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Abstract This study examines the variability of freak wave
parameters around the eye of northern hemisphere
extratropical cyclones. The data was obtained from a hindcast
performed with the WAve Model (WAM) model forced by the
wind fields of the Climate Forecast System Reanalysis
(CFSR). The hindcast results were validated against the wave
buoys and satellite altimetry data showing a good correlation.
The variability of different wave parameters was assessed by
applying the empirical orthogonal functions (EOF) technique
on the hindcast data. From the EOF analysis, it can be con-
cluded that the first empirical orthogonal function (V1) ac-
counts for greater share of variability of significant wave
height (Hs), peak period (Tp), directional spreading (SPR)
and Benjamin-Feir index (BFI). The share of variance in V1
varies for cyclone and variable: for the 2nd storm and Hs V1
contains 96 % of variance while for the 3rd storm and BFI V1
accounts only for 26 % of variance. The spatial patterns of V1
show that the variables are distributed around the cyclones
centres mainly in a lobular fashion.
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1 Introduction

Extreme sea states are often generated by high wind speeds in
atmospheric low pressure systems (extratropical storms). The
significant wave height of extreme sea states depends on a
number of factors such as wind speed, fetch and storm
duration.

Changes in storm activity over different time periods have
been reported in some studies which cover periods from about
1958 onwards. The storm track activity in the northern hemi-
sphere was studied in Chang and Fu (2002) who found that
storm intensities increased by about 30 %. In particular in the
Atlantic Ocean, several indications of increased storm inten-
sity have been given by various authors such as Bacon and
Carter (1991), Hogben (1994), Kushnir, et al. (1997) and
Gulev and Grigorieva (2004).

While storms move and change direction, some of the
storm statistics are based on data from a single location not
following the storm as discussed in Bernardino et al. (2008). A
noticeable shift of the location of the North Atlantic storm
tracks was found in McCabe et al. (2001) who showed that
storm frequency in midlatitudes decreased during the second
half of the twentieth century while an increase was found for
the high latitudes north of 60° N. At the same time, storm
intensities increased at high latitudes, whereas in midlatitudes
they remained nearly constant (Weisse et al. 2005).

On the other hand, Bengtsson and Hodges (2006) pointed
out that in some areas, such as over the eastern North Atlantic,
there are indications that storms are reactivated. The largest
mean intensity is found in the Atlantic Ocean south of
Greenland, suggesting an important contribution of the tran-
sient eddies to mean flow pressure centres in the northern
Atlantic (Icelandic low). However, they also found no indica-
tion of any dramatic changes in the number of storms and their
intensity either in the extratropics or in the tropics. North
Atlantic high occurrence of very extreme sea states region
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was already identified in Cardone et al. (2011) based in more
than 10 years of satellite altimetry data from the GLOBWAVE
database (Ash et al. 2012). Cardone et al. (2011) analysed the
wind speed and wave height from seven missions spanning
the period August 1991-March 2010. They scanned, filtered
and distilled these data using automated and man-machine
mix procedures to yield over 5000 basin specific orbit seg-
ments with peak Hs >12 m, which were distilled to a popula-
tion 120 individual storms in which there was at least one
altimeter estimate of Hs >16 m.

The objectives of the present study are to describe the main
features of independent extratropical storms as case studies in
the North Atlantic by applying a spectral wave model and
using the empirical orthogonal functions (EOF) technique
(Hannachi et al. 2007) around the eye of a cyclone. The
WAve Model (WAM) model has already been adopted to
study different conditions in the North Atlantic (e.g. Ponce
de Leon and Guedes Soares 2005), including some storms
(e.g. Ponce de Leon and Guedes 2012) and even in situations
where abnormal or rogue waves have occurred (Tamura et al.
2009; Cavaleri et al. 2012).

This work is focused on three case studies that have been
identified in Cardone et al. (2011) and Hanafin et al. (2011)
with Hs higher than 9 m based on the wave buoy 62,081
records (latitude 51° N; 251 longitude 13.36° W, B1 in Fig. 1).
The threshold of 9 m was considered as minimum value of Hs
for the duration of the extreme storms.

EOF analysis is a widely used method in meteorolo-
gy and oceanography (Fukuoka 1951; Lorenz 1956;
Guedes Soares and Neves 2006; Monahan et al. 2009).
However, the application of EOF for modelling Hs was
previously used in few studies such as the work of
Lionello and Sanna (2005) for the Mediterranean Sea.
Since the waves are generated by winds, this is one of
the reasons for use the EOF technique.

The variability of significant wave height (Hs), peak period
(Tp), Benjamin-Feir index (BFI) and directional spreading
(SPR) around three powerful extratropical cyclones was
assessed by applying the EOF technique on the hindcast data
around the eyes of the cyclones of February 2007, February
2011 and February 2013.

The paper is structured as follows: section 2 is de-
voted to the methods, giving a brief description and
configuration of the wave model used. Additionally,
section 2 introduces the empirical orthogonal function
analysis method. Section 3 gives the common and dif-
ferent features of each extratropical storm. Section 4
deals with the validation of the reanalysis of National
Oceanic and Atmospheric Administration (NOAA) and
hindcast using records from wave buoys and satellite
data; section 5 is devoted to the results. In section 6,
the analysis of the EOF is given, and section 7 con-
cludes the work.

@ Springer

2 Methods
2.1 The WAM model

This work used the version Cy38rl (ECMWF 2012), which is
the latest one of the WAM model (Komen et al. 1994) of the
European Centre for Medium-Range Weather Forecasts
(ECMWF). The WAM model is formulated in terms of the
frequency-direction spectrum E(w,f) of the variance of the
surface elevation (Janssen and Bidlot 2009). The dissipation
source function in this version of WAM has been reformulated
in terms of a mean steepness parameter and a mean frequency
(Bidlot et al. 2005). The bottom friction dissipation is
modelled by the Joint North Sea Wave Project (JONSWAP)
formulation (Hasselmann et al. 1973) and the depth-induced
breaking is based on the Battjes and Janssen (1979). The wind
input follows the Janssen theory (Janssen 1991), and the four
nonlinear wave-wave interactions are parameterized by the
discrete interaction approximation (DIA).

2.2 The reanalysis of NOAA and the bathymetry

The reanalysis were obtained from the Climate Forecast
System Reanalysis (CFSR) of NOAA (Saha et al. 2010).
The CFSR includes coupling of atmosphere and ocean during
the generation of the 6 h guess field, an interactive sea-ice
model, and assimilation of satellite radiances. The CFSR
global atmosphere resolution is about 38 km with 64 levels.
The global ocean is 0.25° at the equator, extending to a global
0.5° beyond the tropics, with 40 levels. The NCEP CFSR
hourly time-series products were used with a temporal reso-
lution of 1 h, coverage from January 1979 to December 2010,
available at spatial resolution of 0.31°.

The WAM model configuration covers almost the whole
North Atlantic Ocean (18° N, 80° N, 90° W, 30° E) at a spatial
resolution of 0.25° (Fig. 1). The bathymetry grid data were
retrieved from the GEODAS NOAA’s National Geophysical
Data Centre (NGDC), with a resolution of 1 min of degree in
latitude and longitude. The bathymetry was linearly interpo-
lated to the 0.25° model grid.

2.3 The WAM model configuration

The simulations were performed for the winters of 2007, 2011
and 2013 in which extreme Hs values have been already
observed by satellites (Cardone et al. 2011) and wave buoys.
CFSR wind fields were linearly interpolated in space to 0.25°
to match with the spatial resolution of the WAM model mesh.
The WAM hindcast began at each 15th January, and the
temporal resolution was set to one hourly wind input/output
time step.

The solution of the energy balance equation was provided
for 36 directional bands and 30 frequencies logarithmically
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Fig. 1 The study region, the 8000
GEODAS bathymetry grid, the
locations of the wave buoys (B1, 7000
B2, B3, B4) and WAM outputs.
B1—buoy 62081, B2—Bilbao-
Vizcaya, B3—Villano-Sizargas, 6000
B4—Cabo Silleiro. The 72°N
extratropical cyclones tracks:
C1—February 2007 (red circles 5000
dashed line), C2—February 2011
(magenta dashed Zifze), C3— 4000
February 2013 (white boxes
dashed line) 6OON
3000
2000
48°N
1000
36°N
0
24°N

75°W

spaced from the minimum frequency of 0.0350 up to
0.5552 Hz (Table 1). JONSWAP spectrum at every grid point
was set as initial condition with the following parameters:
Phillips’ parameters 0.18, peak frequency 0.2 Hz, overshoot
factor 3.0, left peak width 0.07, right peak width 0.09, wave

direction 0°, fetch 30 000 m.

2.4 The extreme wave parameters in the WAM model

From a deterministic set of equations (Zakharov equation and
the nonlinear Schrodinger equation) Janssen (2003) proved

Table1 WAM model numerical parameters

Parameter Grid
Integration time step 160 s

Spatial resolution 0.25°(27.8 km)
Number of points (x, y) (481, 249)
Propagation Spherical
Frequencies 30

Directional bands 36

Frequency domain 0.0350-0.5552 Hz
Latitudes (°N) 18°;80°
Longitudes (°W) 90°

Longitudes (°E) 30°

Type of model Deep water
Wind input time step 1 hourly
‘WAM output time step 1 hourly
NCEP CFSR wind field spatial resolution 0.31°

50° 25°W 0°

that these equations admit freak wave-type solutions. He
extended the standard theory of four-wave interactions by
including effects of nonresonant interactions and derived an
expression for the kurtosis in terms of the action density
function. Recently comparisons of the predictions of this
equation with laboratory measurements showed good agree-
ment (Zhang et al. 2014). The nonlinear four-wave transfer is
related with the generation of higher-order cumulants such as
the kurtosis (C,4). Deviations of the surface elevation pdf from
the normal distribution can therefore be expressed in terms of
a six-dimensional integral involving the cube of the action
spectrum. With 7 being the surface elevation, the definition of
kurtosis is given as:

_ )

3()°

(1)

4

Kurtosis is related to the frequency spectrum E(w,6)
(Janssen 2003; Janssen and Bidlot 2009) by,

4 E\E>E
C4 = —%P/ dwldwde3d91d02d03T11243,4 A 17273
my Nwwws  Aw

(2)

where P denotes the principal value of the integral and Aw=-
wytwy—w3—ws, and T34 1s a complicated, homogeneous
function of the four wave numbers Kk, k», k3, ks=Kk;+k,—Ks.
In addition, the angular frequency w(k) obeys the dispersion
relation w(k)=gk, with k the magnitude of the wavenumber
vector k.
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It was found a fit for the maximum of the kurtosis which
follows from the narrow-band limit of the Zakharov equation
(Janssen 2003),

0.031 7r
CP" =~ x —_BFP 3
4 69 3 \/g ( )
where BFI is the Benjamin-Feir index which is given by
V2
BFI =% ° 4)

where € = ko/m the integral steepness parameter, & is the
peak wave number, m, the spectral zero moment and d,, is the
relative width of the frequency spectrum (Janssen 2003).
Kurtosis was found to influence the probability of detecting
abnormal waves in sea states in the ocean (Cherneva et al.
2011). These waves can occur under normal storm conditions
(Guedes Soares et al. 2003; Magnusson and Donelan 2013) or
during hurricanes and typhoons (Guedes Soares et al. 2004;
Mori 2012).

2.5 Empirical orthogonal functions

The method of empirical orthogonal functions (EOF) analysis
aims at finding spatial and temporal modes of variation (the
EOF’s) of a quantity ¢ that varies in space and time. The
identification of the modes is based on how much of the
variability of ¢ they explain. To obtain the EOF’s (Monahan
etal. 2009) of ¢ in a given space and time domain, n, maps of ¢
are collected for the period of interest, where each map is a
collection of values of ¢ measured at 7, locations. The data
matrix Q(n,, n,) is then formed by arranging each map into a
column so that each row of Q is the time series of g at a
specific location. The square covariance matrix with dimen-
sion n, is then formed

R=0"¢ (5)

where Q' is the anomaly matrix, i.e. Q with the time average
removed at each spatial point. The solution of the eigenvalue
problem for R will return n, eigenvalues \; and 7, eigenvectors
¢;. The ¢;’s are called the temporal EOF’s of ¢ and the corre-
sponding eigenvalues \;’s give a measure of the variability of
q associated with the mode i. To obtain the spatial modes ¥,
the Q' matrix is projected on to the space defined by the ¢;’s:

V,' = Q,Cl' (6)

The original data Q' for time j then may be recovered by

Q;,=> Vi (7)
i=1
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where c;; is the value of ¢; at time ;. If a truncated representa-
tion of Q is sought, then the sum in Eq. (7) may proceed only
up to a certain p<n,.

2.6 Representation of spatial maps in the polar grid

The hindcast fields and the EOF’s for the wave parameters
were linearly interpolated to a latitude-longitude grid centred
at the cyclone’s centre position. National Snow and Ice Data
Center (NSIDC) database of northern hemisphere cyclone
location and characteristics (Serreze 2009) was used to obtain
the location of the 2007 cyclone centre. This data set contains
half a century of daily extratropical cyclone statistics, such as
centre location and sea level pressure (SLP) with a temporal
coverage from 1958 up to 2008. The tracks of the storm
centres for the 2011 and 2013 storms where obtained from
the NOAA Global Forecast System (GFS) analysis data which
is a weather forecast model of the National Centers for
Environmental Prediction (NCEP) (Environmental Modeling
Center 2003).

3 Extratropical storms

In this section, common and different features were compiled
taking into account the duration, intensity and the region of the
generation. This information was obtained mainly from the
synoptic charts from United Kingdom Meteorological Office
(UKMO).

The storms were called C1 (8-10 February 2007), C2 (12—
17 February 2011) and C3 (4—6 February 2013). C1 and C2
were previously described in Cardone et al. (2011) and
Hanafin et al. (2011), respectively.

Table 2 summarizes the main characteristics of the North
Atlantic storms. At B1, the maximum recorded value of Hs
was 13.80 m. This extreme value was the highest observed
having occurred in the second of the two intense extratropical
cyclones of February 2007. These two storms were highlight-
ed in the Mariners Weather Log review of North Atlantic
Ocean storms (Bancroft 2007); wind speeds equivalent to
category 3 hurricane were measured by QuikScat. The altim-
etry Hs peak value of 20.24 m on 10 February at 11:08 UTC
was estimated from GFO satellite Ku-band altimeter at a
latitude of 48.14° N and longitude of 32.65° W (Cardone
et al. 2011).

The threshold of 9 m was considered as minimum value of
Hs for extreme waves at location P1; in accordance with this
threshold, the duration of each storm was estimated.

The North Atlantic storm durations usually vary from 14
up to 144 h (6 days) according to Almeida et al. (2011) who
examined the period from 1952 up to 2009. In the present
study, the duration of the storms varied at B1, ranging from 40
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Table 2  Winter extratropical storms (case studies) features and the associated freak wave parameters computed with the WAM model at location B1
(see Fig. 1). WAM Hs values are given in parenthesis. The deepening rate was calculated according to the low pressures surface analysis charts (UKMO)

Parameters 8-10 February 2007 (C1)

12-17 February 2011 (C2) 4-6 February 2013 (C3)

Duration 42 h

952 (9 Feb. 06 UTC)
36 mb/24 h=1.50
13.80 (14.24)

Minimum pressure centre (mb)
Maximum deepening rate (mb/h)

Maximum Hs (m)

WAM directional spreading 0.32°
Al=Hmax/Hs index 1.94
BFI index 0.38
Kurtosis 3.07

120 h 40 h
950 (14 Feb. 00 UTC) 953 (3 Feb. 18UTC)
34 mb/24 h=1.42 38 mb/24 h=1.58
11.20 (13.06) (13.18)

0.39° 0.41°
1.99 1.95
0.77 0.25
3.13 3.04

up to 120 h (Table 2). C1 and C3 have a similar duration (40—
42 h) and the longest was C2 (120 h) (Table 2).

The three extreme storms have in common their genesis.
They followed an explosive cyclogenesis and experienced
similar deepening rates ranging from 1.42 up to 1.6 mb/h
(Table 2). However, C1 and C3, having a similar duration,
had different deepening rates. This rate was higher (1.6) for
C3 (Table 2). The lowest pressure was recorded during C2
(950 mb).

Sanders and Gyakum (1980) characterized a rapidly
deepening of an extratropical cyclone as one in which
the central pressure dropped 1 mb/h for 24 h. They
observed a tendency for the more explosive storms
(called “bombs™) to occur preferentially in the Atlantic
Basin where gradients are strongest in longitudes west of
40° W and between 35 and 50° N.

Storm C3, which had the highest deepening rate, was
observed to the northeast of Nova Scotia at the 2nd of
February 2013 at 12 UTC around the 45° latitude north.
This system travelled across the North Atlantic moving
to the northeast. All the analysed storms which were
generated on the west side of the Atlantic Ocean were
mainly observed between the 40 and 50° N latitudes;
however, C3 rapidly moved northeastwards reaching the
64° N latitude around which it remained almost station-
ary near the Faroe Islands. A deep area of low pressure
was observed from the UKMO synoptic charts (not
shown) tracking to the north of Scotland around 3-5
February 2013, generating very large waves. The main
difference between the three storms was that C3 reached
higher latitudes than these extreme events usually do as
reported in Sanders and Gyakum (1980).

The storms analysed are of similar type, mostly generated
over the southern region of North America or in the area
situated to the south or southeast of Newfoundland. This kind
of cyclones was already classified in Nesterov and Lukin
(2012). In their work, these cyclones were classified as “sec-
ond type” with a 20 % of frequency of occurrence for the
2002-2011 period.

3.1 Storm parameters along the tracks

The evolution along the tracks of the main parameters that
describe C1, C2 and C3 was represented in Fig. 2. It can be
seen that at r=0 the direction of propagation (top panel) was
similar for C1 and C2 (NE sector). These two storms main-
tained their course due northeast during all the tracking period.
C3 had a different track, starting to be tracked when heading
northeast close to 50°, but then gradually turning southeast
during the tracking period. Note that C3 exhibited the largest
northward excursion of all three storms.

The atmospheric pressure had almost the same behaviour
for C1 and C3 during the first 48 h. It is necessary to point out
that the lowest pressure was observed for C3 during this whole
period. At the same time, the highest pressure was observed
during almost the whole period for C2 which reached the
minimum of 950 hPa at the end of the period (bottom panel).

The highest propagation velocity values were found for C1
(122 km/h) at 12 UTC. The velocity for C1 and C3 had in
average the same behaviour which decreased with time.
However, for C2, the velocity was constantly increasing from
t=0 up to 36 h when it started to decrease.

The lowest values of the deepening rate (bottom panel)
were reached by C1 and C3 around 6-12 UTC. The lowest
deepening rate was observed for C3 during the first 12 h of the
tracks. C1 and C3 have a similar increasing behaviour form 12
UTC, a time from which the deepening rate started to increase
up to the end. However, C2 had a constant tendency rate of
deepening to decreasing along this whole period.

4 Validation of the wind forcing and wave hindcast
4.1 Wave records
The wave hindcast was validated against four moored wave

buoys data (Fig. 1) from two main wave buoys networks:
three wave buoys of Puertos del Estado of Spain (Bilbao
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Vizcaya, Cabo Silleiro and Villano-Sisargaz) and one from
UKMO (62081). All of them are moored in deep waters, and
their locations are represented in Fig. 1.

4.2 Satellite altimetry data
4.2.1 ASCAT

The CFSR reanalysis wind speed was validated against the
Advanced Scatterometer (ASCAT) MetOp (Meteorological
Operational) satellite observations (Verhoef and Stoffelen
2012). In this study, the wind speed at 10 m height from the
level 2 12.5 km Ocean Surface Wind Vectors product was
used.

4.2.2 JASON2

The WAM hindcast was verified against satellite records.
WAM Hs was compared against the GLOBWAVE L2P data
(Ashetal. 2012). The GLOBWAVE data employed appropri-
ate quality control and calibration of the data streams from the
various missions as described in Queffeulou and Croize-Fillon
(2012). WAM model results were interpolated linearly to the
position and time of the satellite observations. Details about

@ Springer
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JASON2 can be found in the earth observation handbook
(2012).

5 Results

In this study, the scatter index (SI) was defined as the standard
deviation of the predicted data with respect to the best-fit line
in a least-squares sense, divided by the mean observations,
and the bias was defined as the difference between the mean
observation and the mean prediction.

The comparison of the reanalysis of NOAA against the
ASCAT observations shows a good agreement between the
CFSR and wind speed records. The left panel of Fig. 3 shows
a high correlation coefficient (0.96) and slope (0.97) and low
scatter index (0.13) and bias (0.31).

Satellite data have the advantage of a great coverage over
extended distances around the North Atlantic Ocean and the
WAM hindcast have been validated against the altimetry data
measurements from JASON2 (Fig. 3, right panel). From the
scatter plots for the Hs between WAM and satellite data
(Fig. 2), a low scatter index (0.19), a high correlation coeffi-
cient (0.93) and a slope of around 0.9 were obtained. Besides,
the hindcast was compared against an orbit segment
(JASON2) during the extreme sea state conditions of 14
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North Atlantic. 11th-17th February 2011
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Fig. 3 Scatter plot for the wind speed (U10) after the collocation between ASCAT data against the CFSR reanalysis (/eff) and scatter plot for the Hs (m)
after the collocation between JASON2 data and WAM for a week of February 2011

February 2011 at 00 UTC, from which it can be observed an
almost a perfect agreement between the Hs from JASON2
records and the WAM values. Extreme values higher than
15 m can be observed (Fig. 3 (right panel) and Fig. 4).

In addition, the wave hindcast was compared against wave
buoys described in section 4. C2, which took place in
February 2011, was selected for the validation, showing a
good agreement between the WAM values and wave records
(Fig. 5). The correlation coefficients were in the range of
0.86-0.9 and low scatter indexes were obtained (0.16—0.19).
In general, WAM overestimated the observations for locations
B1 (-0.55), B3 (=0.17) and B4 (—0.22) with the obtained

North Atlantic JASON2 track
14th February 2011 at 00 UTC

T T T

18k 1| © JAsON2
8 + WAM
16f % 1

-4

N
@ @0 *00

Hs(m)

30 40 50 60

Latitudes(®)
Fig. 4 Comparison of the WAM Hs against JASON2 Hs measured data
along an orbit segment in an extreme sea state condition

negative biases. At B2, however, the bias obtained was pos-
itive (0.36).

This particular extreme event was widely described in
Hanafin et al. (2011) using different satellite missions and
segments. This system was the last of four deep lows with
hurricane-force winds that developed in close succession over
the northern Atlantic. On 13 February, C2 was located south
of Newfoundland according to synoptic analysis charts of the
NOAA Prediction Center.

On 14 February at 00 UTC, C2 had moved to the northeast
at a speed of 23.6 m/s and had rapidly intensified by 34 hPa in
24 h. The CFSR wind field for 14 February at 00 UTC shows
wind speed of about 35 m/s (Fig. 6). Hurricane-force winds of
about 44 m/s were observed by different satellite altimeters. In
addition, Bancroft (2011, issue of MWL) reported that
JASON2 altimetry data on the 14th at 11 UTC observed
20.1 m of Hs.

5.1 WAM extreme wave parameters

Waves are referred to as abnormal or rogue if they exceed 2.0—
2.2 times the significant wave height (Guedes Soares et al.
2003; Kharif and Pelinovsky 2003). From Table 2, it can be
seen that the highest Hs was obtained during the C1 for which
the abnormality index (Al=Hmax/Hs) and the directional
spreading were the lower with values of 1.94 and 0.32°,
respectively.

For the largest storm duration (C2), the computed abnormal
wave parameters resulted the largest too (Table 2, abnormality
index=1.99, BFI=0.77, kurtosis=3.13). The freak wave’s
parameters for the C1 and C2 were similar (AI=1.94 and
1.95, BF1=0.38 and 0.2, kurtosis 3.07 and 3.04). This can
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Fig. 5 Validation of the WAM
hindcast using the wave buoys. 15— T T T T T &l
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be explained with the fact that they had almost the same
duration (40-42 h). However, the largest Hs obtained
(13.8 m from records and 14.24 m from WAM) show low
BFI of 0.38 and the lowest directional spreading (0.32°).
The WAM Hs spatial distributions at the apex of the chosen
extratropical storms C1, C2 and C3 are displayed in Fig. 7.
Two maxima of Hs (approximately 18 m) can be seen (left
panel for the storm of February 2007. Locally nearby BI,

Fig. 6 The extratropical storm
C2 from the CFSR reanalysis of
NOAA wind field (leff) and WAM
Hs map (right) for 14 February
2011 at 00 UTC
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lower values of Hs (14 m) can be observed, and the wave
direction propagation is mainly from the west (10th at 05
UTC). In the case of the February 2011 storm at the 15th at
07 UTC (middle panel), different pattern of the Hs maxima
values (higher than 14 m) can be seen. The waves generated
under this storm conditions were mainly propagating from the
west and southwest, reaching the British Islands and the south
of European continent. The extratropical storm of the 5
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Fig. 7 WAM significant wave height for the extratropical storms of 10 February 2007 at 05 UTC (leff), 15 February 2011 at 07 UTC (middle) and 5

February 2013 at 06 UTC (right)

February 2013 at 06 UTC shows maxima values of Hs of
about 14 m, and the wave main direction propagation was
from the NW (right panel).

BFI and kurtosis are significantly large mainly in the fourth
quadrant, as can be seen from the spatial distribution (Fig. 8)
and as was before reported in Mori (2012) and Ponce de Leon
and Guedes (2014). In these regions, the probability of occur-
rence of abnormal waves is high. However, locally at B1, the
freak wave parameters are not especially high (Table 2). High
BFI implies an enhancement of the nonlinearities and a high
C4 means a high deviation of the distribution of the maximum
wave height from the Rayleigh distribution (Mori and Janssen
2006; Janssen 2003).

The BFI spatial distribution (Fig. 8) shows that the highest
values of BFI (1.5) were obtained during the storm of
February 2007 (C1) which were mainly located to the south-
west of the British Islands. These values can be explained in
association with the Hs maximum of Fig. 7, in the vicinity of
location B1. In the case of the storm 0f 2011 (C2), the BFI was
around 0.75 at the same area with a small strip of higher values
of BFI (around 1.5).

In the case of the C3 (of 2013), the maxima values of BFI
are observed to the west side of the North Atlantic despite the
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fact that Hs highest values are located (Fig. 7) to the SW of
British Islands. This means that Hs values higher than 14 m do
not necessary means a high probability of occurrence of a
freak wave in this region.

6 Analysis of empirical orthogonal functions

The EOF analysis allows identifying the principal modes of
variability of the system under consideration. Most of the
variability is described by the first EOFs which account for
the highest values of the total variability for the different
variables (Tables 3 and 4 and Fig. 9). The highest variance
content of any single mode was obtained for the Hs variable
for C2 (96 %). For this variable, the next stronger variable 1st
mode (A1) is that of C1 and the weakest A1 is that of C3. For
the 2nd mode (\2), the opposite occurs and the stronger A2
occurs for C3 and the weakest \2 for C2. For the peak period
(Tp) the strongest A1 is that of C1, followed by cyclones 2 and
3 while for A2, the strongest is that of C3 while the A2 of
cyclones 1 and 2 exhibit similar variances. For the BFI, the
strongest A1 is that of C1, followed by cyclones 2 and 3,

20130205060000 benjfi
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Fig. 8 BFI for the extratropical storms of 10 February 2007 at 05 UTC (left), 15 February 2011 at 07 UTC (middle) and 5 February 2013 at 06 UTC

(right)
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Table 3  Percentage of variance by the first three EOFs of Hs.
V1,V2,V3-First, second and third empirical orthogonal function,
respectively

EOFs Cl 2 c3
V1 (%) 83.4 95.8 69.7
V2 (%) 9.4 27 14.9
V3 (%) 42 0.4 5.6

Table 4 Percentage of
variance by the first EOF Cl C2 C3
of Tp, BFL, Hs and

directional spreading Hs (%) 83 96 70
(SPR) Tp (%) 95 86 54
BFI (%) 86 46 26
SPR (%) 57 62 51

whose A1 have a much lower variance. The weakest A2 occurs
for C1 and for cyclones 2 and 3 A2 has lower variance than A1;
although for these two storms, the difference between A1 and
A2 is lower than for C1 (Fig. 9). For the directional spreading,
the mode strengths are similar for all storms.

The first spatial EOF (V1) is depicted in Fig. 10 for the Hs,
Tp, directional spreading and BFI and for the three cyclones.
The V1 for the Hs is similar for all three storms with the peak
intensity (in absolute value) located in the 3rd and 4th quad-
rants. Remarkably, for C3, the V1 is negative. In Fig. 11 (top
panel), the associated temporal mode for the C3 Hs V1 is
shown. This mode is slightly positive at first but becomes

negative, indicating a positive contribution of the V1 to the Hs
variability of C3. The Tp V1 (Fig. 10, 2nd row) is significantly
different for the three storms. For C1, the V1 is positive with
two lobes of low intensity aligned with the bisector of the 1st
and 3rd quadrants. This spatial mode is especially dominant
and shows a constant slightly negative temporal evolution
until 48 h into the tracking period where it becomes positive
and largely determines the distribution of Tp around the
cyclone’s centre. The lobe located in the 1st quadrant coin-
cides with the least intense region of the Hs V1 for C1. Lobe
structures are also present in the Tp V1 for cyclones 2 and 3
but are not as clear as for C1 and are populated by small scale
spatial patterns. For the directional spreading, the V1 for all
three cyclones show a clear lobe structure dividing the mode
in low and high intensity areas. C1 has a concentrated high
intensity region in the 2nd quadrant while the lower intensity
regions are spread out across the 1st, 3rd and 4th quadrants.
This mode evolves constantly through the tracking period.
The low directional spreading variability associated with this
mode occurs in the same region of high Hs variability in this
variable’s V1. For C2, there is a similar situation where the
high (positive) intensity is located approximately in the same
region, and the low (negative) intensity is distributed along a
larger area, mainly in the 4th quadrant. This V1 is negative at
the first tracking time step but becomes close to zero in the
subsequent tracking dates. For C3, the directional spreading
V1 presents mostly positive values with maximum intensity in
the 2nd and 3rd quadrants. This mode has a time evolution
similar to that of C1. The BFI V1 for all cyclones divides the
region around the cyclone centre in positive and negative
zones. For C1, the negative region is located mainly in the
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Fig. 10 V1 for the Hs, Tp, C1
directional spreading (SPR) and

BFI around the eyes of the three

studied extratropical cyclones Hs
(C1,C2,C3)

3rd quadrant coincident with the low intensity region of the
directional spreading V1. For C2, this negative region roughly
coincides with positive directional spreading. For C3, such
relationship is not appreciable in the directional spreading and
BFI V1 maps. Furthermore, this last V1 presents small scale
patches of high positive/negative values superimposed on the

Fig. 11 Amplitudes of the first
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large scale pattern that are most likely due to land areas
occupied by the 500 km to the centre circle used to compute
the polar distribution of variables around the cyclones centre.

The observed differences allow to explain the EOF spatial
distribution (Fig. 10) because different stages were presented
along the tracks C1, C2 and C3. The data available only

0
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1st mode

temporal EOF for three cyclones
for Hs (top panel), Tp (2nd
panel), BF1 (3rd panel),
directional spreading (4th panel).
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Fig. 12 Evolution of the 43 ! !
maximum wind velocity (km/h)
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allows identifying the evolution of the storms with respect to
the pressure at the storm’s centre. During the tracking period,
C1 and C3 go through a pressure minimum at 30 and 18 h,
respectively, while C2 continually deepens throughout the
tracking period (Fig. 2). One can assume, however, that they
are in a development phase (Hart 2003) as the tracking com-
mences since their intensification is still occurring during
tracking.

The evolution of the first temporal EOF for the Hs (Fig. 11)
follows the evolution of the maximum wind speed (Fig. 12).
For C1, an increase of the maximum wind was verified and
after that a decrease. The same behaviour was observed for the
1st EOF for Hs. However, for C3, a decrease of the maximum
wind speed was verified and a slightly increase at the end of
the track. This can explain the “strange” spatial pattern of C3
(Fig. 10). The same behaviour was observed for the 1st EOF
for Hs. For C2, both variables increased during the tracking
period.

7 Conclusions

In this research, the dominant patterns of variation of
extratropical cyclones were determined by empirical orthog-
onal function (EOF) models. From the EOF analysis, it can be
concluded that most of the Hs variability is described by the
first EOF, which accounts for 83.4, 95.8 and 69.7 % for C1,
C2 and C3, respectively. The spatial pattern of the Hs spatial
mode indicates a clear difference between the forward part of
the cyclone (1st and 2nd quadrants) and the trailing region of
the cyclone (3rd and 4th quadrants).

@ Springer
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Locally at B1 (not located in the path of the storms), the
freak wave parameters are not especially high, ranging from
0.25 up to 0.77 for the three storms analysed (Table 2).

From the obtained results, it can be inferred that the dura-
tion of the storms is an important feature for the abnormal
wave parameters. The highest values of the abnormality in-
dex, BFI and Kurtosis were obtained for the largest C2
(120 h).
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