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66 1. Introduction

67 The most severe conditions of wave climate are of paramount
68 importance on natural coastal processes (i.e. sediment transport
69 or the development of the seaweed meadows), coastal manage-
70 ment and engineering design (maritime works, ship design, route
71 definition, offshore structures design, operability,. . .). Thus, there
72 is a need for appropriate methods to describe these phenomena.
73 During the last decades, the study of the extreme wave climate
74 has increased significantly. The statistical modelling of the extreme
75 wave height including seasonal and interannual variability have
76 been studied by numerous authors (Wang et al. 2001, Caires
77 et al. 2006; Méndez et al. 2006; Menéndez et al. 2009; Izaguirre
78 et al. 2010; Hemer, 2010). However, there is not a clear conclusion
79 about the atmospheric situations that cause the interannual fluctu-
80 ations on extreme wave heights. From this point of view, the aim of
81 this work is to analyse the variability in the state of the atmo-
82 sphere, and to investigate if these variations can explain or help
83 to understand the complex relationships between wave forcing
84 at a regional scale, and their effect in the interannual variability
85 of the extreme wave climate at a local spatial scale.
86 In the earliest 70́s synoptic climatology was established as a
87 climatological subfield with the publication of ‘Synoptic climatol-
88 ogy: methods and applications’ (Barry and Perry, 1973). After that
89 seminal work, a lot of techniques have been applied to explore and
90 analyze the climatology in order to understand and simplify data of
91 geophysical variables. Several statistical methods have been devel-
92 oped to relate synoptic-scale atmospheric circulation to local envi-
93 ronmental responses (analysing variables like temperature,
94 precipitation or pressure fields). The main advantage of the statis-
95 tical techniques is that a large amount of complex data fields (with
96 spatial and temporal dimensions) can be processed automatically
97 to output a simple and readable synthesis, minimizing the human
98 fac
99
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130Hemisphere to analyse their correlation and, Woolf et al. (2002)
131shows that a large fraction of the wave height anomalies in the
132northeastern sector of the Atlantic is associated to a single pattern
133of pressure anomalies that resembles the NAO. Moreover, Izaguirre
134et al. (2010) found that NAO and the East Atlantic (EA) pattern are
135the most influential patterns in the North Atlantic, enhanced by the
136analysis of interannual variability with the PCs of SLP anomalies:
137first two PCs have similar patterns to NAO and EA indices and show
138important contribution to the extreme wave height in the north-
139east Atlantic and Mediterranean region. Le Cozannet et al. (2011)
140analysed the influence of teleconnection patterns in the interan-
141nual variability of the frequency of sea state modes in the Bay of
142Biscay, obtained from a K-means classification.
143Following the hypothesis that interannual variability of the
144extreme wave height is induced by patterns in the atmospheric cir-
145culation, the aim of this work is to present a methodological frame-
146work to explain the relationship between extreme wave height
147anomalies and the synoptic situation that produces it by means
148of a graphical representation. To achieve this goal, a SOM analysis
149is carried out to process the principal components (PCs) of SLP of
150the NE Atlantic area, to characterize the climatology on a bidimen-
151sional lattice. The extreme wave height statistics at six different
152locations over the studied domain is modelled by applying a
153time-dependent GEV model including seasonal and interannual
154variability. The topology preservation property of the SOM allows
155defining a function on the SOM lattice corresponding to average
156value of extreme wave height for the reanalysis SLP dates corre-
157sponding to each of the clusters. The interannual variability of
158the extreme wave climate at each location projected into the cli-
159matological lattice is used to study the relationship with the syn-
160optic states and to analyse how extreme wave probability
161distributions change due to changes in climatic conditions.
162The paper is organized as follows. Section 2 provides a description
163of
164od
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tors.
The principal component analysis (PCA) is one of the most

pular techniques. PCA is especially useful to reduce the number
dimensions and identify patterns in environmental data. The data
mple is projected in a space with minor dimension where the vec-
rs of the new orthogonal base maximize the variance of the data
mple. This technique removes the data dependency and data
dundancy with the minimum lost of variance, which is sometimes
quired by the assumptions of many statistical methods.
The clustering methods try to reduce the amount of data by cat-

orizing or grouping similar data together. These methods are
ed to partition the sample data into clusters defined by centroids
reference vectors representing the data in a more compact and

anageable way. The self-organizing maps (SOMs) is one of the
ost powerful data mining techniques for clustering high-dimen-
nal data due to its graphical visualization properties. The cluster

ntroids are forced with a neighborhood mechanism to a space
th smaller dimension (usually a two-dimensional lattice)
eserving the topology of data in the original space. Therefore,
e clusters are spatially organized in the lattice of projection
ich gives an intuitive analysis of the information contained in

e data.
Several applications of these techniques can be found in the
ve climate field trying to explain relations of sea states with

mospheric patterns. Bacon and Carter (1993) showed the
lationship between wave heights and the north-south atmo-
heric pressure in the North Atlantic (the so-called North Atlantic
cillation, NAO). Later on, Kushnir et al. (1997) found a link be-
een the wintertime monthly significant wave height (SWH)
d monthly average sea level pressure (SLP) using a canonical cor-
lation analysis. Wang and Swail (2001, 2002) applied a PCA on
th the SLP and extreme wave height anomalies in the Northern
ease cite this article in press as: Izaguirre, C., et al. Exploring the interannual var
odell. (2012), http://dx.doi.org/10.1016/j.ocemod.2012.09.007
the SLP and the wave data used. In Section 3 we present the meth-
ology, describing the data mining techniques, PCA and SOM, and
e statistical modelling of the extreme wave height. The NE Atlantic
ather types issued from the SOM analysis, extreme wave climate

riability and the relationship between both are presented in sec-
n 4. Finally, some conclusions are given in Section 5.

Data

. Sea Level Pressure data

The sea level pressure fields used in this work come from the
analysis dataset of the National Center for Environmental Predic-
n-National Center for Atmospheric Research (NCEP-NCAR; Kal-
y et al. 1996). The SLP data consist of 6-hourly fields on a
ussian grid with T62 resolution (about 210 km, for more details

e Kalnay et al. 1996). The period of the reanalysis used in this
dy spans from 1948 to 2008.
The spatial domain under study spans from 25� N to 70� N and

� W to 10� E (see fig. 1) using a 5� x 5� spatial resolution grid
ere the SLP data are interpolated. The area is selected to capture

e action center of the NAO, which is the most prominent oscilla-
n mode in the North Atlantic. Monthly mean sea level pressure
SLP) is extracted for the regridded spatial domain. In summary,

e monthly MSLP data consist of a record of 744 monthly values
m 1948 to 2008, each defined at 150 grid points.

. Wave data

The wave data used in this work come from the global wave
analysis database GOW (Reguero et al. 2012). GOW reanalysis
s been generated with the third generation model WaveWatch
iability of extreme wave climate in the Northeast Atlantic Ocean. Ocean

http://dx.doi.org/10.1016/j.ocemod.2012.09.007
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224tions. The dominant patterns of variability are obtained by
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III (Tolman 2010). The wave spectrum is computed by integratio
of the energy balance equation without any prior restriction abou
the wave spectral shape. The model is forced by 6-hourly win
fields from the atmospheric reanalysis NCEP/NCAR (with T6
Gaussian grid resolution).

This database spans from 1948 onwards with hourly resolution
and 1.5� x 1� (longitude x latitude) spatial resolution. A directiona
calibration procedure, tacking special caution on extreme value
was applied by using instrumental measurements from both sate
lite and buoy records (Mínguez et al. 2011 and Mínguez et a
2012). The validation of the corrected GOW wave database afte
calibration show a good quality of higher percentiles of wav
heights (more details in Reguero et al. 2012).

Six locations in the east part of the North Atlantic basin are se
lected (see fig. 1): i) a northern point (NP, lon=15�W, lat=55�N
around 150 km westward of Ireland, ii) a point located close t
the Bretagne coast in France (BR, lon=7.5�W, lat=49�N), iii) a poin
in front of the Landes region, in the Gulf of Biscay (LA, lon=1.5�W
lat=44�N), iv) a point in the northwest coast of Spain, in front o
Coruña (CO, lon=10.5�W, lat=43�N), v) a location in front of Lisbo
(LI, lon=10.5�W, lat=38�N), and finally, vi) a point in the Azore
Islands (AZ, lon=27�W, lat=39�N). The point of Landes is locate
in intermediate water depth (up to 100 m) while the rest of them
are in deep water.

3. Methods

3.1. Summary of the approach

In order to establish the relationship between extreme wav
height anomalies and the atmospheric forcing, we follow the nex
methodology:

Fig. 1. Spatial domain of the North Atlantic area and wave locations (NP, BR,
respectively).
Please cite this article in press as: Izaguirre, C., et al. Exploring the interannu
Modell. (2012), http://dx.doi.org/10.1016/j.ocemod.2012.09.007
generalized extreme value distribution and includes seasona
and inter-annual variability. The atmospheric PCs from MSL
fields are used for modeling the inter-annual variability o
extreme wave height.

3. The principal components from MSLP fields are also used fo
clustering atmospheric patterns into weather types using SOM
technique. Using this technique, a lattice of representativ
atmospheric circulation patterns (weather types) of the Nort
Atlantic is obtained.

4. Finally, outcomes from the extreme value analysis are assoc
ated to the weather types. The climatic influence of eac
weather type can be associated to each local extreme wav
climate.

3.2. Principal Component Analysis

The Principal Component Analysis (see Preisendorfer an
Mobley, 1988) is carried out on the MSLP in order to reduce th
dimensionality of the problem, preserving the maximum of th
sample variance. It is a classical statistical linear compressio
method which gives an optimal (in a statistical sense) linea
al variability of extreme wave climate in the Northeast Atlantic Ocean. Ocean

http://dx.doi.org/10.1016/j.ocemod.2012.09.007
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duction of dimension (Gutierrez et al. 2004). This statistical tech-
que is widely used in climatology to identify dominant patterns
variability and/or reduce dimensionality of climate data (Smith
al. 1996).
The reduction of dimensionality is achieved by creating a new

t of orthogonal (hence uncorrelated) and ordered variables, the
incipal components, spanning the maximum variance of the data
lliffe 2002). Let XðtÞ ¼ ½X1ðtÞ;X2ðtÞ; . . . ;XpðtÞ� be an n� p data

atrix, fXiðtÞ; i ¼ 1; :::; p; t ¼ 1; . . . ;ng is a vector containing n
onthly) values of the ith centered predictor (to avoid problems
e to different scales, the variable monthly MSLP is previously
ndardized, related to the average over n ¼ 744 instants, for each

id point, obtaining monthly MSLP anomalies), and p is the num-
r of predictors (i.e., p ¼ 150 grid points over covering the region
�N-70�N, 60�W-10�E in the NA area). PCs components are ob-

ined by

tÞ ¼
Xp

k¼1

ekiXkðtÞ; i ¼ 1; . . . ; p; t ¼ 1; . . . ;n ð1Þ

ere em are the elements (loadings) of the mth eigenvector of the
variance matrix

1
n� 1

XT X ð2Þ

The analysis of the anomalies of monthly MSLP yields the spa-
l modes and their temporal amplitudes. The first 10 modes,
plaining more than 90 % of the variability, are chosen. Note that
e first two modes are correlated with the two prominent telecon-
ction indices of the North Atlantic: North Atlantic Oscillation
AO) and East Atlantic (EA) pattern. The correlation between
e first and second modes and the NAO Index is rNAO

1 ¼ 0:704
d rNAO

2 ¼ 0:381, respectively. Regarding the EA, only the correla-
n with the second mode is statistically significant and equal to
¼ 0:628.

. Time-dependent extreme model

Latest advances in extreme value theory (see Coles 2001) allow
better description of the natural climate variability of extreme
ents of geophysical variables, specifically extreme wave height.
this work a time-dependent GEV model for monthly maxima
H including seasonal and interannual variability is used. We

ve considered time-dependent locationl, scale wðtÞ > 0 and
ape n parameters of the GEV (Coles 2001), with cumulative dis-
bution function (CDF) of Ht (monthly maxima of the significant
ve heights observed in month t) given by

ðHÞ ¼
expf�½1þ nðtÞðH�lðtÞ

wðtÞ Þ�
�1=nðtÞ
þ g nðtÞ–0

expf� exp½�ðH�lðtÞwðtÞ Þ�g nðtÞ ¼ 0

8<
: ð3Þ

ere ½a�þ ¼max½a;0�. The GEV distribution includes the three clas-
al distribution families of extreme value theory: Gumbel family
¼ 0); Fréchet distribution (n > 0), and Weibull family (n < 0).
Fig. 2 shows the total population of SWH for each location and

e monthly maxima sample. A clear seasonal variation is observed
all the points (stronger in north latitudes, North Point and Bre-

gne) and also a clear interannual variability can be appreciated,
th severe and mild years, due to the natural climate variability.
ce most of the variability is explained by seasonal behavior
aguirre et al. 2011) the introduction of harmonic functions to

odel seasonality is used (Menéndez et al., 2009). We let the mod-
introduce the best number of harmonics in the three parameters.
On the other hand, the hypothesis that extreme wave climate is
ected by regional SLP patterns is used. We introduce the PCs of

onthly MSLP in the NE Atlantic obtained in section 3.2 as
ease cite this article in press as: Izaguirre, C., et al. Exploring the interannual var
odell. (2012), http://dx.doi.org/10.1016/j.ocemod.2012.09.007
variates to model interannual variability (Izaguirre et al.,
10). We let the model introduce up to ten PCs as linear terms
the location and scale parameter (we standardize the PCs to give
of them the same relative weight in the extreme value model).
Mathematically, the model can be expressed as:

tÞ ¼ b0 þ
XPl

i¼1

b2i�1 cosðixtÞ½ þ b2i sinðixtÞ� þ
XPPC

j¼1

bPCjZjðtÞ ð4Þ

½wðtÞ� ¼a0þ
XPw

i¼1

a2i�1 cosðixtÞ½ þa2i sinðixtÞ�þ
XPPC

j¼1

aPCjZjðtÞ ð5Þ

tÞ ¼ c0 þ
XPn

i¼1

c2i�1 cosðixtÞ½ þ c2i sinðixtÞ� ð6Þ

ere b0, a0and c0 are mean values; bi, ai and ci (i > 0) are the
plitudes of the harmonics; x ¼ 2p year-1; Pl, Pw, and Pn deter-

ine the number of sinusoidal harmonics in a year; PPC ¼ 10 is
e number of PC considered; and t is given in years. The parameter

j and aPCj represents the influence on the location and scale

. 2. Time series of SWH (grey color) and monthly maxima (black line) for the six
alyzed locations.
iability of extreme wave climate in the Northeast Atlantic Ocean. Ocean
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331 parameters per unit of standardized Zj in a particular month, t. The
332 model selection is carried out using the pseudo-optimal method ex-
333 plained in Minguez et al. (2010).
334 The instantaneous quantile Hq associated with the return period
335 1=q can be obtained using:
336

HqðlðtÞ;wðtÞ; nðtÞÞ ¼
lðtÞ � wðtÞ

nðtÞ ½1� f� logð1� qÞg�nðtÞ�nðtÞ–0

lðtÞ � wðtÞ logf� logð1� qÞgnðtÞ ¼ 0

(

ð7Þ338338

339 where probability q is given by FtðHÞ ¼ 1� q. Since seasonal and
340 interannual variability have been modeled, the quantile varies
341 depending on the time within the year and the year itself.
342 The interannual variation in the time-dependent quantile can
343 be expressed as the difference between the time-dependent quan-
344 tile (Hq) and the seasonal-dependent quantile (Hqs), where the sea-
345 sonal-dependent quantile is calculated from a regression model
346 where only the seasonal variation is considered.
347

dHq ¼ Hq � Hqs ð8Þ349349

350 where dHq is the time-dependent quantile anomaly.

351 3.4. Self-Organizing Maps

352 Interannual wave climate variability is dependent on large-
353 scale dynamic in the atmosphere-ocean system. In this study we
354 are interested in whether there is a direct relationship between
355 synoptic climatology and extreme wave climate. SOM is, therefore,
356 the selected technique to establish synoptic patterns (weather
357 types). It is a statistical method developed in the field of data min-
358 ing to deal with huge amounts of data efficiently. This analysis tool,
359 from the field of artificial neural networks, supports analysis of
360 variability in large, multivariate and/or multidimensional data sets
361 through the creation of a spatially organized set of generalized pat-
362 terns of variability from the data. A SOM summarizes the high-
363 dimensional data space in terms of a set of reference vectors (clus-
364 ter centers) having spatial organization corresponding to a two-
365 dimensional lattice. Note that we use the PC vectors Zi instead
366 r
367

368 r
369 s
370 r
371 n
372 t.
373 -
374 y
375 -
376 -
377 o
378 -
379

380 -
381 d
382 e
383 a.
384 r
385 -
386 r
387 f
388 d
389 y
390 -
391

392 s,
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394uses an unsupervised learning process which minimizes an overall
395within-cluster distance from the data vectors, or patterns,xi, to the
396corresponding reference vectors
397XN

k¼1...m

X
xi2Ck

kxi � vkk2 ð9Þ
399399

400where N is the number of available patterns (744 monthly patterns
401for the period 1948-2008). The aim of the training algorithm is iter-
402atively adapting the reference vectors minimizing (9). First, the
403SOM clusters are initialized to random values. Then, the batch train-
404ing proceeds in cycles: on each training cycle, a data sample xi is
405considered and the best matching reference vector vk is obtained
406as the one minimizing the Euclidean distance to the data vector:
407

kvwðiÞ � xik ¼ min
k
fkvk � xik; k ¼ 1; . . . ;mg ð10Þ 409409

410Then, the reference vector of the winning cluster is moved
411towards the sample vector based on a learning rate parameter in
412the algorithm. The learning rate controls how fast this process oc-
413curs, a small value leads to a slow and smooth learning process,
414while a high value produces a fast but unstable learning process
415(Gutierrez et al. 2005). This training process includes a neighbor-
416hood adaptation mechanism so that neighboring clusters of the
417winning reference vector in the 2D matrix space are also adapted
418towards the sample vector. The number of adjacent clusters that
419are modified is specified by the radius of the training area, and
420the amount of adjustment varies: i) in inverse proportion to the
421distance from the initially identified cluster, and ii) in proportion
422to the learning rate parameter.
423As a consequence of the neighborhood algorithm, during the
424iterative training the SOM behaves like a flexible lattice folding
425onto the cloud formed by the data in the original n dimensional
426space. Both the learning rate and the neighborhood algorithm ra-
427dius decrease monotonically with time, softening the folding pro-
428cess (a linear decay to zero is usually chosen for these functions).
429For a detailed description of the process, the reader is referred to
430Oja and Kaski 1999.
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the original data xi to train the SOM (Gutierrez et al. 2005) in orde
to eliminate noise from the signal.

The SOMs analysis provides a complementary nonlinea
alternative to more frequently used but linear methods, such a
PCA. SOM has several advantages, including: i) it handles nonlinea
relationships, and ii) it provides a robust interpolation method i
areas of the input space not present in the available training inpu
Another benefit, when applied to atmospheric data, is that it sup
ports the development of synoptic climatologies with an arbitrar
number of smoothly transitioning climate states, in contrast to tra
ditional synoptic classification techniques. The projection of the re
sults in a lattice with spatial organization makes it different t
other technique, being a more powerful tool due to the easy inter
pretation of the results by visual inspection.

A SOM is formed by an arbitrary number of clusters (or cen
troids) Ck, where k ¼ 1:::m, (m is the number of clusters) locate
on a two-dimensional matrix for visualization purposes, that ar
representative of the probability density function of the input dat
Each cluster Ck is associated with two vectors. First, the vecto
ck ¼ ðik; jkÞ describes the position of cluster Ck on the matrix. Be
sides, each of the clusters Ck is associated with a reference vecto
vk ¼ ðvk1; :::;vknÞ in the space of data, where n is the number o
month, previously defined in section 3.2. The number of selecte
clusters dictates how much intra cluster spread is represented b
the classes. A broader range of patterns with more gradual differ
ences is easily produced by increasing the number of clusters.

A clear advantage of SOM is the way the set of reference vector
best representing different clusters within the data, is obtained.
Please cite this article in press as: Izaguirre, C., et al. Exploring the interannu
Modell. (2012), http://dx.doi.org/10.1016/j.ocemod.2012.09.007
4. Results

4.1. Extreme wave climate analysis

First we have computed the extreme wave climate analysis i
each location of the NE Atlantic. Fig. 3 shows, for the six location
of interest, the seasonal and interannual modeling of the extrem
wave height. Left panels show seasonality results. Note th
variation throughout the year of the seasonal-dependent locatio
and scale parameters and the seasonal-dependent quantile assoc
ated with the 50-year return period. The annual cycle is clear i
all locations, particularly in Bretagne and Lisbon. The North Poin
shows a slightly asymmetric annual cycle, with higher events in au
tumn (October-November), which is accounted for throughout th
shape parameter. Landes shows a long severe season that span
from October-November to March, but it presents milder extrem
wave climate than North Point, Bretagne and Coruña, which is a
similar latitude (H50 ’ 10m in winter). Coruña, Lisbon and Azore
present similar extreme wave climate in terms of severity. Howeve
Coruña shows a more complex parametrization due to the differen
sea families that arrive at this location in different parts of the yea

In the right panels, the interannual variability of the time
dependent 50-year return period quantile, dH50, is presented. Not
the variation of intensity between locations, reaching 4.8 m of sig
nificant wave height anomaly in the North Point, while only 1.2 m
is reached in Azores. A variation in the intensity of the anomaly i
every point is also observed. The northern points have mor
al variability of extreme wave climate in the Northeast Atlantic Ocean. Ocean
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Fig. 3. Left panels: maximum SWH data (grey dots), seasonal dependent location (grey line) and scale (dashed grey line) parameters and 50-year return period quantile (black
line). Right panels: time series of the anomalies of the time-dependent 50-year return period quantile (interannual variability) and standard deviation.
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Pl
M

arked interannual variability whilst Coruña and Lisbon are less
ected by the regional patterns of the North Atlantic having

ilder interannual variability.

. NE Atlantic weather types

SOMs have been applied for meteorological problems, for
stance Cavazos (2000) classifying climate modes, Gutierrez

al. (2005) analyzing multi-model seasonal forecast, Cassano
al. (2006) classifying synoptic patterns in the western Artic or
usch et al. (2007) classifying the North Atlantic climate variabil-
. Depending on the purpose of the work, the lattice size of the
M is different. After some preliminary tests, we have considered
OM lattice of 8 x 8 = 64 groups, which fulfils the compromise

tween a significant number of weather types and the require-
ent of a minimum number of data per group.
Fig. 4 shows the fields forming the atmospheric patterns for the

sulting reference vectors of the 8 x 8 SOM, the weather types of
e North Atlantic. In this figure one can see similar states close to
ch other and the most extreme states located at the corners. The
ost common well-known patterns can be identifying in the grid.
e weather type located in the lower right corner corresponds to
e synoptic situation of the positive phase of the NAO, character-
d by low pressures centered in the south of Iceland and high

essures in the Azores Islands. The surrounding cells show transi-
n states with variations of the synoptic pattern, till the negative
ase, found approximately in the middle rows of the left columns.
ease cite this article in press as: Izaguirre, C., et al. Exploring the interannual var
odell. (2012), http://dx.doi.org/10.1016/j.ocemod.2012.09.007
the other hand, the upper left weather type shows a very differ-
t situation, characterized by positive anomaly of pressure cen-
red above the north-western part of Europe, similar to a

cking situation described by Cassou et al. (2011). The Atlantic
dge weather regime described in Cassou et al. (2011) can be
und in the upper right corner, and the positive phase of the East
lantic pattern (north-south dipole anomalies, similar to NAO but
utherly shifted) in the middle maps of the last row.
The distribution from the high-dimensional space can be
nsformed into probability density function on the SOM lattice.
ch centroid, ci, has a probability of occurrence, pi (fig. 5),
cording to the histogram of winner clusters for each atmo-
heric data, so that

PN
i¼1pi ¼ 1, where N is the SOM size

¼ 64 in this case). The extreme wave climate can be projected
ilarly, representing in each cell the average value of the cor-

sponding MSLP dates within each cluster in order to establish
e relationship between the atmospheric conditions and ex-
me wave climate.

. Extreme waves and atmospheric relationships

In this section, we establish a connection between the study of
mospheric patterns in the North Atlantic and the extreme wave
mate in different locations. Note that the SOM technique,
sides obtaining the most representative synoptic situations in
e NE Atlantic, also provides the possibility of representing a local
mate variable at a particular location on the SOM lattice by
iability of extreme wave climate in the Northeast Atlantic Ocean. Ocean
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506 projecting the variable value associated to each MSLP field. The
507 process is summarized as follows:
508 We obtain synoptic atmospheric situations clustering standard-
509 ized MSLP (in terms of PCs) by using SOM pattern (fig. 3).

510 1) For a specific location, using the standardized MSLP dates,
511 we identify the corresponding wave data of each cluster.
512 2) For each cluster we calculate the monthly quantile anomalies
513 of extreme SWH (in terms of interannual variability) sub-
514 tracting the seasonal-dependent quantile from the time-
515 dependent quantile.
516 3) We calculate the mean quantile anomaly of extreme SWH in
517 each cluster, together with its significance at 90 % confidence
518 interval, and show the results in SOM-lattice format (Fig. 6).
519

520 Fig. 6 shows the monthly extreme wave anomaly function on
521 the SOM lattice for each location. Significant values at 90 % confi-
522 dence interval are represented with a dot in the middle of the cell.
523 One can see higher interannual variability in the northern points,
524 reaching 2.5 m of positive anomaly in the North Point, while in
525 Azores the higher interannual anomaly reaches 1 m. This graphical
526 representation, together with the weather types, provide an easy
527 way to identify atmospheric situations that produce positive or
528 negative anomalies (interannual variability) in the extreme wave
529 climate at a specific location. The anomaly in each cell is linked
530 with its corresponding synoptic pattern. Note that smooth
531 variations of the quantile anomalies through the SOM lattice and

532clear groups of SOM states generate an increase or decrease in
533theH50. For instance, in the North Point the weather types located
534in the first columns, characterized by positive anomaly of pressure
535centred above Iceland and northern Great Britain generate nega-
536tive anomalies in the extreme wave climate (up to -1.5 m). On
537the other hand, during years characterized by atmospheric situa-
538tions located in the last columns of the lattice (positive phase of
539the NAO situation) the extreme wave climate in North Point in-
540creases (positive anomaly reaching 2.5 m). These results are con-
541sistent with those obtained in Wang and Swail (2002), where the
542winter seasonal 99th percentile of SWH in the North Atlantic is pre-
543dicted by a NAO-like structure of SLP. Dodet et al. (2010) also
544showed high correlation between the NAO index and winter wave
545parameters, finding higher correlation at northern latitudes, north
546of 55�, where the North Point of this study is located. In the case of
547Bretagne, Landes and Coruña, the positive/negative extreme wave
548anomaly pattern in the SOM lattice is quite similar, varying slightly
549with respect to the intensity of the anomaly. The characteristic
550synoptic situation of positive phase of NAO (weather type in the
551lower right corner) generates positive anomalies of extreme wave
552height, especially in Bretagne and Landes (up to 2 m). Besides, the
553states in the last row, representing the East Atlantic pattern, gener-
554ate lower intensity of positive extreme wave height anomalies.
555Note that the positive phase of NAO accounts for increased storm-
556iness in the mid North Atlantic but also de East Atlantic pattern is
557an important factor for the storminess in the middle of the North
558Atlantic (Seierstad et al., 2007). It is also remarkable the positive

Fig. 4. Atmospheric synoptic patterns (using PCs of standardized MSLP derived from NCEP-NCAR data between 1948-2008) in a SOM lattice of a 8 x 8.
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Fig. 5. Probability of occurre
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. 6. Quantile anomalies (cm) associated to the 50-year return period projected in th
erval are dotted.
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of each weather type.

M lattice for the six reanalysis points. Significant values at the 90 % confidence
iability of extreme wave climate in the Northeast Atlantic Ocean. Ocean
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extreme wave height anomaly generate by the Atlantic Ridg
(weather type in the upper right corner). Contrarily, the negativ
anomalies are generated by the blocking situation and transitio
states (upper left corner and surroundings). Lisbon shows negativ
anomalies of extreme wave height (� �0:8m) related to weathe
types similar to a blocking situation, characterized by positiv
anomaly of pressure centred over the north-western part of Eur
ope, and the dipole of anomalies in the east-west direction. Finall
Azores shows a different positive/negative wave extreme anomal
pattern in the SOM lattice. In this case, the weather types located i
the last column and first row generate the higher negative anom

alies (up to -1 m). The weather types in the last column can be re-
lated to the positive phase of the NAO pattern and transition states.
The ones in the first row are more similar to a blocking situation.
On the contrary, weather types characterized by negative anomaly
of pressure over the central North Atlantic generate an increment
in the extreme wave climate.

In conclusion, it is remarkable that this technique allows iden-
tifying the synoptic patterns responsible of an increase in the
extreme wave height of a specific place. Note that those synoptic
patterns depend on the location of the studied point.

5. Conclusions

A methodological framework based on the SOM technique
which provides a simple graphical representation of the link be-
tween the interannual variability of extreme wave climate with
the synoptic patterns in the North Atlantic is presented.

The SOM classification is applied to principal components of
monthly MSLP anomalies to characterize a synoptic climatology
of the North Atlantic area. The resulting map shows patterns with
variability in the Azores High and in the Icelandic Low and smooth
transitions between climate states.

On the other hand, a time-dependent GEV model including sea-
sonal and interannual variability is used to model the extreme
wave height in six reanalysis locations in the North Atlantic. Inter-
annual variability is considered to depend on the PCs of the
monthly MSLP anomalies of the NA (Izaguirre et al. 2010). The best
model has been fitted to each reanalysis point. The annual cycle is
observed in all locations, with Coruña, Landes and Azores present-
ing the more complex parametrizations.

The 50-year return-period quantile anomalies for the studied
locations have been projected into the SOM lattice, obtaining maps
that link the positive or negative anomaly with the correspondent
synoptic pattern. The projection of the extreme wave climate
allows comparing different severity between locations and identi-
fying the most energetic extreme wave families due to different
atmospheric situations. Results show more influence of the
interannual variability in the northern located points, where syn-
optic patterns with a low pressure center near Iceland increase
the 50-year return-period quantile in the North Point by almost
2.5 m.

The simplicity of evaluating the synoptic patterns using the
SOM technique and the representation of the consistent anomalies
of extreme wave height in a certain location on the synoptic SOM
lattice, provide a useful and easy descriptive graphical representa-
tion that helps understanding the effect of synoptic patterns at a
global scale on extreme wave climate at a regional scale.

6. Uncited references

(Ancell and Gutiérrez, 2008; Bermejo and Ancell, 2009; Gut-
iérrez et al., 2005; Kohonen, 1995; Kohonen, 2001; Mínguez
et al., 2010; Mínguez, 2011).2
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