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Abstract. The coupling of a suite of meteorological limited area models with a wave prediction systemn based
on the nesting of dierent wave models provides for medium-range sea state forecasts at the Mediterranean,
regional and coastal scale. The new system has been operational at ISPRA since September 201z, after the
upgrade of both the meteorological BOLAM model and large-scale marine components of the origina SIMM
forecasting system and the implementation of the new regional and coastal (WAM-SWAN coupling) chain of
models. The coastal system is composed of nine regional-scale high-resolution grids, covering all Italian seas
and six coastal grids at very high resolution, capable of accounting forffihetsof the interaction between

the incoming waves and the bathymetry. A preliminary analysis of the performance of the system is discussed
here focusing on the ability of the system to simulate the mean features of the wave climate at the regional
and sub-regional scale. The results refer to twiedent verification studies. The first is the comparison of the
directional distribution of almost one year of wave forecasts against the known wave climate in northwestern
Sardinia and central Adriatic Sea. The second is a sensitivity test offféwe @n wave forecasts of the spatial
resolution of the wind forcing, being the comparison between wave forecast and buoy data at two locations in
the northern Adriatic and Ligurian Sea during several storm episodes in the period autumn 2012—winter 2013.

1 Introduction At the oceanic scale, the scientific and economic interest i

improving forecasting systems is to extend the range of a use-

In the last two decades there has been an increasing interefitl forecast in time, that is, implementing Ensemble PredicH
in applied meteorology to provide marine forecasts as by-tion Systems (EPS) to get probabilistic forecaSadtra and
product of the traditional meteorological forecasts. EventsBidlot, 2004 and couplings between atmospheric, wave and
like Katrina have compelled the improvement of integratedocean models (see, e.danssen et al2013. At the scale
systems capable of correctly simulate and forecast extremef relatively small, almost enclosed seas like the Mediter-
storm-surge events (see, eMyang and Oey2008 Sampson  ranean, it becomes likewise critical to improve the quality of
etal, 2010, while economic factors associated with both rel- the short-term forecasts in the coastal zones. In fact, since
atively new meteorological applications like weather-routing freighter usually traverses the Mediterranean Sea from east
(Saetra2004 and more traditional coastal dynamics appli- west in only a few days, it follows that the internal distanceg
cations, have encouraged the meteorological centers to exput a limit to the practical value of extended medium-rangg

pand in a field which was previously considered as pertainwave forecasts. Moving towards the shore, the interactions
ing mostly to oceanography and to coastal engineering. Thevith the sea-bottom and with morphological features as ist

process has been clearly favored by the rapid developmerands, gulfs or artificial structures become critical factors in
of reliable numerical models (e.d-he WISE Group2007).
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determining the time evolution of the wave fields along their wind dominated by highly local structures. The two wind
path. The wind-wave dynamics assumes an increasingly “lotegimes, bora and Sirocco, almost completely define the
cal” nature, until waves reach a point where the solution ofwave climate in the northern Adriatic Sea.

the stochastic wave-propagation problem can not satisfy the Clearly, bora is a kind of meteorological feature which can
conditions typical of the surf-zone, and the waves break.  hardly be reproduced by low-resolution general circulation

Given the complexity of the processes involved, there ismodels, and even by LAMs. Non-hydrostatic, very high res-
considerable scientific interest in the problem of wave prop-olution LAMs (VHRLAM) are traditionally aimed to deal
agation on many dierent spatial-temporal scales, from the with this kind of local scale (loosely defined as on the lower
global scale to the regional, local and small scale. Numericaknd of the meteorological megbscale) phenomena. With
models have been developed specialising in some particulahe availability of VHRLAMSs the expectation was that they
range, that is, deep water — global scale models, near-shomould lead to a definite improvement of local wave fore-
models, surf-zone, small-scale models. While the range otast, like in the case of bora episodes. On the contrary, even
scales on which the models are applied are widening in timethough wind fields produced by VHRLAM are more realistic
the most common approach to deal with the problem is stillin reproducing complex-terrain situations, some studies (see,
to nest diferent models from the large to the smaller scale.in particular,Signell et al, 2005 Bertotti et al, 2006 2009
If the models are similar in the formulation, as it happensindicated that their use as input of wave models have seldom
from large scale models to regional and perhaps local scale, performed better than the simple LAMs. To be fair, it must
chain of numerical models can be implemented operationallyalso be mentioned that forecast verification at very small spa-
to produce forecasts. The principal advantage of this aptial and temporal scales presents a real challenge to the tradi-
proach, when applied to closed or almost-closed basins lik¢ional methods of analysis (the double penalty issue, see, e.g.,
the Mediterranean Sea, is that there are no lateral boundarylass et al.2002. A very well resolved field (in terms of spa-
conditions to fix because all boundaries are closed. Then, ewial distribution, gradients, etc.) with an active dynamics on
ery nested model inherits boundary conditions from the parthe short time scale could be outclassed by a field having a
ent model and the important aspect to be dealt with care is theeduced spatial and temporal variability when compared with
blending of the dferent grid geometries, the parametriza- a small number (or even a single) time series. It has been sug-
tions of the models and the external forcings. gested, at least, that in the long term the use of VHRLAMs

The meteorological forcing, operating itself at the synop-would provide a better wave climate statistics due to the en-
tic, regional and at local scales, is the cause of the swelhanced variability of the local fieldS{gnell et al, 2005.
and the local wave generation, this making wave forecast to In pondering the advantages of the downscaling against
depend almost completely on the accuracy of surface windhe complexity of the procedures involved, it is important to
field. Unfortunately, the wind is hardly the easiest quantity consider that the main processes related to wave propaga-
to forecast, especially at the surface. The two main prob-ion occur in the coastal zone. For example, the formation of
lems with surface wind forecast are the parametrisation ofwave-induced currents in the region of wave bottom-induced
the boundary layer processes and the spatial resolution of thiereaking (the surf zone), and the interaction between break-
meteorological model. There are many studies in literatureéng waves and currents are crucial for the coastal dynamics
(for Mediterranean Sea see, e $ignell et al, 2005 Bertotti and the evolution of the shoreline in the long term. The dis-
et al, 2006 2009 Cavaleri and Bertotti2003 Cavaleri and  persion of pollutants in coastal areas can also be significantly
Sclavq 2006 Bellafiore et al, 2012 indicating that the use affected by the presence of waves interacting with currents
of meteorological hydrostatic limited area models (LAM) and riverine plumes or jets. Unfortunately, not all the dynam-
can dfectively improve wave forecast at regional scale, inical processes, like bottom-induced breaking dfrdction
particular where the the topographffexcts significantly the induced by obstacles, can be easily taken into account by nu-
mesoscale flow. merical models.

Due to its peculiar weather, some of the mentioned studies As far as the surf zone is concerned, the traditional wave
were focused on the Adriatic Sea, which is a small, almost-propagation models, that is, models based on the the so-
enclosed sea bounded by several mountain ranges along mdstion of the action balance equation (Séitham 1999
of its borders. The recurrent flooding of Venice, located in- Lavrenoy 2003, are not adequate to simulate the coastal dy-
side the Venice Lagoon on the north-western border of thenamics properly, and a completelyfidrent approach must
sea, is an example of how the meteorological forcing canbe considered, like 3-D Navier-Stokes (NS) equations or
affect both the regional and local scales. In fact, the flood-possibly Boussinesq or non-hydrostatic shallow water equa-
ings (named aqua alta) are related to south-easterly windSons ijlema and Stelling 2009. Due to the severe time
(Sirocco) on the entire Adriatic Sea in connection with high and computational requirements of the 3-D NS models, the
tides generating storm surges and high sea waves directeédea of considering a complete operational coverage of the
towards the Lagoon. The bora, which is an almost-katabaticoastal processes up to the shore seems definitely premature
wind forced through the Dinaric Alps at the north-easternat the moment. On the contrary, it is completely possible to
border of the Adriatic Sea, is instead an example of strongdetermine the sea conditions operationally up to tfighore
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boundary of the surf zone in a large part of the coastal ar- o

eas. Along these boundaries, wave spectra generated by th — /ﬁ /Mﬁ;\\
operational models can be stored in order to provide bound-sg / ? i W
ary conditions for the application of NS surf-zone models in »?g

case studies or in climate analyses. An operational chain of \ PN oéf\_j

wave models from the Mediterranean to the coastal scale is™™| ~ "\-. 1 S N

then aimed at not only providing the numerical forecast at :Dd % -~ ? /

the regional and sub-regional scale but also defining the surisen _' L \\A\V i

zones and determining the boundary conditions to apply for \/ﬁ e I B & \fu
NS models to resolve the individual waves, the alongshore T

and the rlp currents (See, e.gavrenoy 2003 o 3000 20°0  10°0 [} 1°E 20°E 30°E 40°E  50°E

These considerations were the rationale for the set-up inF_g ‘e 1. SIMM: model domain for the 0°1 BOLAM (red
. . . Igu . . .
the late nineties of the ISPRA Sistema ldro-Meteo-Mare ;o i o3 1o ‘0 0780LAM (blue solid line) and the 0.0225
(SIMM) and for its further, recent improvement, including .
. . MOLOCH (green solid line).
the use of higher-resolution models and the development of

the Mediterranean-embedded Costal WAve Forecasting sys-

tem (Mc-WAF). After one year from the Mc-WAF start-up massive “reforecast’ campaigiCgsaioli et al. 2013. In
(September 2012), a first preliminary evaluation of the sys-that study, five dferent BOLAM configurations were inter-
tem performance is presented here. compared on a densely-instrumented verification area. The

The paper is organized as follows. The SIMM chain andcomparison was made up by combiningfelient settings,
the advances in the meteorological and marine segments afgamely horizontal grid spacing, domain extension, initial and
outlined in Sect. 2. Section 3 illustrates the results from theboundary condition, nesting design, and code version. Thg
comparison between Mc-WAF forecast and the wave climateyptimal configuration found had 0.2&ECMWF initial and
at two diferent locations in the Tyrrhenian and Adriatic Seas. boundary conditions and a 0:0Tesolution grid (7.8 km)
The use of LAM's and VHRLAM'’s wind during three case qyer an extended domain (Fit).

studies at La Spezia, Ancona and Venice is also presented in This configuration was hence tested operationdrietti
the section. Finally, conclusions and final remarks are preet g, 2013 in the framework of the Special Observation
sented in Sect. 4. Periods (SOPs) of the international initiative HYdrological
cycle in Mediterranean EXperiment (HyMeXttpy//www.
hymex.org). In addition, a very-high, 0.022%ersion of the
convection-permitting ISAC-CNR MOLOCH modeMal-
2.1 The original SIMM guzzi et al, 2006 was implemented in cascade to the hydro-
static BOLAM for SOPs. As shown in Fid, the MOLOCH
SIMM is an integrated forecasting system, based on a casjomain covered Central and Northern Italy. This new config-

cade of several one-way nested numerical models, which hagration will be completely operational within SIMM in 2014.
been providing since 2000 hydro-meteorological and marine

forecasts over the Mediterranean basin and storm surge (acé-3 Mc-WAE
qua alta) forecasts in the Northern Adriatic SEp€ranza et
al., 2004 2007. Mc-WAF is a complex operational tool designed to merge
The SIMM forecasting system is continually updated to different scales for the generation and propagation of th
incorporate the latest results of research. In particular, atwave energy in the Mediterranean Sea. The systerfies-e
tention has been paid to the improvement of the hydro-tive in connecting the Mediterranean scale with the coastd!
static BOlogna Limited Area Model (BOLAM, developed by scale using an intermediate nesting at regional scale. In prin
ISAC-CNR: Buzzi et al, 1994 Malguzzi and Tartaglione ciple, it allows the use of altimeter data assimilation, re-
1999, since it not only provides weather forecasts over thegional and coastal surface currents, and alstedint sur-
Mediterranean basin, but also gives the input to the marindace wind fields, that is, LAM’s winds at regional scale and
models of the SIMM chain. A fully updated, parallelized VHRLAMS's winds at coastal scale. A high level of mod-

2 The SIMM forecasting system

D

—
[

BOLAM version was implemented in 2009/ériani et al, ularity in the chain implementation makes also possible td

2014H even keeping the original @.Thorizontal grid step  improve the operational system step by step, adding and tes

and domain extension (Fid). ing new areas, independently from what was implemented
before.

The marine forecast system is the operational implemen
tation of a wind wave hindcasting system which was exten
A new higher-resolution BOLAM configuration was imple- sively verified on a series of test-cases in several Italian lof
mented in late 2012 after a sensitivity study based on ecations (nghilesi et al, 2012). The system works on three

2.2 The new BOLAM-MOLOCH suite
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Figure 2. Mc-WAF: implemented regional areas. Figure 3. Mc-WAF: implemented coastal areas.

levels of nesting: the Mediterranean model passes the boundsoyrce function is evaluated using the discrete interaction ap-
ary conditions to the regional runs (F), each of which, in proximation (see, e.gJansser2008.
turn, creates the boundary conditions for all the coastal runs |t js perhaps worth mentioning that the use of the Hamil-
present in the particular regional grid (FR). tonian formulation for the time evolution of wave packets
Currently, the wind input is provided by the 0.BOLAM  implied in the equation relies on the hypothesis formulated
model: the same hourly wind fields are used by all wavepy whitham about the averaged Lagrangian (described in
models in the operational version of the system. The fore4yhijtham 1999. The consequence is that any information
castrange is 84 h, with 1 h frequency output. The system willapout the phase of the waves which constitute the actual sea
be upgraded to use the higher resolution meteorological inputate is lost. The class of wave models based on the approach
tested in the present work in the late 2014, after the complet@jescribed are sometimes named stochastic wave models as
implementation of the refined meteorological segment of thegpposed to deterministic wave models, which can reproduce

system. the evolution of individual waves (used mostly in the surf
zone).
2.3.1 Mediterranean scale In WAM, the number of directions considered is 24,

. , .. whereas the number of frequencies is 25 ranging from
The marine forecast system at the Mediterranean scale is th§ 94177 Hz to 0.4114 Hz. The bathymetry used is the general

first step of the wave operational forecast. The model use%athymetric Chart of the Ocean (GEBCO) at 30 arc-second
is the WAve Model (WAM) cycle 4.5.3 implemented on a grid resolution.

grid extending from 5.5W to 35.73 W in longitude and
from 30.0 N to 46.0 N in latitude at 130 degree resolution.

WAM is a third-generation wave model, that is, it integrates 232 Regional scale

the wave energy-balance equation: In all regional areas, WAM is implemented as in the Mediter-
OE ranean grid, except for the position and dimension of the
= +E’g - Ve = Swind + Sni + Sds, (1) grids and for the resolution, which ig@0° in latitude and

ot longitude. As shown in Fig2, the nine regional areas cov-

whereE(f,6) is the variance density spectrum of surface el- €ring all the Italian Seas are: Ligurian-North Tyrrhenian
evation, f = w/2r, is the spectral frequency,is the direc- ~ Sea, North Sardinia, South Sardinia, Central Tyrrhenian Sea-

tion, ¢y = dw/dx is the group velocity, ana andk are related ~ Sicily Channel, lonian Sea, Gulf of Taranto-Otranto Channel,

the right hand side of the equation represent the sources fdpathymetry was locally corrected in each area using the Isti-
wind-wave interaction, resonant nonlinear wave-wave inter-tuto ldrografico della Marina (1IM) digital maps.

action and dissipation, respectively. In the WAM cycle 4.5.3

the wind-generation function and dissipation terms imple-

ment the Janssen’s formulation, and the nonlinear interaction
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2.3.3 Coastal scale and coastal scale the aim of a more focused future study. Ur
_ ) fortunately, a large fraction of the Italian national wind wave
At the mqment, the_re are six coastal areas |mpl_ementedbuoy network (Rete Ondametrica Nazionale, or RON) wag
three are imbedded in the northern Tyrrhenian regional areq | vailable in the winter 2012—2013 due to serious maintel
(Carrara, Elba Island and Giglio Island), two are in the cen- ance problems. In particular, the two buoys moorgdre
tral Tyrrh.en.|an (Terracina and.th.e Gulf of Naples), and thenorth-western coasts of Sardinia and central Adriatic were
last one is in the northern Adriatic Sea. The position of theun-operational from September 2012 to June 2013
coa_stal areas Is shown in Fi8. The areas are very fiier- Nevertheless, a general evaluation of the behavior of the
ent in extension. The smallest one, Carrara, covers asurfacl%recasting system can be assessed, at least on the lohg
of abou_t 1_20< 60 km? wheregs t_he bigger one, in the north— term, by comparing the joint frequency distributions (JFD)
ern Adriatic Sea, is almost six times larger. All coastal grldsOf observed and simulated time series of significant wave
have 1240 resolution in both directions, corresponding to height Hyo) and wave direction (or observed and simu-
an horlzor_ltal cell size of apprOX|ma_ter 4Q@00 . The lated wave climate). Hence, the distribution obtained from
bathymetries are based on the regional GEBCO-IIM setsy o hourly series oHy, forecast in the 10-month period

reflned nearsh_ore by the_ inclusion of all local information September 2012—June 2013 was compared with the waVe
av‘?'IrLaeblrengg(l;Imi_r\beuasrz (i:rr1uI;ﬁsczggtgfh:rres;surigetshzf dS?::l.)Jiat climate evaluated over 12 years of hourly data at the corre
. “sponding buoy location in the period 1989—-2002. For all the
ing WAves Nearshore (SWAN) model _40'91’ cycl_e mre analyses presented in this study, forecast time series were gs-
SWAN Team 1993. SWAN s also a thlrd-generz_atmn Wave  sembled using the first 24 h of every daily forecast, starting
model, dfferlng from WAM mostly in t.h_e numerical meth- at 00:00 UTC. A preliminary analysis was aimed at extract-
ods used and in the presence of additional source func:tlonﬁ1g a set of independent values K from both the time

n Eﬂ (? for Shf”(.)w water rlslpphcanons. it hseries. As a first step, individual storms (continuous period

€ forecasts In (_:oasta areas are very sensitive to t_ for which Hno is over a given threshold) were identified on
cqrrect parar_netnza_t ion of _the phyS|_caI processes, that Sthe assumption that fierent storms are separated by at leas
wind generation-whitecapping, shoaling and bottom refrac—48h of “calm” sea Hnp < & given threshold). Then, for each

tion. Consequently, it is very important to determine in eaChstorm the maximum value was taken as representative of the

case which combination of numer|cal SChe_mes gives the bety, oy The procedure was exactly the same used to statis}i-
ter results and how smooth is the transition from the re-

cally analyse the extreme wave events in the Mediterraneg

gional to the coastal scale. Tests in all areas indicated tha%ea. a full description of the methodology can be found in
for wind generation and white-capping dissipation, the non'lngh,ilesi et al (2007

linear saturation-based scheme describetfan der West-
huysen et al(2007 gives the best results and a good cou-
pling between WAM and SWAN at fierent scales (sde-
ghilesi et al, 2012.

o

>

The hypothesis that the distribution of independent events
extracted from the forecast series was identical to the dis
tribution of the independent events extracted from the buoy
time series was consequently tested. In order to test the hy
pothesis, the U Mann-Whitney-Wilcoxon test (hereafter U
3 Test and upgrade of the system test) was applied on both the distributions of independen

events measured and forecast at Alghero (NW Sardinia) an
Forecast verification is an important component of the sys-Ortona (central Adriatic). This statistical non-parametric test
tem. SIMM meteorological forecasts have been monitoredis commonly used to decide whether two population distri-
and verified for over a decade and there is a well-establishetutions are identical without assuming them to follow any
methodology (see, e.gGasaioli et al.2013 Mariani et al, known distribution (for more information and applications
2014, which drives the evolution of the meteorological see, e.gMood et al, 1974 Wilks, 2011). In particular, given
chain of models. Marine verification, implemented originally two samples of independent data and without assuming the
for deep water forecastSperanza et gl2007), is now be-  data to have normal distribution, it allows to decide at the a
ing extended to check also the new coastal system. Due tpriori significance levep = 0.05 whether the data have iden-
the nesting procedure, accurate forecasts in deep sea aretiaal distribution or not. If the result of the tegi,value, does
necessary condition for good forecasts in coastal areas, thusot exceed 0.05 the null hypothesis — that thedence is
marine forecast verification is still a key factor in the assess-due to random sampling — is rejected, and it is concluded
ment of the reliability of the whole Mc-WAF system. Several that the two populations are distinct. If theevalue> 0.05,
aspects have to be considered: the climatological, long-ternthe test do not support the rejection of the null hypothesis.
reliability of the forecasts, the accuracy in the forecast of sin-
gle storms as compared to buoy or satellite data, and the relié 1 Alghero
ability of the forecast for a given event in terms of probability
of occurrence. In this paper, only the first issue is consideredTime series of data and forecasts refer to the position
being a more thorough analysis of the problem at the regionafl0.545 N, 8.01T E, corresponding to a water depth of 90 m.

o
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Figure 4. Observed wave climate over 12 years of hourly time se- Figure 5. Simulated wave climate over 10 months of hourly time
ries at Alghero (1989-2002). series at Alghero.

The buoy is & the north-western coast of Sardinia (see ' _ . .
Fig. 2). Being directly exposed to mistral wind generated in (S€€ Fig.6) is mostly bimodal, corresponding to the two
the Gulf of Lyon, the area has experienced the highest stormgain regimes of northerly and easterly winds. The higher
recorded in the Italian seas since 1989, with maximum ob-Waves have been recorded in the northern sector, with max-
servedH g close to 10m. The buoy wave climate (F@_’ imum waves aroundt,n = 7 m. This is also the sector with
is mostly unimodal, with the higher waves and the higherthe highest frequency of occurrence of episodes Wit >
frequency occurrence of waves over thg = 2m threshold ~ 1.5m. Maximum waves exceedingmo =4m in the east-
directed toward south-east (seghilesi et al, 2001, Franco ~ €rn sector have been occasionally recorded since 1989 (see
et al, 2004. The JFD relative to 10 months of forecasts are Franco et al.2004. The polar diagrams of the JFD bfio
illustrated in Fig.5. The two distributions look very simi- and mean wave direction relative to 10 months of forecasts
lar, both indicating that the higher waves come mainly from are shown in Fig. . N
north-west, with smaller contributions from west and south- I the forecast wave climate, itis clear the presence of the
west. The set of independent values extracted from 12 year§@me directional sectors found in the observed one, one_fro_m
of buoy data have 403 records, the dimension of the set of inhorth and the other from east. However, the angular distri-
dependent events extracted from the 10 months of forecastaution of the northern sector is much more narrow and the
is 28. directional separation between the sectors is much more def-
The U test was applied to test the null hypothesis that theinite. The set of independent values extracted from 12years
measured and forecast independdpg are identical popu- of buoy data has 336 records, whereas the dimension of the
lations. Thep value turns out to be 0.8439, exceeding the Set extracted from 10 months of forecast is 22 records. The
0.05 significance level. As a consequence the null hypothesi¥ test applied to Ortona givespavalue< 0.03, which is less

cannot be rejected and the distribution of the forecast wavéhan the 0.05 significance level. Consequently, the null hy-
climate is identical to the buoy wave climate. pothesis of identical distributions is then rejected. The result

of the test is that the distribution of the forecast is not identi-

cal to the buoy distribution, the two populations are distinct

and the diferences cannot be explained purely in terms of

Time series of data and forecasts refer to the positionrandom sampling.

42.406 N, 14.537 E, corresponding to a water depth of  The consequence of the application of the U test is that,
72m. The location is representative of the climate of thewhile it is expected that the forecast system will reproduce
central and southern Adriatic Sea. The buoy wave climatecorrectly the wave climate of the western Mediterranean Sea

3.2 Ortona

Adv. Sci. Res., 11, 11-23, 2014 www.adv-sci-res.net/11/11/2014/
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Figure 6. Observed wave climate over 12 years of hourly time se- Figure 7. Simulated wave climate over 10 months of hourly time
ries at Ortona (1989-2002). series at Ortona.

related to the mistral wind, there is the possibility that the ~The test was made in two regional areas, that is, the Lig}
wave climate in the Adriatic Sea will not properly reproduced urian Gulf and the northern Adriatic Sea, and in one coastal

by the system. The fierences between the directional distri- area, in the upper Adriatic.

butions are mostly in the east sector, like if some of the north-  Given the availability of forecast and observations during
eastern episodes that should have been forecasted were eritbe period September 2012-March 2013 (which includes th
neously placed here. This is an indication that the problemfwo HyMeX SOP campaigns), threefidirent test-cases were
is in the correct prediction of the bora-easterly winds. Thisselected: the first was in early Autumn, from 25 October to1(
problem has been recently discussed from the meteorologiNovember 2012; the second was in late autumn, from 4 t
cal point of view inBellafiore et al.(2012 for the northern
Adriatic Sea. In view of the complex orography of the area, t0 26 March 2013. The test was organized as a comparisg
given that the operational BOLAM runs at Oresolution, an  between forecast and observed data at the buoy locations
improvement in the wind accuracy can be expected by simla Spezia, Ancona and Venezia.

ply increasing the BOLAM resolution or, alternatively, using ~ For Ancona and La Spezia, which are in reasonably dee
a more complex model as MOLOCH. Thffexts of the two ~ waters, the forecast time series considered were those o
methods of downscaling are discussed in the next section. tained from the outputs of WAM at regional scale. The
model was driven by three fiierent wind fields generated
with: (i) the operational 0°LBOLAM (wave forecasts indi-
cated as WAMp); (ii) the new 0.07 BOLAM configuration
During the HyMeX SOPs, a common platform was im- (wave forecasts indicated as WAM); and, (iii) the 0.0225%
plemented to compare products fromffeient numeri- MOLOCH (wave forecasts indicated as WAM). Since the
cal weather prediction models andhieiently support the  Venice buoy is moored at only 20 m depth, the fblag fore-
planning of the observing strategy of high-impact hydro- cast series considered in the comparison were obtained u
meteorological and marine events. Given the positive perforing (i) the operational WAMp as a reference, (ii) the WAM
mance of the new BOLAM-MOLOCH suite during this fore- model fed by the new 0.0BOLAM (i.e., WAMg7g), (iii) the
casting activity Ferretti et al. 2013 Mariani et al, 20143, WAM model fed by the 0.0225MOLOCH (i.e., WAMy0),

it was decided to test and quantify the forecast skill of theand, finally,iv) the SWAN model fed by the new 0.0BO-
Mc-WAF marine component when fed by the high-resolution LAM (i.e., SWANg7g).

wind fields generated with both the 0°0BOLAM and the

0.0225 MOLOCH.

3.3 Use of high-resolution wind

www.adv-sci-res.net/11/11/2014/ Adv. Sci. Res., 11, 11-23, 2014
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— Table 1. Statistics for the Ancona forecast verification.

— WAM,,,
. —e model p  bias MSE MAE mean case
. Buoy - - - 1.19 1

WAMoep 092 079 025 040 0.92 1
WAMgzs 093 089 0.16 0.32 112 1
WAMwyo 094 095 0.15 0.29 1.08 1

H,q(m)

Buoy - - - - 1.21 2
2 WAMop 082 0.73 037 047 0.87 2
WAMgss 083 0.75 037 045 0.97 2

' WAMyo 082 097 043 046 1.08 2

Buoy - - 1.29 3
WAMoep 095 1.01 0.13 028 131
Figure 8. Test-case 1: comparison between forecast and buoy data WAMgzs 0.95 095 0.11 0.26 1.19
at Ancona location. WAMyo 095 1.14 0.18 032 1.27 3

Oct 28 2012 Oct 30 2012 Nov 01 2012 Nov 03 2012 Nov 05 2012 Nov 07 2012

w w

Several statistics were taken into account for the test: the ISPRA — 0.0225° MOLOCH

. . Init.: Tue, Oct 30 2012 12 UTC Valid: Wed, Qct 31 2012 21 UTC T=+33h
correlation cofficient p), the mean square error (MSE), the _

mean absolute error (MAE), the fractional bias expressed as | = o™ ™7 7S b AR D0 00D T

the ratio between the the mean of the foreddgs and the A AT TR L g NN

mean of the observdd,, and finally the mean value éfo S N N LA S ol o

in the considered time period. PN f{ N N2 I,
s cule G

3.3.1 Deep water — Ancona

4
i
J

The Ancona buoy is located in the north-central Adriatic Sea | : 7 -
atthe position 43.82NN, 13.717 E (see Fig2), and itsdepth
is70m.

In the first test-case (see Fig), a single 5m storm was
recorded between 31 October and 2 November 2012. The
episode is related to the passage of a small but intense de«
pression over the northern part of Italy. The pressure low
was blocked for some days resulting in southerly winds car-
rying moist, warm water interacting with the dry and cold air
to the north of the Adriatic Sea (see Fi). There were in- \ [
tense rainfall episodes, aqua alta at Venice and wind-waves 0 10
exceeding 4 m in both the Tyrrhenian and the Adriatic Seas.Figure 9 Test-case 1: MOLOCH wind forecast at 21:00 UTC

As shown in Fig.8, all forecast time series closely fol- 31 october 2012, initialized at 12:00 UTC 30 October 2012 using
low the development of the storm, the mairffeience be- (.07 BOLAM forecasts

ing in the magnitude of the storm peak. Both WAMand

WAM v forecast a maximunH,y exceeding 6 m, while

WAM g7g forecast a value around 5 m that is close to the ob-first for all the series, but with lower correlations. The best
served maximum. The lag between the forecast and observetbrrelation is given by WAM-g with p = 0.83. The peak of
peaks is only one hour. The statistics, shown on top of Tathe bigger storm was slightly overpredicted by WAMand

ble 1, indicate indeed a high correlation for all the series. largely overpredicted (more than 2 m) by WAM. The peak
WAM coupled with the new meteorological suite has a bettergiven by WAMg7g was close to the observed one. The high
performance in terms of correlation and bias than those opvalue of the fractional bias obtained for WAM indicates
erational. In addition, WANjo gives a slightly better results that the large overprediction of the main event acts to com-
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in terms of MSE and MAE. pensate the underprediction in the remaining part of the time
The second test-case occurred with several small events. fieriod considered.
was observed a maximum &f,o around 2m in the period In the third test-case (not shown), there were three

2-19 December, and a peak reaching 4 nilg§ between 8  small episodes associated with south-easterly winds around
and 10 December 2012 (not shown). The statistics, reporte@.5-3.0 m. The correlation, shown at the bottom of Tdble
in the middle part of Tabld, indicate results similar to the is high for all series £=95%). In all episodes, WAMo
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Table 2. Statistics for the La Spezia forecast verification.

— BUOY

model P bias MSE MAE mean case

Buoy - - - - 1.64 1

WAMor 086 091 035 046 146 1
WAMgzs 0.92 1.23 0.64 0.6 1.91 1
WAMyo 092 132 095 075 2.03 1

Buoy - - - 149 2
WAMop 085 091 021 033 135 2
WAMgz 089 11 037 042 130 2
WAMyo 088 12 041 045 133 2

Buoy - - - - 1.31 3

WAMop 0.78 093 045 042 124 3
Figure 10. Test-case 3: comparison between forecast and buoy data WAMgz;s 0.84 1.01 053 0.38 1.29 3
at La Spezia buoy location. WAMyo 0.86 1.12 0.56 0.37 1.30 3

Mar 142013 Mar 152013 Mar 16 2013 Mar 17 2013 Mar 18 2013 Mar 19 2013 Mar 20 2013 Mar 21 2013 Mar 22 2013 Mar 23 2013

overpredicted the peak of the storm by more than 0.5m, and In the third test-case, a single event exceeding 5 m was ob

the WAMgp overpredicted two out of three peaks. WANM served between 19 and 20 March 2013 (see Edly. The

was reasonably close to the observed series during all thgvent had an abruot arowth after a small peak occurred th
period. For this event, the statistics clearly indicate that Ptg b

WAM a5 performs better than its competitors day pefore, and a short duration. The peak of the stc_)rm wa

' anticipated by a few hours by the forecasts, Wgibeing
) very close to the recorded value. WAl and WAMyo both
3.3.2 Deep water - La Spezia largely overpredicted the peak by approximately 2m, ang
The location of La Spezia buoy is in the Ligurian Gulf, po- &ll models overpredicted the small storm precursor by more
sition 43.914 N, 9.827 E (see Fig2); it is moored at 90m  than 2 m. As a consequence, thg statistics at the bottqm f
depth. The wave climate of the area is mostly unimodal, with 1able 2 indicate that the correlation is relatively low, with
waves coming from south-west. WAM vo and WAMag7g being better than the operational run.

In the first test-case considered (25 October—8 November Ne fractional bias indicates the overprediction tendency of
2012; Fig.9), a 5 mHp event was observed between 27 and the new model chain (0.0BOLAM and 0.0223 MOLOCH
29 October 2012, followed by two smaller events between 3+ MC-WAF) opposite to the underprediction tendency of the
and 4mHy, (not shown). The peak of the first event was OPerational model chain (0:1BOLAM + Mc-WAF). The
underpredicted by WAMp by more than 1 m, while both MSE of WAMyo and WAMg7g are significantly larger than

WAM 75 and WAMyo overpredicted the peak by respec- the operational run.

tively 1 m and more than 1.5 m. The two smaller events were

both also largely overprgdipted by the new suite'of Meteoro3 3.3  Intermediate-shallow water — Venice

logical models. The statistics at the top of TaBlendicate

that the new chain (0.0 BOLAM and 0.0225 MOLOCH + The location of the Venice buoy is in the north-eastern par
Mc-WAF) performed better in terms of correlation than the of the Adriatic Sea (marked in Fig8.and 11), at latitude
operational run (0<IBOLAM + Mc-WAF). On the contrary, 45.330 N, longitude 12.518E, and it is moored at 20m
they showed a larger fractional bias and MSE. depth. . _

In the second test-case, an event exceeding 4.5m was Two events withHyo around 3—4 m were observed during
recorded between 4 and 5 December, followed by twothe first episode, in the period 28 October—8 November 201
smaller events reaching 2-3m at the peak of the storm. AI(Fig. 12). In the second test-case, only one small event reach
models overestimated the most important storm, the operaing 2.5 m at the top of the storm was recorded between 7 an
tional run by more than 1 m, the others by more than 2m.9 December (not shown). In the third test-case, two simila
The smaller events were more or less closely reproduced bgvents withHyo not exceeding 2.5 m were observed betweer|
all the models. The statistics in the middle of TaBlendi- 17 and 27 March 2013 (not shown). Since the focus of the
cate a relatively low correlation for all models, similar bias study is mainly on wave peaks exceeding 2.5m, only the re
(WAM op underestimating, the others overestimating), andsults of the first Venice test-case are illustrated in the present

shown that the errors are significantly larger for Waddland ~ study.
WAM yvo than for the operational model. The case considered is the evolution at regional and Ig

cal scale of a complex meteorological condition of blocking.
It began with a bora wind, with strong north-easterly winds

n O

o

o

B

www.adv-sci-res.net/11/11/2014/ Adv. Sci. Res., 11, 11-23, 2014




20 M. Casaioli et al.: A new Mediterranean integrated hydro-meteo-marine forecasting system

25

— ANEMOMETER
—  BOLAM

201

Latitude
=
&

Wind speed (m/s)

-
=)
T

13°E
Longitude

Figure 11. Test-case 1: the 0.0BOLAM wind field (black arrow),

the WAMg,g wave height field (color filled contour plot) and a tran-
sect at the peak of the storm on 29 October. The Venice buoy is also
indicated as a black square.
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Figure 13. Test-case 1: Comparison between wind forecast and
anemometer data at Venice during the first test case.
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Figure 12. Test-case 1: comparison between forecast and buoy date
at Venice buoy location.
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Distance along transect(km)

in the north Adriatic Sea and wind speed up to 20 tnac- Figure 14. Test-case Ikhand depth along the transect in Fid.1
curring on 29 October. The wind field forecast by the 0.07

BOLAM at 00:00 GMT, 29 October is illustrated in Figj1. . .
In the same figure is marked in black the position of a 70 kmreglonal WAMs7s and the WANbe overestimated the peak of

long transect traced along the direction of the waves crosst-.he st%m;] by aplf [)oxmatelz 1 rr; Whlllerghe WAM d?\éerist; "
ing the buoy position. Few days after the first case, the wina“m_ate the peak by more t an 2m. n the secon arkbora
was strong and south-easterly in all the Adriatic Sea excep pisode, all models overes_tlmated the peak_ by approximately
in the very upper part of the basin, where it rotated IocaIIyI m.dTEe rvev%onathAMm |||mplt)9ment?jt|'(\)ﬂr1sg k%(-;]tte\rNcorre-
counter-clockwise in the north-easterly direction (see %ig. ate. " ut WAMpp has smaller bias an - The WAM

It was the result of a typical blocking situation. The wind in stat|st|c§ reflect th'e fact that the 29 October peaklwas Igrgely
this circumstances is referred to as “dark bora”, because th verestlmated. \.de datg collected on the buoy is available
southerly flux of warm and moist air which impinges against or the time period considered, even though the data qual-

the blocking cold air to the north of the Adriatic Sea carries '2’ Is not |deal.tTh§ ?omparls?ndt;etv;/ﬁen "” LA'\anndh iaht
dark clouds and rain. This complex situation produced severé € anemometer dala corrected for the reference 1um heig
weather conditions on 1 November. indicates that the agreement between the forecast and the

; : ter data is acceptable (see E8). The compari-
The comparison between buoy data and the regional scalgnemome .
models, shown in Figl2, indicates that all the models re- son with MOLOCH and the operational BOLAM produces

produced the evolution of the two storms both in the growthvery similar results, with MOLOCH w_ind Spe‘?d jUSt. Lnis
and in the decay of the events. In the first bora episode, th&tronger than the other farecasts during the first episode.
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Table 3. Statistics for the Venezia forecast verification.

-- BUOY

model o bias MSE MAE mean case

Buoy - - - - 0.89 1
WAM op 091 095 016 028 0.82
WAMg7g 092 1.03 0.12 023 0.96
WAMwo 091 109 015 026 1.01
SWANg7g 091 131 020 030 0.95

[N

sion of the regions where the friction and breaking induced
by the bathymetry are clearly visible in the figure, in particu-
lar to the north of the Venice Lagoon and to the south, in thg

Oct 28 2012 Oct 30 2012 Nov 012012 Nov 03 2012 Nov 05 2012 region Of the Po river de|ta
Time '

Figure 15. Test-case 1. comparison between SV¥AN and

; ) 4 Conclusions
WAM g-g at Venice buoy location.

An operational forecasting system for the Mediterranean Se
] ] working at regional and coastal scale has been implemente
In order to verify whether the waves produced during a .o pling several meteorological and wave models. The syd
major bora storm propagate in deep, intermediate or shaliem js aimed to forecast meteorological events at regiona
low waters up to the buoy location, the wavelengtalong  gcale in complex orography, and is able to predict the gene
the 70km long transectindicated in Fig11has been eval-  4tion and propagation of wind waves in marine and coastal
uated using SWAR data for the predicted 4imo peak  greas. The coastal-scale simulations provide not only opef
related to the 29 October event. Figdreshows, on the neg-  aiional forecast but also the mapping of the shallow watef
ativey axis, the bathymetrji(x) along the transect scaled  5re45 and the extension of the surf zones in relation to th
as ¥100m. The produck(x)h(x) is shown on the positive |oc4) wave climate. The information gathered at coastal scale
y axis. The bathymetry along the transect up to the positiong {he pasis for the investigation of coastal scale processgs
of the buoy rises very gently up to= 20 m. From this point jixe wave breaking induced currents and interactions with
up to the shoreline the depth climbs mu.ch.more rapidly. Thejets and riverine plumes.
value ofkh< 0.5 along :_;1II the transect |qd|cate§ that, upto™ A preliminary test on the capability of the system to repro-
the buoy, the propagation of the wave is not in “deep wa-qce the wave climate features in the west Mediterranean arjd
ter”, meaning that the .phas.e velocity of the waves is nqt IN-in the Adriatic Sea has been performed. The U test was aimed
dependent oh, but neither is equal to the group velocity, 5 assess if the JFD of the events predicted in the first year ¢
as it would be if it waskh < 0.05 somewhere. It means that, \ic\WAF operativity has identical distribution as the distri-
even when the waves are relatively high, the propagation ig, sion extracted from 12 years time series of buoy data. Th
affected mainly by theféect of the shoaling. The dissipative qgts indicate substantiaffiirences in the reliability of the
effects directly related to the bottom (friction, breaking, tri- forecasts in the two areas. In the north-west Mediterraneah
ads nonlinear interaction), which are typical of shallow wa- ge4 the simulated wave distribution is in close agreemerit
ters_, are not very significant in interme_diate water. In this sit-\yith the observed wave climate, indicating that the mistral
uation both WAM and SWAN are applicable, WAM becom- re4ime is well-reproduced by the system. In the central Adri-
ing more and more overpredicting as the waves move t0 theic Seq the test concluded that the distribution of the forecas
regionkh < 0.1 close to the shoreline. is not identical to the known wave climate, indicating a pos-
The comparison beftweelﬁmo buoy data, SWANzs and  gjple systematic error in the reproduction of the weather at
WAMgzg is shown in Fig15. For Hro > 1 m there are small - ragional scale. In particular, the analysis of théfafences
d|fferences between the two model;, while for smal[ valuesyf the JFD ofHno an direction suggests that a significant
of Hip it seems that SWARs overestimates systematically. fraction of the bora events were not correctly reproduced|
Itis probaply a symptom that the Mc-WAF |mplqmentat!on In order to investigate the methods to improve the forecasts
of the nesting WAMSWAN in the northern Adriatic area is 5t sup-regional scale, several tests were made to assess the
not adequate in very low wind conditions. The statistics in hanefit of using a downscaling in areas bordered by comple|
Table 3 indicate that all series are well-correlated with the topography. In this work two dierent methods for meteoro-
buoy data. _ _ logical downscaling were applied: the refinement of the BO
The SWAN results in the coastal areas directfpeted by | AM grid in order to better resolve the orography and the

the north-easterly winds, corresponding to the bora peak ofse of a more complex, non-hydrostatic model, MOLOCH.
29 October, are shown in Fij6. The position and the exten-
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