earth projection data (me4X and me8X)
are valid for the period 2070-2099. Each distribution thus
comprises of 120 data points. At the α = 0.05 significance
level two-sample Kolmogorov–Smirnov statistical tests on
the data suggest that there is no difference between the mei1
and mei3 NAO distributions and the NAO based on observa-
tions other than chance variation but that the mei2 distribu-
tion is different. The p value for mei2 is quite close to 0.05
which justifies our inclusion of this ensemble member in the
rest of the study. This also provides confidence in using the
station-based NAO computed using EC-Earth data, which is
only available on a coarse 125 km grid. The same test, pairing
each historical ensemble member meiX with its correspond-
ing me4X and me8X distributions, suggests that in all cases
except mei3/me43 there are no statistical differences between
the distributions at the α = 0.05 level.

The observed and modelled DFJM station-based NAO in-
dices for the two 30-year periods discussed above were used
in the analysis presented in Sects. 4.2 and 4.3 below.
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Figure 3. (a) Ensemble mean DJF 95th percentile of Hs (m) for 1980–2009: (b–d) Projected change in the DJF 95th percentile of Hs for
2070–2099 relative to 1980–2009 for me41, me42 and me43. (e)–(g) are similar to (b)–(d) but show me81, me82, me83. Hatching denotes
areas where the magnitude of the change exceeds twice the inter-ensemble member standard deviation.

Figure 4. Histogram of the station-based index of NAO for the following cases: (left) observations (1980–2009), EC-Earth mei1 (1980–
2009), EC-Earth me41 (2070–2099), EC-Earth me81 (2070–2099). (centre) shows the same for ensemble number 2 and (right) shows
ensemble number 3. In the case of observation-based NAO the months of December to March are included. Similarly, December to March
were included for the EC-Earth based calculations where monthly mean MSLP fields were applied.

4.2 NAO versus Hs

Figure 5 shows the Spearman rank correlation coefficient be-
tween the station-based NAO index and the 95th percentile
of Hs for DJFM for the historical period (1980 to 2009) and
the period 2070–2099 under RCP4.5 and RCP8.5 for each
ensemble member. Previous studies have shown a strong cor-
relation between NAO and Hs for the present wave climate
off the west coast of Ireland (Gallagher et al., 2014), and
for more extreme wave heights in the Northeast Atlantic and
North Sea regions (Santo et al., 2016b). This is consistent
with Figure 5a–c which shows the strong positive correla-
tion coefficient, by ensemble member, between NAO and Hs
averaged over the historical period. A strong positive correla-
tion was also found under the RCP4.5 and RCP8.5 scenarios
(Fig. 5d–i), slightly stronger under the RCP4.5 scenario.

In general, the correlation increases off the west coast of
Ireland under both RCP scenarios relative to the historical pe-
riod, with the exception of me81, which shows a reduction in
correlation south of Ireland. The influence of the NAO loses
significance in southern parts of the model domain in each of
the ensemble members (historical and future periods), and is
strongest to the west and northwest, as can be seen in all pan-
els in Fig. 5. There are large areas to the west and northwest
of Ireland showing a correlation coefficient of over +0.7 (sig-
nificant at the α = 0.05 level). Contrary to this, a small area
to the east of Scotland shows a negative correlation between
NAO and the 95th percentile of Hs, present in each of the
historical realisations. This may be because this area is close
to the WAVEWATCH III domain boundary. Overall, the in-
fluence of the NAO on the wave climate of the Northeast At-
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Figure 5. The Spearman correlation coefficient between the NAO index and the 95th percentile of Hs for DJFM. (a–c) historical period
(1980–2009) 3× ensemble members; (d–f) future period 2070–2099 under RCP4.5 and similarly (g–h) is for 2070–2099 under RCP8.5.
Correlations statistically significant at the α < 0.05 level are dotted.

lantic for DJFM is statistically significant. The next Sect. 4.3
deals with extreme winter sea states in relation to the NAO.

4.3 NAO versus extreme waves

In this section we examine the effect of the NAO on the most
extreme winter sea states, by fitting the Generalised Extreme
Value (GEV) distribution to the simulatedHs data on the sec-
ond grid shown in Fig. 1b covering part of the Northeast
Atlantic. The GEV models the maxima of blocks of data;
for a full introduction, see Coles (2001). Here we consider
monthly maxima ofHs for the DJFM months and fit the GEV
using maximum likelihood (ML) inference with the R pack-
age ismev (https://CRAN.R-project.org/package=ismev).

The GEV distribution function contains three parameters
and is given by

G(z)= exp

(
−

[
1+ ξ

(
z−µ

σ

)]−1/ξ
)

(1)

where −∞< ξ <∞ is known as the shape, −∞< µ<∞

is the location and σ > 0 is the scale. Once the parameters
have been fitted to the data, we may invert the distribution to
find N -year return levels; that is, the value of Hs which we
expect to be exceeded once every N years. The approximate
normality of the ML estimate can then be used to derive con-
fidence intervals for the return levels (cf. chap. 2 of Coles,
2001, for full discussion of the delta method).

While the theoretical basis for the use of the GEV assumes
a stationary distribution, it is common practice to allow some
of the parameters to be non-constant. For example, long-term
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Figure 6. Ensemble means of the 20-year return levels of Hs for the historical hindcast (top) and simulated future scenarios RCP4.5
(middle) and RCP8.5 (bottom). The NAO indices are 0 (left column) and +2 (middle column). The right-hand column shows the differences:
{NAO=+2}− {NAO= 0}.

trends in extremes may be studied by including a linear de-
pendence in time (e.g. Caires et al., 2006) and seasonality
effects may also be incorporated (Clancy et al., 2015; Iza-
guirre et al., 2011). Other covariates may also be included.
In Izaguirre et al. (2011), various climate indices were used
as linear covariates for the location parameter in order to ex-
amine interannual variability of wave extremes.

We adopt a similar, but more general, approach here and
include the monthly NAO index as a covariate in both the
location and scale parameters. We now have µ(t)= µ0+

µNAONAO(t), where µ0 and µNAO are constants determined
by the ML fit to the data. To ensure a positive shape, we repa-
rameterise with φ = logσ and allow φ(t) to vary with NAO
in the same way as µ(t). The shape parameter is kept con-
stant throughout. Other relationships and covariates could be
explored in future work.

The model outlined above was fitted to each of the three
ensemble members in the historical and future scenarios, for
the domain covered by the second grid. Return levels are now
a function of the NAO index and may be plotted for a given
value. To investigate the influence of a positive NAO index on
extremes of Hs suggested in the previous section, we choose

to compare a neutral (NAO= 0) and medium-strong positive
value of 2. In Fig. 6 we present 20-year return levels, show-
ing the historical, RCP4.5 and RCP8.5 ensemble means. The
panels on the left of Fig. 6 show the 20-year return levels for
an NAO of zero, while the middle panels show the return lev-
els for the positive phase where NAO= 2. On the right is the
difference between the two.

We first consider the left-hand column, that is, when the
NAO index is zero. We find mostly a decrease in return lev-
els in the seas to the west of Ireland for both future scenarios,
when compared with the historical. This is consistent with
the general decreasing trend found in mean winter sea states
in Gallagher et al. (2016a, b) and in Fig. 3 which shows the
projected changes for the 95th percentile of Hs. However,
the middle column in Fig. 6 suggests that the NAO can ex-
ert a strong influence and change this pattern. Much like the
strongly positive correlation between the NAO and the 95th
percentile ofHs shown in Fig. 5, in general we see that the in-
crease in NAO results in an increase in the values of extreme
Hs, particularly to the west and north-west of Ireland and
Scotland. In the historical hindcast (top row of Fig. 6), we
see increases due west of Ireland of roughly 0.5 m to almost
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2 m. This is broadly consistent with Izaguirre et al. (2011):
using satellite data with a much coarser resolution, they re-
port an increase of up to 0.75 m for each unit of positive NAO
in the North East Atlantic.

Much spatial variation can be seen under the climate
change scenarios. Under RCP4.5 the NAO influence is
strongest to the north-west of Scotland, whereas this oc-
curs further south, closer to the north-west of Ireland, un-
der RCP8.5. From the differences shown in the right-hand
column, we find regions in the south of the domain where
the NAO exerts little influence and even, particularly in the
historical hindcast, where the effect is reversed; i.e. the in-
creased NAO decreases the expected return levels.

Next we focus on three specific locations, with coordinates
(12.5◦W,54◦N), (9◦W,48◦N) and (25◦W,59◦N) marked
as 1, 2 and 3 in Fig. 6. In Fig. 7 we show the 20-year re-
turn levels of Hs for each as a function of the NAO index,
along with the lower and upper bounds of the 95 % confi-
dence intervals for the estimates. Despite some differences
between the various locations, the NAO can be seen to have
an influence on these winter extremes, with positive phases
increasing and negative phases decreasing the 20-year return
levels.

Again, we see clearly that the strength of this influence
varies geographically and also between the historical and
future scenarios. At the first location at the top of Fig. 7,
for example, we find that the extremes are expected to de-
crease in the future for negative or small positive NAO val-
ues. However, in the RCP8.5 scenario, a strong positive phase
of the NAO is predicted to amplify the extremes beyond what
would have been historically expected. On the other hand,
this is not the case at the third location (bottom panel of
Fig. 7).

5 Conclusions

We analysed time-series of the station-based NAO index
computed using an ensemble of global EC-Earth climate pro-
jections and the influence of this index on regional wave pro-
jections over the North Atlantic. With the exception of me43
no statistically significant changes were found in the distri-
bution of the index derived from projections for the end of
the century relative to the historical period 1980–2009.

The 95th percentile of Hs in the Northeast Atlantic is
strongly positively correlated to the NAO, with the strongest
correlations (> 0.7) found to the west and northwest of Ire-
land. The correlation is generally higher for the future pe-
riod 2070–2099 under RCP4.5 and RCP8.5 relative to the
historical period. For each of the 6 future wave projections
(3×RCP4.5 and 3×RCP8.5 scenarios), the strong influence
of the NAO on the wave climate of Ireland persists to the end
of the century.

In order to examine extreme sea states, we fitted a non-
stationary Generalised Extreme Value distribution to the

Figure 7. Ensemble mean estimates of the 20-year return levels of
Hs (solid curves), along with 95 % confidence intervals (dashed),
as functions of NAO index for the three locations indicated in the
upper-left panel of Fig. 6. The historical hindcast (black) is shown
along with the two future projections (blue and red).

datasets. The resulting 20-year return levels of Hs show an
important influence from the NAO covariate. During periods
of neutral NAO index, we may expect future extremes to be
reduced when compared with the historical period. However,
there may be a strong enhancement of extremes by the NAO,
with high positive values of the index leading to higher win-
ter return levels. This amplification shows a significant spa-
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tial variation, with a much stronger effect seen, for example,
to the north-west of Scotland. This suggests a possible future
extension of this work with the use of a more sophisticated
spatial model of extremes (e.g. Clancy et al., 2016).

The work can be further expanded by generating a larger
multimodel (both in terms of the forcings and the wave
model) ensemble and an ensemble of higher resolution e.g.
using CMIP6 simulation data. Recent studies, for example
by Wang et al. (2015), have shown that for projections in Hs
different climate models can simulate significantly different
responses to the RCP4.5 and RCP8.5 scenarios. Moreover,
the intermodel uncertainty can be much greater than that of
the RCP scenario responses. This demonstrates the need for
a multimodel approach in the future. Any further assessment
of the future wave climate of Ireland should be expanded
to use a coupled atmosphere-wave-ocean numerical model
to capture atmospheric and wave-current interactions on ex-
treme sea states. A better understanding of storm track dy-
namics is also needed in order to improve future models, and
hence wave climate projections. A wide range of teleconnec-
tion patterns could also be investigated, as well as investi-
gating the influence of the definition of the teleconnections
(e.g. station-based versus PCA definition of the NAO) on the
results.

6 Data availability

The datasets have been archived at Met Éireann. There is cur-
rently no publicly available method for data access so the Met
Éireann should be contacted for dataset access.

Author contributions. Emily Gleeson ran the EC-Earth global
climate simulations, analysed the wind outputs and the NAO com-
puted from EC-Earth data; Sarah Gallagher ran the WAVEWATCH
III simulations using EC-Earth boundary conditions, analysed the
wave outputs and correlations between significant wave height
and the NAO; Colm Clancy did a statistical analysis of extreme
waves and the NAO using a Generalised Extreme Value distribu-
tion. Emily Gleeson, Sarah Gallagher and Colm Clancy prepared
the manuscript with contributions from Frédéric Dias.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. The authors are grateful to John O’Sullivan
for helpful discussions on extreme value statistics. The authors also
wish to acknowledge Roxana Tiron who helped to run the wave sim-
ulations. The numerical simulations were performed on the Fionn
cluster at the Irish Centre for High-end Computing (ICHEC) and
at the Swiss National Computing Centre under the PRACE-2IP
project (FP7 RI-283493) “Nearshore wave climate analysis of the
west coast of Ireland”. Thank you also to both reviewers for their
useful comments which have helped to improve the paper.

Edited by: S. Carniel
Reviewed by: L. O’Brien and one anonymous referee

References

Atan, R., Goggins, J., and Nash, S.: A Detailed Assessment of the
Wave Energy Resource at the Atlantic Marine Energy Test Site,
Energies, 9, 967, 2016.

Barnston, A. and Livezey, E.: Classification, seasonality and persis-
tence of low-frequency atmospheric circulation patterns, Mon.
Weather Rev., 115, 1083–1126, 1987.

Bertin, X., Prouteau, E., and Letetrel, C.: A significant increase in
waveheight in the North Atlantic Ocean over the 29th century,
Global Planet. Change, 106, 77–83, 2013.

Caires, S., Swail, V. R., and Wang, X. L.: Projection and analysis of
extreme wave climate, J. Climate, 19, 5581–5605, 2006.

Charles, E., Idier, D., Thiébot, J., Le Cozannet, G., Pedreros, R.,
Ardhuin, F., and Planton, S.: Present Wave Climate in the Bay
if Biscay: Spatiotemporal Variability and Trends from 1958 to
2001, J. Climate, 25, 2020–2039, 2012.

Church, J., Clark, P., Cazenave, A., Gregory, J., Jevrejeva, S., Lev-
ermann, A., Merrifield, M., Milne, G., Nerem, R., Nunn, P.,
Payne, A., Pfeffer, W., Stammer, D., and Unnikrishnan, A.: Sea
Level Change, book section 13, 1137–1216, Cambridge Uni-
versity Press, Cambridge, United Kingdom and New York, NY,
USA, doi:10.1017/CBO9781107415324.026, 2013.

Clancy, C., Belissen V, Tiron, R., Gallagher, S., and Dias, F.: Spatial
variability of extreme sea states on the Irish west coast, in: Pro-
ceedings of the ASME 2015 34th International Conference on
Ocean, Offshore and Arctic Engineering, St John’s, NL, Canada,
2015.

Clancy, C., O’Sullivan, J., Sweeney, C., Dias, F., and Parnell, A. C.:
Spatial Bayesian hierarchical modelling of extreme sea states,
Ocean Model., 107, 1–13, 2016.

Coles, S.: An introduction to statistical modeling of extreme values,
Springer-Verlag London, 2001.

Colle, B. A., Zhang, Z., Lombardo, K. A., Chang, E., Liu, P., and
Zhang, M.: Historical evaluation and future prediction of eastern
North American and western Atlantic extratropical cyclones in
the CMIP5 models during the cool season, J. Climate, 26, 6882–
6903, 2013.

Dodet, G., Bertin, X., and Taborda, R.: Wave climate variability in
the North-East Atlantic Ocean over the last six decades, Ocean
Model., 31, 120–131, 2010.

Dommenget, D. and Latif, M.: A cautionary note on the interpreta-
tion of EOFs, J. Climate, 15, 216–225, 2002.

Fichefet, T. and Maqueda, M.: Sensitivity of a global sea ice model
to the treatment of ice thermodynamics and dynamics, J. Geo-
phys. Res.-Oceans, 102, 12609–12646, 1997.

Gallagher, S., Tiron, R., and Dias, F.: A detailed investigation of the
nearshore wave climate and the nearshore wave energy resource
on the west coast of Ireland, in: Proceedings of the ASME 2013
32nd International Conference on Ocean, Offshore and Arc-
tic Engineering OMAE, American Society of Mechanical Engi-
neers, Nantes, France, doi:10.1115/OMAE2013-10719, 2013.

Gallagher, S., Tiron, R., and Dias, F.: A long-term nearshore wave
hindcast for Ireland: Atlantic and Irish Sea coasts (1979–2012),
Ocean Dynam., 64, 1163–1180, doi:10.1007/s10236-014-0728-
3, 2014.

www.adv-sci-res.net/14/23/2017/ Adv. Sci. Res., 14, 23–33, 2017

http://dx.doi.org/10.1017/CBO9781107415324.026
http://dx.doi.org/10.1115/OMAE2013-10719
http://dx.doi.org/10.1007/s10236-014-0728-3
http://dx.doi.org/10.1007/s10236-014-0728-3


32 E. Gleeson et al.: Extreme waves in the North Atlantic Ocean

Gallagher, S., Gleeson, E., Tiron, R., McGrath, R., and Dias,
F.: Wave climate projections for Ireland for the end of
the 21st century including analysis of EC-Earth winds over
the North Atlantic Ocean, Int. J. Climatol., 36, 4592–4607,
doi:10.1002/joc.4656, 2016a.

Gallagher, S., Gleeson, E., Tiron, R., McGrath, R., and Dias, F.:
Twenty-first century wave climate projections for Ireland and
surface winds in the North Atlantic Ocean, Adv. Sci. Res., 13,
75–80, doi:10.5194/asr-13-75-2016, 2016b.

Gallagher, S., Tiron, R., Whelan, E., Gleeson, E., Dias,
F., and McGrath, R.: The nearshore wind and wave en-
ergy potential of Ireland: A high resolution assessment of
availability and accessibility, Renew. Energ., 88, 494–516,
doi:10.1016/j.renene.2015.11.010, 2016c.

Gleeson, E., McGrath, R., and Treanor, M.: Ireland’s climate: the
road ahead, Met Éireann, Dublin, Ireland, 2013.

Greatbatch, R. J.: The North Atlantic Oscillation, Stoch. Env. Res.
Risk A., 14, 213–242, 2000.

Hameed, S. and Piontkovski, S.: The dominant influence of the Ice-
landic Low on the position of the Gulf Stream northwall, Geo-
phys. Res. Lett., 31, L09303, doi:10.1029/2004GL019561 2004.

Hazeleger, W., Severijns, C., Semmler, T., Ştefănescu, S., Yang,
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