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Abstract. Hourly sea level data from tide gauges and aand MOI index and the changes in the sea level extremes be-
barotropic model are used to explore the spatial and tempoeome insignificant when the 50% percentile is removed indi-
ral variability of sea level extremes in the Mediterranean Seacating again that changes in extremes have been dominated
and the Atlantic coasts of the Iberian peninsula on seasondby changes in the mean sea level.

time scales. Significant spatial variability is identified in the
observations in all seasons. The Atlantic stations show larger
extreme values than the Mediterranean Sea primarily due to
the tidal signal. When the tidal signal is removed most sta-;
tions have maximum values of less than 90 cm occurring in
winter or autumn. The maxima in spring and summer are ) )
less than 60 cm in most stations. The wind and atmospheri©tudies on extreme sea levels are important for two rea-
forcing contributes about 50 cm in the winter and betweenSONS- First, in the form of return periods they provide use-
20-40 cm in the other seasons. In the western Mediterranealy! Parameters for the design of coastal planning. Second,
the observed extreme values are less than 50 cm, except nedfanges in the extreme distributions can be used as indica-
the Strait of Gibraltar. Direct atmospheric forcing contributes t_ors of Changes in th_e forcmg charactenstlcs_ and particularly
significantly to sea level extremes. Maximum sea level val-linked with changes in storminess at a location.

ues due to atmospheric forcing reach in some stations 45cm Tsunamis, tidal oscillations, wind waves, storm surges as
during the winter. During the summer the contribution of Well as steric effects and oceanic circulation all contribute
the direct atmospheric forcing is between 10-20cm. Theto the generation of the extreme sea level values observed.
Adriatic Sea shows a resonant behaviour with maximum ex-Tsunamis are by far the more catastrophic sea level extreme
treme observed sea level values around 200 cm found at thevents. However, they are usually omitted from extreme
northern part. Trends in the 99.9% percentiles are preserfiea level studies as their observation is, in most locations,
in several areas, however most of them are removed whe#P0 sparse to permit any statistical analysis to be performed.
the 50% percentile is subtracted indicating that changes ifind waves are also usually excluded from the analysis of
the extremes are in line with mean sea level change. Thé&ea level measurements either by physical filtering or elec-
North Atlantic Oscillation and the Mediterranean Oscilla- tronically by averaging or filtering the sea level signal. De-
tion Index are well correlated with the changes in the 99.9%spite the convenience of these well established methods one
winter values in the Atlantic, western Mediterranean and thehas to accept that overtopping of sea defenses as well as
Adriatic stations. The correlation of the NAO and the MOI coastal erosion and general geomorphological changes are
indices in the Atlantic and western Mediterranean is signif-certainly linked if not dominated by waves rather than the
icant in the autumn too. The correlations between the NAOlow-passed mean sea level signal. Changes in mean sea level
also change the baseline for the waves. It is also important to
note that wave heights have been known to change as well as
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Tides, in spite of their predictability may also change as The Northern Adriatic Sea is the area in the Mediterranean
a response of changes to mean sea level rise thus providvhere extremes are most studied because of the presence
ing a contribution to future extreme sea levels. On the ba-of several historic cities, the prominent of which is Venice
sis of modeling studies the changes in the tidal signal with(Raicich, 2003; Pirazzoli and Tomasin, 2002; Pirazzoli and
means sea level rise are considered to be small in most areaBbomasin, 2008). In the Aegean and lonian Seas, Tsimplis
Thus when 0.5 m of sea level rise was imposed in a North Seand Blackman (1997) analyzed the available tide gauge data
model changes in the tidal signal of abett0% of the mean and estimated return periods of extreme sea levels over a pe-
sea level change (less than 5cm, were found. In most partgod of eight years. Marcos et al. (2009) provide an up to date
the changes in the tidal signal wetd—2 cm (R. Flather, per- review and analysis of the extreme sea level in this region.
sonal communication). Similarly a sensitivity study for the Ullmann and Moron (2008) and Ullmann et al. (2008) have
Adriatic Sea indicates that a sea level rise of 1 m will result toexamined the relationship between the observed sea surges
less thant10% of change in the tidal constituents (Lionello and the weather regimes in the Gulf of Lions (NW Mediter-
et al., 2005). These actual changes were found to be aroungnean).
+1-2cm. Of course these studies do not exclude the possi- Changes in the extremes are even less researched than the
bility of significant effects in areas where the mean sea |eveh1apping of extremes. For Trieste, in the Adriatic, Raicich
changes will move the oscillations closer to resonant modes(2003) showed a reduction in the strong positive and nega-
For example, Weisse and Von Storch (2010) suggest largetive surges at Trieste over the period 1939—-2001. For Venice
changes at the estuary and upstream in the river Elbe wittpirazzoli and Tomasin (2002) have found that the frequency
the mean tidal range increasing by 17 cm for a 1 m mean seand intensity of floods had increased in the recent past. These
level rise. results are not necessarily conflicting for two reasons. First

Other local phenomena, like atmospherically generatethecause strong surges are relatively rare events while floods
waves in the tsunami frequency band, sometimes callegnay include moderate events and, second, surges are referred
“meteorological-tsunamis”, as well as basin oscillations mayto a certain mean sea level, while floods are relative to a fixed
also be important in determining the generation of extremereference.
sea levels under particular circumstances (Vilibic, 2005; pMarcos et al. (2009) found significant trends in the ex-

Monserrat et al., 2006; Vilibic and Sepic, 2009). Storm yremes of some of the tide gauge records they analysed. Their
surges and their combination with tides are by far the moregy, gy covered the Mediterranean as well as coastal stations
important forcing parameters for the generation of extremesy; the east Atlantic coasts. However the changes in extremes
sea levels. Under climate change scenarios sea level rise {§nd were consistent with the mean sea level changes which
expected in many parts of the world. In addition, changes,re described in several studies (for example see Cazenave
in storminess could lead to changes in sea level extremes ig; al., 2001, 2002; Fenoglio-Marc, 2002; Marcos and Tsim-
faddition to mean sea level ri_se thus_exacerbating the_risk_ﬁns, 2008). Pirazzoli and Tomasin (2008) also analysed sev-
involved. Whether changes in storminess are happening igra| Mediterranean stations by using various methods. The
debatable (see for example Trenberth and Fassulo, 2004n5ysis of Marcos et al. (2009) and Pirazzoli and Tomasin
Trenberth et al., 2007, and references therein). The stud¥2008) are based on hourly sea level observations. Tsim-
of extreme sea levels can provide indirect evidence for suci‘gris et al. (2009) demonstrate that the use of data sampled
changes. Presently studies on recent sea level extremes gloBr higher frequency result in identification of higher extreme
ally and regionally do not identify any changes in stormi- \5yes and return periods. However, long time series of data

ness. In addition changes in extreme sea level are found t@ampled at frequencies higher than 1 h are not yet available,
be consistent with changes in mean sea level (Woodworthy, s in this study we will use hourly values.

and Blackman, 2004; Marcos et al., 2009). Shifts to meteo-
rological patterns and particularly storm tracks are likely to

cause local changes in the dlstr_|but|on of e_:xtremes €VeN Nevel extremes. Understanding the distribution of extremes
storminess may not change regionally. This may mean in-

d f ext . ticul . sEasonally and identifying their variability in time is impor-
creases or gecreases ot exiremes In particular regions as Wegn: for two reasons. First, in order to understand the changes
as potential changes in seasonality.

: . .. in forcing at seasonal scales and second in order to identify
The (_:oasts qf southern _Europe consist of two Q|st|nctly dif- potentially dangerous situations in vulnerable areas.
ferent tidal regimes. The tidal signal at the Atlantic coasts ex-
ceeds 2 m during spring tides while in most areas within the
Mediterranean Sea the tidal signal is an order of magnitude
smaller with the important exceptions of the Adriatic Seaand2 Data and methodology
the Gulf of Gabes (Tsimplis et al., 1995). Thus, in most of
the Mediterranean basin sea level extremes are mainly causékhe data and quality checks are the same used in Marcos
by storm surges rather than by the combination of tides ancet al. (2009). A brief outline is provided but the reader is
surges (Marcos et al., 2009). advised to refer to that publication for details.

In this study we extend the work of Marcos et al. (2009)
y producing estimates of the changes in the seasonal sea
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Table 1. The geographical coordinates and the period of operation of the tide gauge stations used in this study. Some tide gauge records
were split (i.e. named as |, Il, etc.) due to inconsistencies in their mean sea level indicating benchmark shifts (see Marcos et al., 2009).

No. Station name Location Period No. Station name Location Period

1  Alexandropoulis 40.85N 25.88E 1982 1987 47  Leros 37.18N 2480E 1982 1988
2 Alexandropoulis? 2002 2002 48  Livornd 43.55N 10.30E 1998 2006

3 Alicante 38.28N 0.55W 1957 1997 49  Livortio 1993 1997

4 Anconal 43.63N 13.50E 1991 2006 50 Livordd 1972 1981

5 Anconall 1986 1988 51 Malaga 36.71N 441W 1992 2004

6 Barcelona 41.35N 2.16E 1992 2004 52  Marseille 43.12N 5.35E 1985 2003

7 Antalyal 36.36 N 30.42E 1970 1976 53  Napdli 40.84N 14.27E 1998 2006

8 Antalyall 1985 1997 54  Napolil 1991 1997

9  Antalyalll 1998 2004 55  Napolill 1986 1990

10 Bari 41.14N 16.45E 1998 2006 56  Nafitalkis 3847N 23.6E 1982 1988

11 Bilbao 43.30N 0.93W 1992 2004 57 Ortona 42.36 N 14.42E 1997 2006
12 Cagliaril 39.21N 9.12E 1992 2006 58 Otranto 40.15N 185E 1987 2006
13 Cagliarill 1986 1991 59  Palermo 38.12N 13.52E 1998 2006
14  Cascais 38. 71N 9.45W 1985 1994 60 Patra 38.23N 21.73E 1982 1988
15 Carlofortel 39.14N 8.31E 1991 2006 61 Pireus 37.98N 23.57E 1982 1987
16  Carlofortell 1988 1989 62 Portcempedoclel 37.29N 13.52E 1998 2006

17 Ceuta 35.67N 5.32W 1944 2002 63 Podmpedoclell 1973 1977

18 Catanid 37.52N 15.08E 1998 2006 64  Posidonia 37.95N 22.95E 1982 1988
19 Cataniall 1992 1997 65 Portdorresl 40.84N 8.40E 1995 2006

20 Cataniall 1971 1981 66  Portolorresl| 1986 1990

21 Ceuta2 35.67N 5.32W 1970 2004 67 Preveza 38.93N 20.77E 1982 1988
22  Chios 38.33N 26.13E 1982 1988 68 Rafina 38.02N 24.00E 1984 1988
23  Chios2 38.33N 26.13E 2002 2005 69 Ravenna 4450N 12.28E 1986 2006
24  Civitavecchia 42.09N 11.12E 1992 2006 70  Regg@alabria 38.12N 15.65E 1998 2006

25  Civitavecchiall 1986 1989 71  Rodos 36.4N 28.08E 1982 1988
26  Coruna 43.17N 8.42W 1943 2000 72  Rovinj 45.08N 13.63E 1959 2001
27  Coruna2 43.17N  8.42W 1992 2004 73  Salerno 40.68N 14.75E 1999 2006
28  Crotonel 39.08N 17.14E 1999 2006 74  Santander 43.43N 3.82W 1943 2000
29  Crotonell 1993 1998 75  Santander 43.43N 3.82W 1992 2004

30 Crotonelll 1991 1992 76  Sjluz 43.40N 1.67W 1964 2003

31  Dubrovnik 42.63N 18.12E 1956 2001 77  Soudhas 35.48N 24.12E 1982 1988
32 Genova 4441N 8.93E 1998 2006 78  Sokttalkis 3847N 23.60E 1982 1988

33  Gijon 43.44N 5.66W 1996 2004 79  Split 4351N 16.44E 1956 2001
34 Hadera 32.47N 34.86E 1993 2000 80  Syros 37.44N 24.94E 1982 1988
35 Heraclion 35.33N 25.18E 1982 1987 81 Taranto 40.48N 17.23E 1998 2006
36  Imperial 43.88N 8.02E 1998 2006 82  Thessaloniki 40.52N 22.97E 1982 1988
37  Imperiall 1992 1994 83  Toulon 43.12N  592E 1961 2003
38  Imperialll 1986 1986 84  Trieste 4565N 13.76E 1939 2005
39 Kalamata 37.07N 22.02E 1982 1988 85 \Valencia 39.45N 0.32W 1992 2004
40  Katakolon 37.63N 21.32E 1982 1988 86 \ene2aute 4542N 12.42E 1983 2005

41  Kavalla 40.98N 2441E 1982 1985 87  Vieste 41.89N 16.18E 1998 2006

42  Koper 4555N 13.73E 1962 1999 88  Vietite 1990 1992

43  Lagos 37.10N 8.67W 1985 1999 89 Vigo 43.22N 8.63W 1943 2000
44  Lampedusa 3548N 12.62E 1998 2006 90 VAo 1992 2004

45  Lefkas 38.84N 20.71E 1982 1988 91 \Villagarcia 4258N 8.67W 1997 2004
46  Lefkas2 38.84N 20.71E 2002 2003 92  Zadar 44.12N 15.24E 1993 2001

2.1 Sealevel observations used in the analysis (Fig. 1 and Table 1). The time se-

ries have been made available through the ESEAS website

Hourly values from seventy three records covering the(www.eseas.ofgand the web sites of various national ser-
Mediterranean Sea and the Atlantic Iberian coasts have beeyices. The records span different time periods (Fig. 2), from

www.nat-hazards-earth-syst-sci.net/10/1457/2010/
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the period 1958-2001 (GdezSotillo et al., 2005). These
fields were used to force a barotropic version of the HAM-
SOM (Hamburg Shelf Circulation Model) model covering
42°N the Mediterranean Sea and the Eastern Atlantic coast, with
40°N a spatial resolution of 174x 1/6°. The output was thus a
consistent data set of 44 years of sea level hourly data (Rat-
simandresy et al., 2008).
3N For each tide gauge station, data from the closest point
of the hindcast grid has been subtracted from the obser-
vations for the period covered by the model data (1958—
T e B ? H\ 2001). The usefulness of this data set in reproducing the
Scas : : ' meteorologically-induced mean sea level has been proved in
previous works (Tsimplis et al., 2005b; Gomis et al., 2006).
The model is successful in reproducing changes in mean sea
level but in general it underestimates the extremes.
¥ _ The barotropic model is a better approximation of the di-
S T4 _ Zok | rect atmospheric forcing than the standard inverse barometer
Palgio-~ 79 e RN 8 correction in most places of the Mediterranean Sea and for
’o_Ca'abr@amf: AL high frequencies (Pascual et al., 2008). The inverse barom-
N Kalamatdy 2. .58 g ; eter correction assumes 1 cm of sea level increase(decrease)
Souanigiag - for 1 mbar reduction (increase) of local atmospheric pressure
but it has been shown not to hold in the semi-enclosed seas
and in particular in the Mediterranean. (e.g. Garrett and Ma-
jaess, 1984).

44°N

38°N

45°N

40°N

i
Carloforte 292"

35Ny

; ; ; ; ; ;
10°E 15%E 20°E 25°E 30°E 35°E

2.3 Methodology
Fig. 1. The location of the tide gauges used in this study. The

geographical coordinates of the stations are given in Table 1. Thgy\e gssess changes in extreme sea level by determining

underlined tide gauge stations are used in the analysis of the tim%hanges in percentiles. The method is non parametric and

series of percentles. only involves ranking the observations and looking at the
value that correspond to a particular percentile.

few months to 68 years, and were found to be of varying The median corresponds to the 50th percentile and has

quality. Extensive quality control was undertaken by MarcosP€€n taken to be approximately the same as the mean value
et al. (2009). However further tests were run for this study(Woodworth and Blackman, 2002, 2004). The case may be,

in order to ensure the validity of extremes for all seasons.for particular years, that the largest values do not correspond

The tides were estimated and removed from the records off €xtremes. This however is not a problem for the per-
a yearly basis. Tidal constituents with a signal-to-noise ratiocentiles method which are used here diagnostically for the

equal or larger than three were fitted to the time series by hareXistence of trends and not for return periods. We have cal-

monic analysis using the standard progatide (Pawlowicz culateo_l the percentiles on the b_asis of _the available measure-
etal., 2002). The tidal record, built as the addition of the sig-MeNts ignoring the gaps in the time series. However gaps can
nificant tidal components, has been used as a tool to identif?® ImPortant in the estimation of percentiles either because
temporal drifts in the original sea level observations. Where2! €Xtreme is missed or because they occur in a particular
time shifts were identified the observed time series were repe”m,j during Wh'Ch_the mean sea level is h'|gh or low, thus
tained for the analysis of extremes in observations but the*TeCting the estimation of the upper percentiles.

segments were the time shifts were noted were rejected from Percentiles are calculated for four seasons split as win-
the analysis of the tidal residuals. ter (December—March); spring (April-May); summer (June—

September); and autumn (October—November). Trends for
2.2 Modelled sea level data each season and the annual values are calculated for the

99.9%, 99% 95%, 90% and 50% percentiles. Here we re-
The meteorological contribution to sea level has been quantiport the results for 99.9%, 50% and 99.9%-50% values. The
fied using the output of a barotropic oceanographic model. 1M9.9% corresponds to the highest value for the transitional
the framework of the HIPOCAS (Hindcast of Dynamic Pro- seasons and to the top 3 values for the winter and summer
cesses of the Ocean and Coastal Areas of Europe) projecihat cover 4 months.
atmospheric pressure and wind fields were produced by a dy- We also distinguish between observed extremes and ex-
namical downscaling of the reanalysis of NCEP/NCAR for tremes derived after the subtraction of tides (tidal residuals).

Nat. Hazards Earth Syst. Sci., 10, 145445 2010 www.nat-hazards-earth-syst-sci.net/10/1457/2010/
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Time Series of Hourly Tide Gauges
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Fig. 2. Available hourly tide gauge observations. The thin lines indicate datum shifts within the time series records and consequently the
record was split into more than one sub-records.

The latter are selected afresh after the tidal signal has been The interpretation of trends in sea level extremes is far
subtracted from the record. We also discuss extremes in thfom easy. The largest extreme values, if they happen near
modelled sea level data and extremes for atmosphericallyhe beginning or the end of the record may determine the
corrected sea level values produced by subtracting the modétend of the percentiles even where a robust method of es-
values from the tidal residuals. timating trends is employed. To test the significance of
the trends we successively omitted one extreme value and
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Atlantic Coasts
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Fig. 3. Maximum seasonal values in the Atlantic coasts. Observatmnsidal residualgb), model(c) and tidal residual minus model
values(d) for each season. The x-axis corresponds to the station number.

estimated the trends. Other methodologies exist for the esti- We cannot assess whether sea level extremes occurred
mation of trends in extremes. For example Katz and Brownwhere gaps in the observations exist. However we can check
(1992) have used a slope in a Generalised Extreme Valughether the gaps in the observations coincided with extremes
(GEV) distribution to assess trends and Barbosa (2008) has the modelled sea level by comparing the trends in the ex-
used quantile regression. We have used the GEV with dremes in the complete barotropic model time series for the
slope (Coles, 2001) to confirm the results obtained througlperiod 1958—-2000 and for the restricted periods excluding
the percentile method. The trends obtained by the two methperiods during which gaps exist in the observations. There
ods were in agreement within their error bars. The percentilevas no statistically significant differences in the trends. Fur-
method was found to be more conservative in the sense that ther we alsoestimated the trends in the barotropic model time
produced fewer statistically significant trends than the GEVseries for the complete period of operation of each tide gauge
with a slope method. and for periods where the gaps existing in the tide-gauge data
The aim of our study is to describe the regional patterns ofwhere artificially created in the model time series. Again
seasonal extremes and identify regional patterns of change ithere were no statistically significant differences in the de-
extreme. We start with a description of the maximum sea-rived trends. This suggests that the derived trends in this
sonal values as observed from the various time series. Wanalysis are not significantly effected by the presence of gaps
use all the available data even if they consist of a few yearsin the records at least as far as the direct atmospheric forcing
As a result in some stations there may not be data availableomponent is concerned.
for a particular season. However, the trends in the extremes
are only estimated for the longest data sets (see Fig. 2).
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3 Extreme sea levels 3.2 Western Mediterranean

The various tide gauges span over different periods of timeThe maxima values for this region are shown in Fig. 4. The
(Fig. 2). Thus it is possible that a tide gauge is in operationmaxima are largest at the stations near the Strait of Gibral-
over a more energetic period of time while other tide gaugedar but reduce at stations further inside the western Mediter-
may not be operating during the same period. Nevertheleseanean Sea (Fig. 4a). The range of the maxima is between
we consider instructive in starting our discussion of extremesb5 cm in autumn to 20-30 cm for the maxima of summer or
by simply plotting the maximum value observed for each tide spring values.
gauge in each season. The removal of the tidal signal reduces the maximum val-
There is significant variance in observational extremesues below 60 cm in all stations (Fig. 4b). The autumn max-
with values in the Atlantic exceeding 250 cm while in the ima remain the highest indicating that the contribution of the
Mediterranean are around 50-60cm (Fig. 3a and Table 1)steric seasonal cycle is important. The range between the
The spatial distribution of the observed maxima has beerseasonal extremes is less than 20 cm in most stations.
documented by Marcos et al. (2009). As expected the tidally The maxima in the model values are highest in winter for
dominated areas, the Atlantic coasts of the Iberian peninsulalmost all stations apart from Valencia (no. 85) (Fig. 4c).
and the northern Adriatic Sea have the largest observed seBhe maxima in the spring values, when the seasonal cycle of

level values during the four seasons. the model peaks (Marcos and Tsimplis, 2007) are the second
_ largest maxima. The summer season has the lowest maxima,
3.1 The Atlantic coasts around 10-15 cm at most stations.

) ) .. Themaximainthe atmospherically corrected sea level val-
At the Atlantic coasts the observed maxima occur mainly in,es are up to 50 cm for the stations closest to the Strait of
winter or, for a couple of stations (Vigo and Cascais) in au-giprajtar and reduce to 30 cm or less further in the western
tumn (Fig. 3a). Spring maxima are the lowest in all stations.\jeqiterranean basin (Fig. 4d). Spring values are the lowest

The maximum observed values reduce by almost a meter g8y responding to the minimum of the steric cycle. The range
we move from the Bay of Biscay to Portugal and the southermy¢ the seasonal maxima is now reduced to between 10 and
coasts of Spain. The spatial distribution is primarily causedq oy,

by the tides. This is demonstrated by examining the tidal
residuals. 3.3 Eastern Mediterranean

The maxima in the tidal residuals (Fig. 3b) do not show
the same spatial pattern as shown by the observed maximahe spatial distribution of the maxima in the Eastern
They are highest at stations Vigo (no. 89) and VillagarciaMediterranean (Fig. 5) basin indicate two areas where the
(no. 91). The values of the maxima in the tidal residualsmaxima are higher. The first is the Adriatic Sea where the
are less than half those of the maxima in the observationsmaxima are higher than the rest of the eastern Mediterranean
Winter or autumn maxima values are the highest, with thebasin during all four seasons. The second area is the Aegean
predominant extreme occurring in autumn in most stations.Sea where enhancement of the winter and autumn maxima
Spring maxima are in most stations the smallest (Fig. 3b). is evident in the most northern stations but at a lesser extent

The model sea level values describe the contribution of atthan in the Adriatic Sea.
mospheric pressure and wind. The maxima in these time se- For the eastern Mediterranean five areas can be distin-
ries (Fig. 3c) are between 20—-60 cm. Winter maxima are theguished. First the stations between the Strait of Sicily and
highest in most stations with autumn maxima values in gen-the Strait of Otrando where maxima of around 50 cm occur
eral about 5cm lower and summer maxima values being thesither in winter or autumn. These are by 10-20cm higher
lowest. However there are stations, for example Bilbao (11) than the maxima in spring or summer.

Santander 2 (75) and Gijon (33) where no seasonal variation Second the area in the Adriatic where the maxima reach
in the seasonal maxima can be identified. almost 200 cm.

The maxima in the atmospherically corrected values are The third area is the lonian Sea where the observed sea
generally lower than those of the maxima in the tidal residu-level maxima are less than 40 cm. In this area the larger max-
als (Fig. 3d). The seasonal spread of the maxima is in mostma occur in autumn or winter. The maxima for summer and
stations reduced by the removal of the direct atmospheric efspring are as small as 20 cm.
fects through the model. The range in the maxima is then The fourth area is the Aegean Sea the maxima reach val-
only about 15-20cm, consistent with an annual steric cy-ues up to 60cm. North Halkis (no. 56) is a station with
cle of half that amplitude which is known to be the case for particularities (Tsimplis, 1997). The highest maxima in this
the Mediterranean (Tsimplis and Woodworth, 1995; Tsim-fourth area as well as in the fifth area, consisting of stations
plis and Spencer, 1997; Marcos and Tsimplis, 2007). in the southern Aegean and Eastern Mediterranean are pre-

dominantly found in the winter.
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Fig. 4. As Fig. 3 for the western Mediterranean tide-gauges.

The removal of the tidal signal, which is generally small, the atmospherically corrected maxima. This indicates that
apart from the Adriatic Sea and the station of North Halkis factors other than those described and modeled here con-
reduces the maxima in some of the stations The values ofribute to the creation of maxima. It is possible that the
extremes in the Aegean Sea and the eastern Mediterranealiscrepancy is due to the unsatisfactory resolution of local
appear now more spatially consistent (Fig. 5b). In the Adri-winds as suggested by Wakelin et al. (1999) and Wakelin
atic Sea maxima values of up to 180cm in autumn occurand Proctor (2002) and to the basin resonance of the Adri-
The winter maxima are significantly smaller by around 40—atic Sea not correctly resolved by the model. However note
50cm. The spread between seasonal maxima in the othehat the barotropic model used here is forced by downscaled
areas of the eastern Mediterranean is around 20 cm. atmospheric parameters while those studied by Wakelin et

The model maxima (Fig. 5¢) occur in winter in all areas al. (1999) and Wakelin and Proctor (2002) were not using
and reach up to 45 cm apart from the north Adriatic stationsdownscaled atmospheric forcing.
where the maxima occur in autumn and reach 150cm. The
other seasons show values smaller by 10—-20 cm, the summer
maxima being the lowest.

The maxima in the atmospherically corrected time series? Trends in extreme sea levels
are smaller than the maxima in the tidal residuals in all ar-
eas (Fig. 5d). Maxima in the atmospherically corrected timeOnly the eleven stations with records longer than 34 years
series are around 30 cm for winter and autumn and less thahave been used in this part of the work (Fig. 2). The linear
20 cm, in some cases less than 10 cm in spring. Notably thérends were calculated seasonally and the results are shown
pattern in the Adriatic Sea of the very high maxima found in Table 2. The statistically significant trends are shown in
in the observations and in the tidal residuals still occurs inFig. 6.
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Fig. 5. As Fig. 3 for the eastern Mediterranean tide-gauges.
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The trends in the 99.9% percentile of the observed val-est for winter. There is no consistency in the trends estimated
ues are mostly positive (Table 2). In the Atlantic coasts, thefor the stations in the western Mediterranean (Alicante and
strongest positive trends are found for autumn and the small€euta) but the highest trend values are those of summer. In

www.nat-hazards-earth-syst-sci.net/10/1457/2010/
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Fig. 5. Continued.

Station Number

the Adriatic Sea the highest trends in the 99.9 percentile of The trends estimated on the 50% show a well known pat-
the observed values are found in the spring, one of the peritern in mean sea level (Tsimplis and Baker, 2000) consisting
ods where the occurring extreme values are low in compariof trends in the Atlantic coasts higher than those within the

son with other seasons.

Nat. Hazards Earth Syst. Sci., 10, 1454+5 2010

Mediterranean Sea (Fig. 6b). The winter observations are
those that have strong negative trends with the other seasons
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Fig. 6. Significant trends in the 99.9 and 50 percentiles and their differer(ees) for the observed valuegd—f) for the tidal residuals;
(g—i) for the model valuegj—I) for the corrected by the model tidal residuals.

having small positive trends. When the observed trends 0{42) it appears that the winter and spring extremes have been
the 99.9%-50% are calculated (Table 2) most trends in alincreasing in time.

seasons fall withint0.5 mm/yr with a (not statistically sig-  The median values of the tidal residuals are of course very
nificant) tendency for the Atlantic stations to show small neg- close to those of the observations (Fig. 6d, e, f). However, the
ative trends. This means that for the Atlantic the increases ir9.9% do show significant differences at the seasonal trends
the mean are slightly higher than the increases in the 99.9%although the overall feature of predominantly positive trends
The most remarkable changes occur at stations Koper (42h the Atlantic and a wider spread in the Mediterranean re-
and Rovinj (72) where autumn values show significantly neg-mains . The 99.9%-50% trends have a general pattern of
ative trends. Taking into account that for the Adriatic autumn highest trends in summer. A very high spread in the trends
shows maxima values, this is a positive, from the point of at Koper (42) and Rovinj (72) appears inconsistent with the
view of coastal protection, development. Notably in Koper spread of seasonal trends in the other stations.
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Fig. 6. Continued.

The modeled sea level data are less noisy than observaidriatic Sea show significant reductions (4—6 mm/yr) in the
tions and as a consequence the estimated trends of the 99.998.9% in autumn and winter and almost no change in spring
and 50% are more consistent (Fig. 6g, h, i). Starting fromand summer.
the 50% (Fig. 6h) negative mean sea level trends are found
with very small positive trends in spring and no trends in the
median values in the other seasons.

The 99.9%-50% trends are significant in the Adriatic in
winter and autumn. These are negative indicating reduction
of wind and or increases of maxima of atmospheric pressure

The 99.9% percentiles show in the Atlantic positive trends(F'g' 6i). _Posmve t rends in summer are found n th_e Atlantic
sector with negative trends in autumn and spring in some of

in summer and negative trends in winter in many stationsthe stations
and positive trends but in fewer stations in autumn (Fig. 69). '

Small negative trends are found in the 99.9% for all sea- The atmospherically corrected time series have trends in
sons in the western Mediterranean Sea. The stations of théhe 99.9% with a larger spread than those of the observations.
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Table 2. Seasonal trends for the 99.9 percentile, the 50 percentile and the 99.9-50 percentile in mm/yr. There are four columns for each
season that correspond to the trend estimated from tide gauge observations, tidal residuals, the model values (HIPOCAS) and the tide
residuals minus HIPOCAS, respectively. Note, that because HIPOCAS covers the period 1958 and 2001, the trend estimates at the fourtt
column of each season only covers the overlapping period between HIPOCAS data and the corresponding tide-gauge record. The error bar
are those of the linear fit at the 95% level of significance.

Autumn @ 99.9% Winter @ 99.9%

Station name Period Obs TidRes Hip Hip-Res Obs Tide-Res Hip Hip-Res
3  Alicante 1957 1997 081.5 0.Gt1.7 -0.7+1.4 -0.3+t1.4 -0.6+£1.9 -0.9+2.0 -1.3+14 0.0t1.3
17 Ceuta 1944 2002 —0.1+1.2 0.6:1.2 —0.7+£1.6 —0.4t1.3 0.0t1.1 -1.0+1.4 -—-1.0£15 -—-1.2+42.2
26 Coruna 1943 2000 1.3 2.6+1.9 0.0+2.4 2.7+2.1 0.4+2.1 0.9:2.1 -1.0+2.1 1.6+2.0
31 Dubrovnik 1956 2001 041.5 0.5:16 —1.0+1.2 1.H#15 -06+1.6 -0.1+2.1 -0.4+14 0.6:1.7
42 Koper 1962 1999 —-1.0+44.0 -—-1.2+6.6 —5.7+5.9 0.9+:5.2 1.8:3.3 3.0c4.2 —-5.94+4.0 6.4:5.2
72  Rovinj 1959 2001 —2.0+2.9 -2.8+44 —-4.0+4.2 -0.0£3.6 -0.3+24 0.A43.2 —-3.5£3.2 3.9+3.9
74  Santander 1943 2000 Z8.0 3.2£1.7 -0.9+1.8 3.5£1.7 0.7£1.9 0.5+1.9 -1.14+1.6 3.6£15
76  Sjluz 1964 2003 2:56.4 22844 12427 3.0+£2.5 1.3+4.3 0.H3.9 -—-1.4+25 1.8:3.3
79 Split 1956 2001 —0.3+1.7 0.2:2.3 —2.2+2.0 2.6£2.1 -0.1+1.6 -0.5+2.3 -1.7+15 0.9+2.1
84 Trieste 1939 2005 0.7 2136 —-4.44+4.8 —2.3t52 1.4:1.8 15:2.0 -—-3.5£3.9 1.5t4.2
89 Vigo 1943 2000 2.9+2.4 3.6:2.1 0.1+2.3 2.5+2.2 1.742.0 2222 11421 2.0t2.1

Autumn @ 50% Winter @ 50%

Station name Period Obs TidRes Hip Res-Hip Obs Tide-Res Hip Res-Hip
3  Alicante 1957 1997 —-0.5+1.0 -0.5+1.1 —-0.4+0.8 0.5+06 —-1.1+15 -1.1+15 -1.6+0.9 0.3+0.7
17 Ceuta 1944 2002 U7 0.5:0.7 —-0.5+0.5 1.0+0.8 0.1+0.6 0.H0.6 —0.9+0.6 0.9+0.7
26 Coruna 1943 2000 1.8+1.1 1511 -0.1+1.0 1.7+11 1.2+1.2 14+13 -1.0+1.2 1.7+1.2
31 Dubrovnik 1956 2001 081.3 0.8:1.4 —-0.2+0.8 1.3+0.8 -0.6+1.3 -0.6+1.3 -—-1.7+1.0 1.6:0.7
42 Koper 1962 1999 1.8+1.8 1.9:1.8 —-0.1£1.2 1.9+09 -0.9+1.7 -1.2+1.8 -—-2.1+1.3 1.6t0.9
72 Rovinj 1959 2001 081.4 0.9:15 -0.3+1.0 1.2+0.7 -0.5+1.7 -0.7+£1.7 -—-1.7+11 1.2+0.9
74  Santander 1943 2000 2.4+1.0 2411 -0.2+1.0 2.3+1.2 1.8t1.1 2.0t1.2 -—-1.2+11 2.6t1.0
76  Sjluz 1964 2003 3.9+2.7 3.A42.8 0.1+1.2 3.7+1.8 14421 1822 -1.7+16 3.4:15
79 Split 1956 2001 0£1.4 0.6t1.5 —0.3+0.9 0.9+0.8 —-0.9+1.4 -0.9+14 -—-1.7+1.0 0.4+0.8
84 Trieste 1939 2005 1.3+0.8 1.3:0.8 -0.3t1.0 1.3+0.8 0.7+£0.8 0.6:0.8 —-1.5+1.1 1.10.7
89 Vigo 1943 2000 3.3t1.1 3. %11 -0.1+1.0 3.0+1.3 3.2+1.2 312 -1.1+11 3.1+1.3

Autumn @ 99.9%-50% Winter @ 99.9%—-50%

Station name Period Obs TidRes Hip Hip-Res Obs Tide-Res Hip Hip-Res
3  Alicante 1957 1997 0:81.5 0.5:1.7 -0.3+1.2 -0.8+1.3 0.5:1.5 0.2:1.5 0.3:1.3 -0.3+1.1
17 Ceuta 1944 2002 —0.6+1.0 0.#1.0 -0.2+15 -1.3+12 -0.1+0.7 -1.14+11 -0.2+£1.3 -—-2.1+19
26 Coruna 1943 2000 —0.1+1.9 1115 0.H2.2 1.0£1.8 -0.8+1.6 —-0.4+1.6 0.H2.0 -0.2+1.6
31 Dubrovnik 1956 2001 —0.4+15 —-0.4+1.6 -0.8£1.3 -0.2+1.2 -0.0+1.3 0.5:1.7 1.3+1.3 -0.3+1.3
42 Koper 1962 1999 —2.8+3.6 —3.1+5.6 —5.7+54 —-0.9+4.8 2.#3.0 4.2+4.3 -3.8+4.1 5.5+5.2
72  Rovinj 1959 2001 —2.9+2.6 —-3.743.6 —3.6+3.8 -—1.3+3.3 0.2:2.0 1.4:3.1 -1.8+3.1 2.#3.9
74  Santander 1943 2000 &:3.8 0.81.2 —-0.7£15 12412 -11+16 -—-1.44+14 0.1+1.7 1.0+1.0
76  Sjluz 1964 2003 —-1.4+54 -1.5+3.1 -1.3+2.2 -0.741.6 -0.0£3.6 —-1.7+£3.5 0.2£29 -1.6+2.9
79 Split 1956 2001 —0.8+1.4 —0.4+18 —-1.9+19 1.6+1.8 0.8:1.3 0.4:1.9 0.Gt1.5 0.5:2.0
84 Trieste 1939 2005 —0.7+2.5 0.A43.3 —-4.1+44 -3.6£5.0 0.8t1.5 1.0t1.8 —-1.9+3.9 0.4:4.2
89 Vigo 1943 2000 —0.4+1.9 0.5£1.6 0.3t2.2 -0.5+1.6 -15+16 -0.9+1.7 -0.1+19 -1.1+1.8

In addition although the spread of seasonal trends is reducetl.7 mm/yr in the Adriatic Sea and with very little difference
in relation to that of the trends in the 99.9% of the obser-seasonally (Fig. 6k) are found. Smaller values, less than
vations the difference in the trends between stations appedat mm/yr, are found in the western Mediterranean.

incr Fig. 6j). . . .
creased (Fig. 6)) The atmospheric correction reduces the spread in the

By contrast the 50% of the atmospherically correctedtrends between seasons of the 50% values. However it does
trends are much more spatially consistent than the trendsot have the same effect on the trends of the 99.9 percentile.
in the 50% of either the observations or the tidal residuals.As a result spatial patterns in these trends or the trends of
Positive trends of around 3 mm/yr in the Atlantic and aboutthe 99.9-50 percentile cannot be identified as the spread of

www.nat-hazards-earth-syst-sci.net/10/1457/2010/ Nat. Hazards Earth Syst. Sci., 1047457610
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Table 2. Continued.

Spring @ 99.9% Summer @ 99.9%

Station name Period Obs TidRes Hip Res-Hip Obs Tide-Res Hip Res-Hip
3 Alicante 1957 1997 -0.1+£1.6 -0.6+1.7 -0.3+1.1 1.H1.6 1.6+1.4 2.0t1.4 -0.3t£0.7 1.4+1.3
17 Ceuta 1944 2002 3.1 0.2t1.2 -0.7+1.2 -1.6+1.7 0.740.8 0.#40.8 -0.4+05 -0.4+14
26 Coruna 1943 2000 Lp.5 21+15 -0.5+1.7 2.9+1.4 1.8+1.7 1.8:1.2 0.7+1.5 1.11.8
31 Dubrovnik 1956 2001 1.5+14 0.94+1.4 0.H1.2 0.9t1.2 0.9t1.2 1.9+1.2 -0.6+£0.8 2.31.3
42  Koper 1962 1999 4.54+3.9 0.9+4.4 0.4:2.7 —-0.2+3.8 1.06t2.2 2.0£3.2 0.5:1.4 1.13.0
72 Rovinj 1959 2001 2827 1.8£3.0 0.#42.0 3.5+2.4 1.14+1.9 3.0+:2.4 0.1+1.1 2.6+2.3
74  Santander 1943 2000 0.7 2.6+1.3 0.6+1.4 4.7+1.7 14421 3.2+1.2 0.9+1.5 4.2+1.6
76  Sjluz 1964 2003 —0.6+6.1 2.6t4.0 1.5t1.9 1.4:3.2 0.5:45 —-0.0+2.7 1.6t1.9 0.3t2.2
79 Split 1956 2001 1.6+15 1.6t1.5 -0.0+1.6 2.0+1.3 0.6+1.2 15+1.3 -0.6+1.0 1.9+1.0
84 Trieste 1939 2005 2.5+1.6 10917 0.3+2.3 0.8:2.3 15+1.1 1.3t1.2 0.2+1.2 1.6+15
89 Vigo 1943 2000 1423 1518 -0.6+1.7 1.7+1.4 2.5+1.8 2.5t1.4 0.5+1.4 2.3+15

Spring @ 50% Summer @ 50%

Station name Period Obs TidRes Hip Res-Hip Obs Tide-Res Hip Res-Hip
3  Alicante 1957 1997 0#0.7 0.A0.7 0.3t0.6 0.4:0.5 0.H0.5 0.H05 -0.2£0.3 0.2:0.4
17 Ceuta 1944 2002 oHD.7 0.6:0.7 -0.1+0.4 1.0+1.0 0.6:0.5 0.6:t0.5 —0.3+0.2 0.8:0.8
26 Coruna 1943 2000 1.8+0.9 1.8t0.8 0.8+0.8 2.2+0.8 1.5:0.7 1.6+0.6 0.1+0.3 2.2+0.8
31 Dubrovnik 1956 2001 1.0+0.9 1.0.0.9 -0.5+05 1.4+0.8 1.10.6 1.0.0.6 —0.2£0.2 1.2+0.6
42  Koper 1962 1999 141.4 17414 -0.1+0.8 1.8+1.0 0.9+0.9 0.#0.8 -0.2+0.3 1.0+0.8
72 Rovinj 1959 2001 1.3+1.0 1.6t1.1 -0.2+0.6 1.6+0.8 1.3t0.8 1.2+t0.8 -0.1+0.3 1.4+0.8
74  Santander 1943 2000 2.1+1.0 2.4+0.9 0.5+0.7 2.7+1.0 1.6t0.6 1.8:0.6 —0.0+0.3 2.0+0.8
76  Sjluz 1964 2003 242.4 2.3+2.3 -0.1+1.0 2.4+1.8 1.2+14 1114 0.6t0.4 1.2+1.4
79 Split 1956 2001 0F0.9 0.#0.9 -0.2+0.5 1.0+£0.7 0.#0.5 0.A0.5 —-0.2£0.2 0.8+0.5
84 Trieste 1939 2005 1.4+0.6 1405 -0.2+0.6 1.4+0.7 1.2+0.3 1.2t0.3 -0.1+0.2 1.2+0.5
89 Vigo 1943 2000 2.7+0.9 2.#0.9 0.7+0.8 2.6+1.1 2.2:0.7 2.10.7 0.14+0.2 1.7+11

Spring @ 99.9%-50% Summer @ 99.9%-50%

Station name Period Obs TidRes Hip Res-Hip Obs Tide-Res Hip Res-Hip
3  Alicante 1957 1997 —-0.7£1.6 —-1.3+1.7 -0.6+1.2 0.6+1.6 1.6+1.3 1.9+1.3 -0.2£0.7 1.2+1.2
17 Ceuta 1944 2002 -0.1+0.9 -0.4+1.1 -0.6+1.1 -2.6+1.5 0.1+0.7 0.H0.7 -0.2£05 -12+11
26 Coruna 1943 2000 —0.8+2.5 0.3:1.2 —1.3+1.7 0.#1.2 0.4:1.6 0.2:1.2 0.6:1.4 —-1.1+1.8
31 Dubrovnik 1956 2001 051.3 -0.2+1.3 0.6:t1.3 -05+1.1 -0.1+1.0 0.9:1.1 -0.3t0.9 1112
42  Koper 1962 1999 303.7 -0.8+4.4 0.5:2.9 -2.0+3.7 0.:22.0 1.3t2.9 0.#414 0.12.6
72 Rovinj 1959 2001 1824 0.2:2.8 0.9:2.2 1921 -0.2+1.8 1721 0.2:1.1 1.2+1.9
74  Santander 1943 2000 —0.0+2.6 0.2:1.0 0.H1.3 2.1+1.3 -0.2£2.0 1.5+1.0 0.9+1.4 2.2+1.4
76  Sjluz 1964 2003 —2.7459 -—0.3+3.5 1.6:2.0 -1.0+25 -0.6+4.2 -1.14+25 1519 -0.9+2.0
79 Split 1956 2001 081.4 0.9t1.3 0.2:1.6 1.06t1.2 -0.2£1.0 0.9t1.2 —-0.4+1.1 1.14+0.9
84 Trieste 1939 2005 11.5 0.5£1.6 0.5:25 -0.6+2.2 0.2:t1.0 0.H11 0.3:1.2 0.4:14
89 Vigo 1943 2000 —1.3+2.3 —1.2+1.8 -—1.4+16 -—-1.0+15 0.4:1.6 0.4:1.1 0.4:1.4 0.6:1.1

the values become too large. The reason why the trends iB Correlation with atmospheric patterns

the 99.9% of the atmospherically corrected time series be-

come spatially inconsistent is unknown. We speculate thatt is well established that interannual variability within the

the model has spatially variable skill in estimating extremesMediterranean Sea especially in the winter is significantly

and this results into the diversity of the trends. correlated with the North Atlantic Oscillation (see for exam-
To assess the effect of the existing gaps in the tide-gaug@le Tsimplis and Josey, 2001; Gomis et al., 2006). In addi-

records on the estimation of trends we have redone the anafion significant sea level change over several decades have

ysis of extremes in the model data for the whole period cov-been driven by changes in the NAO (Tsimplis and Josey,

ered by each tide-gauge but including all values for that pe2001).

riod. We compared these results with the earlier described Marcos et al. (2009) have showed that extremes in the re-

results where the trends were estimated for only the periodgion correlate at some of the stations with the winter NAO

coinciding with those in which the tide-gauges had data andand that this correlation disappears when the median value is

we found no significant differences in the derived trends.  removed.
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Fig. 7. Seasonal correlations of the NAO index with the 99.9 percentile, 50 percentile and their diffef@nacdor the observed values;
(d—f) for the tidal residuals{g—i) for the model values. Each of the seasonal correlation coefficients has an associated value in order to be
significant at 95% level. We have plotted the highest of the four values as giving the most conservative estimate for the level of significance.

Figure 7 shows the correlation coefficients for seasonakumn in the Atlantic. Significant correlations are also found
NAO values with the corresponding seasonal sea level perat the 50% percentile for most stations in the Adriatic dur-
centiles. For the sea level observations the negative correng the summer season. Also significant correlations are
lations are higher for winter both at 99.9% and at 50%. Infound between the NAO and most Atlantic coast and West-
addition significant negative correlations are found for au-ern Mediterranean stations during spring. The correlation
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Fig. 8. Seasonal correlations of the MOI index with the 99.9 percentile, 50 percentile and their diffearckor the observed values;
(d-f) for the tidal residuals{g—i) for the model values. Each of the seasonal correlation coefficients has an associated value in order to be
significant at 95% level. We have plotted the highest of the four values as giving the most conservative estimate for the level of significance.

between the NAO and the 99.9% percentile becomes statistiexcept in the Adriatic (Fig. 7d, e, f) where the 99.9% cor-
cally insignificant when the 50% is subtracted (Fig. 7c¢). Thusrelations with the winter NAO in the Adriatic Sea are much
the influence of the NAO at the 99.9% is due to the changesmaller than the correlations between the NAO index and the
in mean sea level. 99.9% percentile of the observations.

The subtraction of the tidal signal does not significantly The correlations of the NAO with the 99.9% percentile
change the above results in respect of the 99.9% percentildéom the model sea level do not replicate the correlation
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found between the NAO and the observations. Thus only in aatmospheric forcing contributes significantly in the maxima
few stations in the winter the correlation is statistically signif- and in several stations its contribution is around 45 cm during
icant (Fig. 7g). By contrast for the 50% percentile significant winter and between 10—-20 cm during summer.
negative correlation with the NAQO is found for all seasons for The Adriatic Sea provides the most interesting area for
stations at the Atlantic and the western Mediterranean (exthe spatial variability of sea level maxima with the northern-
cept Ceuta in the summer) (Fig. 7h). The 99.9%-50% is noimost stations showing the largest maxima. This behaviour
statistically significantly correlated with the NAO. In some is partly due to the direct atmospheric forcing contribution
of the stations the significant correlation of the NAO with which also shows significant increases at the northern sta-
the 50% comes through as positive correlation of the 99.9%-tions of the Adriatic. It is also well established that the tidal
50% with the NAO. When the model data are subtracted fromsignal is increasing significantly at the northern parts of the
the tidal residuals most correlations with the NAO and the Adriatic basin (Tsimplis et al., 1995).
MOI become statistically insignificant at the 99.9%, the 50% The time series corrected for the tidal signal and for the
percentiles and the 99.9%-50% (not shown). Exceptions ardirect atmospheric forcing contribution through the use of
the winter and autumn values of the 50% percentile at Splitthe barotropic model show a reduction in the size of the ex-
and Dubrovnik when correlated with the MOI. tremes in all seasons. However in the north of the Adriatic
The same patterns but with higher correlations are foundSea the same spatial pattern exists and the extremes in the
if the (inverted) Mediterranean Oscillation Index (MOI) is residual still increase towards the north part of the basin. Sea
used instead of the NAO (Fig. 8). The MOI used here comedevel extremes in the northern Adriatic are affected by a res-
from Suselj et al. (2008). Tsimplis and Shaw (2008) haveonant oscillation of around 21.5 h excited by the local wind
identified that mean sea level is better correlated with thefield (Cerovecki et al., 1997; Raicich, 1999; Vilibic, 2006).
(inversed) MOI rather than the NAO but here this better cor-If the barotropic model of the direct atmospheric effects was
relation is shown to be present in the 99.9% too, especiallysuccessful in modeling the atmospherically driven sea level
during autumn. However, again only a few correlation val- component then the atmospherically corrected values would
ues remain statistical significant after the deduction of thenot have the increased values towards the northern Adriatic.
median value (Fig. 8c, f, i). Thus it is our view that the model does not represent the
The correlation of the sea level extremes with the largeextreme values with sufficient accuracy either because the
scale atmospheric patterns indicate that the atmospheric cofathymetry in the model is not capable of creating the reso-
tribution causes most of the observed extremes and theipance or because the local wind field is not represented ac-
changes Moreover these changes are linked with changes iurately enough. The latter problem is a general problem
the 50% percentile. The correlation of the NAO and the MOI for models in the area (Wakelin and Proctor, 2002) but the
is stronger for the 50% for the model values rather than thepersistence of the problem with the model used in this case
observations, an expected result probably because the noiseeans that the introduction of atmospheric downscaling is
level is much lower in the model. However, with respect to not capable of representing the local winds in the Adriatic.
the 99.9% percentile the correlation with the NAO is stronger Trends in the 99.9% percentiles are found at various sea
with the observations than with the model while the oppositelevel records for the winter and the autumn seasons. How-
is true for the MOI. We do not understand the reason for this.ever the trends in the 99.9%-50% percentile are not signifi-
cant. This suggests that the trends in the 99.9% percentile are
in line with mean sea level changes. The North Atlantic Os-
6 Summary and conclusions cillation Index and the Mediterranean Oscillation Index are
well correlated with the changes in the 99.9% winter values
An extensive dataset of hourly sea level values from tidein the Atlantic, western Mediterranean and the Adriatic sta-
gauges and the output of a barotropic model have been anations and, in the Atlantic and western Mediterranean in the
ysed in respect of seasonal extreme values. Significant spautumn too. The correlation becomes insignificant when the
tial variability in the observed maxima is identified in all 50% is removed.
seasons. In respect of the Atlantic stations this is primar- This paper advances the conclusion of Marcos et al. (2009)
ily due to the varying tidal signal. When the tidal signal that there are statistically significant trends in the annual
is removed most of the Atlantic stations show maxima of maxima by demonstrating that they are statistically signifi-
less than 90 cm occurring in winter or autumn and maximacant trends in the seasonal maxima too. In addition we have
in spring and summer lower than 60 cm. The wind and at-shown that the trends in the seasonal maxima differ between
mospheric forcing contributes, according to the barotropicregions. The annual maxima trends are primarily determined
model used, about 50 cm in the winter maxima and betweerby autumn and winter values. Furthermore this paper ad-
20-40 cm in the maxima of the other seasons. vances the Marcos et al. (2009) conclusion that the trends
In the western Mediterranean Sea the maxima in the obin extremes as well as the correlations with atmospheric pat-
served values are less than 50 cm, except near the Strait &&rns is removed when the 50% percentile is removed. We
Gibraltar where they reach values of round 90cm. Directhave shown that the same is true for the seasonal extremes.
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Thus, no seasonal changes in extremes in addition to those in the period 1958-2001 and reconstructed since 1659, J. Geophys.
the median are detectable. Furthermore, we have mapped the Res., 111(C11), C11005, doi:10.1029/2005JC003186, 2006.
spatial patterns of seasonal extremes for the Mediterraneakatz, R. W. and Brown, B. G.: Extreme events in a changing cli-
and the Atlantic coasts of the Iberian peninsula. mate:Variability is more important than averages, Clim. Change,

The results of this work will contribute in assessing future . 21, 289-302, 1992. . I
. . . . _Lionello, P., Mufato, R., and Tomasin, A.: Sensitivity of free and
changes in sea level extremes in models. This work provides _— - . _
forced oscillations of the Adriatic Sea to sea level rise, Climate

guidance on the seasonal and spatial patterns of extremes in Res., 29(1), 23-39, 2005.

the Mediterranean over the past decades. Of course signify,rcos, M. and Tsimplis, M. N.: Variations of the seasonal sea level
icant gaps that exist in the observational records may partly cycle in southern Europe, J. Geophys. Res., 112(C12), C12011,
bias the results. However it is arguable that the seasonal and doi:10.1029/2006JC004049, 2007.

spatial patterns of models that include the sea level parametenarcos, M. and Tsimplis, M. N.: Coastal Trends in Southern Eu-
need to be matched, even if only in broad terms, to the results rope, Geophys. J. Int., 175(1), 70-82, 2008.

presented here. In addition the seasonal patterns emerging ifarcos, M., Tsimplis, M. N., and Shaw, A. G. P.: Sea level ex-
dicate that future changes must also be assessed on the basidrémes in Southern Europe, J. Geophys. Res., 114, C01007,
of seasonal analysis in order to be able to identify whether d0i:10.1029/20081C004912, 2009.

the changes in extremes will be seasonally biased. Monserrat, S., Vilibt, |, and Rabinovich, A. B.: Meteotsunamis:
atmospherically induced destructive ocean waves in the tsunami

) frequency band, Nat. Hazards Earth Syst. Sci., 6, 1035-1051,
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