SUB-MESOSCALE WAVE HEIGHT RETURN LEVELS ON THE BASIS OF HINDC AST DATA:
THE NORTH TYRRHENIAN SEA
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A 32-years wave re-analysis has been employed in order tdagesa extreme value analysis for the whole Ligurian
Sea (North Tyrrhenian Sea). Wave hindcast data have beamebtthrough numerical modelling implemented at
DICCA, University of Genoa, covering the whole MediterraneSea. Model outputs for wave characteristics (wave
height, period and direction of propagation) have beeraeted on 30 virtual buoys displaced in the area covering
the whole temporal domain (32-years) at hourly frequency depto develop an exhaustive wave climate analysis.
A non stationary model is presented and applied in wave climssessment with the purpose of taking account for
the dtects of seasonality in providing return level estimates. Fuaeying model employed proved to be versatile in
modeling diterent wave fields largely diversified in such kind of area amgtavhincast data apply well in order to
perform waves statistical downscaling.
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INTRODUCTION

Recent advances in extreme values theory applied to seacaath avave data have been focused on
wave hindcast data employment (Stephens and Gorman, 2@0€ha®i et al., 2007; Breivik et al., 2009;
Silva and Mendes, 2013; Sartini et al., 2014). This appra@aides directly from the necessity of building
a hindcast waves series offgtient length to properly estimate average and extremes \¢é wlamate.

Models hindcast data also overcomes possible issues givitre Imot correct functioning of buoys sys-
tems, such as lacking maintenance operations, probleresgoss calibration, data acquisition suspensions
or time frequency dferences. Numerical modelling employment allows to overetimese criticalities for
long-term wave hindcast database development and pravidesientific and the engineering communities
with reliable wave data for extended time periods. Henceifigeof wave generation and propagation mod-
els (such as the third generation spectral models) is haggting foothold with both forecast and hindcast
purposes. Their application also fully meets the stringequirement given byféshore and coastal engi-
neering in having available high and medium resolution wanelcast data taking into account of coastal
morphology and bathymetry which caffect wave parameters used for maritime structures desidninwit
local areas andftshore regions. As a consequence, extension of high-résohwave model integration
to generate a hindcast archive covering decades at medglmspatial resolution allows to perform a
complete statistical analysis for wave climate evaluatiocoastal areas.

The present work is based on the application of a third g¢ioarapectral model (WaveWatchlll) for
the developement of a long hindcast simulation (1979-201)e Mediterranean Sea in order to develop an
extensive wave climate statistical analysis on a sub-regiscale. The statistical wave climate analysis has
been developed employing either stationary and time vgrgiodel for wave extreme values estimation.
The paper briefly describes the hindcast numerical modeltlamdiata otained at first. Then, statistical
models are introduced and results obtained for a large s&ttoél-buoys displaced in the Ligurian (North-
Tyrrhenian) Sea are discussed. Finally, some considarftiduture developments are debated.

WAVE CLIMATE ANALYSIS - HINDCAST SERIES 1979-2010

The present work comes downline of a previous project exgskietween the University of Genoa
and the meteorologic Center belonging to the Regione Légurased on the development of a metocean
modelling chain for wave forecast and re-analysis in theutign Sea. More precisely, the last project
phase had the specific purpose of assessing the completeclimage of the area by means of a wave
hindcast database. To this aim, 32 years of wave simulatwaring the whole Mediterranean Sea have
been provided through an optimized and validated metoceateling chain active at the University of
Genoa (Mentaschi et al., 2013a,b).

Model and data

The hindcast database has been obtained forcing the waegagjien model with a meteorological
model. The wind forcing employed in the simulations has bgmvided by 10-m wind fields obtained
using the non-hydrostatic mesoscale model WRF-ARW versi8ri ISkamarock et al., 2008). A single
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computational domain has been defined for the WRF model, cayéne whole Mediterranean with an
almost 10 km grid resolution in latitude and longitude on anbart conformal grid. For the wave gener-
ation and propagation numerical modeling the third gefmaravave model Wave-Watchlll, version 3.14
(Tolman, 2009), has been implemented for the descriptitineMediterranean basin on a regular grid with
a resolution of 0.127230.09 degrees, corresponding to almost 10 km at the latittid&°®, and ETOPO1
data has been used for the interpolation on the computatipithof the bathymetry. Wave time series,
then, have been extracted on 30 virtual buoys uniformlyldegm across the Ligurian Sea (see figure 1a
where are reported just a limited number of the virtual b)iaysmenclature and geographic coordinates of
a selection of buoys are listed in table 1. Virtual buoys ldispment has been assessed along the entire lig-
urian coast in order to take account for wave features vaniatdue to both dierent meteorologic forcing
and coastal morphology. In the framework of the above maetiqroject a study about wave climate of
the area in terms of inter-annual and seasonal variabilithieomain wave parameters has been developed
(Besio et al., 2014); a new step in performing extreme wawadyars is here given trying to incorporate the
effect of seasonality in return levels estimates.

Figure 1: a) spatial buoy-points distribution across the Ligurian Se; b) definition of four main area along
the Ligurian Sea.

Table 1: Buoy-points nomenclature and coordinates. Listed buoyare the ones subject to analysis in the
present paper.

Virtual Buoy  Longitude fE]  Latitude PN]
Ventimiglia 7599118 43745062
Imperia 7993233 4317641
Laigueglia 8250000 4367525
Alassio 8246939 4397583
Savona 825000 44235000
Varazze 8685000 44296500
Arenzano 8746762 44374164
Genova 860727 44354073
Tigullio 9.280000 4400000
Riva Trigoso 9375000 44140000
La Spezia B77817 43899734

Significant wave heights monthly maxima are here employeal time-dependent version of a GEV
model (Menéndez et al., 2009; Minguez et al., 2010). Sehbehavior is introduced using harmonics in
order to model GEV parameters within a year:

PM
p(®=Po+ ) [Ba1cos(iwt) + Bz sin(iwt)] (1)
i=1

Py

YO =ao+ Y [aa1cos(iat) +azsin(iwt)] @)
i=1
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Pe
£ =y0+ ) [ya1c08(iwt) + ya sin(iwt)], ®)
i=1

whereu (t), ¥ (t) andé (t) are respectively location, scale and shape parameters\éfd&ibution, g, ag
andy, are the cofficients relative to the stationary part whilg @; andy; are the perturbations amplitudes,
w=2rT"1is the angular frequency whefle represents the years numbgy, P, and P; represent the
number of sinusoidal harmonics in a year anslgiven in years. Harmonics are introduced up to the third
order to model, respectively, the annual, the semi-annuidlthe quarterly cycle within a year of scale
and location parameters, while cycles are arrested to tandeorder for shape parameters. Secular terms
have been neglected, even if long-term significant wavehheignds have been calculated using a linear
regression applied on significant wave heights annual meugigure 2) for each virtual buoys, so they can
be easily incorporated into the model.
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Figure 2: Significant wave height trends for the buoy-points seleeid. The y?/ndf represents they? per
degrees of freedom ratio.

For each monthly maxima observation sample occurring atefpinstant, the maximum likelihood
method is employed to estimate model parameters. Clearlg, @nsequence, a large variety of models
with different degrees of freedom, ranging from the simplest onesponding to a homogeneous Gumbel
distribution to the largest parameterization with five @feharmonics P, =3, P, =3 andP;=2), is
available in order to represent as best involved dataset.

The importance in introducing harmonics in order to modekseaal behavior could be synthetically
appreciated in Figure 3, where the stepwise algorithm dhices one by one harmonics for the sample
buoy Tigullio for a 20 years return period. Model selecti@s lveen performed using a step-wise algorithm
minimizing the Akaike information criterion (Akaike, 19Y.3
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Figure 3: Stepwise return levels for Tigullio buoy, omnidirectional sea. a) null shape parameter, number
of total parameters: 2; b) non-null shape parameter, number 6 total parameters: 3; c) the annual cycle
for location parameter, number of total parameters: 5; d) the mi-annual cycle for location parameter,
number of total parameters: 7; e) the annual cycle for scale paameter, number of total parameters: 9; f)
the semiannual cycle for scale parameter, number of total paramters: 11.

Results

The whole study has been focused on the complete statistieahcterization of the area. More pre-
cisely, before performing the non-stationary extreme wamalysis, the following topics have been inves-
tigated for first:

e application of Rayleigh statistics in order to study anrarad seasonal variability of the wave inte-
grated parameter$i, Tr, Om,- - - );

¢ study of probability density functions of the main wave paeters in function of both mean and peak
direction;

e study of joined probability of occurrence for the pairs siigant wave heighipeak period and signif-
icant wave heighitnean direction.

Analysis of results reveals a marked tendency of the wawdsfieel pattern aggregation (Figure 1b). A
first overview points out to four flierent wave patterns whose features mainly depend on bottiffeeent
local meteorological perturbation regimes pertainingn® @area and, thus, on th&shore wave exposure
conditions, and the available wind fetch. More precisefytst area identified by the western virtual buoys
up to Laigueglia location reveals a good exposure to Sowtst\Wong-fetch winds while the short-fetch
ones have a limitedfgect (area A). A good opening to the South and South-East iénalso shown. The
second neighboring area includes points up to Savona bubg@mes to be the meanly less exposed to
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offshore waves generated both from the South-West, South ant-East winds (area B). This feature is
probably due to both the coastal positioning, particulahgltered from the South-West and South winds,
and the limited wind fetches extension, even though thetBkast sector should be the most exposed in the
area. Third sector limited by Arenzano and Tigullio buoythis northerest of the Ligurian coast and shows
a significant exposure to the South-West events, correspgad the dominant and prevalent sector, and
also a good contribution given by the South (with fetch shotttan the South-West ones) and South-East
(with fetches such enough extended but with limit@i@ets due to the coastal morphology) seas (area C).
Finally, the last eastern area is characterized by a largesexe to both the long and short-fetch South-
West winds, with marked seasonal variability (area D). Bdtast events are practically negligible due to
the coastal morphology and the very limited fetches.

A marked seasonality is observed for all the integrate wawantities; in particular the intra-annual
assessment of monthly significant wave heights can be apfeddn Figure 4 for a selection of buoy-
points displaced on the whole area.
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Figure 4: Box plots of month-type significant wave heights for Veritniglia, Laigueglia, Imperia, Genova, La
Spezia and Tigullio buoys. Box limits represent respectively first andhird quartile, while the line identifies
the median. Dashed lines represent values smaller and greater resgtively than the first and third quartile;
exceeding points represent outliers.
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Ventimiglia Laigueglia Imperia Genova La Spezia Tigullio

Bolm] 2.34 226 267 221 279 266
(0.02) (002) (003)  (003) (005) (004)
B 0.49 053 - 0.42 049 057
(0.03) (003) (004) (006) (006)
B2 0.18 012 - 0.08 Q10 008
(0.03) (004) (004) (Q07) (006)
B3 - - - - - 0.01
) 00)
Ba - - - - - -0.14
©) (0.06)
B - - - - - -
B - - - - - -
ao[m] 0.74 074 041 052 Q10 021
(0.05) (004) (005)  (003) (005) (004)
a1 0.22 017 012 - 0.26 023
(0.05) (005) (005) (005) (005)
az -0.03 -0.01 -0.01 - 0.10 008
(0.03) (005) (-0.05) (Q05) (005)
as - —-0.09 - - -0.07 -0.15
(0.05) (005) (005)
e - —-0.04 - - —-0.06 -0.09
(0.05) (003) (005)
as - -0.12 - - - -
(0.05
e - -0.01 - - - -
(0.05
yo[m] -0.17 -0.16 -0.02 -0.01 -0.18 -0.13
(0.03) (003) (003) (004) (003) (003)
" - - - - - -
2 - - - - - -
s - - - - - -
Y4 - - - - - -
| -28250 -28188 -40754 -41256 -52616 -49752
p 7 11 5 5 9 11
AIC 5350 5197 7851 8011 2507 1022

Table 2: Summary of harmonics parameter estimates and models AlCriterion for all the virtual buoy-
points, omnidirectional seas.

Extreme waves analysis performed on both the omnidiregtiand dominant seas, defined as the
most energetic sector on the basis of @&622ngle-bin, well retrace previous considerations, addiag a
further evaluations about the seasonality behavior showvthé diferent virtual buoys by means of the
non-stationary GEV model employment. More precisely, fiiect of seasonality in providing return levels
estimates partly validates waves patterns arrangemeatwaak virtual buoys show fierent seasonal lev-
els, expressed in term of involved model parameters, intiomof pertaining area. In figure 5 significant
wave heights return levels in function of defined return qésifor such selection of points (Ventimiglia
and Laigueglia represent the two far ends of the first sebtgreria belongs to the second one, Genova
to the third and Tigullio and La Spezia lie into the fourth pésplaced across the whole area are pro-
vided. Control parameters of each model selected are egparttable 2. Results reveal upper middle
seasonal level, expressed in terms of number of involvednpaters equal or higher than 6, on thel@
observed scale, for both the far ends points of the areaciedigefor the eastern ones, while lower values
are reached for points belonging to the second area. It iposdible to appreciate seasonalifieets as
well for Genova location probably since cycles found by nseafibest model choseritact only the loca-
tion parameter, while the scale one keeps constant (figyvar&l a and b). It's also due to underline that
non-stationary GEV model seems to be unable to represemsatsbasonal level observed for La Spezia
buoy (which reaches up to 9 parameters, table 2); underasihneturn levels with respect to the expected
one (Sartini et al., 2014) are here provided.

This behavior remark a critical issue largely discussedéndture (Coles, 2001; Castillo et al., 2004;
Méndez et al., 2006; Holthuijsen, 2007; Thompson et al.92MMazas and Hamm, 2011) in using identical-
distributed maxima in extreme values analysis; in this gjgecase the model is not versatile enough to
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Figure 5: 50, 100 and 200 years return levels for Ventimiglia, Laigudip, Imperia, Genova, La Spezia and
Tigullio buoys, omidirectional seas.+ symbols indicate significant wave heights monthly maxima.



8 COASTAL ENGINEERING 2014

4 T T T T T T T T T T 2 T T T T T T T T I T
mperia ——
35 B Tigulio ——
La Spezia

7 15 F Ventimiglia

25 F 3 Laigueglia
— 1= | _
>
15 onova — M
1 Tigulio —— | 05

La Spezi

05 | a) Vei!in‘:wegZI:: . b)
Laigue?lia
0 1 1 1 1 1 1 1 1 1 O 1 1 1 1 1 1 1 1 1 1
J FM A M J J A S O N D J FM A M J J A S O N D
Time (yearly scale) Time (yearly scale)

04 T T T T T T T s T

avona

03 Alassio ——

Bergeggi —— i

0.2 | Varazze
0.1 Arenzano

0
-0.1
-0.2
03} C) 4
0.4 1 1 1 1 1 1
J F M A M J J

Time (yearly scale)

(t) [m]

u(t) [m]
N}
T

&(t) [m]

> |
n
o}
z
O

Figure 6: Intra-annual variability of models parameters ((a) location parameter, b) scale parameter and c)
shape parameter).

model higher sea waves and the adoption of significant waightsemonthly maxima causes remarkable
changes in significant wave heights cumulative distrilsutibhe adoption of a Peak Over Threshold (POT)
model could overcome the flaw given by identical-distrilbuteaxima models in modelling higher sea
storms.

Nevertheless virtual buoys belonging to the west-middéa&xhibit lower seasonal levels as expected
on the basis of previous areas clustering, an interestiaigife is given by the shape parameter behavior;
while it is not common in the Mediterranean Sea to find cyclesttape parameters (Montagna, 2011),
and this is the reason why in the present work two harmonies haen considered enough in representing
annual variability, shape cycles are here strikingly pned$er a limited number of virtual buoys mainly
belonging to the less-exposed area (figure 6, panel c). licphr, it is clear a range from fierent types
of tail distribution, expressed by the shape parameteirtgrfnom negative to positive and conversely, for
all the location, with the exception of Savona buoy wheretaMgbull tail is detectedq < 0 for Weibull
distribution). Even if buoys belonging to this coastal aheae shown minor seasonal levels expressed
in terms of number of involved parameters detectgtbots induced by shape parameter harmonics are
marked in providing return level estimates (see for exarfglels for Arenzano buoy, figure 5, for a 20
year return level). For sake of completeness, traditionatal return level estimates are provided in order
to evaluate the total envelope given by intra-annual cbutions (Figure 7). 95% confidence levels are
estimated through the delta method (Rice, 1994).

Analysis has been also extended to the dominant sea; thesmeiior of incoming fishore waves is
automatically detected by the algorithm, opening aatgle fixed on. In table 3 all the parameters related to
the best models selected in the case of dominant seas aréedbptirect comparison with omnidirectional
results reveals higher seasonal levels, expressed in tdrmsnber of involved parameters, for La Spezia
location (11 parameters), with a little peer trad&#o reduced level for Tigullio buoy (9 parameters). This
specific pattern seems to be more realistic, in line with Eaast assessment and with the assumption of
increasing seasonal values moving toward the eastern ¢ar@learly, the &ects of seasonality induced
by short and long fetches south-west meteorological fgrisnbetter detected incorporating directional
seas in the time-varying model. Even though central sedttirecarea should provide intermediate levels,
extension of analysis to the directional seas seems to bd@bhther the specific assessment of both full-
regime South-West and South-East seas which sometimes iocthe area during the year. This is the
specific case of La Spezia location, whose intra-annuatmdavel distribution (figure 8) better reflects
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Ventimiglia Laigueglia Imperia Genova La Spezia Tigullio
Sector 17%+2205 1755+2205 1755+ 2205 1575+ 2025 21Q7 +2557 2115+ 2565
Bolm] 1.83 118 261 265 270 297
(0.03) (004) (004) (003) (006) (005)
B 0.28 027 - 0.30 048 047
(0.05) (005) (004) (007) (007)
B2 -0.05 -0.25 - -0.11 015 013
(0.04) (005) (004) (008) (007)
B3 - - - -0.05 - -
(0.04)
Ba - - - -0.06 - -
(0.04)
Bs - - - - - -
Bs - - - - - -
ao[m] 0.41 038 029 062 Q77 121
(0.03) (005) (003) (005) (004) (005)
ay - 0.15 014 017 025 027
(0.05) (005) (005) (004) (004)
a - -0.14 -0.01 -0.14 007 009
(0.04) (-0.03) (005) (005) (004)
s - -0.02 - -0.19 -0.14 -0.13
(0.05) (005) (005) (005)
g - 0.13 - 0.01 -0.07 -0.09
(0.05) (004) (004) (005)
as - - - - 0.06 -
0 (0.03)
g - - - - 0.07 -
0 (0.03)
yo[m] -0.27 -0.21 -0.02 -0.07 -0.19 -0.18
(0.03) (004) (003) (003) (003) (003)
71 - - - - - -
2 - - - - - -
3 - - - - - -
74 - - - - - -
| -38245 -41314 -43562 —349583 -55848 -54927
p 5 9 5 11 11 9
AIC 75091 80028 8432 67516 1089 1074

Table 3: Summary of harmonics parameter estimates and models Al@riterion for all the virtual buoy-
points, directional seas.
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Figure 7: Return levels for Ventimiglia, Laigueglia, Imperia, Genova, La Spezia and Tigullio buoys, omidi-
rectional seas.

higher seasonal levels pertaining of the area than omuiitireal results provided. None enough marked
different swing is registered instead for Tigullio buoys, simmelel selected provides scale harmonic cycles
set-up very close to the omnidirectional ones. Openingoséstwide enough to collect both thdfects;
time-dependent model such configured provides higher sabksyel for Genova location (11 parameters),
while on average intermediate levels (5-7 parameters)egjistered during the yearly average assessment.
Clearly, this tendency reflects upon the intra-annual refewels distribution, which comply with maxima
aggregation (figure 8, Genova ).

The opposite behavior, instead, is observed in the westéeno$ the coast; time-varying model ex-
tended to the directional seas reveals minor levels for &@vn location Ventimiglia (5 parameters) while
higher ones are found for Laigueglia buoy (9 parametersigtwil located at the joining of the first western
area and the less energetic stable second one. This bebamibe explained with a not enough wide sector
on the dominant direction for Ventimiglia buoy, which indks partially southern events; joint action of
South-East and South winds probably plays a key role fottimea sited in this part of the area. These ef-
fects translate in similar but more platicurtic intra-aahdistribution (Figure 8, Ventimiglia). In the specific
case of Laigueglia buoy, instead, coastal morphology friyiaduces significantféects of wave field; as
a consequence of buoys positioning near a cape, wave fidttfeezonal &ects raising from the encoun-
tering of South-West and South-East winds strengthen bglisband refraction phenomena induced by
the coastal assessment, with upper middle seasonal behasia consequence, intra-annual return levels
exhibit a completely dferent trend with respect to the omnidirectional one (figuréagueglia), since
analysis is led on a South-West centered sector, while, gzosed, South-East winds plays a key role as
well. Results remark similar trend for Imperia location (fig 8), and, more in general, for locations sited
in the second area, strengthening thus zonal stabiliztiegts played by this tract of west coastline.
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Figure 8: 50, 100 and 200 years return levels for Ventimiglia, Laigudip, Imperia, Genova, La Spezia and
Tigullio buoys, directional seas.+ symbols indicate significant wave heights monthly maxima.

Annual results reveal also, as expected, on average highesvin the log-likelihood function; higher
confidence levels in providing return levels estimates artiqularly noticeable for the western and central
buoys (figure 9). As expected, analysis extended to dineatiseas provides also higher return levels, with
the exception of Ventimiglia buoy (figure 9), where the jugtisosed requirement in opening mainly sector
to the south events finds here further proof.

CONCLUSIONS

Wave climate in the Ligurian Sea has been defined by meansafi-atationary GEV model. To this
aim, 32 year of hourly wave hindcast data representing 30alibuoys equally displaced in the study
area have been employed. Analysis of results obtained fonpging extreme wave analysis has revealed
that wave features ardtfacted by a significant seasonality mainly due to the weatbdugbation regimes
occurring in the area during fierent seasons. Furthermore, some virtual buoys experiesseeasonal
variability due to shading and refractioffects triggered by the morphology of the Western Liguriarstoa
line under South-West sea storms. Upper middle seasoredtlave reached in the central part of the gulf
basically due to the higher storms induced by simultaneouslions of live sea generated by both the
events coming from the South-East and South-West waveshighest seasonality behavior is noticed at
both the far ends of the gulf, with major emphasis on eastaations, probably due to the joiffects given
by the coastal morphology and the marked seasonality tiypi¢he long-fetch and short-fetch South-West
meteorological forcing standing on the areas. Thus, tiegeddent GEV model proved to be quite ver-
satile in modelling dierent wave conditions and the non-stationary configurdiamsbeen successful in
representing dierent seasonality levels.

The present work open also the way to ongoing in-depth aisalygh the purpose of comparing results
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Figure 9: Return levels for Ventimiglia, Laigueglia, Imperia, Genova, La Spezia and Tigullio buoys, direc-
tional seas.

provided by statistical and dynamical downscaling perfedrby means of suitable numerical models able
to detect as best coastal processes.
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