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Abstract. A coastal forecasting system was implemented tointeractions with the atmosphere, sea currents and the sea bed
provide wind wave forecasts over the whole Mediterraneanis, today, a successful and established theory. As illustrated
Sea area, and with the added capability to focus on selecteldy Lavrenov (2003 andJansser{2004), our knowledge of
coastal areas. The goal of the system was to achieve a rephe interactions between atmosphere and ocean has signifi-
resentation of the small-scale coastal processes influencingantly improved since the seminal paperdbillips (1957
the propagation of waves towards the coasts. The systerandMiles (1957. In particular, the use of the kinetic equa-
was based on a chain of nested wave models and adoptdbn to describe the evolution of the wave spectrigoren
the WAve Model (WAM) to analyse the large-scale, deep-seaet al, 1984 paved the way for the development of mod-
propagation of waves; and the Simulating WAves Nearshoreern numerical methods for simulating the dynamics of wind
(SWAN) to simulate waves in key coastal areas. Regionalwaves. Over the last 30 years, wave modeling has been in-
intermediate-scale WAM grids were introduced to bridge thecreasingly used in a variety of applications, from ocean fore-
gap between the large-scale and each coastal area. Even agasting to wave energy production and coastal management.
plying two consecutive nestings (Mediterranean gsidre- A full discussion of the subject would be totally beyond the
gional grid— coastal grid), a very high resolution was still scope of the present work, but thorough accounts of the state
required for the large scale WAM implementation in order of the art and the prospects for improvement of wave models
to get a final resolution of about 400 m on the shores. Incan be found irHolthuijsen(2007), the WISE Group(2007)
this study three regional areas in the Tyrrhenian Sea were seandKomen et al(1994). Like many other geophysical phe-
lected, with a single coastal area embedded in each of thermomena, waves can be studied on very different space and
The number of regional and coastal grids in the system couldemporal time scales (we refer to Sect. 1L.@yrenoy 2003
easily be modified without significantly affecting the effi- for a discussion of the relevant spatial and temporal scales for
ciency of the system. The coastal system was tested in threthe physical processes associated with wind-waves). Ocean
Italian coastal regions in order to optimize the numerical pa-storms belong to large scales and are mainly related to the
rameters and to check the results in orographically complexprocesses of wind momentum transfer, nonlinear transfer,
zones for which wave records were available. Fifteen stormcurrent refraction and turbulent dissipation of energy. As
events in the period 2004-2009 were considered. waves move toward the shoreline other, physical processes
become important, viz. refraction induced by sudden vari-
ations in depth (or by coastal currents) and shoaling. Since
the forcings now become increasingly dependent on regional
1 Introduction currents and local variations in bathymetry, the scale of the
problem becomes smaller. In most situations the two types of
The nature of the generation of wind waves and their prop-waves can still be analyzed within the framework of the same
agation in time and space has been thoroughly investigate¢heory. As a result, a third generation wave model like WAM,
over recent decades. Although the understanding of the probwhich efficiently solves the kinetic equation and the source

lem is still incomplete, the physical description of the spa- functions in order to give global and regional forecasts, can
tial and temporal evolution of the wave spectra subject to the
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be combined with other models like SWAN that are more | &°E 12°E 16°E 20° E
oriented towards propagation on the coastal scale. We re-46 N v
fer to Komen et al.(1994 and Jansser{2008 for a com-
plete description of WAM, and tBooij et al.(1999 andThe
SWAN Team(1993 for information on SWAN. Given re- 44N /\q
cent advances in the availability of computer power, it has :
become feasible to use chains of numerical models in order . (l%}-g
to connect the wave propagation from the large to the re- %\} ‘

gional/coastal scales. The resulting system might provide not
only large-scale wave forecasts based on synoptic-scale winc ﬁ

and satellite data assimilation, but also a realistic ongoing de-
scription of the coastal processes in smaller regional areas 40
Studies focused on waves in the Mediterranean Bedtti

and Cavaleti2009 Cavaleri and Sclay@®006 Bertotti and .
Cavalerj 2006 Komen et al. 1994 are in agreement, argu- 38 N )

-'j\}"\'k =
ing that due to the small scale geographical features of the M?/ﬁ? ‘\\\J

.

region, wave numerical forecasts can only be accurate wher
waves and surface winds are defined with a resolution finer 36 N
than 1/3 of a degree at the minimum. On the other hand
asBertotti and Cavaler{2009 observed, improved resolu-
tion (in the meteorological model) does not automatically
mean improved accuracy (in wind and wave forecasting), es-
pecially when the increase in wind resolution is obtained by
the use of limited area models. A dimensional analysis ofshort term (2 days) meteorological forecasts for the Mediter-
the spectral energy density in the case of fixed fetch can beanean Sea area with 0.1/0.1 degrees Lat./Lon. resolution.
used to estimate the relative error in significant wave heightThe meteorological model used is the BOlogna Limited Area
(Hs) in terms of relative error in wind speed’} (Polnikov Model, or BOLAM (Lagouvardos et gl2003 Buzzi et al,
et al, 2008 as‘%is = %. Consequently, in deep waters the 1994. The SIMM has been operational since 2000 and un-
accuracy of wave forecasts is largely dependent on the acderwent an upgrade of its meteorological modules in 2010
curacy of the wind fields at the surface, which, in turn, is and 2011. Mediterranean Sea scale MCFS simulations are
not simply dependent upon the resolution of the meteoro-obtained by running the WAM model forced by the 3-hr time
logical model. In coastal areas, the spatial resolution of thestep wind field produced by BOLAM. The same wind field,
wave model should instead be sufficiently high to take intoat 0.1/0.1 deg. resolution, is also used for the regional and
account the refraction due to spatial variations in currentscoastal areas. The wind fields are interpolated on the dif-
and bathymetry. In the present study a resolution of 1/240ferent grids by means of a remapping procedure in order to
degrees in the coastal areas was considered adequate. Thmit the smoothing due to bilinear interpolatioAdcadia et
resolution of the Mediterranean scale model and the regionadl., 2002. The aim of the MCFS is not only to provide short-
intermediate models was chosen so as to have nesting scalerm wave forecasts, but also to determine wave climates in
ratios between two and four. shallow water so as to be able evaluate the effects of sig-
nificant storms on coastal areas. The system first connects
the global Mediterranean scale to the regional scale with a
2 The Mediterranean coastal forecasting system smooth nesting (nesting scale factor 1/2), then in the regional
areas it zooms on the local/coastal scale with a nesting scale
The Mediterranean Coastal Forecasting System (MCFS) idactor 1/4. The large-scale part of the MCFS is based on the
part of an integrated system of measurement networks antiVAM cycle 4.5 model running over the entire Mediterranean
numerical modeling tools aimed at the monitoring of marine Sea at a resolution of 1/30 degree. In some selected areas, re-
and coastal processes. Besides numerical waves predictiogjonal scale WAM implementations (at approx. 1/60 degree
the Italian Institute for Environmental Research and Protec+esolution) are nested in the large scale-grid. The compu-
tion (ISPRA) runs two real-time national marine networks: tations carried out at this level use the deep-water version
the National Waves Network (RON), and the National Tide- of WAM. Finally, the coastal models are nested inside each
gauges Network (RMN). The RON operates 15 deep wateregional grid. The coastal implementation is based on the
directional wave buoys, while the RMN manages 34 coastalSWAN cycle 2 (40.72), running at a resolution of 1/240 de-
stations equipped with meteorological instruments and tidegrees. The coastal implementation, in the current stage of
gauges. For operational forecasts, the ISPRA Hydro-Marinedevelopment of the MCFS, does not take into account re-
and Meteorological Forecasting System (SIMM) provides fraction by currents and diffraction by the topography. The

Fig. 1. Regional (black boxes) and coastal areas (red boxes) nested
in the Mediterranean Sea grid.
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Fig. 2. Position of the regional grid (black box) and coastal grid
(red box) in the Ligurian Sea.

regional areas considered in the present study are located ir
the Ligurian Sea, the Central Tyrrhenian Sea and the South-
ern Tyrrhenian Sea. The areas were selected to include both
one available shallow-water buoy (in a range of 10-50 Mgig 3. Bathymetry and position of the Carrara buoy.
depth) and a meteorological station. The bathymetry of the
Mediterranean Sea was interpolated from the General Bathy-
metric Chart of the Ocean, the GEBCO-08, 30 arc-secondiata are shown for each event in terms of the standard sta-
grid dataset. In the regional areas the GEBCO-08 and the Hytistical operators: bias, mean absolute error (MAE), mean
drological Institute of the Italian Navy (IIM) regional marine square error (MSE) and correlation coefficient. The compar-
coastal charts were merged. In coastal areas, where availablgons between simulated and busly and peak periodTp)
small-scale bathymetric data were added. In SWAN, simu-for the hourly sea states of all 5 storms in each coastal area
lations of the bottom dissipation effects were calculated us-are illustrated by means of scatter diagrams. For each coastal
ing a constant friction coefficient depending on the prevailingarea a single significant event is also described in terms of
wind sea or swell conditions. Triad wave-wave interactionscomparison of measured vs. hindcast (SWAN) time series of
were considered by means of the Lumped Triad Approxi- /g, T, and mean wave direction (Dir). A representation of
mation.The saturation-based whitecapping schevae fer  the regional-scale (WAM) contribution to the hindcast total
Westhuysen2007) was chosen for wind input and whitecap- sea in terms of swell and wind sea at the buoy position is also
ping dissipation processes. In this formulation the dissipa-included. The separation between the two parts of the wave
tion term is directly related to the process of wave breakingenergy spectrum in WAM was calculated using a dynamic
and depends on quantities that are local (i.e. not integrated othreshold based on the wave age, as describd&ORMWF
the whole spectrum) in the frequency spectrum, differing in(2009.
this respect from th&omen et al.(1984) formulation. The
wind input source term was adapted from the formulation3.1 Ligurian Sea
proposed by Yan for wind growtiiThe SWAN Team1993
Van der Westhuyser2007). The positions of the regional (WAM) and coastal (SWAN)
grids in the Ligurian Sea are shown in FR.The buoy used
for the comparison is close to the Port of Marina di Carrara;
3 Results its position, at a mooring depth of 13.5m, is shown in Big.
The bathymetry of the area shows a sharp gradient near the
The MCFS system was applied to three coastal areas in thevestern side of the coastal grid. Inside the coastal grid the
Ligurian, the Central and the Southern Tyrrhenian Sea, whichisobaths are almost parallel and the slopes decrease gently
were known to be affected by severe storfBgfico et al.  towards the shore. The statistical analysis of the comparisons
2004, as shown in Figl. In each area, five events were between buoy data and numerical simulations are shown in
selected according to the availability of nearshore buoy dataablel for each of the 5 events.
and on the severity of the storms. The lists of events for Generally, coastal implementations are better correlated
each coastal zone are reported respectively in Tdh2and  with buoy data and have smaller BIAS than the regional
3. The comparisons between recorded buoy and hindéast model in shallow waters. The 21-30 March storm event is

0
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Table 1. Statistical results for the Carrara storm events 1ar
13
BIAS MAE MSE corr ol + ok +
1st storm: 18—22 March 2007 1 R RS R R AR A S S
Regional _0.42 0.77 0.98 0.77 10k BT I e 25 e o e e e A
Coastal -0.32 0.63 0.73 0.83 B ol TE T e e *
|E' R e o o e R o
2nd storm: 2—7 December 2007 § dl B 0 L 2 o o +++‘
Regional —0.28 063 068 0.79 T~ AN
Coastal —-0.31 0.63 0.59 0.85 R + o+
3rd storm: 21-30 March 2008 i i +
ar + +
Regional —0.47 054 0.50 0.86 oL s
Coastal —-0.35 048 043 0.84 , - v ‘ ‘ ‘ ‘
3 4 5 6 7 8 9
4th storm: 29 October—2 Nov. 2008 Buoy Tp (s)
Regional —0.10 0.44 0.32 0.84 _ _
Coastal —001 047 038 0.86 Fig. 5. Scatter diagram of buoy recorded vs. SWAplat Carrara.

The storm events considered in the analysis are listed in Table

5th storm: 4-8 December 2008
Regional 0.11 0.71 0.76 0.76 . . ) . )
Coastal 031 056 052 0.86 The overall correspondence is satisfactory, in particular in
the range of the highest waves. Many of the underpredicted
sea states, such as those which form a cloud on the lower
right side of the diagram, correspond to incorrect wind fore-
casts. The analysis of the scatterplot suggests that the slope
of the regression line in Figt might be related to a tendency
of the forecasting system to set the beginning of storm events
too early. The scatter diagram of buoy vs. simulated peak pe-
riod (Tp) at Carrara is shown in Fig. In all the considered
events (see also Figc), the observedy, is clearly overpre-
dicted by the model, even exceeding 2 s during the 4-8 De-
cember 2008 storm. Since it is known that SWAN typically
tends to underpredict, (Van der Westhuysen, 2006), the
above results suggest that the reproduction of storm dynam-
ics was accurate only to a limited degree.
Given that the modeff, was bigger than the measured one,
a possible explanation for the result is that at the regional
. ‘ scale the contribution of the swell to the total wave energy
Buoy Hs (m) is dominant compared to that of the local wind-sea. The
analysis of the WAM results at the buoy position in terms
Fig. 4. Scatter diagram of buoy recorded vs. SWAN at Carrara.  Of the swell contribution to the total sea (see Fid) seems
The storm events considered in the analysis are listed in Table ~ to support this conjecture. The Ligurian Sea is an area of ac-
tive secondary cyclogenesis, where small (400-500 km typi-
cal radius), rapid storms develop due to the proximity of the

an exception, because during this period there was a distimff‘lpin_e mountain rgngesi_(onello etal, 2096' I the met.eo-.
secondary maximum affs (not shown), which was not cor- rological model fails to reproduce the quick changes in wind

rectly predicted by the wave forecast. RMN wind records direction associated with a small storm, the wave model in-

on the coast nearby indicate that this second peak was duePr"ectly predicts both the wave age and the direction of the
to a rapid increase in wind velocity that was not correctly aves. This, in turn, could explain the presence of the domi-

simulated by the meteorological model. The comparison pehant swell contribution.

tween observations and coastal simulationg/gfor all the
5 episodes considered in the area is shown in&ig.

Swan Hs (m)
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Fig. 6. Carrara, 2—7 December 2007 storfa) comparison ofHs SWAN vs. buoy recordgp) comparison of Dir SWAN vs. buoy records,
(c) comparison off, SWAN vs. buoy record{d) WAM series of wind sea, swell and toték out of the regional grid.

3.2 Central Tyrrhenian Sea

The positions of the regional and coastal grids in the Central \) \
Tyrrhenian Searegion are shown in FigThe buoy used for ~ #'~
the comparison is located near Civitavecchia on 35m water
depth (Fig.8).

At Civitavecchia location, all statistics (see Tal@eim-
prove when passing from the regional to the coastal scale .
implementations, with the exception of the 1-15 June 2002 e
storm, for which SWAN overpredict8s during the peak of
the storm (by 25 %).

. 0
During two of the episodes considered (27 August— ¥ KR\
4 September 2001 and 2—11 November 2001), the main wave s n - =t

direction was steadily northeastward and the agreement with
measurements was good for the entire duration of the storm.
During the last storm, 2—7 February 2003, (Fida, b and

c), a 180 Qeg. rqtatlon of the Wavg dlrgctlon preceeded thq:ig. 7. Position of the regional grid (black box) and coastal grid
storm, while during the peak the direction was steady from(mI box) in the Central Tyrthenian Sea.

the south west. Even though the comparisons between fore-

casted and recorded wind speed at Civitavecchia (not shown)

were in reasonable agreement, the peak of the storm was

www.nat-hazards-earth-syst-sci.net/12/485/2012/ Nat. Hazards Earth Syst. Sci., 12, 48%4- 2012
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Fig. 9. Scatter diagram of buoy recorded vs. SWAat Civitavec-
chia. The storms considered in the analysis are listed in Table

0 200 400 600 800

Fig. 8. Bathymetry and position of the Civitavecchia buoy. o

Table 2. Statistical results for the Civitavecchia storm events.

ol *
BIAS MAE MSE corr = +

oL

1st storm: 27 August—04 September 2001 § "
& -l et A + +

Regional —0.16 0.31 0.18 0.90 ° o s bl +
Coastal —-0.03 0.13 0.07 0.96 A A * +

4r FHE E ¥ +
2nd storm: 2-11 November 2001 A AR i ’

ok
Regional —031 032 024 0.85 A o
Coastal —-0.02 0.13 0.08 0.91 » ; ; ; ; i i i

0 2 4 6 8 10 12 14
3rd storm: 1-15 June 2002 Buoy Tp (s)
Regional  0.01  0.18 0.06 0.90 Fig. 10. Scatter diagram of buoy recorded vs. SWAp at Civi-
Coastal 013 017 015 095 tavecchia. The storms considered in the analysis are listed in Ta-
4th storm: 19-27 September 2002 ble 2.
Regional —-0.47 0.52 0.43 0.87
Coastal -0.12 017 015 0.92 SWAN results, it is resonable to assume that in the real storm
5th storm: 2—7 February 2003 there was an important contribution of the swell. The results

seem to indicate that the model apparently failed to follow
the rotation of the wind at the beginning of the storm, pos-
sibly because of the relatively large time step (3 h) of the
wind input. The scatterplot of observed vs. simulafég
is shown in Fig.9. A slight tendency towards overpredic-
overestimated by the model. Figutdd indicates that the tion by the MCFS, indicated by the position of the maxima
initial part of the simulated storm was due to local wind gen- in the upper side of the plot, is observable. The cluster of
eration. points on the right of the picture, showing situations of defi-
On the contrary, since the comparison between recordedite underprediction, corresponds to an episode in which the
and simulated peak period (Fid.1b) shows that in the beginning of the storm was incorrectly predicted by the me-
growth stage of the storm the budy was bigger than the teorological forecast. In the case of Civitavecchia, too, a

Regional —-0.38 0.46 044 0.88
Coastal 0.08 022 019 0.9
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Fig. 11. Civitavecchia, 2—7 February 2003 stor(a) comparison of SWAN vs. buo¥s, (b) comparison of SWAN vs. buoy Difc) com-
parison of SWAN vs. buo{yp, (d) WAM series of wind sea, swell and tot#k out of the regional grid.

slight tendency to overprediction of the peak period can be
observed (Figl0). The points on the right, lower part of
the 7, scatterplot, which correspond to the first part of the .. e e e e e e

time series shown in Fid.1c, refer to a situation of calm sea ) \
(Hs < 0.3m), and hence are not related to wind waves. ,

40°N

3.3 Southern Tyrrhenian Sea

The grids considered in the Southern Tyrrhenian Sea are in- ﬁ
dicated in Fig12. In Fig. 13the bathymetry and position of '™
the buoy, moored at 50 m depth near Tropea are shown. o . :
The statistics of the five case studies are shown in Table ) %J/j
P

In all the considered events, there is a substantial improve-* "
ment for BIAS, MSE and MAE when passing from the re-
gional to the coastal grid. The comparison betweenHge
recorded at Tropea and the MCFS simulations are shown in_.
Fig. 14for all 5 episodes. There is an overall correspondence
between ob_servatlons _and for‘?caStS' which is also visible Irf‘—'ig. 12. Position of the regional grid (black box) and coastal grid
the comparison of the time series for the 5-13 October 200§red box) in the Southern Tyrrhenian Sea.
event (Fig.16a). The peak periods in Fig6c are scattered,
but there is no apparent systematic overprediction.

www.nat-hazards-earth-syst-sci.net/12/485/2012/ Nat. Hazards Earth Syst. Sci., 12, 48%4- 2012
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Fig. 13. Bathymetry and position of the buoy near Tropea.
Fig. 14. Scatter diagram of buoy recorded vs. SWAlY at Tropea.
The storms considered in the analysis are listed in Table
Table 3. Statistical results for the Tropea storm events.

BIAS MAE MSE corr
1st storm: 5-13 October 2003 o
Regional —-0.35 035 0.21 0.95 +
Coastal —0.08 0.09 0.04 0.96 . o
2nd storm: 14—21 December 2003 w
o
Regional —-0.16 0.20 0.07 0.96 e
Coastal 0.02 0.08 0.05 0.96 g
3
3rd storm: 19-25 January 2004
Regional -0.22 0.22 0.10 0.97
Coastal —-0.02 0.07 0.03 0.96 2
4th storm: 5-10 March 2004
Regional —051 058 041 0.83 L R o CEEETRE
Coastal —008 014 010 091 Ve
5th storm: 15-25 April 2004 Fig. 15. Scatter diagram of buoy recorded vs. SWApat Tropea.

Regional —0.10 013 004 0.97 The storms considered in the analysis are listed in Table

Coastal 0.01 0.05 0.02 0.97

results than the regional model, mostly due to a more accu-

rate representation of the bathymetry. This was gratifying as
4 Conclusions the primary benefit of the use of the coastal model is that it

should realistically reproduce the effect of shoaling and de-
This study presents the results of 15 key-studies (5 eventfine more accurately the surf zones. It was observed that the
for each of the three different coastal areas) selected in orscheme for wind input/whitecapping (Van der Westhyuisen,
der to determine the reliability of a high-resolution coastal 2007), recently introduced into SWAN, performed well in fi-
wave forecasting system (MCFS) in the Ligurian, the Cen-nite and shallow water depth. On the other hand, since the
tral Tyrrhenian and the Southern Tyrrhenian Sea. Althoughwind input/whitecapping dissipation scheme is very effec-
the selected set of episodes does not represent all possible sfive in transforming local wind stress into wind wave growth,
uations, we can conclude that when the meteorological forewhen the forecasts provide an excessive wind speed in the
casts were accurate, the MCFS was able to give satisfactorgegional and coastal areas, this can result in a neat overpre-
results in complex coastal areas with water depths betweediction of the peak of the storm. The degree of accuracy of
13 and 50 m. In shallow water the coastal model gave bettethe wind field was the main limit found in the case studies.

Nat. Hazards Earth Syst. Sci., 12, 485494, 2012 www.nat-hazards-earth-syst-sci.net/12/485/2012/
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Fig. 16. Tropea, 5-13 October 2003 stora) comparison ofifs SWAN vs. buoy recordgb) comparison of Dir SWAN vs. buoy records,
(c) comparison off, SWAN vs. buoy record{d) WAM series of wind sea, swell and toték out of the regional grid.

While the results were satisfactory in the Southern Tyrrhe-Edited by: K. Lagouvardos
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