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ABSTRACT 

The SWAN (Simulating Waves Nearshore) wave model using wind inputs generated by the ALADIN 8-km, 
operational high-resolution, atmospheric model was run in real-time to provide surface waves forecast for the 
semi-enclosed Adriatic Sea in support of the "Dynamics of the Adriatic in Real-Time" (DART) field experiments. 
Together with predictions from other wave and wind models, the successful prediction of a high sea-state event 
by this model led to a real-time shifting of planned operations while at sea, allowing five ADCP moorings to be 
deployed just before a bora storm and associated storm waves arrived. The model was also able to simulate the 
spatial gradients in significant wave height observed by in-situ and remote-sensing measurements for a particular 
sirocco storm case study, providing an additional perspective in aiding interpretation of the model output of 
features. To further quantify prediction skill, the wave forecast performance over a 12-month period was 
evaluated against in-situ and altimeter measurements over the region. Correlation coefficients between forecast 
and in-situ measured significant wave heights were from 0.82 to 0.91 for the 24-h forecast and from 0.78 to 0.88 
for the 48-h forecast. However, best-fit slope comparisons with in-situ wave data at five coastal locations show the 
forecast wave heights were underpredicted by 10* to 30%. Best-fit slope comparisons between modeled wind 
speeds. Ul0, and significant wave heights, H>, and altimeter-derived measurements show that model U,0 was 
about 4% underpredicted, but Hs was underpredicted by an average of 30%. The underprediction of SWAN Hs has a 
very significant location-dependent geographical variation ranging from 10% to over 50%. In addition, the wave 
model comparison with altimeter H, shows a broad region of scatter index exceeding 0.4 along and offshore of the 
central Croatian coast. Elsewhere the scatter index is generally around 0.3. Compared to previous studies we 
found that using higher-resolution wind forcing with realistic orography decreased the Um underestimation bias, 
but the magnitude of Hs underestimation bias did not correspondingly decrease, suggesting that wave model 
dynamics or wind-wave coupling deserves further investigation. 

Published by Elsevier B.V. 

1. Introduction 

Operational requirements for nowcast/forecast wave models include 

the ability to predict the spatial locations and arrival times of sharp 

significant wave height (Hs) gradients and thus be able to assure the 
planning of safe ship operations before or after the arrival of high seas or 
at locations with low Hs during times when there are strong spatial Hs 

gradients. It was partially for such operational reasons that the Naval 
Research Laboratory (NRL) ran a forecast SWAN (Simulating Waves 
Nearshore) wave model in real-time for the Adriatic Sea in 2006. At the 
time, NRL was participating in an internationally collaborative project, 
"Dynamics of the Adriatic in Real-Time" (DART), jointly with the NATO 
Undersea Research Centre (NURC) and many other partners. One of the 
main goals of the effort was to evaluate monitoring and prediction 

* Corresponding author. Tel.: +1 228 688 5787: fax: + 1 228 688 4759. 
E-mail address: james.dykes#nrlssc.navy.mil (J.D. Dykes). 

0924-7963'S - see front matter. Published by Elsevier B.V. 
doi:10.1016ijmarsys.2009.0l.027 

capabilities for vigorous, swiftly-evolving fronts and eddies in a 

topographically controlled coastal environment. To accomplish this, 
mooring measurements; drifter data; towed Conductivity-Tempera- 

ture-Depth (CTD) measurements; turbulence profile measurements; 

numerous standard CTD profiles; surface wave measurements; remote 
sensing of temperature, optics, and roughness; high-resolution atmo- 

spheric models; high-resolution ocean models; and wave models were 
all utilized (see various other manuscripts in this special issue). A key 

part of the logistics of the project was the deployments and recoveries of 
16 different bottom moorings, at various times over the 12-month 
period, October 2005 through September 2006. Due to limits on 
deployment time from corrosion or battery life, all of these moorings 
were deployed and recovered twice, typically with a deployment in 
October, recovery and redeployment in March, and a final recovery in 
September. With such a large number of deployments and recoveries 
(especially in March 2006) and limited ship time for these and other 

DART objectives, the wave model forecasts were very useful in efficiently 
planning the timing and order of mooring operations and avoiding sea- 
state conditions that were too severe to permit mooring work. 
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In addition to practical needs, the DART international project was 
also generally focused on evaluating rapid environmental assessment 
(REA) capability using multiple models. Therefore, NURC encouraged 
various partners to run operational models of various processes, 
including waves, during the two focused REA experiments in March 
and September 2006. Thus, in total, four different state-of-the-art 
operational wave forecast models were run and used during the 
experiments. These were: (1) a 1/12 degree or 8-km SWAN model 
forced by LAMI (Limited Area Model Italy) (Signell et al., 2005), a 7- 
km Italian operational model for medium- and small-scale weather 
prediction based on a model developed by the German Meteorological 
Service (Deutscher Wetterdienst) (Steppler et al., 2003); (2) a 1/20- 
degree or 5-km WAve Model Cycle 4 (WAM, (WAMDl group, 1988; 
Komen et al., 1994)) forced by SKIRON, a 1/20-degree modified 
version of the Eta/NCEP model (Kallos et al., 1997, 2006); (3) a 1/12- 
degree or 8-km WAM forced by the ECMWF (European Centre for 
Medium Range Weather Forecasting) model (Janssen et al., 1997); and 
(4) a 5-km SWAN model forced by 8-km ALADIN wind model (see 
Sections 2 and 3 for details). Model (1) was run by Servizio Idro- 
Meteo-Clima ARPA-SIMC of Emilia Romagna Region, Bologna, Italy; 
model (2) was run by the University of Athens: model (3) was run by 
the Marine Science Institute of the Italian National Research Council; 
and model (4) was run by NRL as first mentioned above. 

During the March experiment, all available wave model forecast 
data were transferred to R/V Alliance while at sea, and displayed 
together with the same graphics and scales to provide a simple 
planning tool for the chief scientist to potentially change daily 
activities. Through this process it became immediately clear that all 
four models were often displaying quite different spatial Hs patterns 
for the same wind events. Fig. 1 shows one example of this; the 48-h 
H, forecasts greatly differ between SWAN-LAMI (model 1), WAM- 
SKIRON (model 2), and SWAN-ALADIN (model 4). In other instances 
the patterns disagree in different ways but to the same extent with, 
e.g., in a different snapshot (not shown) SWAN-LAMI (model 1) and 
SWAN-ALADIN (model 4) were similar to each other but different 
than the other two models. Given the complexity of the Adriatic 
orography and winds (Pasaric et al., 2009-this issue), this is perhaps 
not surprising, but it also suggests that there is a need for validating 
spatial accuracy for operational wave modeling in such coastal 
environments so that confidence can be placed in more complex 
predicted spatial patterns of Hs and operations can be optimized with 
respect to wave conditions. For example, in this forecast snapshot 
(Fig. 1), the predicted Hs values with respect to the southern DART 
moorings (solid circles) are not consistent and therefore it would be 
unclear if the sea-state conditions would have allowed for recovery or 
deployment operations at that time. 

Mar-2006-11 00:00 UTC +48 hrs 

(b) 

14 16 IK 

Longitude (°) 
14 16 18 

Longitude (°) 

Fig. 1.48-h forecast wave field valid for 00 UTC. March 13. 2006 by the four models forced by their associated wind models indicated in the hyphenated names: (a) SWAN by LAMI. 
(b) WAM by SKIRON. (c) WAM by ECMWF. and (d) SWAN by ALADIN. DART observation network is shown as solid circles. 
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Thus, in this paper we conducted a spatially oriented evaluation of the 
NRL SWAN model as a case study of wave forecast model validation 
in such situations. Through their multi-model ensemble work, Lenartz 
et al. (2007) compared all four operationally wave models shown in Fig. 1 
against a limited set of observational metrics in the central Adriatic and 
has shown that the NRL SWAN model is not anomalous in accuracy with 
respect to the others. Therefore, the techniques applied here should be 
generally applicable to operational wave models of the Adriatic and also 
likely elsewhere in similarly complex regions. Furthermore, Fig. 1 directly 
demonstrates the importance of understanding spatial accuracy with 
regard to full utilization of wave model forecasting for operational efforts 
in coastal seas. 

The Adriatic Sea (Fig. 2) is a semi-enclosed basin about 750 km 
long and 250 km wide with a connection to the Mediterranean Sea at 
the Strait of Otranto (72 km wide, 780 m deep). As others have done 
before us (e.g. Janekovic and Tudor. 2005) we take advantage of the 
fact that this basin is practically isolated and neglect incoming wave 
energy from the Mediterranean Sea, keeping in mind that in some 
situations and in particular locations near Otranto neglecting such 
waves might lead to greater errors in the model. The mountain ridges 
surrounding the Adriatic Sea induce a strong topographic effect into 
the wind field. Strong winds and large waves are often generated by 
two dominant wind regimes affecting the Adriatic Sea (Cushman- 
Roisin et al., 2001). During winter, the dominating wind called the 
bora (a.k.a. "bura") is a northeasterly wind that crosses the northern 
Adriatic and is influenced by catabatic flow. Mainly during spring 
and autumn the main wind of concern is a southeasterly wind called 
the sirocco (a.k.a. scirocco or jugo), which flows along the main axis of 
the basin. The relative small and semi-enclosed regular basin and 
strong wind events from along-basin (sirocco) and cross-basin (bora) 
directions thus make the Adriatic Sea an ideal but challenging place to 

examine and evaluate wind-wave modeling capability (Cavaleri et al., 
1989). 

Many institutions run global and regional atmospheric and wave 
models producing daily forecasts that provide coverage over the 
Adriatic Sea (Signell et al., 2005; Cavaleri and Sclavo, 2006). A few 
evaluation studies focused on wave prediction in the Adriatic Sea. 
(Cavaleri et al., 1989; Bertotti et al., 1996; Cavaleri et al., 1996; Cavaleri 
and Bertotti, 1997; Signell et al., 2005; Janekovic and Tudor, 2005). 
Often, due to its complexity near the coast and its fundamental 
importance to waves, studies have focused on the role of wind 
accuracy with regard to wave accuracy in the Adriatic and similar 
regions. Cavaleri and Bertotti (2004) showed that waves in areas of 
semi-enclosed and enclosed basins could be underestimated due to 
lower wind forcing produced by a coarser resolution atmospheric 
model that inadequately addresses effects of complex orography of 
the region. One commonly used approach to partially compensate for 
this problem is to apply an enhancement factor to the wind field with 
the value decreasing as the resolution of the wind model increases 
(Cavaleri and Bertotti, 1997; Cavaleri, 2002). Signell et al. (2005) 
showed that using non-hydrostatic meteorological models in the 
Adriatic Sea with increased spatial resolution of 7 km or 4 km could 
improve the overall performance of SWAN simulations at three coastal 
stations for a 2-month period as compared to runs conducted with 40- 
km or 20-km resolution hydrostatic wind models. 

In this study, we ran high-resolution SWAN using input winds from 
an 8-km operational high-resolution ALADIN model in the Adriatic 
Sea during the period starting in September 2005 through October 2006. 
The evaluation is based on comparisons between models and in-situ 
and satellite-borne altimeter measurements in order to maximize 
spatial coverage over the Adriatic. Others have examined the spatial 
distribution of wave model accuracy using buoys and altimeters before 

DART 21)06 

1200 

16 
Longitude (°) 

Fig. 2. Bathymetry map of the Adriatic Sea and in-situ observation network layout during DART experiment (red circles). The in-situ wave data from two DART mooring sites in 
nearshore waters around Cape Cargano. CS1 (solid green square) and A20 (solid yellow square), and three RON buoys at Ancona (solid white triangle), Ortona (solid pink triangle) 
and Monopoli (solid red triangle) were used for validating NRL SWAN wave simulations. 
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(e.g., Cavalcri and Sclavo, 2006), but not with a wave model forced by a 
wind model that adequately resolves much of the complex orography 
and produces realistic small-scale, spatial structure. Therefore, in this 
paper we undertake such an analysis, building upon the Signell et al. 
(2005) evaluation of wave model accuracy at three locations for a 
similarly driven wave model. 

2. ALAD1N meteorological model 

It is clear that the accuracy of wave models is highly dependent on 
the accuracy of meteorological models that force them and thus must 
be studied closely with this in mind. For smaller scales less than 
synoptic and in regions with interesting orographic features, accurate 
atmospheric modeling is particularly challenging. There have been 
many studies on the effects of wind fields on wave models used in 
enclosed, semi-enclosed, or relatively small basins (Signell et al., 
2005: Ardhuin et al., 2007; Bolanos-Sanchez et al.. 2007). The general 
consensus is that higher-resolution models are essential in smaller 
seas where locally generated waves are primary. In this study, an 8-km 
resolution wind forecast was obtained by using the Croatian version 
of the operational meso-scale meteorological model, ALADIN, which 
is a limited-area model (LAM) built on the basis of the global model 
IFS/ARPEGE (ARPEGE - Action de Recherche Petite Echelle Grande 
Echelle, 1FS - Integrated Forecast System). The ALADIN runs 
operationally for 00 and 12 UTC at the Croatian Meteorological and 
Hydrological Service and provides 48-h wind forecasts (Ivatek-Sahdan 
and Tudor, 2004: Pasaric et al., 2007). The model forecasts were first 

obtained using ALADIN on a LACE domain that covers most of Europe 
with 12-km resolution. The initial and boundary conditions were 
obtained from the analysis and forecasts of the global model ARPEGE 
run in Meteo-France, with DF1 (digital filter initialization) on the 
analysis. The European domain output fields are dynamically adapted 
to the Croatian domain with 8-km resolution using the 48-h 
integration of the ALADIN model and the full physics package. This 
provided a finer spatial resolution and more realistic depiction of the 
land-sea mask and orography by the ALADIN model and facilitated 
output of improved meteorological products for operations and 
research (e.g., see Pasaric et al., 2007). More details about the 
developments and validations of ALADIN/Croatia can be found in 
Ivatek-Sahdan and Tudor (2004). 

3. SWAN wave model 

SWAN is a third-generation wave model originally developed for 
shallow water at Delft University of Technology (TU Delft) in the 
Netherlands (Holthuijsen et al.. 1989: Booij et al.. 1999: Ris et al., 1999; 
and http://www.swan.ct.tudelft.nl). The earlier version of SWAN was 
not recommended to be run at scales larger than 25 km due to 
diffusion problems. This problem has been discussed and resolved by 
Rogers et al. (2002). SWAN was then recommended to be used on any 
scale relevant for wind generated surface gravity waves (SWAN user 
manual cycle III version 40.51). SWAN then has been used to study 
wave conditions in larger areas such as semi-enclosed basins (Signell 
et al., 2005) and enclosed lakes (Rogers et al., 2003). The balance 

(a) NRI.-SW AN forecasted vs. measurements by RDI ADCP wavearray at (iSI 
5 5 

•48-hr forecast at 2006/03/1 I 12 UTC 
- ADC'P Wave Array 

T 

03/12 03/13 

Month/Day. 2006 

0.VI4 

(b) NRL-SWAN forecasted vs. measurements bv RDI ADC'P wavearray at A20 
zxz 

•48-hr forecast at 2006/03/i I 12 UTC 
- ADCP Wa\c Array  

T 

03/1: 03/13 

Month/Day. 2(X)6 

03/14 

Fig. 5. Time history of significant wave height. Hs. from in-situ measurements and 48-h SWAN wave forecast run at 12 UTC. March 11,2006 at two mooring sites: (a) GS1 and (b) A20. 
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equation of the two-dimensional wave action density spectrum 
includes local rate of change in time, propagation, and depth-induced 
and current-induced refraction and shoaling. The sink and source 
terms include wind generation, white-capping dissipation, depth- 
induced wave breaking, bottom friction, and non-linear wave-wave 
interactions. Thus, the primary input is a wind field at or near the 
surface usually from an atmospheric model which produces daily 
forecasts. Another important input is the bathymetry which is 
normally static. The bathymetry used in this study was derived from 
a database developed by the Naval Oceanographic Office and nautical 
chart soundings (Fig. 2). The domain used for DART is a grid with 181 
columns and 141 rows on a spherical coordinate system 
with a uniform resolution of 1/20° longitude and latitude (about 
5 km). Although the grid extends beyond the southern and south- 
western shores of Italy, those points were ignored. SWAN linearly 
interpolated the bathymetry and the wind components from the 
ALADIN meteorological model on to the SWAN computational grid. 
The model in this study was run in non-stationary mode with depth- 
induced wave breaking turned off since no surf zones are considered 
here, but default bottom friction parameters were left on to consider the 
effects of shoaling and refracting in shallow water. With a model time 
step of 20 min, each run took about 15 min of wall-clock time using four 
processors making it practical to run the model every 12 h in real-time 
to support DART operations providing predictions up to 48 h of 
significant wave height, peak wave direction and peak wave period. 
This operational effort follows extensive previous work at improving 
operational modeling systems for rapid environmental assessment 
(Allard et al., 2002, 2007; Dykes et al.. 2004; Hsu et al., 2002: Jensen 
et al., 2002; Rogers et al., 2007). In addition, for the purposes of 
comparing with a larger set of observations from altimeters and in-situ 
moorings, SWAN was rerun simulating operations from mid-September 
2005 through October 2006 by producing 48-h forecasts every 12 h. 

4. Evaluation of model performance 

The surface waves in a small and semi-enclosed basin can grow very 
rapidly both in space and time. To illustrate this point, snapshots of wind 
and wave fields at selected forecast hours from a 48-h ALADIN and 
SWAN forecast runs at 12 UTC, March 11,2006 are shown in Figs. 3 and 4, 
respectively. The wind field is represented by wind speed at 10 m above 
the surface (Uin) and the significant wave height field is represented by 
Hs. The wind condition over the entire Adriatic Sea was relatively calm 
with Uio mostly less than 5 m/s (Fig. 3a) at the beginning of the 48-h 
period. However, within 12 h, a strong northerly wind with speeds 
higher than 15 m/s was present in the DART mooring network area 
(Fig. 3b). Strong bora winds covered most of the region in the next two 
days (Fig. 3c and d). As a result, Hs in the Italian coastal waters increased 
from less than 0.5 m to 3 m (Fig. 4a and d) during this 48-h period. There 
were distinct spatial gradients in Hs and a few regions were forecast to 
remain relatively calm even during the peak of the storm. The validity of 
such wave forecasts will be studied against in-situ and altimeter 
measured Hs in the next three sub-sections. 

4.1. Comparison with in-situ measurements 

The in-situ wave data used in this study are from two NRL DART 
mooring stations and three coastal buoys of the Italian National buoy 
network RON (Rete Ondametrica Nazionale). The in-situ DART wave 
data came from the two shallowest deployed ADCPs (Acoustic Doppler 
Current Profiler) along the 17-m isobath at DART mooring sites of GS1 
(Oct. 2005 to Sep. 2006) and A20 (Oct. 2005 to Mar. 2006 and Aug. 2006 
to Sep. 2006). At the sea floor of each site, we deployed an upward- 
looking 1200 kHz Teledyne/RD Instruments Workhorse Sentinel 
equipped with special wave tracking hardware and software. These 
ADCPs combined measurements of orbital velocities of waves, acoustic 
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tracking of the sea surface, and pressure fluctuations to produce esti- 
mates of surface gravity wave parameters and spectra (Strong et al., 
2000, RD Instruments, 2001). CS1 and A20 were set up to measure 
waves every 4 h using 1200 pings taken at 2 Hz (i.e., 10-min duration 
wave bursts) from October 2005 through March 2006. The settings were 
changed on GS1 in March to extend battery life, reducing the wave 
measurement interval to every 6 h and using only 1080 pings (9-min 
duration wave bursts). A20 in August and September 2006 measured 
waves every 2 h, and reverted back to using 1200-ping bursts. 

Fig. 5 shows the time history of measured Hs at CS1 and A20 during 
the bora event depicted in Fig. 4. Also shown are results from a 48-h 
wave forecast by the NRL SWAN run at 12UTC, March 11.2006. Model H„ 
values were spatially interpolated from the model grid to the locations of 
CS1 and A20. The wave conditions at these two mooring sites were 
forecast to have a rapid increase from less than 0.5 m to exceed 2 m at the 
end of March 11, 2006. The wave conditions at the two sites were 

forecast to increase again in later hours of March 12. The comparisons 
against measured waves show that the first high wave event was well 
forecast regarding the arriving time. The magnitudes of Hs were slightly 

Table 1 
Summary of statistics of comparison between forecast SWAN and in-situ measured 
significant wave height (H>) at two DART moorings and three RON buoys. 

Stations Best-fit Slope Scatter Index (SI)      Correlation Coefficient 

Oh 24 h 48 h Oh 24 h 48 h Oh 24 h 48 h 

CS1 (DART) 0.87 0.88 0.85 0.31 0.32 0.38 0.91 0.91 0.86 
A20 (DART) 0.89 0.9 0.85 0.26 0.28 0.32 0.92 0.91 0.88 
Ancona (RON) 0.71 0.72 0.65 0.22 0.26 0.26 0.89 0.86 0.83 
Ortona (RON) 0.75 0.76 0.76 0.27 0.31 039 0.90 0.89 0.83 
Monopoli (RON) 0.88 0.91 0.88 0.46 0.46 0.5 0.81 0.82 0.78 

Scatter index is defined as the root-mean-square difference from the best-fit line 
divided by the mean measured values. 
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underpredicted at CS1 and overprcdicted at A20. The accuracy of the well with ADCP wave measurements. However, the differences are still 

wave forecast decreased in later hours of the 48-h forecast period. As a within sea-state thresholds of many operational activities. During the 

result, the forecast H, variations after 12 UTC, March 12 did not agree      operation of DART, the real-time wind and wave forecasts of this storm 
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event compiled from all the various models motivated a change in ship 
activity for March 11, and mooring redeployment (high sensitivity to 
sea-state) was moved ahead of a multi-day Aquashuttle CTD Tow-Yo 
survey (less sensitive to sea-state). Thus, 5 ADCP moorings were re- 
deployed (including CS1) on March 11 just before the forecast storm and 
storm waves arrived (note in Fig. 5 that only the first wave measurement 
that was redeployed after GS1 showed relatively calm seas). 

To further quantify the difference between SWAN forecast Hs and 
in-situ measurements, measured H, was temporally interpolated to 
the SWAN forecast hours. The scatter plots of interpolated in-situ Hs 

and SWAN forecast H, of 0-h (nowcast), 24-h and 48-h are shown in 
Fig. 6. Forecast Hs at CS1 correlate well with measured data with 
correlation coefficients larger than 0.9 (Fig. 6a and b). There is only a 
slight decrease in correlation to 0.86 for the 48-h forecast. The slope of 
the best-fit line between measured and model data provides an 
estimate of the local average ratio (Cavaleri and Bertotti. 2006). 
A slope with a value less than unity indicates an underprediction ratio 
by the model. The best-fit slope at CS1 is 0.87 for the 0-h nowcast and 
drops to 0.85 for the 48-h forecast. Similar results are also shown at 
A20. In general, model Hs was underestimated by about 10 to 15% at 
these two locations. 

We also examine wave model performance outside the DART ex- 
periment area by comparing forecast Hs against wave data from three 
coastal buoys (Ancona, Ortona, and Monopoli) of the Italian National 
buoy network RON (Rete Ondametrica Nazionale) operated by APAT 

(Agenzia per la Protezione deH'Ambiente e per i Servizi Tecnici). 
More details about this network and operation can be found in Arena 
et al. (2001) and Piscopia et at. (2002). The scatter plots of forecast 
Hs against buoy waves at these three buoys are shown in Fig. 7. Com- 
parisons show that model Hs at these buoys was underestimated with 
the best-fit slopes of 0.71,0.75, and 0.88. I.e., the underprediction was 
much larger at Ancona and Ortona buoys. The statistics of the 
comparison for the NRL SWAN wave model nowcast, 24-h and 48-h 
forecasts at the five locations are summarized and displayed in Table 1. 

Compared to the same wave buoys, albeit for a different time 
period, NRL SWAN had slightly higher correlation coefficients 
(Table 1) than any of the four models used by Signell et al. (2005), 
indicating the degree of skill of NRL SWAN in matching the timing and 
fluctuations of wave events. This can be further seen in Fig. 8, which 
shows the NRL SWAN 24-h forecast for the entire year at site CS1 and 
the measured Hs by the moored ADCP. NRL SWAN predicted the 
occurrence of most of the major wave events (correlation coefficient 
0.91) even if often underpredicting the peak Hs value. Such 
performance is probably sufficient in most cases for an operational 
user to avoid planning activities at site CS1 during times of high sea- 
state. However, depending on the particular Hs threshold of the 
planned activity, there would be times when the model would have 
been deficient in this regard, most notably for the strong wave event 
in mid-December with a measured Hs peak over 3 m but a forecast of 
only a broad increase in Hs to values less than 2 m. 
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4.2. Comparisons with altimeter data 

Model validation against in-situ measurements away from the 
coasts to cover the entire Adriatic Sea is logistically and financially 
impractical. In practice, model evaluations over a large area can be 
carried out by comparing against measurements from satellite altim- 
eters (Hwang et al., 1999; Cavaleri and Sclavo 2006; Ardhuin et al., 
2007). For the period from mid-September 2005 through mid- 
October 2006, altimeter Uw and Hs data were obtained from three 
satellites: (1)ENVISAT( European Space Agency), (2)JASON-l (NASA/ 
Centre Nationale d'Etudes Spatiales), and (3) CFO (the US Navy 
Ceosat Follow-On). The altimeter footprints along the satellite tracks 
provide a large spatial coverage that cannot be accomplished by in- 
situ observation at a few fixed stations. The ground tracks over the 
Adriatic Sea during the DART project period are shown in Fig. 9. The 
combined coverage from tracks of the three satellites is extensive and 
relatively uniform over the Adriatic Sea. The details of those satellite 
observations and their accuracy which is considered good for most 
practical purposes can be found in Resti et al. (1999), Menard et al. 
(2003), and Durrant and Creenslade (2007). For their calibration 
techniques, Cavaleri and Sclavo (2006) compared ERS-1 altimeter Hs 

to buoy measurements in the Mediterranean, including those within 
the Adriatic, reporting minimal altimeter bias with accuracy of 2 m/s 
for winds and 10% for waves. Since then updated satellite-based 
measurements have improved. 

The satellite-borne altimeters can fly over the Adriatic Sea in a very 
short time and provide a snapshot of the spatial variation of both wind 
and wave fields along its track. During a sirocco wind event in March 
2006, the JASON-1 satellite crossed over the area within 97 s (0:21:09 
to 00:22:46 UTC on March 10, 2006 along track No. 97) starting from 
the southern Italian coast northwestward across the Adriatic Sea to 
the northern Croatian coast providing altimeter measurements 
depicting wind and wave spatial variations. Comparisons of altimeter 
data and ALADIN and SWAN model results provide a validation of 
model performance in predicting spatial variation over a larger area. 
We compared altimeter data against model wind and wave field at 00 
UTC, March 10, 2006 (Fig. 10), which is represented by the nowcast 
run at 00 UTC, March 10, 2006 and the 24-h and 48-h forecasts, 
respectively, run earlier at 00 UTC March 9 and 00 UTC March 8. The 
JASON track No. 98 is overlaid on the model wind and wave field 
shown as white dashed line. The nowcast results show that large 
winds and waves concentrated in areas just off the Croatian coast. 
These spatial variations are also shown in the 24-h and 48-h forecasts. 
The only noticeable difference among them is the intensity and size of 
high wind and wave areas. For comparison to the altimeter data, both 
SWAN wave and ALADIN wind results were spatially interpolated 
from model grid points to the position of altimeter footprints along 
the track. Fig. 11 shows the spatial variation of Hs along the track 
measured by the altimeter and predicted by the interpolated model 
results of the nowcast, 24-h and 48-h forecasts. Both model and 
altimeter results similarly show increasing U-m and Hs from south to 
north. The nowcast ALADIN U,0 agree better with altimeter Um than 
those from the 24-h and 48-h forecast. The altimeter H5 increases 
from less than 0.5 m to 2.5 m along the track. The nowcast Hs from 
SWAN was significantly underpredicted with heights only up to 1.7 m. 
Also, the underestimation is somewhat larger for both U\0 and Hs in 
the 48-h forecast compared to the 24-h forecast and the nowcast. In 
addition. Fig. 11 includes the model and measured Hs for the Ancona 
buoy location. The difference in Hs between the Ancona buoy and the 
altimeter track are very similar to each other in both the model results 
and measurements indicating a good prediction of the sirocco Hs 

spatial pattern, but the absolute value of the underprediction by the 
model at Ancona could have posed operational difficulties in the use of 
this result. 

To further extend the comparison beyond this single snapshot along 
this satellite track, wind and wave model results were spatially and 

temporally interpolated to collocate with altimeter data. To do this, 
hourly model Um and Hs within 60 min of the altimeter collection time 
were spatially interpolated from the grid points to the locations of the 
altimeter measurements along the satellite tracks, which is very similar 
to the method used by Cavaleri and Sclavo (2006). We grouped model 
results of nowcast and hourly forecasts up to 11 -h in order to assemble a 
larger number model output data points and thus increase statistical 
significance. Fig. 12 shows the scatter plot of altimeter versus model 
data. The correlation coefficients between these altimeter measure- 
ments and ALADIN wind and SWAN wave predictions are 0.78 and 0.79, 
respectively. Model wind speeds were slightly lower than altimeter 
wind speeds (about 4%) as indicated by the 0.96 value of the best-fit 
slope. The SWAN Hs was underpredicted by an average of 30% with a 
best-fit slope value of 0.7. The comparison of altimeter and forecast 
results for increasing forecast hour (not shown) showed a very similar 
underprediction with slightly increasing data scatter. 

Based on the best-fit slope values as shown in Figs. 12 and 13, the 
bias of Uio produced by the 8-km operational high-resolution ALADIN 
against altimeter (J]0 was small bias about 4%, while SWAN Hs show a 

I 2 3 
Altimeter Hs(m) 

Fig. 12. Comparisons of altimeter observations to model hourly output from nowcast 
through 11-h forecast: (a) U,0: ALADIN against altimeter wind, (b) H%: SWAN against 
altimeter wave. The dotted line shows the 1:1 agreement target. The dashed lines are 
the best-fit line. The contour lines indicate density of data number distribution with an 
interval of 20 starting at 5. 
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very significant underprediction (30%). To examine the possible error 
of Hs underestimation due to errors in the model Ul0, we re-ran SWAN 
using slightly higher modeled Ui0 (multiplying ALADIN Uw by a factor 
of 1.1). The best-fit slope between the altimeter and SWAN Hs forced 
by the higher U10 increased to 0.83 (an underprediction by 17%). This 
represents an 18% change in Hs for a 10% increase in U10. This change is 
consistent with the generalized wind-wave dependence relation, 
which indicates the rate of change in waves AH (%) is related to the 
rate of change in wind AU (%) by AH = /4AU, where (< is an empirical 
value varying between 1 for strong fetch-limited wave growth and 2 
for fully-developed equilibrium condition (Cavaleri and Bertotti, 
2006: Arduin et al., 2007). Nevertheless, this numerical exercise 
shows that the 30% SWAN wave underprediction cannot be explained 
and attributed to the 4% underprediction in input ALADIN winds. 

To investigate the model performance under different wind-wave 
generation conditions, we studied model wind and wave performance 
under particular cross-basin (northeasterly) and along-basin (south- 
easterly) winds representing shorter fetch and longer fetch condi- 
tions, respectively. The northeasterly cross-basin wind is represented 
by data with ALADIN wind directions ranging from 15 and 75°. The 
southeasterly along-basin wind is represented by data with ALADIN 
wind directions ranging from 105 to 165°. The comparisons between 
altimeter and model results under these two different fetch conditions 
are shown in Fig. 13. While the ALADIN Ul0 of both fetch conditions 
remain very close to altimeter Uw with best-fit slopes of 0.93 and 0.96, 
respectively, for northeasterly and southeasterly winds (Fig 13a and 
c), the underestimation of SWAN Hs are 27% and 33%, respectively, for 
shorter (northeasterly) and longer (southeasterly) fetches. This 
implies that the SWAN underpredictions cannot be attributed to the 
difference in wind fetch conditions. 

A complete investigation of ALADIN wind model accuracy is 
beyond the scope of this work, but we do note that in various 
dedicated studies the 8-km operational ALADIN model has been found 
to produce reasonable wind fields over the sea for most of the specific 
wind types (bora studied in Ivatek-Sahdan and Tudor, 2004; Janekovic 
and Tudor, 2005; sirocco studied in Pasaric et al., 2007; etesian and 
sea-land breezes studied in Klaic et al., 2009-this issue) that impact 
the Adriatic Sea. This is in large part due to resolving the complicated 
orography surrounding the Adriatic which allows for the production 
of realistic small-scale structures and mountain effects in the winds. 
Based on these other studies it seems unlikely that there are overall 
errors in ALADIN wind patterns sufficient to cause the general SWAN 
wave underpredictions. 

4.3. Geographical variability of model performance 

We then further examine the spatial variability of wave model 
performance based on the method proposed by Cavaleri and Bertotti 
(2006). All space and time collocated model and altimeter data used 
in Fig. 12 are then regrouped into subsets of grid cells (1 ° in longitude 
and 1° in latitude) according to the coordinates of co-located model 
and altimeter data. Mean values of altimeter and model data and 
comparison results between model and altimeter data represented by 
the values of best-fit linear slope and scatter index were obtained at 
each cell. The statistical results are then presented at each cell's center 
coordinates (Figs. 14 and 15). For smooth and stable results, a 1° 
moving-cell mean was applied with a 0.1° interval on both longitude 
and latitude directions. 

Two-dimensional contour plots of spatial distributions of the mean 
values of altimeter and model Um and Hh during the DART project are 
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Fig. 14. Geogrjphit.il distribution of cell-averaged wind and wave, (a) altimeter (/,„. (b) altimeter H„ (c) ALADIN Um. and (d) SWAN Hv Locations of in-situ measurements of DART 
ADCP Wave Array (squares) and RON buoys (triangles). 

shown in Fig. 14. Most of mean Ul0 in this region vary between 5 and 
6 m/s. In the areas near the northern corner of the Adriatic Sea, the mean 
U10 dropped to about 4 m/s. For two small areas off the Croatian coast, 
the mean Um exceeded 6 m/s. Both the magnitude and spatial variability 
of mean ALADIN U10 (Fig. 14c) are very similar to those of altimeter Uw 

(Fig. 14a). The corresponding mean altimeter H5 (Fig. 14b) shows a 
variation from 0.7 to 1.1 m. In a few areas off the Italian coast mean Hs 

was larger than 1 m. The mean values of altimeter Hs in Croatian coastal 
waters around 42.7° N and 17° E are very large, and this corresponds well 
to the high wind area shown in Fig. 14a. However, the spatial distribution 
of mean SWAN Hs shows significantly smaller mean values everywhere 
and less spatial variation (Fig. 14d) with mean R, varying only from 0.5 
to 0.8 m. 

The spatial distributions of best-fit slope, scatter index and 
correlation coefficient for comparison between altimeter and model 
data are shown in Fig. 15. In general, the distribution of best-fit slope 
for the L/,o comparison is very uniform with slope values near unity. It 
shows that ALADIN Ul0 was generally within 10% of altimeter L/,0 over 
the Adriatic Sea. This variation pattern is consistent with the observed 
good agreement of mean Uln distributions of altimeter and ALADIN 
values shown in Fig. 14a and c. The spatial distribution of best-fit slope 
for wave comparisons, however, shows a much larger spatial 
variability with slope values varying from 0.5 to 0.8 indicating a 
significant location-dependent SWAN Hs underestimation of 20% to 
50% (Fig. 15b). Larger K, underpredictions are shown in waters off 
both the Italian and Croatian coasts. In the coastal waters just off Cape 
Cargano (42° N and 16° E). where CS1 and A20 are located (indicated 
by squares), the Hs underprediction is relatively small with best-fit 
slope values exceeding 0.8. These slope values are close to those of the 

in-situ, specific-location comparisons shown in Fig. 6. The best-fit 
slope values between altimeter and model waves near the Ortona 
buoy are around 0.7 or less, which is also consistent with those from 
the in-situ, specific-location comparison (Fig. 7d). The largest SWAN 
H5 underprediction (about 50%) is in the semi-enclosed coastal waters 
at the very northwestern corner of Adriatic Sea (area centering around 
45.2° N and 13.5° E). In the area just southeast of the largest under- 
performed area (around 44.5° N and 13.2° E), SWAN Hs under- 
prediction is much smaller with the best-fit slope up to 0.8. The region 
of larger Hs underprediction near the Strait of Otranto is likely related 
to the neglect of incoming wave energy at this open boundary. 
However, the limited spatial extent of this region suggests that the 
influence of such waves is confined to this region and does not extend 
far into the Southern Adriatic proper. 

Scatter index values of Hs comparisons vary mostly around 0.3 
except those in the area off the Croatian coast between 44° and 45° N, 
where the scatter index increases to 0.5. In general, the data scatter of 
the wind comparison is larger than those of wave comparison with 
their values varying around 0.4. 

Spatial variability of wind and wave model performance in terms 
of slope values and scatter index has been shown in model evaluation 
studies by Cavaleri and Bertotti (2004, 2006) and Cavaleri and Sclavo 
(2006) for the Mediterranean Sea. For both wind and Hb the best-fit 
slope increases moving away from northern coast of the Mediterra- 
nean Sea based upon their comparisons of a lower-resolution wave 
model forced by lower-resolution winds against altimeter data. The 
values of the best-fit slope between model and altimeter H, in the 
Adriatic Sea as shown in Fig. 11 of Cavaleri and Sclavo (2006) are in the 
range of 0.48 to 0.72. Using higher-resolution wind and wave models, 
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our range, 0.5 to 0.8, is very similar, but the spatial patterns are 
different with the exception of the northwest corner where both our 
results and those of Cavaleri and Sclavo (2006) show Hs under- 
estimation of nearly 50%. We find an even greater difference between 
the best-fit slope (bias corrections) for wind and Hs than Cavaleri and 
Sclavo (2006). They suggest that the error is more likely to be in the 
wind field rather than in the wave model. In contrast, with a different 
wind and wave model, we find that using a wind model with better 
resolution and better ability to represent the complex orography 
greatly improves the best-fit slope for the wind but not for the waves 
compared to their results. 

Also our scatter index range, 0.22 to 0.5, is very similar to the 
Adriatic Sea scatter index range in Fig. 9 of Cavaleri and Sclavo 
(2006), 0.28 to 0.55. This is consistent with the findings of Signed 

et al. (2005) who found similar Hs correlation values between wave 
buoys and SWAN models forced by high- and low-resolution wind 
products. They partially attributed this to low-frequency space and 
time errors that are passed to the higher-resolution models from the 
lower-resolution models in which they are nested. Our patterns 
of higher scatter index distinctly differ from those of Cavaleri and 
Sclavo (2006). Their pattern in the Adriatic Sea shows a general 
southeast to northwest gradient of scatter index that they suggest 
is related the orography and the wind field, while our pattern shows 
a few localized regions of high scatter index and a broad region 
of high scatter index along and offshore of the central Croatian 
coast. Our scatter index results might also be related to wind accuracy 
but do not show indications of direct broad scale association with 
orography. 
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5. Discussion and concluding remarks 

We have used five different wave buoys/moorings and three sepa- 
rate altimeter satellites to evaluate the performance of one high- 
resolution wave model forced by operationally high-resolution winds 
over the year of the DART experiment. This wind and wave models 
performed reasonably well from an operational standpoint, correctly 
predicting the timing and spatial variance of a bora that took place 
during March, one of the months with maximum mooring work 
requirements. Though the wave model forecast of H< during a sirocco 
preceding the bora was significantly underestimated, the spatial 
variability of the overall forecast could have provided useful guidance 
for making operational decisions. Overall, the 24-h forecast of wave 
events was highly correlated (0.82-0.91) with the measured time- 
series of Hs at the buoy locations. However, it is also clear that a few 
wave events at other times were not predicted so well, and that overall 
there was a time averaged spatial-median underprediction of Hs with 
significant spatial variance. 

Unlike the previous studies that could attribute underprediction of 
H5 to unresolved scales and bias in the wind field, the ALADIN wind 
field used in this study shows a relatively low bias {4%) and the wind 
speeds would have to be enhanced to many times this bias in order to 
remove the observed SWAN Hs bias. Systematic errors have not been 
found in limited studies of various types of ALADIN wind events and 
the spatial pattern of Hs bias does not seem to follow a known wave 
pattern of a particular Adriatic wind event. Rather the underpredic- 
tion of Hs everywhere with such low bias wind forcing and the inde- 
pendence of this result on short or long fetches suggests that there 
may be a more fundamental issue with the wave model dynamics or 
wind-wave coupling that needs further investigation. 

With some local exceptions, the spatial pattern of the scatter index 
for H< does not match the spatial pattern of the scatter index of the wind 
speed, i.e. regions of relative accuracy/inaccuracy of the winds and H5 

did not coincide. In the Croatian portion of the Adriatic between 43° N 
and 45° N the scatter index for the H5 comparisons for a broad region 
indicated a particularly high error. This region generally has higher H5 

for sirocco storms, slightly suggesting that SWAN might have greater 
difficulty with such wind types in this particular region. This map could 
be used to guide further investigation of SWAN performance and focus 
efforts for model improvement, but also this type of knowledge and such 
maps can serve as a tool to assist operational users in attaching the 
appropriate situation-dependent confidence in the SWAN output. 

There is a need for further work regarding operational wave model 
evaluation. For example, differences between a model wave prediction 
of 3 m H„ and a measured H,, of 5 m might significantly contribute to 
overall model bias or scatter index but both these values may be above 
operational thresholds for ship activity and therefore such a difference 
might be unimportant for support of REA. In this way, standard model 
performance metrics do not stand alone as the best evaluation tool for 
operational models. In this paper, we combine standard metrics with 
operational event orientated ones to provide a more complete picture 
of model performance. 
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