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Abstract. We present a study on expected wind wave sever-1 Introduction
ity changes in the Adriatic Sea for the period 2070-2099 and
their impact on extremes. To do so, the phase_averaged speEhe distributions and intensity of wind fields over the
tral wave model SWAN is forced using wind fields computed Mediterranean Sea (Fig. 1) are expected to change during
by the high-resolution regional climate model COSMO- the 21st century planning horizon, as a result of the anthro-
CLM, the climate version of the COSMO meteorological Pogenic climate change due to the enhanced greenhouse ef-
model downscaled from a global climate model running un-fect (IPCC, 2007). Estimation of wind changes (e.g., Rockel
der the IPCC-A1B emission scenario. Namely, the adoptec@nd Woth, 2007) is fundamental, since wind forcing plays a
wind fields are given with a horizontal resolution of 14 km key role in controlling several aspects of the ocean dynam-
and 40 vertical levels, and they are prepared by the ItaliariCs. In the Adriatic Sea (located in the northeastern sector
Aerospace Research Centre (CIRA). Firstly, in order to in-Of the Mediterranean Sea; see Fig. 1), the most visible and
fer the wave model accuracy in predicting seasonal variabilimpacting results are related to flooding or high wave condi-
ity and extreme events, SWAN results are validated againstions, coastal vulnerability and erosion processes (Carniel et
a control simulation, which covers the period 1965-1994.al., 2011). In addition to this, dominant winds play a major
In particular, numerical predictions of the significant wave role in triggering the associated surface stresses, which affect
he|ght Hs are Compared against available in-situ data. Fur-the water circulation (see, for example, Carniel et al., 2009)
ther, a statistical analysis is carried out to estimate changes ohhey also modify the heat budget by inducing significant wa-
wave storms and extremes during the simulated periods (cori€r cooling episodes and triggering the dense shelf water for-
trol and future scenario simulations). In particular, the gener-mation episodes (see Supic and Vilibic, 2005; Carniel et al.,
alized Pareto distribution is used to predict changes of storn2011). Dominant winds are also responsible for establishing
peak Hs for frequent and rare storms in the Adriatic Sea. @ vertical mixing regime that has important consequences for
Fina”y' Borgman’s theory is app“ed to estimate the Spatia|the distribution of nutrients, sediments and plankton (Boldrin
pattern of the expected maximum wave heigay during et al., 2009).
a storm, both for the present climate and that of the future In this context, since sea waves govern most of the dynam-
scenario. Results show a future wave climate in the Adriaticics of both offshore and coastal processes, there is a need to
Sea milder than the present climate, even though increases @etermine the extent to which climate change could affect
wave severity can occur locally. the frequency and magnitude of extreme events. Thus, the
prediction of wave state changes is of crucial importance to
assist coastal decision-makers with climate adaptation, and
for assessing the risk level in marine structure design and for
the operation of offshore facilities.
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3000 wave climate, is based on shifting the wave height distribu-
tion by a constant value, in order to account for the estimated

2000 future increase (Bitner-Gregersen and Eide, 2011, and refer-
ences therein). This is, though, a simplification that assumes

1000 a notion of similarity between the extreme value distributions

of both present and future data.

In terms of sea wave projected changes, Lionello et
al. (2012) have recently shown how feasible is estimating the
-1000 sea severity from future scenario simulations using regional
climate model fields without the need of a statistical down-
-2000 scaling (as it was previously done in Lionello et al., 2003) nor
the need to tune the wind fields magnitude to compensate for
-3000 speed underestimation (Lionello et al., 2008). For example,

Lionello et al. (2012) used the wave model WAM (WAve pre-
Fig. 1. Orography and bathymetry of the Mediterranean region. Thediction Model) to investigate extreme wind wave and storm
Adriatic Sea area (delimited by a square) extends along the NW-SEsurge in the northern Adriatic Sea. WAM was set at a lat-long
direction from 40 to 46> North, with length of about 750 km, and  resolution of 0.25 (x25 km) and forced by wind fields com-
an average width of about 150 km. puted by RegCM (Pal et al., 2000) at 0°2668-60 km) resolu-
tion, under A2 medium-high emission and B2 medium-low
emission scenarios (see IPCC, 2000).

Along this line of thought, and in accordance with the
model resolutions suggested by Lionello et al. (2012), the
present paper aims at quantifying the changes of waves and
their extremes in the Adriatic Sea (see Figs. 1-2), compar-
ing the present conditions with those expected in the pe-
riod 2070-2099 under the A1B medium emissions scenario
hypothesis. The A1B scenario is the result of a balance of
all energy sources, and it provides a mid-line scenario for
carbon dioxide output and economic growth (IPCC, 2000,
2007). The analysis is performed using the SWAN (Simu-
lating WAves Nearshore) wave model at a lat-long resolu-
tion of 0.08 (~8 km), using winds fields produced at 0214
(=14 km) resolution. These are provided by the climate ver-
sion of the COSMO (COnsortium for Small-scale Modeling)
model, forced by the global climate model CMCC-MED,
Fig. 2. Map of the Adriatic Sea bathymetry used by the SWAN Wwith atmospheric model component provided by ECHAM5
model. The three markers show the locations used for wave meawith a T159 horizontal resolution, corresponding to a Gaus-
surements. The northern ISMAR-CNR (A) platform, and the central sian grid of about 0.75«< 0.75 (horizontal resolution of ap-
and southern Ortona (B) and Monopoli (C) buoys, respectively.  proximately 80 km).

We point out that the case study investigated in this pa-
per is a challenging test. Indeed, wind wave storms are rather

Indeed, in a risk-based approach the long-term wave statéequent in the Adriatic Sea (see, for example, Lionello et
is defined by interpolating historical storm data in order to in- al., 2012; Bignami et al., 2007; Sclavo et al., 1996). As an
fer extreme value statistics. In such analyses, an underlyinglongated semi-enclosed basin cast in the Mediterranean re-
assumption is that sea states have the same statistical distgion (see Fig. 1), the Adriatic Sea extends mostly in the NW-
bution, i.e. the climate conditions are stationary. This hypoth-SE direction, from the shallow Gulf of Venice to the Strait of
esis allows estimating a design wave (e.g., the 100-yr returOtranto, where the bathymetry is strongly marked by a deep
period wave height), extrapolating the available present datapit (Fig. 2). The most frequent winds blowing on the Adri-
Obviously, estimates of extremes depend on the accuracy aratic Sea are the so-called Bora and Sirocco (Bignami et al.,
length of the observational data. 2007), which cause high waves in the Adriatic Sea, although

However, statistical approaches based on the assumptioBora waves are generally fetch-limited. In particular, Bora
of stationarity would lead to invalid conclusions in the caseis a north-eastern, dry and cold wind, usually channelled
of climate change: in this case, the extreme value statisticthrough the Dinaric Alps and regarded as one of the cold air
must be corrected to account for expected variations. To thigutbreak (CAO) processes, while Sirocco is a warmer and
end, the typical methodology, adopted to correct the presenhumid wind that blows from the E-SE direction. It typically
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occurs during the spring—fall period of the year, and it is gen-tional non-hydrostatic mesoscale weather forecast model de-
erally less intense, warmer and wetter than Bora. Contraryweloped by the German Weather Service. Successively, the
to Bora, Sirocco is not fetch limited and therefore charac-model has been updated by the CLM-Community for cli-
terized by a progressive growth; although Bora winds canmatic applications. The updates of its dynamical and physical
attain very high speed suddenly, Sirocco can grow slowly,packages empowered applications at cloud resolving scales.
reaching the highest speeds in the eastern Adriatic regiondndeed, the model can be used at high spatial resolutions,
and generally it decreases while proceeding to the westerso that the orography is better described than that in global
coasts, as pointed out by Signell et al. (2005). They have alsmodels, where the over/underestimation of valley/mountain
shown how the resolution adopted by numerical weather preheights yields errors in orographic winds, which strongly de-
diction (NWP) systems is crucial for reproducing accurately pend upon the terrain height. The mathematical formulation
dominant and transient winds in the Adriatic region, implic- of COSMO-CLM is based on the Navier-Stokes equations
itly suggesting, among other characteristics, that numericafor a compressible flow. The atmosphere is treated as a multi-
tools with horizontal grid size smaller than 20 km can signif- component fluid (made up of dry air, water vapor, liquid and
icantly improve the accuracy of meteorological forcing for solid water), for which the perfect gas equation holds and is
wave numerical models. subject to gravity and Coriolis forces. The parameterization
This paper is organized as follows. We first provide ansettings include a Tiedtke convection scheme with a mois-
overview of the regional climate simulations provided by the ture convergence closure, a turbulence scheme with prognos-
COSMO-CLM model. Then, we present the approach fortic turbulent kinetic energy (TKE) and a Kessler scheme for
wave numerical modeling in the Adriatic Sea and the statis-grid-scale precipitation, which treats cloud ice diagnostically
tical analysis of extreme events. The wave model results aréfor further details see Bucchignani et al., 2011).
then presented, comparing SWAN outputs to data available The numerical experiment presented in this paper covers
at the ISMAR-CNR oceanographic tower and from the direc-the domain 2—20E and 39-52N, which has an extension
tional buoys of the Italian national wave metric network man- of 1968x 1326 knf. For the analysis, we use the COSMO-
aged by the Italian institute ISPRA. In particular, we consider CLM model (Bucchignani et al., 2011) running at the Ital-
the two buoys moored off the coast of Ortona and Monopoli,ian Aerospace Research Centre (CIRA) with a spatial reso-
respectively (see Fig. 2). Then, the expected future variationsution of approximately 14 km, 40 vertical levels, and out-
of sea wave storms and extremes in the Adriatic Sea are preput every 6 h (C14E5 dataset). The simulation is carried out
sented. Finally, some conclusions are drawn and suggestionsitn boundary conditions provided by the global climate
for future studies are discussed. model CMCC-MED: it is a coupled atmosphere—ocean gen-
eral circulation model, whose atmospheric model component
is ECHAMS in the T159 version, corresponding to a Gaus-

2 Numerical models and methods sian grid with horizontal resolution of approximately 80 km
and 6-h time resolution. Two 30-yr long periods covering the
2.1 Meteorological COSMO-CLM model years 1965-1994 (control run, CTR) and 2070-2099 (future

scenario, A1B) are extracted from the whole simulation that

One of the procedures to assess the climate scenario in tHasted from 1965 to 2099.
present century consists of projected climatological forcing The adopted COSMO-CLM wind products were analyzed
evaluated by means of global circulation models (GCM). and assessed in the work of Bellafiore et al. (2012), where
GCM are fundamental to understand the climate and thewind fields resulting from different regional climate models
consequences of its changes. They are, however, generallyere compared versus observations collected at four differ-
unsuitable for simulations on semi-enclosed basins, beingnt wind stations in the Adriatic Sea area. The results pre-
characterized by resolutions around or coarser than 100 knmsented showed that C14E5 dataset was the best performing
These resolutions are too poor for impact studies, since mangmong five different datasets in reproducing the mean and
important phenomena occur at spatial scales of few tens oéxtreme wind conditions in the Adriatic Sea, even if the ten-
km. In this context, the dynamical downscaling method (May dency to underestimate Bora winds was shown.
and Roeckner, 2001) can be used to drive regional climate
models (RCM), with boundary conditions provided by a
GCM. Indeed, the usage of a RCM with a horizontal resolu-z'2 Wave SWAN model
tion of about 15 km can be a useful tool for the description of
the climate variability on local scales, where the wind fields The sea surface (10 m height) wind fields obtained from the
are highly structured. COSMO-CLM simulations are used to force a wave model

In the present work, the climate model simulations are per-in order to obtain the corresponding surface wave pattern.
formed with the COSMO-CLM model (Rockel et al., 2008), Two different 30-yr-long runs are carried out, representing
the climate version of the COSMO model (see Steppeletthe present wave climate (CTR run, period 1964-1995) and
et al.,, 2003 anchttp://www.cosmo-model.ojg the opera- the expected future scenario (A1B run, period 2070-2099).
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The Adriatic Sea wind wave simulations are carried out us-independence and that they are distributed according to the
ing the SWAN (Simulating WAves Nearshore) model. SWAN same parent distribution. Under these assumptions, the mean
is a third-generation wave model that computes randomyalue E and standard deviatios, the estimate of the ex-
short-crested wind-generated waves in offshore and coastaleedance probability Py > y;} for the j largest valuey i
regions (see Booij et al., 1999). The model describes thare given, respectively, by (see, for example, Tayfun and
generation, evolution and dissipation of the wave action vari-Fedele, 2007):
ance density spectruii(w,?), » being the wave angular fre- . : :
quency, and as the wave direction. SWAN solves aradiative p _ _J . _ 1 Jjm—j+ 1). 1)
time-dependent transport equatiorfifw, 6), accounting for n+1’ n+1 n+2
the wind input, the wave-wave interactions, and the dissi- Here, n is the number of observations (i.e., the storms)
pation terms both in deep and shallow waters. GHED, 54 ; js the position of the observations in the ordered data.
0), various wave parameters can be estimated at any point Q{jote that £ is an indicator of the average return period,
thg computationgl domain. Typical output fields are the Sig'R(Hs,peak> y), between two successive storms above the
nificant wave height, hereafter denoted/#s the peak and b regholdy. Indeed, if N is the number of years covered by
mean wave periods, and the direction of mean wave propge analysisg = N /(nE), and the associated confidence in-
agation. In our simulations for the whole Adriatic Sea, the (o1 als arer* — N/(n(E +o)). Note that the variation co-
wave action is discretized with 36 equally spaced directionSygficient of E, viz. E/ o ~ \/1]], indicates that return levels
and 24 frequenciesf, geometrically distributed, such that ¢ high extremes (corresponding to small value of the vari-
fo= fu4a/1.1, with f,=0.05Hz. SWAN is run on & cOm- 56 ) are estimated with an uncertainty of the same order
putational grid with an average latitude-longitude grid step magnitude of that of the level itself.

of 1/13. On the southeastern boundary (Strait of Oranto) |5 accordance with Coles (2001), the observed POT-based
incoming waves are set to zero for simplicity, because the reqirical extreme distribution follows the generalized Pareto
gion within 100-200km of the boundary is not of primary yistribution (GPD; see, for example, Brodtkorb et al., 2000),

interest. , , , , whose cumulative probability function is given by
The SWAN model is run in non-stationary mode (i.e., the

E(w, 0) variable evolves with time), with the outputs saved "

) ) L : - peak— I
Wl_th a 3-h step. For the future scenario S|mulat|0n§, the Adri F(Hs, pea = 1 — [1+k( s, peal N 1/k @)
atic Sea bathymetry is corrected in accordance with the A1B o

mid-range emission scenario that predicts an average S&gnere 1, o, andk are the GPD parameters estimated by

level rise of 0.35 m at the end of the 21st century (IPPC, 2007eans of the method of maximum product of spacings (Shao
and references therein). Examples of successful applicationgng Hahn, 1999).

of SWAN model for the Adriatic Sea are given by Dykes et 1q account for the variability of sea states during a storm,

al. (2009) and Signell et al. (2005). we also consider the expected maximum individual wave
height, Hnax, In @ sea storm with a given history/s(ze
2.3 Wave extremes [t*,* + D]), wherer* is the time at which the storm be-

. . _ . gins, andD is the storm duration. For instance, follow-
At any point of the computational grid, SWAN yields the jng Borgman (1973) we can express the expected maximum
time evolution of the significant wave heighis(s) for the  \yave heightHmay at a given location as
given simulation time as a sequence of three hourly sea
states. Wave extremes can then be investigated in accordance
with the peaks over threshold (POT) approach, which is a v ’
good compromise between the initial distribution and the an-"" "~ / 1_eXp{/
nual maximum method (Vinoth and Young, 2011). To do so,
the first step involves the definition of sea wave storms in theHere, given a state with intensitifs, T is the associated
Hs time sequence of sea states. Following Boccotti (2000), anean wave period anBi(z| Hy) is the exceedance probability
storm is defined as a sequence of consecufiye), in which of the wave height, given by the Rayleigh and Tayfun distri-
Hs exceeds a given threshold, fixed equal to 1.5 times thebutions for linear and nonlinear waves, respectively (see, for
average value ofis(r). To ensure stochastic independency, example, Tayfun and Fedele, 2007). The main assumption of
storms with successive peaks that occur within an intervathe Borgman’s model (4) is that the sequences of wave max-
less than 10 h are aggregated together, and sea storms lima of each sea state composing the storm are stochastic in-
gering above the prescribed threshold for a time interval lesslependent (see Borgman, 1973; see also Boccotti, 2000). The
than 12 h are discarded. Finally, the peak valuBlgfor each  validation of such assumptions requires continuous measure-

In[1— P (z|H = Hy(t)]dr ydH. (3)

1
T (Hs (1)

0 0

storm is defined as an extreme and denoted@sax ments of the wave surface displacements at the buoy location
We then rank the observed extremes into the order statis- during the storm. These displacements unfortunately are not
tics: y1 > yo>...... Vi, Wherey = Hs peak, assuming their  available for the buoys of Ortona and Monopoli. However,
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during the WAVEMOD project (Prevosto et al., 2000), con- 4 : — :
tinuous data recordings were available and made it possible 150 - i?'r‘ii"f‘lfigf_gf«i?gm + 1
to really check the dependency of maxima in adjacent wave + - - AIB(2070-2099) +
records of duration 30 min, and no dependency on a statis- 3r ‘:, . . i1
tically significant level was revealed. The Borgman model XIS I . v A1
has been also validated numerically via Monte Carlo simula- S AN : /Tffi B
tions (Forristall, 2008). Note that Eq. (4) accounts for storm 2z i SN PR A S
growth and decay, and it is a key element in the long-term LSEH ++ "j\?‘f P ,fﬁ_’:/g';’ &
analysis of extreme waves (see, for example, WMO, 1998; * ‘7-5‘;}_ Rl oot
Boccotti, 2000; Fedele and Arena, 2010; Fedele, 2012). il RO R
0.5

3 Wave climate model validation T2 s 4 s &0“;' 8§ 9 10 11 12
The simulated climatic scenario is validated by compar- 4 : : — .
ing the CTR run statistics with observations. The local = = ~ Monopoli (1989-2008)
wave climate is inferred from buoy data recorded by the 3 TSR Doroma009)
Italian national wave network at two different locations 3t +
in the Adriatic Sea (see Fig. 2): Ortona (2254’ N, s 55 Wt E
14°3021” E) and Monopoli (405830’ N, 17°2236"E). ST L s .
The buoys are managed by the Italian institute ISPRA (see % 2f - :t-\:f\?:\ £, R e
http://www.idromare.it/index.php We also consider data = 1_5,;, S LA
available at the ISMAR-CNR platform in the northern Adri- * o+
atic (451883’ N, 1223053’ E). Both buoys are moored at Ir
a sea depth of approximately 100 m, while the platform is 05
located in a 16 m water depth. Observed buoy data are avail-
able for the period 1 July 1989 — 24 March 2008, while wave T3 4 s 6 7 8 9 10 11 12
heights were recorded at the platform during the period 1 Month
January 2004 — 31 August 2011 using an ultrasonic probe.
Observations are sub-sampled every 3 h using averages to al- 4 A
low a direct comparison with model outputs. For comparison, a5l IS
sequences of sea states in the model grid position closest to - = = AIB (2070-2099)
the expected buoy and platform locations are extracted from 3
the CTR and A1B runs. 95

Figure 3 presents the annual cycle of the monthly 95th per- = +
centile Hs computed by the SWAN model (CTR run: blue & 21 ot + . *,*
line) and derived from wave measurements (black line) at the 150 °% g 5—:5{;\‘:. + lf{u ,_t: 1
two buoys of Ortona and Monopoli and at the ISMAR-CNR | w373 %;3_ e W FTTH e
platform. For the future reference, A1B run data are plotted " A
in the same figure as a dashed red line. In agreement with 0.5
other recent studies (Lionello et al., 2003, 2008), no system-

atic wave height underestimation appears evident, and this 2 3 4 5 6 7 8 9
used to plague runs based on global climatological models.
More specifically, even though model results and observaFig. 3. Monthly 95th percentilels comparison between modeled
tions cannot be fully reconciled at the ISMAR-CNR platform (blue: CTR run; red: A1B run) and observed data (black) for Or-
in winter and spring, modeled and observed data reproducéna buoy (top), Monopoli buoy (center), and ISMAR-CNR plat-
the annual variability of wave cycles. A1B run results show form (bot_tom). The vertical ba_rs show the standard deviations of
a reduction of wave heights in winter, even if the changes li€V€"Y entire dataset (for graphic purposes, CTR and A1B run data
in the inter-annual variability of the wave values. are slightly horizontally shifted).

In terms of extreme values of modeled (CTR and AlB
runs) and measured data, the GPD is fitted toARestorm
peaks. To be statistically significant, the extreme event analSMAR-CNR data are not used in this analysis, since they
ysis approach requires a large number of events to be considire available for a much shorter period, viz. 2004-2011). For
ered. Because of this, for wave model validation, this analy-example Hs peaxreturn periods at the Ortona buoy are shown
sis is applied to the 19-yr long buoy datasets (therefore then Fig. 4, together with the associated confidence intervals.
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Fig. 4. Return level plot forHs peakat the Ortona buoy. Empirical iy 5 Quantile plot of the GPD fit at the Ortona buoy. Black: ob-
data (squares) are the POT values for each dataset (black: observegsed: blue: CTR run: red: A1B run.

blue: CTR run; red: A1B run). The return period is calculated in
accordance with Eq. (1), and the observed data confidence interval

is bounded by the gray area. Empirical data are compared to the | . L.
GPD results (solid lines in figure). a given storm measured or modeled at a given point in space,

Hpmax can be estimated atBorgman” using Eq. (4) and the

Rayleigh law for the short-term wave statistics. For example,
Table 1. Ortona and Monopoli goodness of fiF. _Obs: buoy da_ta; in the left panel of Fig. 6, we show a scatter plot display-
(?TR and Al1B: modeled data. R-square: coefficient of determlna-ing the Hs peakvalue of the storm sequence and the associ-
tion; RMSE: root-mean-square error. ated expe’cted values féfnax. Buoy data show an average
Hmax/ Hs peakratio equal to 2.02, while this ratio increases to

Parameter GPD-Ortona  GPD-Monopoli 2.11 for both the CTR and A1B runs. These are typical val-
R-square (Obs)  0.99 0.99 ues of sea surface waves, indicating their quasi-Gaussian sta-
R-square (CTR)  0.99 0.99 tistical nature (see, for example, Boccotti, 2000; Fedele and
R-square (A1B) 0.99 0.99 Arena, 2010). Thefmax/ Hs peakatio dependency offmax
Emgg Eng’;)) g-ggr’: g-ggr';‘ is shown in the right panel of Fig. 6. As expected (Fedele
RMSE (ALB) 0.04m 0.05cm and Arena, 2010), in Gaussian seas the rHt@y Hs peax'e-

duces asHmax increases; so rare events hallgax Hs peak
smaller than that of more frequent typical events that can
have Hyax Hs peak>2.00. For example, in the observed data
The fitted distributions of CTR and A1B results show a re- the maximum wave of a storm with a heighf,ax=28.00m
duction of the return values in the future, even if of secondaryoccurs in the strongest sea state of the storm Vid¢lpeax
order with respect to the large uncertainty of the extreme~ Hmaxd2.04~3.92 m. On the other hand, CTR results yield
events. that the same wave height can occur in a sea state with
The diagnostic quantile plot (Fig. 5) is considered to es-slightly less strength, i.6ds peak™ Hmax/2.12%3.77 m. This
timate the goodness of the fit to the theoretical GPD. Twoimplies that CTR extremes are more frequent than those ob-
fitting parameters are calculated (see Table 1): the R-squargerved from buoy data.
error and the root-mean-square error (RMSE). The coeffi- This small difference can be explained by comparing the
cient of determination (R-square) represents the correlationypical shape of wave storms in both the observed and mod-
between data and fitted model, whereas RMSE accounts fogled data. For example, Fig. 7 illustrates tHe time se-
the error in the regression. From Table 1, note that R-squarguence of storms computed by the SWAN model forced by
values are close to 1, meaning that GPD accounts for the datide climatological wind (COSMO-CLM, dashed line) and by
variance and nicely represents data, having differences in ththe wind provided by an operational meteorological model
order of 0.05m. (COSMO-17, dotted line). COSMO-I7 is the lItalian ver-
The statistics shown are based on the sea states describsbn of the COSMO model, a mesoscale model developed
by the significant wave heightls. This represents the de- in the framework of the COSMO Consortium (sesvw.
gree of sea severity, which relates to the expected maximuncosmo-model.ofg The typical storm shape is triangular
wave heightH,ax that can occur during a storm. In fact, for (see, for example, Boccotti, 2000; Fedele and Arena, 2010),
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Fig. 6. Borgman’s analysis of the storms at the Ortona buoy (black: observed; blue: CTR run; red: A1B run). Left: scatter plgt arficH
Hs peakdata. The linear fitting is superimposed to the collection of scattered points. Righ#/Ht§ peakratio with respect to kax for each
storm. The exponential data fitting is superimposed (dashed line).

6 - : : - 4 Present and future wave climate of the Adriatic Sea

In order to assess the wave severity in a climate change per-
spective, computedds are evaluated for the whole Adri-
atic Sea at all contiguous model grid locations. Even if
Bora and Sirocco wind fields are distinct meteorological
events, they are both closely related to cyclonic activity in
the Mediterranean region (see Dorman et al., 2006 and refer-
ences therein). Since the paper aims to quantify the expected
future changes in the Adriatic Sea wave severity, the results
0 are then presented showing the overall wave climate without
0 20 40 60 80 100 L . . .

Time (h) distinctions between Bora and Sirocco episodes (projected

Bora and Sirocco climate conditions can be found in Pasaric

Fig. 7. A typical wave storm shape from the obsen/gldata (solid and Orlic, 2004).
line) and.numerical simulations With two different wind forcings Based on the wave data analyzed, the Adriatic Sea mean
(dashed line: COSMO-CLM; dotted line: COSMO-17). significant wave height is expected to decrease at a rate of
about 0.05 % per year, since 1965. Indeed, the two 30-yr long

as confirmed by buoy measurements (see solid line in Fig. 75)er|ods a_nalyzed are ang enough to encompass the mtt_ar-
and by the wave field output produced by the operationala””“al climate modulations, and at the same time they still
meteorological model forcings. On the other hand, to thesatlsfythe hypothesis of stationarity of the wave climate (i.e.,

best of our knowledge, little attention has been devoted td" 30YT the expected variation is about 1.5%, less of other
investigate the storm shapes reproduced by climate modvolved uncertainties).

els, which appear to be mostly parabolic, as clearly seen in I_:igures 8 and_9 show the average a”O! the maximum sig-
Fig. 7. For given wave height, parabolic storms yield morenlflcant wave heightdds for the present climate (CTR run:

intense extremes than triangular storms, viz. COSMO-cLM1965-1994 perjod) and for the future scen_ario (ALB run:
forcings can yieldHmax value at moderateHs pea States, 2070-2099 period). The CTR run presents higher values, but

while buoy measurements indicate that to attain the saméhe difference with respect to the A1B run is small. The Adri-

Hmax requires stronger sea states. In this direction, the pre%TEIC Sea mean difference between A1B and CTR results is

dictions of COSMO-CLM vyield larger expected maximum in the order of 5% and 6%, for the average and maximum

wave heights, as depicted in Fig. 6, and modeled wave storm&s: respectively. In the future, highest reductions will be ex-
experience higheHma Hs peaktatios pected in the southern and northern Adriatic Sea, while sim-

ulations carried out show local increase i@ levels in the

central Adriatic Sea. An evaluation of the number of hours
with significant wave height greater than two thresholds (2 m
and 5m in Figs. 10 and 11, respectively) shows that this is
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Fig. 9. Maximum Hs (in meters). Numerical simulations of the present climate (left) and the future scenario (right) are shown.
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Fig. 10. Yearly average number of hours wittis greater than 2m. Numerical simulations of the present climate (left) and the future
scenario (right) are shown.
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Fig. 11.Yearly average number of hours wilf greater than 5 m. Numerical simulations of the present climate (left) and the future scenario
(right) are shown.
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Fig. 12.5-yr return significant wave heiglis (in meters). Numerical simulations of the present climate (left) and the future scenario (right)
are shown.
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Fig. 13.30-yr return significant wave heiglis (in meters). Numerical simulations of the present climate (left) and the future scenario (right)
are shown.

generally smaller for the A1B run with respect to the presentdoes not go over 3 %, and the reduction in the northern Adri-
climate. atic is limited to 10 %.

These conclusions are confirmed by the extreme value Finally, the Borgman model of Eq. (4) permits to estimate
analysis applied to CTR and A1B datasets. The extreme wavéhe geographical pattern of the maximum expected wave
analysis is based on the POT procedure applied to the two 3theight Hnax for a 30-yr long period of sea states. Results
yr long simulated periods (CTR and A1B), fitting thi& peak  for the present (CTR run) and future (A1B run) climates are
values to a generalized Pareto distributions to obtain a reshown in Fig. 14. In accordance with the pattern of maxi-
turn period curve. Figures 12 and 13 show the 5-yr (frequenimum Hs, Adriatic Sea maximum wave heights are located
event) and 30-yr (rare event) return value of the wave heighin the southern Adriatic Sea for both runs. The predicted
Hs peak respectively. Note that the 30-yr return period signif- future changes are small, in the order of 5%, leaving un-
icant wave height is the wave condition associated with thechanged the probability of single waves higher than 10 m for
maximum time interval available in the two datasets CTR most of the Adriatic Sea. The Adriatic Sea future mean ra-
and A1B. These two sets of data are assumed to be represetio Hmax Hs peakiS €xpected to remain equal to the estimated
tative of two stationary climatic conditions: the present andactual value of 2.06.
the expected future.

In accordance with the average wave conditions, the 30- )
yr return Hs peakchanges between A1B and CTR runs show® Summary and conclusions
g:)":%:( V;%);eilfgvret::ﬁeflige tﬁze;i:'l?lé\t’;/::sane?;:)erﬁgée:#;;vThe main objective of this study was to assess a possible fu-
a local inc.rease of theJ ' Lof approximaﬁely 15% in ture changes in the gst[mate of the average and extreme sea
the central and southerns,fg?iatic Sea. Wave heights prese v%/ave states over A_dnatlc Sea. Thg procedure was appI!ed 0
lower values in the northern area, with.expected reduction o svivrgu?gtgc; Lontgh g ilrilr%i?oclg ﬁi{emi;igfcgggﬁﬂrgtiﬁﬂy ;/tv |1nfs
20 % of the 30-yr returts peak The 5-yr returnHs peakval- y 9

how & similar raohical pattern. even if the incr km horizontal resolution. In the Adriatic Sea region, which
Ues show a simiiar geographical pattern, eve € INCTEASE characterized by a complex orography, this resolution was

shown to adequately reproduce small spatial scale patterns,
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Fig. 14. Borgman'’s analysis: Largest expected maximum wave hdiffix in a storm (in meters). Numerical simulations of the present
climate (left) and the future scenario (right) are shown.

46°N 1.2 The comparison between the CTR run results and avail-
able field data showed that the modeled wave fields repro-
duce to a good extent the seasonality of Adriatic Sea wave
climate, as well as the long-term statistics of wave extremes.
Noteworthy, the wave storms resulting from the COSMO-

CLM model show a parabolic shape instead of the typical

triangular form observed from measurements and reported

in literature (see, for example, Boccotti, 2000; Fedele and

44°N

42‘\1\ 02 Arena, 2010). This produces small differences in the indi-
vidual maxima wave height, here investigated by means of
0.8 Borgman'’s theory, applied to both modeled and measured
data. Nevertheless, Borgman’s analysis showed that the fu-
10°N 0.7 ture storm shape will remain unchanged, i.e. there is no ten-
12°E 14"1:. 16“]: 18°E 20°E dency of more intense short-duration wave storm events.

Fig. 15.30-yr return periodis peacbased on the GPD. Pattern of Some statistical parameters were calculated to estimate the
the Hg peaxratio between A1B and CTR results. The black dashed d!fferen_ces between the_ current and the quure wave climate
line shows the isoline 1.0. simulations. Our analysis shows that, relative to the present
level, global Adriatic Sea wave severity is likely to decrease
by 5% by the end of the 21th century. In particular, following
the generalized Pareto distribution, the mean Adriatic Sea 30-
albeit using wind products from NWP systems (Signell et al.,yr return significant wave height would decrease by 0.28 m
2005). This approach allowed to provide a high-resolutionpetween 1990s and the 2090s, with a maximum decrease of
mapping of the whole Adriatic Sea, in comparison with pre- 2.13m and a maximum increase of 0.85 m.
vious studies that were employing wind fields at about 50km  As expected, the wave height variations will not occur uni-
resolution (Lionello et al., 2008, 2012). formly across the Adriatic, with some regions experiencing
The two periods were analyzed for the simulated wind higher levels of waves and others lower (see for example
conditions of the present-day (CTR run: 1965-1994) and therig. 15). Such variations are due to the variations in the lo-
predicted (A1B run: 2070-2099) climate conditions, basedcal wind climate, in accordance with expected changes of the
on the IPCC A1B emission scenario, which is considerediwo dominant winds in the Adriatic Sea, Bora and Sirocco.
a balance of all energy sources (IPCC, 2007) and is a midcurther studies, though, are required to distinguish the Bora
line between A2 medium-high emission and B2 medium-low and Sirocco roles to produce the local wave climate.
emission scenarios. The wave simulations were performed Based on the data herein analyzed, useful suggestions can
with the SWAN model on the whole Adriatic Sea, imple- be forwarded about the future Adriatic Sea wave climate.
mented with a grid resolution of approximately 8km. The when evaluating the impact of climate change on the design
results are two 30-yr long time series of significant wave of new marine structures and on the safety of existing ones,
heights Hs for every computational cell, which has shown the design wave based on past events seems to lead to con-
an overall trend similar results with respect to Lionello et servative conditions for a future scenario. The differences,

al. (2012) in the northern Adriatic sea, where a reduction ofhowever, between the present and the future wave climate are
extreme wave events was envisaged in the future scenario

with respect to the present-day situation.
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small and comparable with the uncertainty that is associate®orman, C. E., Carniel, S., Cavaleri, L., Sclavo, M., Chiggiato J.,

with extreme events. and others: February 2003 marine atmospheric conditions and
As a final recommendation, it should be noted that when the Bora over the northern Adriatic, J. Geophys. Res.—Ocean,

dealing with climate change-related issues, improvements of 111, C03503doi:10.1029/2005JC003132006. .

the reliability level of design should require a statistical anal- PYkes: J- D., Wang, D. W., and Book, J. W.: An evaluation of a high-

. _ : . resolution operational wave forecasting system in the Adriatic
ysis for extremes that accounts for non-stationary conditions. Sea, J. Mar. Syst, 78, 255-271, 2006,
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