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ABSTRACT: Climatic change-related impacts on coastal areas became an important issue in past decades and nowadays
threaten many human settlements and activities. Coastal hazards are linked to flooding and erosion processes associated
with sea level rise and the increased strength of hurricanes, cyclones and storms. The main aim of this work is the
characterization of coastal storms in Cadiz (SW Spain) and the determination of their recurrence intervals and relationships
with several regional cycles. Storm characterization was carried out using the Storm Power Index (Dolan and Davis, 1992)
and five classes were obtained, from class I (weak events) to V (extreme events). Storm occurrence probability was 96%
for class I (i.e. almost one event per year) to 3% for class V. The return period for class V was 25 years and ranged from
6 to 8 years for classes III and IV storms, e.g. significant and severe events. Classes I and II showed a period of recurrence
ranging from 1 to 3 years. Stormy winter seasons were 2009/10 (12 events), 1995/6 and 2002/3 (with 10 events each) and
1993/4 (8 events). Approximately 40% of the change in monthly wave data and storminess indices was related to several
teleconnection patterns, the most important drivers of change being the Arctic Oscillation (AO), 21.45%, and the North
Atlantic Oscillation (NAO), 19.65%. It is interesting to note that a great number of storms, larger storm duration and
higher values of Storm Power Index were only observed when neutral to strong negative NAO and AO phases occurred at
the same time (89 storms and 3355 h) and/or when there was an abrupt change of NAO and AO phases, i.e. they moved
from a positive to negative phase without passing through a neutral phase. The results obtained in this work have wider
applications for ocean and coastal management. It is suggested that methodology used can be easily applied in different
areas where wave buoy data are available. In the same way, information obtained with this kind of work constitutes the
first step in the development of coastal protection plans to preserve socio-economic activities from the impact of severe

storm events.
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1. Introduction

The recent research on climate change effects on coastal
zone has been almost completely devoted to the impacts
of sea level rise as a result of the global warming (Komar
and Allan, 2008; Phillips and Crisp, 2010). Less attention
has been given to the knowledge and trend of wave
climate and storms. As suggested by Keim et al. (2004),
wave climate, occurrence and distribution of extreme
waves and storms are important issues in the occurrence
and amount of coastal erosion, the deterioration and (at
some places) complete disappearance of ecosystems and
the safety of shipping and offshore platforms.

Different researchers around the World have recog-
nized that the height of extreme waves, the number of
storms and their intensity have been increasing in last
decades (Bacon and Carter, 1991; Allan and Komar,
2000; Dupuis et al., 2006; Komar and Allan, 2008;
Soomere, 2008). In a scenario of rising sea levels and
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increasing wave heights, the coastline will suffer huge
impacts in terms of erosion and flooding especially with
respect to low-lying regions that may partly or entirely
disappear (Hanson and Larson, 2008).

In order to reduce the impacts of climate change, it
is important to provide realistic analyses of the natural
variability and trends associated with climatic events, in
this case storms. The homogeneity and quality of wave
data over long periods (more than 25 years) are essential
in any analysis of extreme wave heights, storms and their
respective probability of recurrence. Many approaches
have been used to document wave climate changes: visual
observations, wave buoys data, instrumented ships, satel-
lite altimeters, numerical and physical models (Dupuis
et al., 2006; Komar and Allan, 2008).

This work deals with the analysis of a 27 year long
wave buoy dataset recorded at Cadiz (SW Spain). The
analysis consisted of characterizing winter wave climate,
extreme waves and storms characteristics and distribution
and their relationships with regional cycles (Telecon-
nection Patterns) such as the North Atlantic Oscillation
(NAO) Index, the East Atlantic (EA) pattern and the Arc-
tic Oscillation (AO), among others. The methodology
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used can be easily applied in different coastal areas
around the World where wave buoy data are available for
a monitoring period greater than 25 years. Information
obtained in this study constitutes a first step in developing
coastal response plans to storm impacts for the protection
of socio-economic activities, especially tourism. This will
be a major concern for coastal managers in future years
because storm impacts will be magnified by predicted
sea level rise linked to global climate change (Jones and
Phillips, 2011).

1.1. Study area

This study investigates the wave climate and storm char-
acteristics of an Atlantic Ocean coastal area facing the
city of Cadiz, in South-West Spain (Figure 1). The area
corresponds with a northwest—southeast oriented coast-
line which is characterized by a diversity of coastal land-
forms and environments including sand spits, beaches,
dunes, saltmarshes, cliffs and rocky shore platforms.

It has semidiurnal tides and a mesotidal range, with
mean values of neap and spring tides of 1.0 and 3.5 m,
respectively, and it is affected by western and eastern
winds. Western winds are related to Atlantic low pressure
systems that can continue for several days and affect
large portions of the Iberian Peninsula. They blow from
WNW to WSW directions with a mean annual velocity

36°3E'0'N

36°30'0°N

BUQY n® 1316

36°24'0"N

Sancti Petri

2143

of 16 km h™! and a frequency of 13%. Winds, blowing
from E to SE directions, with an annual frequency of
20% and a mean velocity of 28 km h™!, are originally
formed in the Mediterranean Sea and greatly increase in
velocity due to channeling through the Gibraltar Strait.
Due to coastline orientation, western winds give rise to
both sea and swell waves, while easterly winds have no
significant fetch and mainly give rise to sea waves. The
main longshore drift flows south-eastward.

During the past 40 years, sea level at the Cadiz coast
did not show a single clear trend (Marcos and Tsimplis,
2008; Marcos et al., 2011) and winter storms represent
the main coastal hazard in the investigated littoral since
they largely affect tourism activities, e.g. the sun, sea
and sand (3S) market. They result in major damage
to recreational and protection structures causing sand
starvation and associated reduction in beach width and
scenic value (Anfuso and Gracia, 2005; Meyer-Arendt,
2011).

The area is characterized by extensive sandy beaches
that, in the past decade, have undergone erosion with
locally recorded values greater than 1 m year™', essen-
tially associated with the impact of storm events (Mufioz
and Enriquez, 1998; Reyes et al., 1999; Benavente et al.,
2002; Anfuso et al., 2007; Rangel-Buitrago and Anfuso,
2011a). In order to balance coastal retreat, in the past
three decades, more than 600 fills and refills have been
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Figure 1. Study area with location of the REDCOS buoy n° 1316 operated by Puertos del Estado (Spanish Ministry of Public Works).
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Table I. Characteristics of the five storm classes (modified from Rangel-Buitrago and Anfuso 2011a): range, frequency (number
of cases and percentages), mean values (X) of significant wave height and period, storm duration and storm power index per

class.
CLASS Range (m? h) Frequency Wave height Period Duration Storm power
N % X (m) X (s) X (h) X (m? h)
I — Weak <515 74 57 3.46 7.02 20 242.4
II — Moderate 516-1225 41 31 4.46 7.52 40.2 785.3
I - Significant 1226-2537 11 8 4.56 7.5 89.6 1850
IV — Severe 2538-5167 2 3 5.06 8.6 139.3 3311
V — Extreme >5167 1 1 7.8 9.7 89 5414

performed along the Spanish coast. Investment in beach
nourishment during the 1990s along the Atlantic coast of
Andalusia was US $37M, representing the cost of inject-
ing circa 13 x 10° m? of sediment (Mufioz et al., 2001).

2. Methodology
2.1.

Real-time wave measurements along the Spanish lit-
toral are available from the coastal buoy network oper-
ated by Puertos del Estado (Spanish Ministry of Pub-
lic Works). Specifically, this work was based on the
analysis of data obtained from the scalar buoy n°
1316 (36.50°N; 6.33°W), a waverider-datawell instru-
ment which is located at a water deep of 21 m, in front
of Cadiz city (Figure 1). Data were logged at 1 h inter-
vals and included a time series of 163237 wave height
and period records acquired between 1983 and 2010. In
this study, average annual and monthly winter values of
significant wave height (H;) and the 99" percentile of
H (Hgo) were used for the characterization of wave cli-
mate and definition and description of storms. The Hggg
was used because it is associated with high energy events
(Almeida et al., 2011; BACC Author Team, 2008).

According to previous studies carried out by Anfuso
et al. (2007) and Rangel-Buitrago and Anfuso (2011a),
winter season was defined as the October to March
period. The investigated dataset presented a length of
27 years that, according to Komar and Allan (2008),
represents a sufficient time period to analyse wave height
trend, presence of climate-controlled cycles and wave
height annual variations due to climate events.

Wave Data

2.2.  Storm definition and characterization

Storminess is a key issue in coastal erosion and climate
change studies (Li ef al., 2011). Coastal engineers nor-
mally use the number of storm events or the amount
of hours during which a certain wave height thresh-
old is exceed (Goda, 1988; Lemm, ef al., 1999; Barr,
2004). Meteorologists use the number of storm sys-
tems, characterized by wind speed values grater than
a certain threshold or central air pressure values lower
than 1000 hPa (Schmith ef al., 1998; Zielinski, 2002;
Keim et al., 2004). Other researchers use the number of
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events or the number of hours during which a specific
water level threshold is exceed (Eliot and Clarke, 1986;
Zhang et al., 2000; Bromirski et al., 2003; Pattiaratchi
and Elliot, 2008; Phillips, 2008).

In this work, a storm is defined as a climatic event
during which the significant wave height (H,) exceeds a
threshold over a minimum, specific time, so the following
three criteria have to meet:

e Wave height H; > 2.5 m. This threshold reflects the
deep-water wave height at which erosion affected
Cadiz beaches (Plomaritis et al., 2009, 2010; Rangel-
Buitrago and Anfuso, 2011a).

e The minimum storm duration was set at 12 h, in this
way the storm affected the coast at least during a
complete tidal cycle.

e The inter-storm period was set at 1 d in order to create
de-clustered, independent sets of storms (Morton et al.,
1997; Dorsch et al., 2008).

The energy content for each storm was calculated
according to the Storm Power Index (Dolan and Davis,
1992), which is a valuable indicator of storm strength and
associated shoreline erosion (Li ef al., 2011), using the
formula:

H1g ey

Where H; is the maximum significant wave height
in meters and f4 is the storm duration in hours. Once
storms were recognized, they were categorized by means
of the natural breaks function analysis (Jenks and Caspall,
1971), into five classes from class I (weak) to class V
(extreme events, limits presented in Table I).

2.3.

Frequency analysis was applied to estimate extreme
waves and storm power recurrence periods by means of
the Generalized Extreme Value (GEV) distribution; it is a
family of continuous probability distributions developed
within extreme value theory to combine the Gumbel,
Fréchet and Weibull families also known as types I, 1I
and III extreme value distributions (Coles, 2001). The
GEV distribution was calculated according to:

Storm recurrence period

F(x) = exp{—exp[—(x —u)/a]l/k} 2
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Where x is the random variable and u, o and k
are location, scale and shape parameters, respectively,
that should be estimated for each sample. The equation
reduces to type I (or Gumbel, for k = 0), type III (or
Weibull, for k > 0) or type II (for k < 0) distribution.
The equation for the type I (Gumbel) distribution is:

F(x) = exp{—exp[—(x — u) /a]} 3)

The methods of parameter estimation for each distri-
bution are also discussed in detail in Rao and Hamed
(2000). In this study, the method of moments and maxi-
mum likelihood was applied to estimate the distribution
of investigated parameters. The root mean square error
was then used to select the appropriate distribution. To
investigate the recurrence period, wave and storm data
were plotted with the Gringorten (1963) plotting position
formula and the Gumbel distribution was fitted to the
data. The distribution function is given by the formula:

TR=N+0.12/m — 0.44 “)

Where N is the number of annual maximum obser-
vations and m is the rank of extreme waves or storm
power values from the lowest to the highest observa-
tion. According to the Gumbel distribution, the expected
significant values for a selected return period can be esti-
mated as follows (reduced value):

TRp = — In[— In(1 — 1/TR)] )

2.4. Northern Hemisphere teleconnection patterns

The term Regional Cycle and Teleconnection Pattern
are terms referred to a recurring and persistent, large
scale pattern of pressure and circulation anomalies that
span vast geographical areas (Hatzaki et al., 2006).
Teleconnection patterns are also referred to as preferred
modes of low-frequency (or long time scale) variability
of the atmospheric circulation with geographically fixed
centres of action.

The NOAA Climate Dynamics Research Centre has
shown the existence of several teleconnection patterns
influencing the European region (including the area
investigated in this study):

e North Atlantic Oscillation — NAO (Wallace and Gut-
zler, 1981; Hurrel, 1995; Barnston and Livezey, 1987).

e East Atlantic Pattern — EA (Esbensen, 1984; Wallace
and Gutzler, 1981).

e East Atlantic/Western Russia — EA/WR (Barnston and
Livezey, 1987)

e Scandinavia — SCAND (Barnston and Livezey, 1987).

e Polar/Eurasia — POL (Barnston and Livezey, 1987).

e East Pacific — North Pacific Pattern — EP-NP (Bell
and Janowiak, 1995).

e Pacific/North American Pattern — PNA (Barnston and
Livezey, 1987; Chen and van den Doo, 2003).

e Arctic Oscillation — AO (Zhou et al., 2001; Higgins
et al., 2002).

© 2012 Royal Meteorological Society
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Previous teleconnection patterns were recognized as
the most important characterizing parameters of the
European climate system, the NAO apparently being
the most important. A link between these teleconnection
patterns and seasonal, interannual and decadal variations
in weather, waves and storminess for the European
Atlantic coastlines was established by different authors
(Wang et al., 2008; Lozano et al., 2004; Hurrel and
Deser, 2009; Dodet et al., 2010). Likewise, changes in
coastal evolution during the second half of the 20th
century were also connected to modulations of the NAO
Index (Lozano et al., 2004; Esteves et al., 2011; Thomas
et al., 2011; O’Connor et al., 2011).

In this study, distributions of average winter monthly
and annual values of NAO, EA, EATL/WRUS, SCAND,
Polar/Eurasia, EP-NP, PNA and AO from 1983 to 2010
were compared with winter wave height data and storm
classes by means of multiple and independent regression
analysis.

3. Results
3.1.

Data showed a clear pattern of cyclic variations of aver-
age monthly values of significant wave height (Hs) and
99t percentile of H, (Hgo — Figure 2). Waves were usu-
ally low (Hs < 0.8 m, Hy9 < 1.8 m) in May to August
period (late spring to summer), reaching minimum val-
ues in August (Hs = 0.6 m, Hyg = 1.22 m). During the
winter season, waves rapidly increased in height, reaching
peak values (Hy = 1.2 m and Hgg = 3.1) in December
to January period.

Trends of average monthly and annual values of Hj
and Hyy during the investigated period (1983-2010)
and associated linear regression analyses, were plotted
in Figure 2; data showed a small decrease in monthly
(Avg: 1; 7% :0.018; P: 0.118; trend: —0.0011) and annual
(Avg: 1; r2:0.085; P: 0.14; trend: —0.008) H, values,
whereas Hy99 remained constant. However, low recorded
values of Pearson coefficient revealed that these trends
are not statistically significant (P monthly: 0.118; P
annual: 0.14). Similar results were obtained using the
Mann-Kendall trend test and the Wilcoxon rank-sum
test commonly used in such kind of studies (Carter and
Draper, 1988; Bacon and Carter, 1991; Allan and Komar,
2000).

Considering the 27 investigated winters, a great vari-
ability of average monthly wave height was observed.
Low Hj values (<0.8 m) were recorded in winter sea-
sons within the 1990/1-1994/5, 1998/9-2001/2 and
2004/5-2007/8 periods; high Hg values (1.3 m) were
recorded during the 1995/6, 1996/7, 1997/8, 2002/3,
2003/4 and 2009/10 winter season periods. Concerning
extreme wave conditions, the highest monthly value was
7.8 m (recorded December 1989) and the average value
of extreme wave height was 4.6 m.

Figure 2 evidenced a quasi-periodic 3—4 year beha-
viour in the recurrence of high wave height values. A

Wave climate
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Figure 2. Winter monthly and annual Hy and Hgg9 for the 1983-2009 period.

spectral analysis of time series of extreme waves, based
on the Fourier transformation (Boashash, 2003), indicated
a cyclic trend of 3 years. The probability density function
for the period of recurrence and occurrence probability
of maximum annual Hy was obtained (Figure 3) applying
the GEV proposed by Jenkinson (1955). The probability
of occurrence of 3.0-3.5 m waves ranged from the 86 to
96%, meanwhile the probability of occurrence of waves
higher than 6 m did not reach 6%. The recurrence periods
for 4 and 8 m waves were 5 and 50 years respectively.

3.2. Storm characteristics and trend

One hundred and nineteen storms were recorded during
the investigated 27 year time span. Classes I (weak) and
IT (moderate) accounted for 55 and 33%, respectively, of
records. These values were very close to those obtained
by Dolan and Davis (1992), Moritz and Moritz (2006),
Mendoza and Jimenez (2008) and Rangel-Buitrago and
Anfuso (2011a) in United States and Spain. Class III
(significant), constituted 8% of the records and classes
IV (severe) and V (extreme) accounted for 3 and 1%,
respectively (Table I).

Associated average wave height and storm duration
values presented important variations (Table I) and aver-
age wave period ranged from 7.0 (class I) to 9.7 s

© 2012 Royal Meteorological Society

(class V). Storm power values were larger than the
ones proposed by Dolan and Davis (1992) because of
the major threshold of storm wave height selected, and
apparent longer duration of investigated storms. Dealing
with monthly distribution, classes I and II events were
observed over the entire winter season, class III from
November to March and classes IV and V only in Decem-
ber and January, January being the stormiest month.

The distribution of the most commonly used storminess
indices over the 27 years is shown in Figure 4. Consid-
ering the number of storms per year (Figure 4), stormy
winter seasons were 2009/10 (12 events), 1995/6 and
2002/3 (with 10 events each) and 1993/4 (8 events); no
storms at all were recorded during 1994/5. Despite some
anomalous peaks, the 1983/4-1986/7, 1990/1-1992/3,
1998/9-2001/2 and 2003/4-2008/9 winter periods pre-
sented the lowest average number of storms (Figure 4);
the 3 year moving average did not show a clear trend in
storm occurrence whereas indicated a 6—7 years cyclic
behaviour with storm peaks observed in 1989/90, 1995/6,
2002/3 and 2009/10 winter seasons.

Patterns of variability of storms duration and Storm
Power Index were very similar to that found for the
number of storms (Figure 4). This was because, in
general, stormy winter seasons presented a great number

Int. J. Climatol. 33: 2142-2156 (2013)



WINTER WAVE CLIMATE, STORMS AND REGIONAL CYCLES

Hs Return Periods

10
9
¥ o= 081736 + 421587

B Ri= 094

7
v B
e Car
é ’ ii-..‘-"

2 ."...l..l

3 s -

2

1

f

0

-2 E o 1

Hs Ocurrence Probability

Probability

2147

RETURN FERICD [YEAR)

i 10 20 S0 100
[ ]
o8 B ®
s ¥
s 3 4
REDUCED VALUE
¥ =B - BR B + 3273
Ri= 095
l. .
[ .
B ] 2]
Max Hs

Figure 3. Wave Recurrence and probability. Annual maximum wave height plotted versus the reduced value from the Gumbel distribution using
the Gringoten Plotting position and wave occurrence probability plotted versus the annual maximum wave height value.

of storms which gave many hours under storm conditions
and therefore an elevated storm power.

Linear regressions analysis, Mann—Kendall trend tests
and Wilcoxon rank-sum tests did not show a clear
trend of storminess indices (i.e. number of storms: Avg:
4.85; r2:0.040; trend: 0.082) although they indicated a
6—7 year period (return periods: 72: 0.97 and occurrence
probability: r2: 0.95 — Figures 4 and 5). In order to
further investigate storm periodicity, the return period and
occurrence probability of each storm class were estimated
using the method of the maximum likelihood based
on the Gumbel distribution of annual maximum storm
power values. The probability plot for each storm power
value was represented in Figure 5 and derived using the
Gringoten (1963) plotting position analysis suggested by
Cook (2004) and Goel et al. (2004).

4. Discussion

4.1.

Results obtained confirmed the clear seasonal nature of
wave height in Cadiz area as previously observed by
Menéndez et al. (2004), Anfuso and Gracia (2005) and
Rangel-Buitrago and Anfuso (2011a).

The time series of average and extreme monthly values
of wave height presented similar behaviour. The lack
of a clear trend of both features disappointed with

Wave climate and storm trend
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observations carried out by several authors who suggested
an increase in mean significant wave height in many
Oceans around the World and, more closely, on the
Northern part of the North Atlantic Ocean. Nevertheless,
results obtained confirmed observations carried out at
the mid and southern latitudes of the North Atlantic
Ocean, by Dolan et al. (1989) and WASA (1998), and
at regional scale, e.g. Cadiz Gulf, by Menéndez et al.
(2004), Ferreira et al. (2009) and Almeida et al. (2011).

Concerning the distribution of stormy years, it was
quite close to the one presented at local and regional
scales by previously mentioned authors. Specifically,
Rodriguez et al. (2003) used wind records and individu-
ated eight stormy years in Huelva during the 1962—1999
period; two out of three of the recorded storminess sea-
sons after 1983 (e.g. 1989/90 and 1995/6) corresponded
with the two years that recorded the highest values of
Storm Power Index.

Almeida et al. (2011) used HIPOCAS and offshore
wave buoy data recorded in Faro, in the Algarve coast
(Southern Portugal), and affirmed that the storminess
years were 1987, 1989, 1995, 1996, 1997, 2002, 2003
and 2009. All these except one, i.e. 2003, confirmed
this study’s observations since they corresponded with
years characterized by high Storm Power Index values, a
great number of storms and high values of storm duration
(Figure 4). Similarities to previous studies indicate a
general homogeneity of wave climate in the Cadiz Gulf. It

Int. J. Climatol. 33: 2142-2156 (2013)
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Figure 4. Distribution of the number of storms, duration and sum of storm power per winter year with their respective linear regression and the
3 year moving average. Average values (Avg), Root mean square (%) and trends also presented.

is broadly exposed to storms approaching from the third
and fourth quadrants, as observed by Rangel-Buitrago
and Anfuso (2011b), who analysed HIPOCAS datasets
at five locations along Andalusia’s Atlantic littoral.
Comparing obtained data in this study with observa-
tions carried out in Northern Europe, a certain correspon-
dence was evidenced with data presented by O’Connor
et al. (2011). They analysed gale-day frequency in North-
ern Ireland finding a peak in storm generation in the
early 1990s, before an apparently decreasing until 2009.
The most energetic conditions recorded in this work
(1995/6, 1996/7, 2002/3 and 2009/10) matched the
extreme weather conditions recorded over the same peri-
ods in Wales (Phillips, 2008; Phillips and Crisp, 2010;
Thomas et al., 2011), Lithuania (Dailidiene et al., 2011,
Kelpsaite et al., 2011), Estonia and Southern Gulf of Fin-
land (Suursaar, 2010). These authors reported significant
changes in wind direction, high wind speeds, mildest tem-
perature records and an increase in damage to coastal
structures (because of storm impacts). In addition, fair

© 2012 Royal Meteorological Society

weather conditions recorded in Cadiz area during 1998
were similar to the observations carried out in Eng-
land and reported by Environmental Scientist (2000) that
observed as 1998 and the 1990s respectively were the
third warmest year and the warmest decade on records in
the UK.

Concerning storm occurrence probability in the inves-
tigated area, it was 96% for class 1 (i.e. almost one
event per year) to 3% for class V. The return period
for class V was 25 years and ranged from 6 to 8 years
for classes III and IV storms, e.g. significant and severe
events (return periods: r%: 0.97 and occurrence proba-
bility: 2: 0.95 — Figure 5). Such periodicity was simi-
lar to the 6-7 year periodicity proposed for Cadiz and
Huelva respectively by Mufioz and Enriquez (1998) and
Rodriguez et al. (2003) and to the 7-8 year periodic-
ity recorded by Ferreira et al. (2009) and Almeida et al.
(2011) in Faro (Southern Portugal) and in the southern
part of North Atlantic by WASA (1998) and Matulla et al.
(2007).

Int. J. Climatol. 33: 2142-2156 (2013)



WINTER WAVE CLIMATE, STORMS AND REGIONAL CYCLES

Storm Power Return Periods
BOOO

Y =
7000 | R:=D57
§000
5000 |

4000

TORM POWER

3000

=]

2000

1000 |

Storm Power Ocurrence Probability

100 1
%
2t Y
S,
g LR
z .
8 e
[=} -
E a (i
%,
20 * .
.
0
o 1000 2000

2149

RETURN PERIOD {YEAR)

on
(=]
[X]
a

50 100

(5]
w

4 5

REDUCED VALLUE

¥ = VE-DEX?-D.0517X + 98977
Ré=0.835

000 4000 5000 5000

STORMPOWER
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Lastly, classes I and II showed a period of recurrence
ranging from 1 to 3 years, similar to the 2-3 year
recurrence period for minor storm events detected in
Cadiz and Huelva respectively by Muiioz and Enriquez
(1998) and Rodriguez et al. (2003).

4.2. Storms and Northern Hemisphere teleconnection
patterns

A series of linear regression analyses and Pearson corre-
lation tests were performed considering the annual and
monthly wave data (H; and Hgy), storminess indices
and teleconnection patterns. The analysis of annual and
monthly datasets gave very different result, the latter pre-
senting clearer trends (Table II).

Multiple linear regression analysis between wave data,
storminess indices and the teleconnection patterns indi-
cated that approximately 40% of the change in monthly
wave data and all used storminess indices related to
changes in the eight teleconnection patterns used in this
work. Drivers of change being the AO, with 21.45%, and
NAO, with the 19.65% (Table II); both being important
controllers on short- and long-term climatic variability
in North Atlantic Ocean, Europe and the Mediterranean
basin (Tiirkes and Erlat, 2008).

Specifically, the AO is an atmospheric circulation
pattern reflecting the non-seasonal sea level pressure
variations north of 20°N latitude and varies over time
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with no particular periodicity; it is characterized by
pressure anomalies of opposite sign, one located in
the Arctic and the other centred at 37—-45°N latitude
(Thompson and Wallace, 1998). The AO is believed to
be causally related to, and thus partially predictive of,
weather patterns in locations many thousands of miles
away, including many major population centres of Europe
and North America.

In the same way, negative AO values play an important
role in determining extreme conditions such as frozen
precipitations, strong winds and extreme weather events
in general over the Northern Hemisphere and in particular
over the North Eastern United States, the Mediterranean
area and China (Thompson and Wallace, 2000; Higgins
et al., 2002; Wettstein and Mearns, 2002; Xoplaki, 2002;
Tiirkes and Erlat, 2008; Mao et al., 2011).

The NAO is defined as the difference in normalized
sea level pressure computed between a station in the
Azores (Ponta Delgada) or Southern Europe (e.g., Gibral-
tar, Lisbon) and another station in Iceland (Stykkishol-
mur). Negative NAO values give rise to changes in the
surface westerly winds across the North Atlantic that
eventually affects The Azores and the western European
coasts (Andrade et al., 2008). In this respect, severity of
winters in northern and western Europe (WMO, 1995;
Esteves et al., 2011; Thomas et al., 2011), temperature
anomalies (Hurrell, 1995; Trigo et al., 2002), intensity
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Table II. Pearson correlation values for winter annual (a) and monthly (b) data.

a) Annual data correlations

Teleconnection H, Hioo Number Duration Avg Max Sum Avg Max
pattern mean  percentile of of duration duration SPI SPI SPI
monthly storms storms
North Atlantic Correlation —0.48 —0.59 —0.51 —0.50 —0.33 —0.52 —0.42 —0.25 —-0.23
Oscillation P-value 0.01 0.00 0.01 0.01 0.09 0.01 0.03 0.21 0.25
(NAO) r? 0.23 0.35 0.26 0.25 0.11 0.27 0.17 0.06 0.05
East Atlantic Correlation  0.33 0.34 0.32 0.31 0.25 0.24 0.32 0.31 0.30
(EA) P-value 0.09 0.08 0.11 0.11 0.20 0.22 0.10 0.12 0.13
r? 0.11 0.12 0.10 0.10 0.06 0.06 0.10 0.10 0.09
East Correlation  0.13 0.10 —0.13 —0.15 —0.11 —0.20 —0.11 —0.08 —0.11
Atlantic/Western ~ P-value 0.52 0.62 0.53 0.47 0.59 0.33 0.59 0.70 0.59
Russia (EA/WR) r? 0.02 0.01 0.02 0.02 0.01 0.04 0.01 0.01 0.01
Scandinavia Correlation  0.45 0.48 0.41 0.38 0.35 0.44 0.23 0.13 0.06
(SCAND) P-value 0.02 0.01 0.03 0.05 0.07 0.02 0.26 0.53 0.78
r? 0.21 0.23 0.17 0.14 0.13 0.20 0.05 0.02 0.00
Polar/Eurasia Correlation  0.11 0.06 —0.08 —0.10 —0.09 —0.06 —0.07 —0.07 —0.09
Pattern P value 0.58 0.76 0.70 0.63 0.67 0.78 0.72 0.72 0.64
(POL) r? 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Arctic Correlation —0.43 —-0.47 —-0.52 —0.51 —-0.34 —0.46 -0.39 —-0.22 —0.16
Oscillation P-value 0.03 0.01 0.01 0.01 0.09 0.02 0.04 0.26 0.42
(AO) r? 0.18 0.22 0.27 0.26 0.11 0.21 0.15 0.05 0.03
Pacific/North Correlation —0.09 —-0.13 0.11 —0.03 —0.16 —0.12 —0.06 —0.14 —-0.19
American P-value 0.67 0.52 0.57 0.89 0.44 0.54 0.77 0.48 0.33
Pattern (PNA) r? 0.01 0.02 0.01 0.00 0.02 0.01 0.00 0.02 0.04
East Pacific/ Correlation —0.07 —-0.12 0.11 —0.03 —0.16 —0.12 —0.07 —0.16 —-0.22
North Pacific P-value 0.72 0.56 0.60 0.88 0.42 0.55 0.72 0.43 0.28
Pattern (EP/NP) r2 0.01 0.01 0.01 0.00 0.03 0.01 0.01 0.03 0.05
b) Monthly data correlations
North Atlantic Correlation —0.43 —-0.46 —-0.49 —-0.40 —-0.36 —0.38 —-0.35 —-0.33 —-0.33
Oscillation P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(NAO) r? 0.18 0.22 0.24 0.16 0.13 0.14 0.12 0.11 0.11
East Correlation  0.14 0.07 0.06 0.08 0.13 0.11 0.09 0.17 0.16
Atlantic P-value 0.11 0.42 0.49 0.35 0.13 0.21 0.29 0.06 0.07
(EA) r? 0.02 0.00 0.00 0.01 0.02 0.01 0.01 0.03 0.02
East Atlantic/ Correlation  0.16 0.07 0.07 —0.01 0.00 0.01 —0.02 0.00 0.00
Western Russia P-value 0.06 0.44 0.41 0.94 0.96 0.91 0.82 0.99 0.96
(EA/WR) r? 0.03 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Scandinavia Correlation  0.22 0.20 0.18 0.21 0.17 0.22 0.17 0.17 0.12
(SCAND) P-value 0.01 0.02 0.03 0.02 0.05 0.01 0.04 0.04 0.18
r? 0.05 0.04 0.03 0.04 0.03 0.05 0.03 0.03 0.01
Polar/Eurasia Correlation  0.00 0.03 —0.04 —0.07 —0.06 —0.03 —0.05 —0.02 —0.03
Pattern P-value 0.96 0.73 0.68 0.42 0.50 0.70 0.53 0.81 0.76
(POL) r? 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Arctic Correlation —0.47 -0.43 -0.51 —0.48 —-0.43 —-0.44 —-0.40 -0.39 -0.37
Oscillation P-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
(AO) r? 0.22 0.19 0.26 0.23 0.18 0.20 0.16 0.15 0.14
Pacific/North Correlation  0.07 0.04 0.11 0.05 0.01 0.02 0.05 0.05 0.07
American P-value 0.40 0.63 0.23 0.58 0.94 0.81 0.57 0.59 0.41
Pattern (PNA) r? 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
East Pacific/ Correlation  0.00 0.00 0.06 —0.01 —0.05 —0.03 0.00 0.00 0.03
North Pacific P-value 0.98 0.98 0.46 0.95 0.60 0.70 0.98 0.96 0.76
Pattern (EP/NP)  r2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

In bold significant correlation values.

and frequency of winter daily precipitation and storms
over the Iberian Peninsula (Mufioz-Diaz and Rodrigo
(2003); Gallego et al., 2005; Almeida et al., 2011) are
partially influenced by this teleconnection pattern.
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The relative importance of the NAO index in the devel-
opment of extreme events in the Northern Hemisphere
was confirmed in this study and it was in agreement
with several authors such as: Matulla et al. (2007) that
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Figure 6. Monthly values of number of storms,

storm durations, North Atlantic Oscillation (NAO) and Arctic Oscillation (AO). The dashed

polygons highlight ‘stormy’ years. NAO phases: SN, strong negative; N, negative; NT, neutral; P, positive; SP, strong positive.

showed as the NAO index was not particularly help-
ful in the determination of storm conditions in central
Europe and Andrade et al. (2008) that explained the “par-
tial responsibility’ of the NAO index over storminess and
their temporal distribution over the Azores region from
1865 to 2009. Previous assumptions are in accordance
with the observations of Allan et al. (2009), which found
a poor correlation between the ‘Gibraltar — SW Iceland
NAO’ and the distribution of severe winter storms over
the British Isles and Almeida et al. (2011), which indi-
cated that NAO index variations were not exclusively
responsible of winter wave and storm distribution along
the South coast of Portugal.

Considering that the AO and the NAO were the
principal teleconnection patterns involved in changes of
storminess patterns over the study area (Table II), their
relationships with number and duration of storms and
five step moving average were investigated (Figure 6). In
order to facilitate the analysis, NAO data were divided

© 2012 Royal Meteorological Society

in five phases (strong negative, negative, neutral, positive
and strong positive) according to Pinto ef al. (2009) and
Donat et al. (2010). Negative phases of NAO and AO
presented a certain level of correlation with the different
storminess indices, and as an example the number (C :
—0.49, r2: 0.24) and duration of storms (C: —0.40,
r2: 0.16) were presented in Figure 6 and Table II. It is
interesting to remark that a great number of storms, larger
storm durations and higher values of Storm Power Index
were only observed when neutral to strong negative NAO
and AO phases occurred at the same time (89 storms
and 3355 h — Figure 6) and/or when occurred an abrupt
change of NAO and AO phases, i.e. they moved from
a positive phase to a negative phase without passing
through a neutral phase. The behaviour of NAO and
AO indexes was described by Thompson and Wallace
(1998) who observed as the AO resembles the NAO in
numerous respects. However, the AO’s primary centre
of action covers more of the Arctic, giving it a more

Int. J. Climatol. 33: 2142-2156 (2013)
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2009/10 (Oct — Mar)

1995/96 (Oct — Mar)

1963/64 (Oct — Mar)

Pressure

0 4D

Geopotential Height 500mb

Figure 7. Pressure and Geopotential height anomalies at 500 mb over the 2009/10, 1995/96 and 1963/64 winter seasons (from NCEP-NCAR
reanalysis). Great storminess and extremely coldest conditions were recorded during the aforementioned winter seasons.

zonal symmetrical appearance. Hence, although the AO
and the NAO patterns resemble each other, there is a clear
distinction that could play a guiding role in determining
the physical mechanisms that control the variability of the
Northern Hemisphere climate (Wallace, 2000). Rogers
and McHugh (2002) examined whether the NAO and
the AO were inseparable spatial modes of atmospheric
circulation in the Northern Hemisphere: the analysis
of the spring, summer and autumn sea level pressure
fields revealed that the NAO and the AO-liken patterns
occurred as separate regional teleconnections forming the
first and second principal components, respectively.
Specifically, in the investigated area, 1995/1996 was
one of the most storminess years over past decades
(Figure 6) and the great number of recorded storms
gave rise to important economic losses and damages in
the Gulf of Cadiz (Ballesta et al., 1998; Reyes et al.,
1999; Anfuso and Gracia, 2005). The 2009/10 winter
season was the stormiest season during the investigated
time span, with 12 storm events equivalent to 614 h

© 2012 Royal Meteorological Society

(26 d). The exceptional nature of the 2009/2010 winter
under different climatic aspects was confirmed by several
studies. In this sense, Cattiaux et al. (2010) observed as
it was one of the coldest winter seasons since 1949 and
Cohen et al. (2010) recorded extreme cold temperatures,
snow precipitations and storms in most of the major
population centres of the industrialized countries of the
Northern Hemisphere.

Climatic anomalies were associated with an extreme
persistence of negative phases of AO and NAO indices
and an exceptional Northern Hemisphere mean atmo-
spheric circulation episode (Wang et al. 2010) reflected
by the distribution of the geopotential height anoma-
lies at 500 mb (Figure 7). This parameter exhibited a
strong zonal hemispheric pattern, with anomalously high
pressures over the pole during 2009/2010 (Figure 7).
Such a distribution favoured the development of neg-
ative phases for the AO and NAO at the same time
(Thompson and Wallace, 1998; L’Heureux et al., 2010).
Similar results were recorded by Cohen et al. (2010) and
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L’Heureux et al. (2010) which highlighted that the nega-
tive AO phase of December 2009 was a record result of
an unusual occurrence of two troposphere—stratosphere
coupling events (NAO—-AO) that occurred more rapidly
than usual and in quick succession. Similar patterns
of circulation and AO-NAO values (Figures 6 and 7)
were recorded during the 2005/06, 1995/96, 1987/88
and 1963/64 winter seasons. These years were character-
ized by a high number of storms, great storm durations
and a great amount of reported coastal damage (Rangel-
Buitrago and Anfuso, 2011a).

Lastly, considering the decadal behaviour of annual
values of AO and NAO indices, positive values were
recorded during the past three decades (Figure 8). The
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1980s were characterized by the general predominance
of positive NAO phases, which specifically ranged from
neutral to strong positive phases. The AO presented clear
negative phases from 1980 to 1987 and positive ones
from 1987 to 1994. Considering storminess, the 1980s
can be classified as a period of ‘calm’ due to the low
recorded condition in wave heights and storminess (35
storms).

In the 1990s, NAO and AO indices presented the
predominance of positive phases, 1995 being the only
year that recorded strong negative phases. During the
1990s, the teleconnection behaviour patterns and gen-
erally low storm activity, coincided with analyses per-
formed by WASA (1998) in the northeast Atlantic coast,
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Ferreira et al. (2009) and Almeida et al. (2011) in Portu-
gal and Rangel-Buitrago and Anfuso (2011a) in the Gulf
of Cadiz. Finally, 2000—2009 was characterized by cyclic
behaviour of both NAO and AO indices, as well as wave
climates and storminess that showed extreme conditions
between 2002 and 2003 and low energy conditions from
2004 to 2007.

5. Conclusions

Coastal erosion and flooding, increased by climatic
change-related processes, represent a great threat to
human activities and settlements developed along the
World’s coastlines especially because human pressure
and occupation in such environments have been grow-
ing considerably in recent decades. The Cadiz coastal
area includes different human settlements and natural
environments, essentially large sandy beaches of great
economic interest because of tourism-related activities.
In past decades, beach reduction and loss of attractive-
ness were related to elevated coastal retreat rates basically
linked to the impact of winter storms since sea level varia-
tions did not show a clear trend. Large amounts of money
were spent counteracting coastal retreat by using beach
nourishment works and hard engineering structures.

An important step towards reducing and preventing
beach erosion and infrastructure damage is to understand
and characterize wave climate and coastal processes, e.g.
past and future trends. Understanding seasonal and annual
wave climate behaviour is crucial in erosion prevention,
as well as assessing beach response, cyclic variance and
evolution. These are key issues in distinguishing real
erosive trends from natural alternating erosion/accretion
phases. Consequently, the applied methodology enables
the characterization of wave climate, e.g. seasonal and
annual periodicity, and storm events according to energy.
This makes it simple and objective, while data can be
easily compared with similar datasets from elsewhere.

In particular, wave climate and storm classes’ distri-
bution evidenced a clear seasonal trend in Cadiz area.
Classes I and II (weak and moderate events) were
observed along the entire winter season which covered
the October to March period, class III events character-
ized the November to March period and classes IV and
V (severe and extreme) events were recorded only in
December and January, with January being the stormiest
month. Wave climate and storminess during the 27 year
period did not show a clear trend. This contradicted the
forecast general increase in the number and intensity of
storms in many oceans around the World and specifi-
cally the Northern Hemisphere, due to climate change.
Storminess presented a cyclic behaviour which occur-
rence probability varied from 96% for class I to 3% for
class V. The return period for class V was 25 years and
ranged from 6 to 8 year for storms belonging to classes III
and IV, e.g. significant and severe events. Observations
broadly confirmed results recorded at mid and low lati-
tudes of the Northern Hemisphere and at other locations
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of the Cadiz Gulf, in this sense pointing to a broad homo-
geneity of regional wave climate.

Efforts in the direction of storm characterization and
prediction should also point to the determination of
the general climatic conditions for their formation, e.g.
the comprehension of general atmospheric circulation
systems linked to the teleconnection patterns. In the
Cadiz area, storm distribution appeared linked to negative
phases of AO and NAO indices. Even if further investiga-
tion is needed, it was highlighted that a great number of
storms, larger storm duration and higher values of Storm
Power Index were only observed when neutral to strong
negative AO and NAO phases there were at the same
time and/or when occurred an abrupt change of AO and
NAO phases, i.e. they moved from a positive phase to a
negative phase without passing through a neutral phase.
Hence, accurate short-term predictions of AO and NAO
indices might represent valuable predictive techniques to
forecast storm events, e.g. establishing early and warn-
ing systems in order to reduce the impacts of energetic
erosive events.
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