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Glossary

MWP: mean wave period
MSLR: mean sea level rise
SS: storm surge

SSD: sea surface dynamics
SWH: significant wave height
WP: Workpackage
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1.

Introduction

This report is the deliverable 2.A (D2.A) of the ECLISEA project and contains the
processing of theavailable marine climate datasets, in order to explore the climate
variability over the European seas and coasts. ECLISEA is a project that aims to advance
coastal andnarine climate science and associated services through developing innovative
research of sea surface dynamics. To achieve the objectives, ECLISEA is structured in 6
Work-packages (WPs) and this report is a deliverable of the WP2. The WP2 has the
objectiveto develop an integrated research of climate factors in SSDs over the European
coasts and seas.ilicarried out through (i) the generation of a European climate database
based on useful indicators for stakeholdelsgcribed in detail iD1.D) and (idhe analysis
of climate factors that require further study to reduce uncertainties and to better
characterize coastal hazards, such as the regional mean sea level rise and changes on
extreme events with a low occurrence interVIP2 is occupied with diffent activities to
achieve the objectives, likbistorical reconstructions of regional mean sea level rise,
estimation of historical climate variations of sea level and waves over Europe and
understanding climate behavior of extreme mmtean events D2.Acontains relevant
information for the development of tasks related to WP4W#S during the progress of
the project.

This report aims to studgnarine climate variability over the European seas and coasts.
Climate variations on metcean characteristicare described at different variability scales,
detailing regional features on standard climatologies and extreme evéiits report is
structured as followshistorical reconstructions of regional mean sea level @se
described in Section 2vhen waves ahstorm surgere presented in Section 3. The Section
4 describes thelimate variations of waves and sea le&hally,in Section5 an extreme
met-ocean characterization is included and the conclusions are described in Section 6.
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2. Historical reconstrations of regional mean sea level rise.

2.1 Theoreticalbackgroundaims

This task aims at analyzing historical reconstructions of the mean sea level on the
European coast and identifying their differences and deficiencies. One of the major
commondeficiencies in mean sea level reconstructions is that they are based on the use of
global Empirical Orthogonal Functions (EOF) to interpolate tide gauge records (Meyssignac
et d. 2012). These global EOFs are dominated by global climate modes of warsaloii
as ENSO and only partially capture the spatial structure of the sea level variability at local
scale (i.e. along the European coast) (Balmaseda et al. 2015). To cope with this problem,
we propose to test new sea level reconstructions (e.g. usiggpnal EOFs instead of global
EOFs). The objective is to capture the regional signal along the European coast and reduce
the uncertainty in the sea level estimate in this region.

The most reliable and directly available degel data are provided by tidgauges and
satellite altimetry. The modern satellite altimetry offers deael measurements with a
near-global coverage but only spans about tweffitye years (not sufficient for analyzing
sealevel changes at decadal time scales). On the other hand, galegge sedevel
measurements are mostly confined to coastal oceans, preventing a thorough assessment
of open ocean variability, except in the western tropical Pacific where many islands have
long-lasting tide gauge measurements (gl of Churchetak nnn o ® ¢ KS € O]
and spatialfR Sy & S¢ 2 6 & S NI linvgstRyafibnfof loRderinlsealewél chinrg&s
hence prompted the scientific community to reconstruct past-Eaeel by combining data
from both satellite altimetry and tide gauges bying sophisticated statistical techniques;
that eventually lead to the developmemf sealevel reconstructionse(g. Church et al.,
2004, Church and WHt2011; Meyssignac et al., 2012)

Sealevel reconstructions consist of interpolating long tide gaugeords with a time
varying linear combination of several spatial $eeel fields (or basis functions) to
G NB O2 y & (i NHzeuelé spatidleraporal dafdtions. Basis functions are generally
derived from spatial EOF analysis performed either on the Saidllite altimeter data or
on longer ocean reanalyses data that are further considered to interpolas#untide
gauge data back in time (Ray and Douglas 2011, Church and White 2004, Church et al. 2011,
Meyssignac et al. 2012, Hamlington et al. 2012n¥é¢ andSchroter2014). The resulting
reconstructed mean sekevel data results in a dataset with the spatial resolution of
satellite altimetry (or ocean reanalyses) and the record length of tide gauges. The use of
longer ocean reanalysis as basis funtsioely on the fact that altimeter record is too short
to capture the full range of variability, especially at decadal time scales and that regional
variability retained in the reconstructed products may hence be sensitive to the sea level
spatial field casidered(Meyssignac et al., 20).2

To deal with this issue, we developed in total 5 products using various input fields to
estimate regional sea level variability patterns, including altimetry and ocean data
assimilation products. These products all usexed number of tide gauges over the entire
196052012 period. For the reconstructions based on patterns from data assimilation
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products, the EOF patterns were calculated from the entire period covered by the product
(at least as far back as 1960), in gast to the reconstruction based on altimetry data. In
total, there are five products, which all perform similarly in statistical tésidi{eeshet al.

2017, Carson et al. 2017). Therefore, we averaged them into one data product and propose
aproductwhik Aa |y WWSyaSyoftsS YSIyodQQ o6SOFdzasS 3
climate modes of variability such as ENSO and only partially capture the spatial structure
of the sea level variability at local scale, sea level reconstructions tend to smooth thé sign
in the European region and tend to overestimate the role of ENSO in this region. To cope
with this problem we developed here 5 reconstructions that are based on EOF loading
patterns taken on bashwide data separately; namely, the Atlantic basin is heso
separately from a single Ine@acific basin.

Other perspective is the problem in seenclosed basis and seas, where the global
reconstruction data are not available, in ECLISEA project the data availability of sea level in
zones where the global hwstical reconstructions do not provide data is important
(Mediterranean Sea, Baltic Sea). So, to solve this problem, two dxs®@rical
reconstructions of mean sea level rise have been added, the first is described in Calafat et
al. 2011 and cover all thdediterranean Sea for 1952008 period with a spatial resolution
of 1/8°x1/8° and the second is a Global historical reconstruction of mean sea level that
have been developed using the same methodology that the reconstruction developed by
the CommonwealthScientific and Industrial Research Organisation (CSIRO) and it is
described in Losada et al. 2013, the reconstruction cover the -2930 period. The two
historical sea level reconstructistave been added because the datasets developed by
the LaboratoireR Q9 (1 dzZRS& Sy DS2LIKe&aAljdzS Si hOSIy23aNI
methodology described in Meyssignac et al., 2012 do not cover the Mediterranean Sea and
Baltic Sea that are zones included to be studied in the ECLISEA project.

2.2 Technical descriptionf work-methodology

Forthe reconstructionswe use the reduced optimal interpolation described by Kaplan
et al. (1997) to interpolate spatially long tide gauge records and reconstruct past sea level
over the period 196@2012. This method has been widelised in the literature to
reconstruct past sea level either globally (e.g., Chambers et al. 2002a, b; Church et al. 2004;
BergeNguyen et al. 2008; Llovel et al. 2009; Church and White 2011; Hamlington et al.
2011, 2014; Ray and Douglas 2011, Meyssignat. €012, Wenzel an&chrtter2010,
2014) or regionally (e.g., Calafat and Gomis 2009; Meyssignac et al. 2011). The reduced
optimal interpolation is a Atep method. In the first step, we perform an Empirical
Orthogonal Function (EOF) decomposition (vimrch and Zwiers 2011) of a2 input sea
level field (obtained generally from satellite altimetry or OGCMs outputs) to separate the
ocean sea level signal into spatial modes (EOFs) and associated temporal amplitude (also
called principal component in théerature). From this decomposition, we select the low
order EOFs, which explain most of the variance and contain the largest spatial scales of the
sea level signal. Then in the second step, we combine the selected EOFs with a least square
procedure to find the 2D sea level estimate that best fit tide gauge records at tide gauge
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locations backward in time. The resulting combination of selected EOFs gives a 2D sea level
estimate covering the period 1962012 here. For a detailed description of tmethod,we

refer to Meyssignac et al. 2012. Note that here we follow closely the method developed in
Meyssignac et al. 2012 (including the special treatment of global mean sea level rise with
the addition of an extra constant EOF).

The largescale sea level varidity can be partitioned in terms of a few main spatio
temporal patterns, whichare specific to each oceanic region. In the tropical {Rdaific
region for example, the sea level variability is largely dominated by the El Nifio/Southern
oscillation (ENSO)fiuence (e.g. Forget and Ponte 2015). It is characterized by a large East
West dipolepattern, whichis associated with the tilt of the thermocline and fluctuates
predominantly at interannual time scales, peaking during large Nifio and Nifia events (e.g.
Pdanisamy et al. 2015). In contrast, in the North Pacific and North Atlantic, sea level
fluctuates predominantly at lower frequency under the influence of the
Interdecadal/Decadal Pacific Oscillations (IPO/PDO) and the North Atlantic Oscillation
respectivey. In these regions, the sea level variability is rather associated with the spin up
and spin down of subtropical or subpolar gyres. It is essential to capture the main regional
spatiotemporal pattern of the North Atlatic in the reconstruction process et relevant
sea level reconstructions on the European coast. Here we use regional EOFs patterns
computed over each basin to feed in the reconstruction process instead of global EOFs

2.3 Results

All results are presented in 2 publications, namélgheeshet al. 2017 and Carson
et al. 2017. InNidheeshet al. 2017, we evaluated the global reconstruction
performance in comparison with other sea level reconstructions and with ocean
reanalysis. We looked into the dominant mode of variability which is ENSO. In Carson
et al. 2017 we adopted the same approach of comparith other reconstructions
and ocearreanalysedut we look into the performance of the reconstruction over all
the world coastline. We made a particular focus on the Europeaast, which is
heavily instrumented by tide gauge recordsd thus provide rost of the independent
data to evaluate the reconstructions. FiguPe3.1 shows the correlation between
independent tide gauge records and all sea level reconstructions and ocean reanalyses
estimates over the period over 196®92. Figur€.32 shows theTaylor diagram of
all reconstructions and ocean reanalyses estimatiesea level against altimetry and
tide gauge records.
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Correlation with tide gauges
a.) AWI e.) GECCO2

b.) LEGOS f.) SODA-2.1.6

c.) CCAR g.) ORA-54

d.) CSIRO
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Figure2.3.1: Correlation with independent tide gauges, prealtimetry. The correlation is calculated aft&iyaar running, mean
has been applied to each time series, and all tide gauges have been detrerféledn Carson et al. 2017
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Figure2.3.2: Taylor diagrams of correlations (the angle) versus the ratiotafslard deviations (the radiuspetween the
various products and the tidgauges andltimetry, all from detrended, 5 yeasmoothed data. A radius greater than 1 means
LINE R dzO (iilargesttinh tffaRdf tNaRidajabg® ardititnétrg af that location. Squares represent
mean correlation and RMS mean varidity ratio for the products over all TG locations, even for the comparisorattmetry
in e and f. Triangles and plus signs are the means over only the North Pacific and North Atlantic, respectively. The diamonds
in Figures 8e and 8f are thmeans overll locations for a global comparison of the products to altimetry (i.e., not just at TG
locations).From Carson et al. 2017
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The ensemble mean reconstruction developed in this project has been evaluated

10 12 1400 02 04 06 0.8 1.0 1.2 1.4

precisely in Carson et al. 2017 in terms of trendterannual and interdecadal variability.
This reconstruction performs better than the other reconstructions and than the ocean

reanalyses in nearly all metrics (trend comparison with tide gauges, correlation at

interannual and interdecadal time scale) owbe period 196€2007. It is less true over
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19932007 where our reconstruction is still within the best group but its performances are
comparable to the performances of the ocean reanalyses ORAS4 and of the reconstructions
from AWI (Wenzel an8chroter2014) and from CCAR (Hamlington et al. 2011, Figure 2).

Looking at the LEGOS correlation with altimetry (fegg2.32e), the fact that the
correlations are generally weaker than those with respect to the tide gauges (Ri@.ie)
suggests that the LEGOSthma of fitting the tide gauges to EOFs estimated per basin may
lead to overfitting at tide gauge locations at the expense of capturing altimetry variability

Our ensemble mean reconstruction performs better in the North Atlantic than the other
products (fFgure 2.32) in thecomparisons to tide gauges, due in part to the -pasin EOF
patterns used in these specific reconstructions (all five reconstructions perform well there).
A comparison between our reconstructions over the-ptemetry era (not shown)aveals
that two of the three which are based on the longer time scale patterns from ocean
reanalyses have slightly higher median correlations to tide gauges in both the North Pacific
(0.71 and 0.68 versus 0.65) and North Atlantic (0.75 and 0.7 versustlBaébjor the
altimetry-based reconstruction. Since the ocean reanalyses already compare less well to
the tide gauges than does altimetry over the altimetry era (see Carson et al. 2017) this
suggests that there is some benefit to the longer time framehef dcean reanalyses sea
level data, which could generate sea level variability not accounted for in the shorter
altimetry record. In summary, the new sea level reconstruction developed here with
regional EOFs show very promising results. For retails,please see Carson et al. 2017.

The summary of the developed dataset and the other datasets that have included in this
project are shown in the Table 2.3.1.

Table 2.3.1: Available historical MSLR datasets.

Dataset name Variables ?_e(t)'gt’rzphlcil CO\_/te f: 9 Spatial Time Time Reference
name -atltude | LONgIUAe | oo 1ution period resolution
interval interval
LEGOS sea level 1x1 Meyssignad
reconstruction sea level | [-50,70] | [-180,180] degree 19602012 | monthly etal., 2012
CSIRO sea level 1x1 Losada et
reconstruction sealevel | [-65,65] | [-180,180] degree 19502010 | monthly al., 2013
; 0.125 x
Mediterranean sea | o 01| 130,47.5] | [-7.5,37.5] 0125 | 19502008| monthly | C2lafatet
level reconstruction degree al., 2011
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3. Historical reconstruction of waves anstorm surge

3.1 Collection of the historical datasets

Different datasetdhat provide climate indicatorassociated to the SS@re available;
we have selectedwo groups of dataset The first groupncludesdatasets that provide
climate indicatorsassociated tothe wave parametersaand the second groupncludes
datasets that providelimate indicators associated to the Storm Surge (SS).

For wave parametersfour different historical climate datasets fromave hindcasts
(GOW, CoastDat, BoBWA and NC&&Ra&bases), which were described in Dhave been
usedfor studying the marine climate variability over the European seas and coasts, climate
variations on mebcean characteristics at different variability scales, detailing regional
features on standat climatologies and extreme events. Detailed information about each
dataset is shown in the Table 3.1.1.

Table 3.1.1: Available wave hindcast datasets.

. Geographical coverage . _ .

Dataset | Domain - - Spatial Time Time
name name | Latitude | Longitude | resolution period | resolution

interval interval

Variablesname

Significant wave height (hs)
GOW Europe | [30,72] [-12,45] | 0,125° x 0,125]19792017| hourly | zerocrossing mean wave period (tQ
wave mean direction (dir)

North Seq [50.5,59.5] [-4.75,13.25] 0.05°x 0.075° | 19492014| hourly Significant wave height (hs),
zero-crossing mean wave period (0
coastDat .
energy mean wave period (tOm1
Baltic Seq [53.5,66] | [9,31.5] 0.05°x 0.1° [19582002| hourly wave mean direction (dir)
English - .
channel Significant wave height (hs)

Bobwah Ba of’ [43,52] [-11,4] 0,1°x0,1° | 19582002 6-h energy mean wave period (tOm1)
y wave mean direction (dir)

Biscay
NCSRéb Significant wave height (hs)
Wave Europe | [29,47] [-6,42] 0,05° x 0,05° | 19802009 6-h energy mean wave periodom1)
Parameters wave mean direction (dir)

The second group includes climate indicators associated to datasets that provide
information about the SS. Detailed information about the available SS datasets are
shown in the Table 3.1.2.
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Table 3.1.2: Available Statasets
) Geographical coverage . . .
Dataset | Domain - - Spatial Time Forcinas | Model Variables
name name Latitude | Longitude | yesolution | period g name
interval interval
0,064 x Storm
GOS Europe [25,73] [-31,45] 0,114 19792014 | CFS, TPX ROMS surge
degree 9
North Sea coastDat Storm
CoastDal & Baltic |[39.92,64.7] [-19.9,22.82]| 12,8 km | 19582015 | 2_COSMO| TRIM-NP
Sea CLM surge

The climate indicators have been developed with the available datasets in the
deliverable 2.D (D2.D) of the ECLISEA project, a Eurdpg¢sivase from the historical and
present climate conditions. The Table 3.1.3 shows a summary of the available climate
indicators and variables for the available datasets covering all European coast.

Table 3.1.3: Summary of the climairdicatorsby variade and dataset

Climate Indicator Variable BBDD, mesh and time period
Annual mean value

Annual standard deviation

Significant wave height (Hs
Monthly mean value

Monthly standard deviation

Monthly mean value

Monthly standard deviation Mean wave period
(T02,TOm1) GOW Europe (1972017)
Annual mean value _ CoastDat North Sea (192914)
Annual standard deviation CoastDat Baltic Sea (193802)
Annual mean value Bobwah English channel, Bay of
— Biscay (195&002)
Annual standard deviation NCSR@&b Europe (198@009)

Mean wave direction (Dir)
Monthly mean value

Monthly standard deviation

The 10 annual maximum values per year Significant wave height (Hs
Values asociated with the 10 maximum value Mean wave period

of Hs (T02,TOm1)

Values asociated with the 10 maximum valug

of Hs Mean wave direction (Dir)

Annual mean value

Annual standard deviation GOS Europe (1972D15)

Monthly meanvalue Storm surge (SS) CoastDat Baltic & North Sea (195
2015)

Monthly standard deviation

The 10 annual maximum values per year

LEGOS sea level reconstruction
(196062012)
CSIRO sea level reconstruction
Historical mean sea level rise Mean Sea Level (MSL) (195062010)
Mediterranean sea level
reconstruction
(19502008)
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The analysis of the different datasets has been performed for the common period of
19802002. The selected period is available for all datasets and it allows to compare
the different regions of Europe.h& analyzed parameters are associated to the
climatogies, climate variations (Seasonal patterns, interannual variability and historical
trends) and extreme mebcean variations.

3.2Waves and storm surge climatologies
3.2.1Waves

For the sea waveshree main paameters were examined:
1 SWHand direction
1 Maximum SWH (10 values for each year)
T MWP.
The areas of interest are:
1 Mediterranean Sea (with the NCSRD and EGQAVN datasets),
i Baltic Sea (with the Coastdat and Eurgp@®W datasets)
1 North Sea (with th&€€oastdat and Europ&OW datasets)
1 Atlantic coast of France (with the BoBWA and EurGii2\W datasets)

For Mediterranean Segrigure 3.2.1.1 and 2)two areas of increased values were found
in both datasets: one is located south of France with mean SWids/alwund 1.5n and
the other in the southeastern parts of Greece (mean SWH arounch)L.2

Mean significant wave height 1980 2002

: 14
iﬁ ﬁ_ e 1.2
% 1.0

‘ré;f ;

Latitude
Wave height (m)

p - 3) m’h ﬁ 0.4
35 - ;’3' - . | 02
a, . 0.0
9 e i
-
30 - "s? -y

| |
0 10 20 30 40

Longitude
Figure3.2.11: Mean SWH (m) for Mediterranean Sea from the NCSRD dataset.




Figure3.2.1.2 Mean SWH (m) for European seas from the Eurgp@W dataset.

Figure3.2.1.3 Mean SWH (m) for Baltic Sea from the Coastdat dataset.

For Baltic SeéFigires 3.2.12-3), the two relevant datasets give same pattermsth
SWH values around 1, when for the North SeéFigires3.2.12, 3.2.14) mean values
exceed 2.5n.




Figure3.2.1.4 Mean SWH (m) for North Sea from the Coastdat dataset.

Figure3.2.1.5 Mean SWH (m)dr the Atlantic coast of Francom the BoBWA dataset.

Finally, for theAtlantic coast of Francéigire 3.2.1.5) SWH values in the opatean
(southwest of UK) reachr8.

Conclusively, no significant differences were detected between the examined datasets.




Figure3.2.1.6 Standard deviation of SWH (m) for Mediterranean Sea from the NCSRD dataset.

The standard deviation in Mediterranean S@agure 3.2.1.9 is increased south of
France, where the higher values of SWH are located, and in AegedGi®eae). For the
EuropeGOW datasefFigire 3.2.1.7) only the first area is giving increased deviatio

Figure3.2.1.7 Standard deviation of SWH (m) for European seas from the EWG@W dataset.




Figure3.2.1.8 Standard deviation of SWH (m) for Baltic Sea from tbeastdatdataset.

For the Baltic SefFigires3.2.1.7 and 8)the SWH valuedeviate significantly in the
major part of this area in both datasets (EureB®©W and Coastdat).

Figure3.2.1.9 Standard deviation of SWH (m) for North Sea from the Coastdat dataset.

The northern parts of North Sé&igure 3.2.1.9)are exposed to biger deviations, when
the open sea part of the Atlantic coast of Fraifegure3.2.1.10)shows similar behavior.




Figure3.2.1.10 Standard deviation of SWH (m) for the Atlantic coast Sea of France from the BoBWA dataset.

Figure3.2.111: MWP (s) forMediterranean Sea from the NCSRD dataset.

The MWP in Mediterranean Séeigure3.2.1.11)s around 5.5s at the west parts and 5s
at the southeastat the NCSRD datasdiut the values are lower from the Euro@&OW
(Figure3.2.1.12)dataset, meaning lowengells than in the NCSRD dataset.




Figure3.2.112: MWP (s)for European seas from the Eurogg@OW dataset.

Figure3.2.113: MWP (s) for Baltic Sea from the Coastdat dataset.

The same conclusion holds for the Baltic §egure3.2.1.13) for the NorthSea Figure
3.2.1.14) and for the Atlantic coadtigure3.2.1.15) where Coastdaaind BoBWAvalues
(around 4.5spare greater tharEuropeGOW (around 4s




Figure3.2.114: MWP (s) for North Sea from the Coastdat dataset.

Figure3.2.115: MWP (s) for he Atlantic coast Sea of France from the BoBWA dataset.
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Figure3.2.116: Dominant wave direction for Mediterranean Sea from the NCSRD dataset.

The dominant wave direction for Mediterranean SEaures3.2.1.16 and 17is similar
when examining the twalatasets with the north directions being the dominant ones in
the areas of higher SWHs.
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Figure3.2.117: Dominant wave direction for European seas from the EureBOW dataset.
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Figure3.2.118: Dominant wave direction for Baltic Sea from theoastdat dataset.

Direction

Similar results are appearing for the Baltic §agure3.2.1.18, as well agor the North
Sea between Europ€&OW(Figure3.2.1.17)and Coastdat datase(figure3.2.1.19)
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Figure3.2.119: Dominant wave direction for North Sea frorthe Coastdat dataset.
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Figure3.2.1.20 Dominant wave direction for the Atlantic coast Sea of France from the BoBWA dataset.

For the Atlantic coast of Frand€igure3.2.1.20) the dominant wave directiomlso
coincides for the two datasets (wesbmponent directions).
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Figure3.2.1.21 Mean of the annual maximum SWHSs (23 values) for Mediterranean Sea from the NCSRD dataset.

As far as the mean of the maximum S8Vidr each year concerned, in the west
Mediterranean Se@Figures3.2.1.21 and 22)alues of 5m may be found, when in Aegean
Sea 4m are the highest mean values. These outcomes are coming from both databases
(NCSRD and Eurcf@OW).




Figure3.2.1.22 Mean of the annual maximum SWHSs (23 values) for European seas from the EXGQW dataset

Figure3.2.1.23 Mean of the annual maximum SWHs (23 values) for Baltic Sea from the Coastdat dataset.

Similar results stand for Baltic S@agure3.2.1.23) when for the North Sea Europe
GOW database shows lower mean of maximum SWHs (around 7mtestdat database
(Figure3.2.1.24) more than 8m).




Figure3.2.1.24 Mean of the annual maximum SWHs (23 values) for North Sea from the Coastdat dataset.

Figure3.2.1.25 Mean of the annual maximum SWHs (23 values) for the Atlantic coast S&aanfce from the BoBWA
dataset.

Comparable are the results for the Atlantic coast of France for the two available datasets
(Fig.3.2.1.22 and 25)
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Figure3.2.1.26 Dominant direction of the annual maximum SWHs (23 values) for Mediterranean Sea from tI&REC
dataset.
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Figure3.2.1.27 Dominant direction of the annual maximum SWHs (23 values) for European seas from the EGOp¢E
dataset.

No significant differences are observed in the dominant direction of the ten max SWHs
of eachyear for the area of Mediterranean Sea, with the northern directionsdéhe
prevalent onegFigures3.2.1.26 and 27)
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Figure3.2.1.28 Dominant direction of the annual maximum SWHs (23 values) for Baltic Sea from the Coastdat dataset.

Almost similarare the patterns for the Baltic S€kigure3.2.1.28) for the North Sea
(Figure3.2.1.29)andfor the Atlantic coast of Frand&igure3.2.1.30.
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Figure3.2.1.29 Dominant direction of the annual maximum SWHs (23 values) for North Sea fronCibastdat dataset.
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Figure3.2.1.30 Dominant direction of the annual maximum SWHs (23 values) for the Atlantic coast Sea of France from the
BoBWA dataset.

3.2.2 Storm surge

The storm surge climatologies have been characterized with the monthly mean values
of SS and the mean of the 10 annual maximum values of SS. The climatologies are important
to estimate the impact of the climate variability in the average and extreme afimat
because an increase of the extreme event of SS will have more impact in zones with high
values of S@nd less in zones with low values of S8, it is important to characterize
previously the SS climatologies, to understand like the climate variatemsffect to the
different locations in the European coast.

The Figure 3.2.2.1 and the Figure 3.2.2.2 show the monthly mean values of SS for the
GOS and CoastDat datasets respectively for the-PBBR period. The differences between
the monthly mean vales obtained for each dataset anegligiblethe values obtained for
the CoastDat dataset are slightly lower than the GOS dataset values, although the spatial
variability is the same for the analyzed datasets. The differences could be by the different
models, forcing o configuration used to develop the datasets.

The highest mean values are obtained in January and February and are around ~0.25
0.3 m, the lowest mean values are obtained in May for the North Sea. The spatial variability
over the different zoms in Europe is clear, the mean values of Storm surge are higher in
the North and Baltic Sea, and lower in the Mediterranean Sea.
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Figure 3.2.2.1: Monthly means of SS for the GOS dataset, Europe domain.
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Figure 3.2.2.2: Monthly means of SS for CoastBatiaset, North Sea & Baltic Sea domain.
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The annual maximum values of SS have been also analyzed from 1980 to 2002, the
Figure 3.2.2.3 shows the ean of the 10 annual maximum values of. 38e spatial
variability patterns are the same for both datasets atf differences between the
obtained values aremall The highest values are obtained for the north coast of Germany
and the coasts of Denmark and Netherlands, the values for these zones are around ~1.5
2.4 m, he obtained values are much higher than imother areassuch as in the
MediterraneanSeawhere the mean of the 10 annual maximum values is lower than 0.5 m.

In the Baltic Sedhe values are lower than 1 m and in the Atlantic coast lower than 0.5 m

The standard deviation of the 10 annual maximumdues of SS have been also
calculated, the results are shown in the Figure 3.2.2.4. The spatial patterns are similar for
both datasets, although the standard deviation values calculated with the CoastDat dataset
are higher than the values lcallated with he GOS datasethe highest values of standard
deviation are obtained in the south coast of the North Sea, the highest values are around
~0.30.5 m. The standard deviation in the Baltic Sea is lower than in the North Sea but
higher than in the MediterranaaSea and the values are around ~00L85 m.
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Figure 3.2.2.3: Mean of the 10 annual maximum values of SS in meters for GOS (top) and CoastDat (bottom) datasets.
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Figure 3.2.2.4: Standard deviation of the 10 annual maximum values of SS in meters foft@pand CoastDat (bottom)
datasets.
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4. Climate variations of sea level and waves
4.1 Seasonal patterns

4.1.1Waves

Figure4.1.1.1 Mean winter SWH for Mediterranean Sea from the NCSRD dataset.

Figure4.1.1.2 Mean spring SWH for Mediterranean Sea from tNeCSRD dataset.




Figure4.1.1.3 Mean summer SWH for Mediterranean Sea from the NCSRD dataset.

Figure4.1.14: Mean autumn SWH for Mediterranean Sea from the NCSRD dataset.

For Mediterranean Sefigurest.1.1.14), the highest mean SWHSs are during winter but
at the southeastern Aegean Sesimilar values are presead during summetr(due to the
etesian winds)




Figure4.1.1.5 Mean winter SWH for European seas from the EurepOW dataset.

Figure4.1.1.6 Mean ring SWH for European seas from the EureBOW dataset.
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Figure4.1.1.7 Mean summer SWH for European seas from the Eur@g@W dataset.
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Figure4.1.1.8 Mean autumn SWH for European seas from the Eurdp@W dataset.
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Figure4.1.1.9 Mean winter SWHor Baltic Sea from the Coastdat dataset.

Figure4.1.1.10 Mean spring SWH for Baltic Sea from the Coastdat dataset.




Figure4.1.1.11 Mean summer SWH for Baltic Sea from the Coastdat dataset.

Figure4.1.1.12 Mean autumn SWH for Baltic Sea fromettCoastdat dataset.

Summer and autumn are the seasons with higher mean SWHs in the Bal{lEi@ezs
4.1.1.512), the North Seand the Atlantic coast of France.,3bere is high seasonality
dependence for the SWH all around European coasts.




Figure4.1.1.13 Mean winter SWH for North Sea from the Coastdat dataset.

Figure4.1.1.14 Mean spring SWH for North Sea from the Coastdat dataset.

Figure4.1.1.15 Mean summer SWH for North Sea from the Coastdat dataset.




Figure4.1.1.16 Mean autumn SWHor North Sea from the Coastdat dataset.

Figure4.1.1.17 Mean winter SWH for the Atlantic coast Sea of France from the BOBWA dataset.




Figure4.1.1.18 Mean spring SWH for the Atlantic coast Sea of France from the BoBWA dataset.

Figure4.1.1.19 Mean summer SWH for the Atlantic coast Sea of France from the BoBWA dataset.




Figure4.1.1.20 Mean autumn SWH for the Atlantic coast Sea of France from the BoBWA dataset.

Figure4.1.1.21 Winter MWP for Mediterranean Sea from the NCSRD dataset.




Figure4.1.1.22 Spring MWP for Mediterranean Sea from the NCSRD dataset.

Figure4.1.1.23 Summer MWP for Mediterranean Sea from the NCSRD dataset.




Figure4.1.1.24 Autumn MWP for Mediterranean Sea from the NCSRD dataset.

For the MWP, inMediterranean(Figures4.1.1.2%24), the highest values arduring
winter and then spring and autum@ith comparable valugs

Figure4.1.1.25 Winter MWP for European seas from the Euro@OW dataset.




Figure4.1.1.26 Spring MWP for European se&®m the EuropeGOW dataset.

Figure4.1.1.27 Summer MWP for European seas from the Eurep®W dataset.




Figure4.1.1.28 Autumn MWP for European seas from the Eure@OW dataset.

Figure4.1.1.29 Winter MWP for Baltic Sea from the Coastdat dataset




Figure4.1.1.30 Spring MWP for Baltic Sea from the Coastdat dataset.

Figure4.1.1.3X Summer MWP for Baltic Sea from the Coastdat dataset.




Figure4.1.1.32 Autumn MWP for Baltic Sea from the Coastdat dataset.

For the Baltic Sea and ti#lantic coast of Franc@-igures4.1.1.2532 and 3740), the
higher MWPs are during winter and autumn, when for the North Gegures4.1.1.3336)
the sameconclusionasfor Mediterranean Sea is valid here (winter and then autumn and
spring with similavalues).

Figure4.1.1.33 Winter MWP for North Sea from the Coastdat dataset.




Figure4.1.1.34 Spring MWP for North Sea from the Coastdat dataset.

Figure4.1.1.35 Summer MWP for North Sea from the Coastdat dataset.




Figure4.1.1.36 Autumn MWPfor North Sea from the Coastdat dataset.

Figure4.1.1.37 Winter MWP for the Atlantic coast Sea of France from the BoBWA dataset.




Figure4.1.1.38 Spring MWP for the Atlantic coast Sea of France from the BoBWA dataset.

Figure4.1.1.39 Summer MWHFor the Atlantic coast Sea of France from the BoBWA dataset.




Figure4.1.1.4Q Autumn MWP for the Atlantic coast Sea of France from the BoBWA dataset.
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Figure4.1.1.41 Winter dominant direction of themean SWHor Mediterranean Sea from the NCSRD dataset.
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Figure4.1.1.42 Spring dominant direction of the mean SWH for Mediterranean Sea from the NCSRD dataset.
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Figure4.1.1.43 Summer dominant direction of the mean SWH for Mediterranean Sea from the NQ&fd3et.

Dominant direction of Mean Significant Wave 1980-2002 S/O/N

45
8
7
40 - 6 5
= ]
5 4 o
O
! 3 =
35 - 8=
7= 2
6=5 1
5=
4=5
3=E
» . 2=NE
N * * 1=N
I I h . / T
0 10 20 30 40
Longitude

Figure4.1.1.44 Autumn dominant direction of the mean SWH for Mediterranean Sea from the NCSRD dataset.
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Small differences are observed in the dominant wave direction during the four seasons
in Mediterranean SedFigure4.1.1.4144), and espeially during summer at the central
parts (south of Italy and lonian Sea).
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Figure4.1.1.45 Winter dominant direction of the mean SWH for European seas from the Eurg@W dataset.
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Figure4.1.1.46 Spring dominant direction of the mean SWH fRuropean seas from the EuroggOW dataset.
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Figure4.1.1.47 Summer dominant direction of the mean SWH for European seas from the Eufap&V dataset.
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Figure4.1.1.48 Autumn dominant direction of the mean SWH for European seas from the ELG@N dataet.
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Figure4.1.1.49 Winter dominant direction of the mean SWH for Baltic Sea from the Coastdat dataset.
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Figure4.1.1.50 Spring dominant direction of the mean SWH for Baltic Sea from the Coastdat dataset.
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Figure4.1.1.51 Summer dominandirection of the mean SWH for Baltic Sea from the Coastdat dataset.
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Figure4.1.1.52 Autumn dominant direction of the mean SWH for Baltic Sea from the Coastdat dataset.

A different pattern during spring is observed in Baltic Gégured.1.1.4952)and North
Sea(Figure4.1.1.5356) compared to the other seasons in both datasets.
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Figure4.1.1.53 Winter dominant direction of the mean SWH fddorth Sea from the Coastdat dataset.
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Figure4.1.1.54 Spring dominant direction of the mean SWH for Noi8ea from the Coastdat dataset.
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Figure4.1.1.55 Summer dominant direction of the mean SWH for North Sea from the Coastdat dataset.
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Figure4.1.1.56 Autumn dominant direction of the mean SWH for North Sea from the Coastdat dataset.
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Figure4.1.1.57 Winter dominant direction of the mean SWH for the Atlantic coast Sea of France from the BoBWA dataset.
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Figure4.1.1.58 Spring dominant direction of the mean SWH for the Atlantic coast Sea of France from the BoBWA dataset.
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Figure4.1.1.59 Summer daninant direction of the mean SWH for the Atlantic coast Sea of France from the BoBWA
dataset.
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Figure4.1.1.60 Autumn dominant direction of the mean SWH for the Atlantic coast Sea of France from the BOBWA dataset.

Finally,no differences are noticed at the Atlantic coast of Fra(feigures4.1.1.5760)
where west component directions are the prevalent ones.

4.1.2 Storm surge

The seasonal patterns associated to the SS have been calculated for the common period
19802002, the reslts are shown in the Figure 4.1.2.1 for the GOS dataset and Figure
4.1.2.2 for the CoastDat datasetyet differences between theseasonalmean values
obtained for each dataset are negligibl@thoughthe values obtained for the CoastDat
dataset are sligty lower than the GOS dataset valud$ie season with the highest values
is winter (DJF), the highest values are in the south coast of the Baltic Sea and in the Baltic
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Sea and are around ~0@®3 m. The other seasons have lower mean values of SS. Tie zone
with the lowest values are the Mediterranean Sea and the coasts of the Iberian Peninsula.

-30 -20 -10 0 10 20 30 40 -30 -20 -10 a 10 20 30 40

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
NTR (m)

Figure 4.1.2.1: Seasonal means of SS for GOS dataset, Europe domain.
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Figure 4.1.2.2: Seasonal means of SS for CoastDat dataset, North Sea & Baltic Sea domain.

4.2 Interannual variability

The interannual variability have been studied for the common period (-Z282) and
the applied statistical method is divided in several steps, the first step is to normalize the
monthly time series of the different parameters asomalies in the common period, the
second step is to measure the relationship between the selected teleconnection indices
and the calculated anomalies using the Pearson’s correlation coefficient for all the selected
years and each season, finally the tep is to measure the significance of the correlation.
The significance of the correlation has been evaluated with thalpe, if the p value is less
than 0.05, the correlatio will be highly significant, the p-value is less than 0.10, the
correlation will be significant and if the-yalue is higher than 0.10, it will not be significant.

We have assessed the annual and seasonal interannual variability for the significant
wave height and storm surge for each selected dataset and teleconnection indices

4.2.1Telecomection indices (NAO & EA)
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Two atmospheric teleconnection indices have been chosen for a previously test with the
available indices that could be linked with climate variability of the wave parameters and
SS in Europe.

Firstly we have seleet the North Atlantic Oscillation (NAO; Jones et al. 1997) climate
mode that is one of the most prominent teleconnection patterns of all seasons in Europe
and consist of a nortlsouth dipole formed by Iceland low and Azores high (Hurrel, 1995)
producing clanges in the mass and pressure fields that modify the paths of the storms
crossing the North Atlantic from the east coast of America to Europe. The stzsed
NAO index (NAOI) is defined as the normalized sea level pressure between Gibraltar and
Reykjakk as obtained from the Climate Research Unit (available online at
https://crudata.uea.ac.uk/cru/data/nag/last accessed 10 April 2018).

Secondly and finally, we have selected the East Atlantic §EAle second leading
climate mode of lowfrequency variability covering the meridional position of the centers
of action in the North Atlantic with the EA index (EAI) as a reotlith dipole of anomaly
center spanning the North Atlantic from east to westilar to that shown in Barnston and
Livezey (1987). EAI has been retrieved from the NABEP at
https://www.cpc.ncep.noaa.gov/data/teledoc/ea.shinflast accesse@ May 2019). The
comhbination of the tvo climate modes is crucial for better attributingave parameters
and SS variability changes in largscale atmospheric circulation at different tinseales.

4.2.2 Wave interannualvariability

The interannual variability lsbeen evaluatedor the SWH The Figure 4.2.2.1 shows
the annual correlation results between the SWH of the different datasets and the NAO
index. The correlation is positive and significativev@fue<=0.05) in the north Atlantic
European coast, including the east zon¢hef North Sea, the Norwegian Sea and the north
zone of the Baltic Sean other zonedlike the coass of the west Mediterranean Sea,
including the Adriatic Sea and the Black ,3ba correlation is negative and significative.
Therefore, the NAOI explaife interannual variability of SWH: an increase of the mean
values of SWH is explained with an increase of the NAOI in the zones with positive
correlation values and a decrease of the NAOI in the zones with negative correlation values.
The results obtained in the different datasets show the same patterns, so the results are
coherent and prove that the relationship will exist in other wave parameter datasets.



https://crudata.uea.ac.uk/cru/data/nao/
https://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml
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Figure 4.2.2.1: Annual Pearson’s correlation coefficients between the SWHtentIAQI for the wave parameters datasets for
the common period (198@2002).

The annual correlation has been also calculated with the SWH and EA index, the results
are shown in the Figure 4.2.2.2. The correlation values are positive and significarti@ver t
Atlantic Ocean and some small zones in the Baltic Sea and negative over the Mediterranean
Sea, Norwegian Sea and south coast of the Black Sea. The summary of the results is that an
increase of the EA index is related with an increase of the mean valll84&H in the west
zones of Europe and a decrease in the east zones of Europe, excluding the North Sea where
the correlation displayegligible relationships
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Figure 4.2.2.2: Annual Pearson’s correlation coefficients between the SWH and the EAI fomtleeparameters datasets for
the common period (1982002).

4.2.3 Storm surge interannuavariability

The SS interannual variability silaeen compared with the NAOI and EAI. The annual
correlation results between the SS and the NAOI are shown irdhes4.23.1. The results
showa high correlation between the NAOI and the SS variability. The values are positive
and significative over the north European coast (North Sea, Baltic Sea, Norwegian Sea and
North Atlantic) and negative over the south European coasept the east coast of the
Mediterranean Sea where the results are not significative. In addition, the results are the
same for the analysed datasets, so the results are coherent.


























































































































































