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The effect on waves of the Wave–Current Interaction (WCI) process in the semi-enclosed Gulf of Venice
(northern region of the Adriatic Sea) was investigated using the Coupled Ocean–Atmosphere–Wave–Sed-
iment Transport (COAWST) modeling system. COAWST relies on the ocean model ROMS (Regional Ocean
Modeling System), the wave model SWAN (Simulating WAves Nearshore), and the CSTMS (Community
Sediment Transport Modeling System) routines. The two-way data transfer between circulation and wave
models was synchronous via MCT (Model Coupling Toolkit), with ROMS providing: current field, free sur-
face elevation, and bathymetry to SWAN. For coupling, the 3-D current profiles were averaged using a
formulation which integrated the near-surface velocity over a depth controlled by the spectral mean
wavenumber. COAWST system was implemented on a parent grid (with horizontal resolution of
2.0 km) covering the whole Adriatic Sea with one-way nesting to a child grid resolving the northern area
(Gulf of Venice) at a resolution of 0.5 km. The meteorological forcings provided by the operational mete-
orological model COSMO-I7 (a mesoscale model developed in the framework of the COSMO Consortium)
were used to drive the modeling system in the period bracketing September 2010–August 2011. The
adopted winds and the simulated waves were compared with observations at the CNR-ISMAR Acqua Alta
oceanographic tower, located off the Venice littoral. Wave heights and sea surface winds were also com-
pared with satellite-derived data. The analysis of WCI was performed on the child grid over the winter
season (January–March 2011) with particular focus on the waves generated by prevailing and dominant
winds blowing on the Adriatic Sea: Bora and Sirocco. Due to the variable wind direction with respect to
the ocean current direction different effects on WCI were depicted, showing that within the northern
Adriatic Sea the ocean–wave interactions are strongly dependent on the wind forcing direction. Further
investigations reveal that, when applied to intense storms, the effect of coupling on waves results in vari-
ations of significant wave height up to 0.6 m, with some areas experiencing significant increase/decrease
of wave spectral energy for opposite/following currents respectively.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction Massel (1996) reviewed some formulations to predict the prop-
Interaction between oceanic waves and current represents one
of the primary driving forces in coastal and offshore areas. Sea
gravity waves and surface circulation are mostly governed by the
same driving factor (the atmospheric wind) and propagates in
the same medium (the oceanic water). Waves and current form a
complex system which is usually discussed assuming distinctly
the influence of waves on hydrodynamics and the influence of
wave on currents. This broad topic is usually referred to with the
general term of Wave–Current Interaction (WCI) that, from the
general point of view, traces back to the theoretical works of Long-
uet-Higgins (1970) on longshore currents flows produced by
waves, and to the studies of the dynamics of waves in a moving
medium (Tayfun et al., 1976).
agation of randomly distributed waves in an ambient current.
These solutions, which are based on the kinematical equation for
the density of waves and on the principle of wave action conserva-
tion, permit to estimate analytically the influence of a current on
wave parameters (e.g., the local spectral energy density). In ab-
sence of wave breaking, the local wave amplitude is given by (Phil-
lips, 1977)

A
A0
¼ c0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cðc þ 2UÞ
p ð1Þ

where A is the wave amplitude and c is the wave phase speed in
presence of an ambient current U, whereas the variables in a med-
ium with null ambient current are marked by the subscript 0. The
ratio A/A0 is illustrated as a function of wave period T and ambient
current speed U in Fig. 1, which shows that waves propagating in a
direction opposing the current (i.e., U < 0) are those most affected
by the current.
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Fig. 1. Modification of wave amplitude A of surface waves with period T moving
from still water to a region of current with velocity U, starting from still water.
Positive values of U indicate a following current, whereas a negative U refers to
wave trains subject to an opposite current.

Fig. 2. Adriatic Sea bathymetry. The AA marker shows the Acqua Alta platform
location.
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Recently there have been quite a few theoretical works dealing
with WCI, and in particular about oceanic flows forced by waves.
Among others, McWilliams et al. (2004), Ardhuin et al. (2008), Mel-
lor (2008) and Bennis et al. (2011) proposed several analytical
solutions to estimate the main effects of propagating waves on
the ocean current. In particular, Mellor (2008) proposed a radiation
stress tensor which originated a pressure field demonstrated to be
not consistent by Ardhuin et al. (2008). Then, Ardhuin et al. (2008)
and Bennis et al. (2011) derived a consistent closure of the equa-
tions, and the validity of their work was demonstrated by Michaud
et al. (2011).

At oceanic scales, wave models are based on balance of the
spectral wave action balance equation (Gelci et al., 1957; Hassel-
mann, 1962; Komen et al., 1994; Mei, 1989), providing synthetic
parameters of wave states. This allows operational wave forecast-
ing systems to disseminate daily global or local wave conditions
(Janssen, 2008). Generally, the integration of wave action equation
is performed over a computational domain which does not account
for the presence of currents. Successful applications under such
hypothesis are numerous, and confining the discussion within
the Adriatic Sea, examples can be found in Signell et al. (2005)
and Dykes et al. (2009). However, wave action balance equation
can account for an ambient current (Whitham, 1974) and numeri-
cal models are able to propagate the wave spectrum on a moving
medium.

Benefiting from increase of numerical models efficiency and
computational capabilities, recent applications of ocean–wave
coupling have been considerably growing in the last decade. Osuna
and Monbaliu (2004) studied the WCI in the southern North-Sea
using a numerical coupling scheme allowing the data transfer be-
tween the WAve prediction Model WAM (Hasselmann, 1988) and
a 2-D vertically integrated hydrodynamic model. With current
speed up to 1 m/s, the authors found differences for significant
wave heights and mean periods of about 0.2 m and 1 s, respec-
tively. An experimental study of current effect on waves in a basin
and its comparison with Simulating WAves Nearshore model (Boo-
ij et al., 1999) was proposed by Soares and de Pablo (2006) and
Rusu and Soares (2011), who found a good agreement between
the SWAN calculations of wave spectra and experimental results.

Warner et al. (2010) developed and applied to a hurricane sce-
nario the same 3-D COAWST system used in this study, forced with
the atmosphere Weather Research and Forecasting model (Skama-
rock et al., 2005). They showed that in certain conditions the signif-
icant wave height increases by as much as 20% when a wave
system meets an opposite current. Similar results were obtained
by Fan et al. (2009b) who found a reduction in the wave energy
when including an oceanic current following the waves. The
authors also highlight that WCI improve hindcast and forecast of
wave energy and, as a consequence, significant wave height. An-
other successful development of a coupled current–wave model
is found in Bolanos et al. (2011), who implemented the circulation
Proudman Oceanographic Laboratory Coastal-Ocean Modeling Sys-
tem (POLCOMS) and WAM models in the Northwestern Mediterra-
nean Sea. Due to the low currents simulated, the authors found
small differences between wave parameters (height and period)
computed with WAM vs. those obtained by the same model once
coupled with POLCOMS. Successful application of coupled POL-
COMS–WAM in storm conditions is given in Brown et al. (2011).
With the purpose of setting up an operational storm surge fore-
casting system in the Adriatic Sea, Roland et al. (2009) accounted
for the influence of waves on water levels. Example of inclusion
of ambient current in an operational ocean wave forecasting sys-
tem is provided by the European Centre for Medium-Range Weath-
er Forecasts (ECMWF), which found significant wave height
modifications up to 0.5 m in presence of an ocean current (Hers-
bach and Bidlot, 2008).

Since all the cited studies showed the importance to account for
ocean circulation when modeling waves in storm conditions, we
aimed at investigating WCI in the Adriatic Sea, where wind wave
storms are rather frequent (Benetazzo et al., 2012; Bignami et al.,
2007; Cavaleri et al., 1989; Dykes et al., 2009). Adriatic Sea is an
elongated (about 700 km long and 200 km wide) semi-enclosed
basin delimited on three of its sides by the Italian coasts and the
Balkans, and connected to the Mediterranean Sea by the Otranto
Strait (Fig. 2). The Adriatic Sea extends mostly in the NW–SE direc-
tion, from the shallow Gulf of Venice to the Otranto strait. The so-
called Gulf of Venice is located in the northern region of the Adri-
atic Sea, having dimensions of about 200 � 200 km2. This area is
characterized by gentle slopes and relatively shallow depths,
reaching maximum values up to 80 m in its southern region.

The most frequent winds blowing on the Adriatic Sea are the so-
called Bora and Sirocco (Bignami et al., 2007), which cause high
waves in the Adriatic Sea, although Bora waves are generally
fetch-limited. In particular, Bora is a North–Eastern (Fig. 3), dry
and cold wind, usually channeled through the Dinaric Alps and re-
garded as one of the Cold Air Outbreak (CAO). Bora is a gusty wind,
particularly strong during the winter season over the northern and
central Adriatic Sea (up to 15 m/s for several days, with gusts up to
50 m/s), which causes enhanced local cyclonic flow (Bergamasco
and Gačić, 1996; Paklar et al., 2001). Contrary to Bora, the South–
Eastern Sirocco waves are not fetch-limited and therefore charac-
terized by a progressive growth; although Bora winds can attain



Fig. 3. Example of COSMO-I7 model output. Bora (left panel) and Sirocco (right panel) wind stress fields over the Adriatic Sea surface (10-m height) averaged over 2011
January, 27–29 and 2011 February, 15–17, respectively.
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very high speed suddenly, Sirocco can grow slowly, reaching the
highest speeds on the eastern Adriatic regions (Fig. 3), and gener-
ally it decreases while proceeding to the western coasts as pointed
out by Signell et al. (2005).

The Adriatic hydrography and circulation have been studied
since the end of the 18th century, and are thus described in many
papers, among which we mention the review by Orlic et al. (1994)
and the in situ analysis by Artegiani et al. (1997a, b) based on an
extensive hydrographic data record ranging from 1911 to 1983
(Cushman-Roisin et al., 2001). We also refer to a volume (EU,
1999) on the northern Adriatic eutrophication issue, of which the
physical component includes both in situ and modeling efforts
(Bignami et al., 2007). More recently, this basin has been the site
of a multi-project effort (Lee et al., 2005) investigating the influ-
ence of the wind and marine circulation on sediment distribution
and deposition patterns. However, to our best knowledge, no
examples of fully coupled wave–ocean 3-D model were imple-
mented in the Adriatic region. With this paper we intend to fill this
gap, specifically aiming at disentangling the effects of the wave on
currents using a high resolution model in case of wind-driven
circulations.

It is important to stress that it has been repeatedly proven crit-
ical to utilize high resolution wind forcing fields and circulation
models, at least to model particular events in Adriatic marine cir-
culation, if not its longer term (e.g., seasonal) characteristics. The
use of low resolution winds in fact necessarily implies a calibration
factor to better reproduce wind-driven circulation. This is particu-
larly evident in the case of the cross-basin Bora pattern, because of
the complexity and small scale of Adriatic orography is often
poorly reproduced in atmospheric models. The Bora flow is seen
to be composed of an alternation of high and low wind speed
‘strips’ crossing the Adriatic in correspondence of the fine scale
(10–100 km) Balkanic orographic lows and highs. This causes a cy-
clone–anticyclone pattern in the circulation, with consequent up-
wind branches towards the eastern boundary, often unresolved
when low resolution wind forcing is used (Bergamasco and Gačić,
1996; Paklar et al., 2001; Pullen et al., 2003; Signell et al., 2005).

Along this line of thought, we conducted some numerical exper-
iments of WCI in the northern Adriatic Sea (Gulf of Venice) with
the high-resolution COAWST system within the period bracketing
September 2010–August 2011. In particular, we investigated the
importance of including the effect of WCI to simulate waves using
SWAN, implemented during the winter season ranging from Janu-
ary to March 2011. The COAWST system was set allowing a two-
way coupling between SWAN and ROMS, with atmospheric forc-
ings provided by the high-resolution model COSMO-I7. Within
the simulated period, measurements of wave heights, current
velocity, and wind speed were collected at Acqua Alta tower in
the northern Adriatic Sea (Fig. 2). These observations, together
with satellite measurements, were used to evaluate the SWAN pre-
dictions in storm and non-storm conditions.

The outline of the paper is as follows. In the next Section, the
governing equations of SWAN and ROMS numerical models are
outlined together with details about the WCI and atmospheric
model COSMO-I7 specification. In-situ and satellite-borne observa-
tions are presented in Section 3, with a comparison between mod-
eled and measured data. In Section 4 we use the COAWST system
to estimate the influence of current on waves. Finally, we provide
a discussion and conclusion in Section 5.
2. Methods

The COAWST modeling system was here used in the Adriatic
Sea to assess the influence of ocean circulation on surface waves.
The simulations were based on a two-way coupling between ROMS
and SWAN running on the same computational grid. The atmo-
spheric forcing was uncoupled and fields were provided by the
high-resolution COSMO-I7 model.

2.1. ROMS ocean model

The oceanic circulation was simulated using the COAWST sys-
tem, based on Regional Ocean Modeling System (ROMS) version
3.4 (http://www.myroms.org). ROMS solves finite-difference
approximations of the 3-D Reynolds-averaged equations for con-
servation of mass, momentum, and heat using a Generic Length
Scale (GLS) turbulence approach (Kantha and Carniel, 2003; Um-
lauf and Burchard, 2003), with the implementation of Warner
et al. (2005). Wind-driven circulation, mixing, and heating or cool-
ing of surface waters were calculated using the Coupled Ocean–
Atmosphere Response Experiment (COARE) 3.0 bulk flux algo-
rithms with short wave radiation, wind, air temperature, humidity,
and atmospheric pressure. A recursive Multidimensional Positive
Definite Advection Transport Algorithm (MPDATA) advection is
chosen to model the tracers dynamics (Smolarkiewicz, 1983,
1984).

2.2. SWAN spectral wave model

In the present work, the wind wave simulations were carried
out using the Simulating WAves Nearshore (SWAN) model, version
40.81 (see Booij et al., 1999; and http://www.swan.tudelft.nl).
SWAN is a state-of-the-art 3rd generation spectral wave model
which computes random, short-crested wind-generated waves in
offshore and coastal regions. The model describes the generation,
evolution and dissipation of the wave action density spectrum
N(space, time;r,h), where h is the wave propagation direction,
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and r is the wave relative frequency. SWAN solves a radiative
time-dependent transport equation in the variable N, accounting
for the wind input, the wave–wave interactions, and the dissipa-
tion terms both in deep and shallow waters. The ambient current
affects the density spectrum balance in two ways. One way is that
N will be propagated with a velocity modified by the local ocean
current. A second way is that the effects of ocean currents are ac-
counted for by using the apparent local wind speed and direction
to modify the wind stress, for instance as analyzed by Kara et al.
(2007). The wind speed modification by the local current is imple-
mented in COAWST assuming the atmosphere flow relative to a
moving frame: the wind speed is shifted by the ocean current
velocity. This hypothesis allows guessing from COSMO-I7 10 m
wind speed the effect of ocean current on surface stress. A com-
mentary on the validity and limits of such a hypothesis is provided
by Hersbach and Bidlot (2008).

The governing equation of N(k,u, t;r,h) in spherical co-ordi-
nates (i.e., the space is described by the two variables longitude k
and latitude u) reads,

@N
@t
þ @ckN

@k
þ @cuN

@u
þ @crN

@r
þ @chN

@h
¼ STOT

r
ð2Þ

The first term represents the kinematics of the energy balance.
The second term accounts for the wave energy propagation in the
spherical space, with the flux convected by the propagation veloc-
ity of wave energy. In the geographical space, this velocity is given
by

ck¼
1

Rcosu
cg coshþuk

� �
¼ 1

Rcosu
1
2
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sinhð2kdÞ
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� �
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1
R
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� �

¼1
R

1
2
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sinhð2kdÞ

� �
rk

k2 sinhþuu

� �

ð3Þ

where R is the radius of the Earth, cg represents the magnitude of
the group velocity vector cg = [cgcosh,cgsinh] which is function of
the wavenumber vector magnitude k = |k| and the water depth d.
In Eq. (3), and uk and uu are the two components of the ambient
current in longitude and latitude direction, respectively. The third
term of Eq. (2) denotes the flux of energy in r-space and the radian
frequency variations due to depth and ambient current. The propa-
gation velocity in the spectral r-space is given by

cr ¼
@r
@t

@d
@t
þ U � rd

� �
� cgk � @U

@s
ð4Þ

where s is the space coordinate in the wave propagation of h, and
U = [uk,uu] is the ambient current vector. The last term of the left-
hand side of Eq. (2) accounts for the wave refraction due depth-
and current-induced. The propagation velocity in the h-space reads

ch ¼ �
1
k

@r
@d

@d
@m
þ k � @U

@m

� �
ð5Þ

with m corresponding to the space coordinate perpendicular to the
wave propagation h. The effect of currents on wave energy is explic-
itly introduced in the propagation terms reported in Eqs. (3)–(5). On
the right-hand side of Eq. (2), STOT variable describes the terms of
energy source and sink, and the conservative redistribution of en-
ergy among wave spectral components. The dissipation term ac-
counts for whitecapping, bottom friction, and depth-induced
breaking; the nonlinear wave–wave interactions are described by
the four-wave and three-wave interactions in deep-intermediate
and shallow waters, respectively.
2.3. COSMO-I7 atmosphere model

To properly simulate winds in the semi-enclosed Adriatic Sea,
high-resolution atmospheric models are necessary to adequately
address the effect of the surrounding orography (Signell et al.,
2005). They have also shown how the meteorological model reso-
lution is crucial for reproducing accurately dominant and transient
winds in the Adriatic region, suggesting, among other characteris-
tics, that numerical tools with horizontal grid size smaller than
20 km can significantly improve the accuracy of meteorological
forcing for wave numerical models.

In accordance to this, in this study the atmospheric forcings em-
ployed (i.e., 10-m height wind field, atmospheric pressure, air tem-
perature, air humidity, cloud cover, rain intensity, shortwave solar
radiation) were provided by the Italian operational atmospheric
model COSMO-I7, a local implementation of the Lokal Model (Step-
peler et al., 2003). COSMO-I7 is the Italian version of the COSMO
Model, a mesoscale model developed in the framework of the COS-
MO Consortium (http://www.cosmo-model.org). It is a non-hydro-
static, 3-D numerical weather prediction model with a 7 km
horizontal resolution, 35 vertical terrain-following levels, provid-
ing outputs every 1 h. Initial and lateral boundary fields for COS-
MO-I7 are provided by the global model Integrated Forecast
System (IFS) from the European Centre for Medium-Range Weath-
er Forecasts (ECMWF). COSMO-I7 covers the domain 2–22�E and
32–52�N, which has an extension of 2000 � 1500 km2. COSMO-I7
runs operationally for 00:00 UTC at the Emilia Romagna Region
Meteorological and Hydrological Service (ARPA-EMR-SIMC,
http://www.arpa.emr.it/sim/pagine/home/index) and provides
72-h forecasts. The meteorological forcing fields for COAWST were
obtained from the daily COSMO-I7 runs accounting for the first 24-
h forecast, and they were linearly interpolated in space to the
ROMS and SWAN model grids.

2.4. COAWST system set-up

COAWST system was implemented in the Adriatic Sea for a 12-
month hindcast period, ranging from 2010 September, 1 to 2011
August, 31, and it was based on two different curvilinear orthogo-
nal computational grids. The coarse parent grid (with horizontal
spacing of 2.0 km in both directions, and 20 vertical sigma-levels)
covers the whole Adriatic Sea, and it is the same adopted in other
previous studies (Bignami et al., 2007; Boldrin et al., 2009; Carniel
et al., 2009), locating the southern open boundary at the Otranto
Strait (Fig. 2). Here, ROMS open boundary conditions (sea surface
elevation, vertical distribution of 2-D momentum, temperature
and salinity) were taken from the Mediterranean Forecasting Sys-
tem (Pinardi et al., 2003) running at INGV (Istituto Nazionale di
Geofisica e Vulcanologia), released through MyOcean service
(http://www.myocean.eu.org/). Besides, along the boundary five ti-
dal constituents were imposed (namely, M2, S2, N2, O1, K1), as ob-
tained through the Oregon State University (OSU) model (http://
volkov.oce.orst.edu/tides/). For 3-D passive tracers and baroclinic
fields the radiative boundary condition (Orlanski, 1976) was pre-
scribed. For the ocean model initial conditions (at 00:00 UTC on
the 1st September 2010) of 3-D velocity, depth-integrated 2-D
velocity, free-surface level, temperature and salinity were obtained
from operational version running at the University of Ancona (Rus-
so et al., 2012). The sediment model was initialized with zero sed-
iment concentration in the whole computational domain. Daily-
averaged time series of fresh water and sediment concentration
supplies from the Po river were imposed (Bever et al., 2009; Harris
et al., 2008). In order to better account for the impact on coastal
circulation and sediment supply, the flow of other rivers based
on monthly-mean values using climatological estimates (Raicich,
1994) were also imposed, for a total of 26 rivers. The ROMS coarse
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Fig. 5. Example of current speed computed by COAWST modeling system in the
Gulf of Venice. For graphical purposes, current vector arrows are scaled to unity
length.
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grid ran with a 60 s baroclinic time-step, with 20 barotropic time-
steps between each baroclinic time-step. Model outputs (e.g., 3-D
and 2-D velocity components, free-surface, temperature and salin-
ity fields) were saved every 0.5 h. The sediment model time step
was chosen equal to the time step used to run the ocean model,
and the outputs saved were: suspended concentration, bed layer
fraction, bed load, and sediment layer thickness.

The adopted child grid has horizontal spacing of 0.5 km, and it
was offline nested (Mason et al., 2010) to the parent grid in the
northern Adriatic Sea sub-region (Fig. 4 and 5). At the southern
boundary of the fine grid, free surface, 2-D momentum, 3-D
momentum, salinity, temperature, and sediments fields from the
parent model were imposed with a 0.5-h time-step. A Chapman
condition (Chapman, 1985) was imposed to the free-surface and
a Flather condition (Flather, 1976) used to specify the 2-D momen-
tum. The 0.5-km resolution was here used since the internal Ross-
by radii of deformation and the vertical dynamical modes in the
northern Adriatic Sea range between 10 km in summer and 1 km
in winter (Bergamasco et al., 1996). The consequence is that a 2-
km grid is not always an eddy resolving grid, and the downscaling
to 0.5 km is necessary to capture almost completely the internal
dynamics of ocean circulation. On the child grid, the baroclinic
and barotropic time-steps used in ROMS were the same adopted
for the parent grid. In this specific model setting, the output were
saved every 3 h.

SWAN was implemented on the parent and child grids by dis-
cretizing the wave action density with 24 equally spaced directions
and 32 intrinsic frequencies f geometrically distributed, such that
fn+1 = 1.1fn, with f1 = 0.05 Hz. SWAN was run in third generation
mode and the quadruplet wave–wave interactions in deep water
were carried out with the Discrete Interaction Approximation
(Hasselmann et al., 1985). Exponential wave growth by wind and
whitecapping were evaluated with the expressions due to Komen
et al. (1984) with default coefficients (SWAN, 2012). The energy
dissipation due to depth-induced wave breaking (Battjes and Jans-
sen, 1978) and to bottom friction (Madsen et al., 1988) was also
activated using default settings. A first order, Backward Space,
Backward Time (BSBT) scheme was used to discretize the wave ac-
tion fluxes in geographical space, while in the spectral space a hy-
brid central/upwind scheme was chosen (SWAN, 2012). SWAN was
run in non-stationary mode (i.e., the wave action density spectrum
N evolved in time), with a 600 s time step, and the outputs saved
Fig. 4. Map of the Adriatic Sea bathymetry used by the COAWST modeling system
in the Gulf of Venice (Northern Adriatic Sea). The AA marker shows the Acqua Alta
platform location.
every 0.5 and 3 h for the coarse and fine grids, respectively. On
the parent grid, SWAN was configured assuming that no waves en-
tered the area and that waves were able to leave the area freely at
the southern boundary. The computation on the coarse grid pro-
vided the shape of the spectra at the boundary of the fine grid, im-
posed with a 30-min time step. For SWAN, initial conditions were
obtained by running the model for stationary conditions. Wave
parameters related with the energy spectra and computed for each
computational cell were significant wave height (Hs), second-mo-
ment wave period (Tm02), and mean wave direction (h).

In the configuration adopted for this study, the ocean model
provides the wave model with currents, free surface elevation,
and the bathymetry evolution, being the morphology module
implemented in the ROMS model. There exist different possible ap-
proaches to define the current velocity field calculated by the cir-
culation model which is then passed to the wave model. As
waves mostly feel the surface velocity, one option is to send the
velocity at first vertical level from the ocean to the wave model
for coupling. Alternatively, the depth-integrated speed can be used,
or the ocean current at the depth which modifies the apparent
phase speed of the wave train (Fan et al., 2009a). Here, the horizon-
tal current velocity field provided by the circulation model ROMS
was transformed using the formulation proposed by Stewart and
Joy (1974), and extended to finite depths by Kirby and Chen
(1989). The proposed formulations account for the observation
that short waves feel the current nearby the surface whereas long-
er waves are altered by currents extending from the surface to lar-
ger water depths. Consequently, ambient current velocity U is
function of the wavenumber k, i.e., Uk = U(k) = [uk(k),uu(k)], and
can be written as

Uk ¼
2kd

sinhð2kdÞ

Z 0

�d
UðzÞ cosh½2kðdþ zÞ�dz ð6Þ

where U(z) = [uk(z),uu(z)] is the vertically non uniform current
velocity profile calculated by ROMS. In COAWST system, the
weighted average expressed by Eq. (6) was calculated with
respect to the mean spectral wavenumber, and used by SWAN
in Eq. (2). A discussion about the use of using Kirby and
Chen (1989) formulation in numerical models is presented in
Olabarrieta et al. (2012).

The fully coupled COAWST system also accounts for the effect
of oscillating waves on the oceanic flows. To this end, the wave
model provides to the ocean model: wave energy dissipation
(ebr), significant wave height (Hs), percent of breaking waves (Q),
surface peak wave period (Tp), bottom mean wave period (Tm,bot),
mean wave direction (hm), average wave number (k), wave orbital
velocity near the bottom (Ubot). In the adopted configuration of
ROMS model, these wave parameters were used to predict surface



Fig. 6. Jason-1 (magenta), Jason-2 (green), and Envisat (blue) satellite tracks over
the Adriatic Sea from 2010 September, 01 00:00 UTC to 2011 August, 31 23:30 UTC.
The red marker shows the Acqua Alta platform location. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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layer dynamics and roughness, bottom boundary layer closure,
and momentum fluxes induced by waves (Olabarrieta et al.,
2012; Warner et al., 2008). On the water surface, breaking waves
produce an injection of kinetic energy: in these conditions, the
near-surface mixing is stronger and the current velocity vertical
gradient is reduced (Carniel et al., 2009 and references therein).
In COAWST system, for breaking waves, the surface roughness
length was parameterized as proportional to the significant wave
height with a coefficient chosen equal to 0.5 (Stacey, 1999). In the
COARE algorithm, the default option (Charnock, 1955) for wave
roughness formulation in bulk fluxes was used. The stresses on
the Bottom Boundary Layer (BBL) are parameterized with a for-
mulation which represents the interactions of currents and wave
motions over a movable bed. In the configuration adopted in the
study, the wave–current BBL model described in Warner et al.
(2008) is used.

The oceanic wave driven-flows and the effect of surface waves
on mass flux transport were modeled with a Vortex-Force (VF) for-
malism (Kumar et al., 2012; McWilliams et al., 2004; Olabarrieta
et al., 2012; Olabarrieta et al., 2011; Uchiyama et al., 2010). Follow-
ing Kumar et al. (2012), in VF equations, wave averaging is consid-
ered in an Eulerian reference frame, and wave effects on ocean
circulation enter in ROMS primitive equations as momentum and
tracers fluxes. Horizontal and vertical hydrodynamic contributions
are separated in conservative (VF terms) and non-conservative
wave forces, including an adjustment of the pressure field with sat-
isfies the presence of waves. The horizontal VF term can be written
as:

VFhor ¼ � z
_
�ustðz

_
�r? � uþ f Þ �wst

@u
@z

ð7Þ

where ust is the horizontal vector of Stokes velocity, and wst is its
vertical components; z is the vertical direction, with unit vector
equal to z

_
; u is the horizontal Eulerian mean velocity; f is the Cori-

olis parameters; r\ represents the horizontal differential operator.
The horizontal VF term includes an interaction between the vortic-
ity of the Eulerian field and the Stokes drift, the Stokes–Coriolis
force, and a convective acceleration. Non-conservative wave forces
induce flow acceleration and dissipation. Accelerations are propor-
tional to the wave energy ebr dissipated in the breaking process
(depth-induced and whitecapping) and are introduced as a body
force (Kumar et al., 2011):

Fw ¼
ebr

q0r
cosh

2ffiffiffi
2
p 2p

Hs
ðzþ dÞ

� �
k ð8Þ

where qo is the reference water density. Wave-induced dissipations
are the resulting effect on the apparent bed roughness due to the
wave motion in the bottom boundary layer (Madsen, 1994). The
pressure field correction Pcor is proportional to the square of Hs

and it is defined as:

Pcor ¼
rH2

s

32ksinh2ðkdtotÞ

Z z

�d

@2k � u
@z02

sinh½2kðz� z0Þ�dz0 ð9Þ

Pcor induces additional forces equal to �r\Pcor and � @Pcor
@z in the

horizontal plane and vertical direction, respectively. The vertical
VF term is expressed as:

VFvert ¼ �ust �
@u
@z

ð10Þ

In COAWST, Stokes drift are computed using bulk wave param-
eters such as the significant wave height, the mean wave number,
and the mean direction of propagation. The 3-D Stokes velocities
profile can be written as:
ustðzÞ ¼
k
c

cosh½2kðdþ zÞ�
sinhð2kdtotÞ

1
8

gH2
s

wstðzÞ ¼ �r? �
Z z

�d
ustðzÞdz0

ð11Þ

where c is the wave phase speed. The use of integrated wave param-
eters to diagnose ust and wst could lead to Stokes velocities less
accurate (Tamura et al., 2012) than those estimated directly from
wave spectra.

Throughout this study, the two-way coupled system (referred
as 2WC) that included the transfer of terms described in this sec-
tion was used in both parent and child grids. The two-way coupling
between ROMS and SWAN was done synchronously with a 0.5-h
time interval between coupling of models. To assess the influence
of coupling, on the fine grid the uncoupled COAWST system (re-
ferred as UNC) was also run for the winter season from January
to March 2011.
3. Evaluation of numerical model performances

For the whole hindcast period on the coarse grid (September
2010–August 2011), wind, waves, and currents were recorded at
the ISMAR-CNR Acqua Alta tower, located in the northern Adriatic
Sea (Lat = 45�18’83’’N, Lon = 12�30’53’’E, see Fig. 6), where local
water depth is approximately 16 m. The waves and current were
measured using a Nortek AS AWAC current profiler and wave
directional system with a sampling rate of 2 Hz. AWAC instru-
ments exhibits accuracies of 1 cm and 2� in wave elevation and
direction, respectively. The accuracy for current is 1% of measured
value. AWAC was programmed to collect twenty minutes of wave-
burst data every 30 min. Spurious data, common in Acoustic Dopp-
ler velocimeters, were despiked by using the method described in
Goring and Nikora (2002). The wind speed was measured at a
height of 15 m above mean sea level with a VT0705B SIAP ane-
mometer, and recorded every 5 min. The observed wind speed
was corrected to the standard 10-m reference level (U10), assuming
winds taken in near-neutral conditions (Large and Pond, 1981;
Massel, 1996).

In addition to Acqua Alta data, to analyze model predictions Ja-
son-1 (NASA/CNES), Jason-2 (NASA/CNES/EUMETSAT/NOAA), and
Envisat (ESA) remotely sensed significant wave height Hs and U10

were also considered (Fig. 6). Satellite-borne altimeter measure-
ments, which are available at sparse time and are intrinsically spa-
tially distributed permitted to evaluate the wave model accuracy
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over a large area. This is significantly more important in an area
like the Adriatic Sea, where the complex topography produces rap-
idly varying and spatially distributed sea surface wind fields
(Dykes et al., 2009). A validation of the significant wave height Hs

from both the Jason-1 and Envisat altimeters was done by Durrant
et al. (2009), who found a Root-Mean-Square Difference between
altimeters and buoy data of approximately 0.2 m. Johnsen et al.
(2005) compared Jason-1 and ENVISAT altimeter wind speeds
using buoy data, reporting mean value and standard deviation of
differences of about 1 and 1.5 m/s, respectively. Similar values
were found by Cavaleri and Sclavo (2006) in their comparison of
ERS-1 altimeter wind speeds to buoy data in the Mediterranean
and Adriatic Seas.

To allow a direct comparison with available model outputs,
observations at Acqua Alta were interpolated onto COAWST and
COSMO-I7 time base, while modeled data were extracted in the
computational grid position nearest to the expected Acqua Alta
tower location. In order to assess COSMO-I7 performances on the
whole Adriatic Sea, modeled U10 were selected along a swath of
3.5 km and with a 0.5 h temporal proximity criterion with altime-
ter winds. A similar procedure was applied to COAWST outputs as
far as wave parameters and ocean current vertical profiles are con-
cerned. For modeled waves and currents, the spatial proximity cri-
terion was limited to 1.0 km.

To evaluate the numerical model performances, the statistics
used to compare modeled and observed data are Bias, Root-
Mean-Square Difference (RMSD), linear correlation coefficient
(CC), standard deviation of the fields (Taylor, 2001). Further indica-
tors of the average performance of a model are given by the slope p
of the best fit-line between model and observed data, and by the
amplitude response error defined as E = 100(1 � p).

Within the 12-month long simulated period, Fig. 7 illustrates a
3-month time series comparison of modeled and observed U10 at
Acqua Alta. Within the period shown, all the peaks correspond to
Bora events, except one Sirocco wind condition. The COSMO-I7
model captures the timing of the wind events, and there is no clear
evidence of a magnitude reduction, differently to what observed by
Signell et al. (2005) for four wind models (ECMWF, LAMBO, LAMI,
COAMPS) operating in the Adriatic Sea area. Indeed, within the per-
iod shown in Fig. 7, Bora and Sirocco events that occurred with
peak speeds greater than 10 m/s were well predicted. The same
behavior is shown by the Hs and Tm02 time series (Fig. 8 and
Fig. 9), but with a smoother field.

The scatter diagram for wind speed at the Acqua Alta tower is
shown in the left panel of Fig. 10, where the dashed tick line shows
the linear best fit between modeled (COSMO-I7) and observed
data. The wind speed average underestimation is characterized
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Fig. 7. Time series comparison of modeled (COSMO-I7) and observed (OBS) wind speed
(red line) wind events are highlighted.(For interpretation of the references to colour in
by a response error E equal to 10% (Table 1), which reflects a good
average performance of COSMO-I7 model. As expected (see Signell
et al., 2005), COSMO-I7 model shows a rather large scatter for
winds (RMSD = 2.12 m/s), which reduces the CC value to be equal
to 0.77. At Acqua Alta, a 0.18 m/s (negative) bias in the modeled
U10 data was found. In general, low wind speeds (below 5 m/s)
were overestimated (bias is equal to 0.16 m/s) with a tendency to-
wards underestimation as the wind speeds increase (above 10 m/s
the bias becomes �1.43 m/s). This underestimation of higher
winds is typical in the Northern Adriatic Sea (Signell et al., 2005)
especially during Bora episodes, when an airflow response reduc-
tion is operated by the mountain smoothing within the atmo-
sphere numerical models (Cavaleri and Bertotti, 2003).

The ratio of standards deviations of model and observed data
(Rstd) is equal to 1.03, therefore the two signals have approximately
the same amplitude of the variation around the mean. The compar-
ison between modeled and remotely sensed wind data shows a
similar statistics (Table 1), with the slope of the best fit line equal
to 0.98 (see right panel of Fig. 10). Note the overestimation by the
altimeter for wind speeds below 5 m/s (bias = 0.82 m/s), and a neg-
ative bias (�0.52 m/s) for high winds (above 10 m/s) correspond-
ing to underforecasting the observed values on the average.

The SWAN model response error, E, is increased with respect to
the meteorological model (Fig. 11 and Table 1). This is a conse-
quence of the nature of waves that are an integrated effect of the
space–time varying wind field. Assuming, for instance, the Pier-
son–Moskowitz spectral formulation (Pierson and Moskowitz,
1964), the Hs of a given sea states is proportional to the square of
wind speed. The obvious implication is that an underestimation
of the wind speed of, e.g., 10% causes the waves derived to be
underestimated by a larger degree, up to 20%. Despite this effect,
the overall evaluation of the wave model is satisfying and shows
an improvement of the wave fields with respect to those analyzed
in the same area by Signell et al. (2005), suggesting that atmo-
sphere models have improved significantly over 5 years. In fact,
the response error E for both Hs and Tm02 (Fig. 11, Fig. 12, and Ta-
ble 1) are in the order of 10%. COAWST wave outputs show little
biases relative to Acqua Alta data: �0.01 m for Hs, and �0.14 s for
Tm02. Along the same tendency, a bias for Hs of �0.02 m shows a
small systematic underestimation of modeled data relative to
altimeters observations. Examining the scatter plots for waves,
we observed an average positive deviation from observed small
waves (Hs < 0.7 m) at Acqua Alta (bias = 0.03 m) and remotely
sensed (bias = 0.04 m). The underestimation in COAWST starts at
around Hs = 1.2 m and Tm02 = 2 s, and tends to increase for high
waves (Hs and Tm02 above 2 and 5 s, respectively), being the bias
equal to �0.42 m and �0.76 s at Acqua Alta, and �0.16 m for altim-
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U10 at the oceanographic tower Acqua Alta. Example of Bora (green line) and Sirocco
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Time series comparison of modeled (COAWST) and observed (OBS) significant wave height Hs at the oceanographic tower Acqua Alta. Simulated Hs are shown as
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Fig. 9. Time series comparison of modeled (COAWST) and observed (OBS) mean period Tm02 at the oceanographic tower Acqua Alta. Example of Bora (green line) and Sirocco
(red line) wave events are highlighted.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Scatter diagrams of wind speed magnitude: numerical model/observations at Acqua Alta (left) and remotely sensed for the three satellite data merged on the whole
Adriatic Sea (right). Scatter plot was created by binning the data into 0.50 m/s bins. The dashed black line is the linear regression while the black line represents the perfect fit
between the two data sets.

Table 1
Validation statistics for modeled U10, Hs, and Tm02 comparisons with observations at
Acqua Alta (AA) and remotely sensed (Sat).

Variable p Bias RMSD CC Rstd

U10-AA 0.90 �0.18 m/s 2.12 m/s 0.77 1.03
U10-Sat 0.98 0.07 m/s 1.82 m/s 0.72 1.11
Hs-AA 0.89 �0.01 m 0.20 m 0.90 0.92
Hs-Sat 0.94 �0.02 m 0.26 m 0.81 1.12
Tm02-AA 0.92 �0.14 s 0.52 s 0.80 1.06
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eter data. In general, wave data appear to be less scattered than
wind data, and consequently significant wave height correlations
are higher than wind correlations.

Finally, the effect of model downscaling on wave parameters is
evaluated at Acqua Alta comparing model results of coarse and fine
grid implementations. The effect of change in wave model resolu-
tion was originally investigated by Cavaleri et al. (1996) and re-
cently by Osuna and Monbaliu (2004) who found small
differences in wave parameters using WAM model on computa-



Fig. 11. Scatter diagrams of significant wave height: numerical model/observations at Acqua Alta (left) and remotely sensed for the three satellite data merged (right). Scatter
plot was created by binning the data into 0.10 m bins. The dashed black line is the linear regression while the black line represents the perfect fit between the two data sets.

Fig. 12. Scatter diagram of wave period: numerical model/observations at Acqua
Alta. Scatter plot was created by binning the data into 0.19 s bins. The dashed black
line is the linear regression while the black line represents the perfect fit between
the two data sets.
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tional grids with resolutions of 1.0 end 3.0 km. In our implementa-
tions, the Hs values computed by the 0.5 km resolution model are
in good agreement with those obtained using the coarser grid
(2.0 km resolution), being the response error equal to 1%, the RMSD
equal to 0.04 m, and CC = 1.00. The Bias is approximately null
(�0.01 m), indicating that the values computed by the fine grid
were not systematically different from those of the coarse grid.
Similar conclusions can be drawn analyzing the second moment
wave period Tm02, being E = 2%, Bias = �0.05 s, RMSD = 0.17 s, and
CC = 1.0.

4. Current effect on the wave field

To investigate the effect of sea currents on waves, COAWST
system was run on the Gulf of Venice fine grid for a three-month
period covering the winter season from January 2011 to the end
of March 2011. Within the simulated period, it was possible to
focus on the wave storms with maximum Hs greater than
2.5 m in the northern Adriatic Sea (Fig. 8), as a result of wind
speeds above 10–15 m/s (Fig. 7). From the run outputs two dif-
ferent stormy conditions were identified and isolated (see Fig. 7
and Fig. 8), representing situations of northeastern (Bora) and
southeastern (Sirocco) winds. On January 27–29th, 2011, an in-
tense Bora event occurred in the northern Adriatic Sea, generat-
ing measured wind speeds up to 14 m/s at the Acqua Alta tower.
This storm occurred during a time of neap tides when the ob-
served semi-diurnal tidal range was closer to 0.6 m. On the other
hand, on February 15–17th, 2011, a Sirocco wind blew in the
Adriatic Sea with peaks up to 12 m/s. A spring tidal condition
was observed with a tidal range of 1.4 m. For both storms,
Fig. 13 shows the comparison of wind speed measured at Acqua
Alta tower and modeled by COSMO-I7 model in the computa-
tional cell nearest to the tower geographical location. For com-
parison, the observed and modeled currents were computed
using Kirby and Chen (1989) formulation (Olabarrieta et al.,
2012).

During Bora conditions, wind channeling across the Istria pen-
insula produces main current streams moving from North–East
to South–West (Book et al., 2007). Two subgyres are generated
by this intense wind event (Fig. 14, left panel). One followed the
northern Italian coast and recirculates in the proximity of the Po
river delta, whilst the second, induced by the Kvarner Bora winds,
approached the Italian coast and continues southward. Locally,
average current speed reached 0.45 m/s, a value in accordance
with ADCP historical observations in the same area during winter
conditions (Book et al., 2005). Bora waves were oriented south-
westerly (Fig. 14, right panel), apart from a small rotation to North
in front of the Istria peninsula. In accordance to the wave action
balance, Hs values were modified by the ocean current, experienc-
ing a decrease/increase of energy (shoaling) when the waves prop-
agated in a following/opposite ambient current (Fig. 15, left panel).
During the storm, mean differences of Hs between the 2WC and
UNC model runs reached 0.2 m. Comparing model wave heights
to measurements at Acqua Alta, the over prediction in the signifi-
cant wave height for UNC model (Fig. 16, left panel) may be ac-
counted for by the overestimation in the wind speed (Fig. 13, left
panel). The wave hindcast was slightly improved for 2WC model
which produced waves smaller than UNC model (the maximum
difference was approximately 0.2 m). At the storm peak (at 18:00
UTC on the 28th of January), 2WC model produced an under esti-
mation of Hs, which balanced the overestimation of the current
speed (Fig. 17, left panel). In fact, when coupled in two-way with
SWAN, ocean currents were enhanced for the inclusions of wave
forces and turbulent kinetic energy injection (Carniel et al.,
2009). Despite the mentioned discrepancies, in general, a good
agreement between the modeled and observed currents was ob-
tained: in run UNC, the RMSD and Cross-Correlation were 0.04 m/
s and 0.70, respectively, whilst when including the effect of waves
(run 2WC), the RMSD remained unchanged, whereas the CC in-
creased to 0.75. Additional effect of circulation is the current-in-
duced wave refraction (Fig. 15, right panel). The effect of current
was the maximum in the region between Croatian-Istrian Penin-
sula and the Italian Po river delta, with deviations which reached
20�.
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Fig. 13. Time series comparison of observed (OBS) and modeled (COSMO-I7) wind speeds at the oceanographic tower Acqua Alta for Bora (left panel) and Sirocco (right panel)
storms.

Fig. 14. The ROMS–SWAN hindcast results for a Bora event (2011 January, 27 18:00 UTC – 2011 January, 29 12:00 UTC). Storm mean average current (left) and wave phase
speed (right) computed in 2WC run. For graphical purposes, current vector arrows are scaled to unity length and decimated by a factor of 25.

Fig. 15. The ROMS–SWAN hindcast results for a Bora event (2011 January, 27 18:00 UTC – 2011 January, 29 12:00 UTC). DHs (left panel) and Dh (right panel) represent the
average difference, D, of Hs and mean direction of propagation h between fully coupled (2WC) and uncoupled (UNC) runs.
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During the Sirocco storm, wave phase speeds were aligned with
along-basin axis and current velocities were limited to 0.1 m/s
(Fig. 18). Sirocco current pattern exhibited a single gyre which ap-
proached the Croatian coast from South and then followed the Ital-
ian coast in a southward direction. Due to small current velocities,
waves were slightly sensitive to the ocean currents: maximum dif-
ferences of Hs and h between 2WC and UNC runs were limited to
0.1 m and 5�, respectively (Fig. 19). At Acqua Alta modeled winds
(Fig. 13, right panel) were able to capture the magnitude but not
the timing of the first peak. Unfortunately, the second peak was
missed by modeled winds. The first peak shifting and the underes-
timation in the wind speed after 00:00 UTC (Fig. 13, right panel) on
the 17th of February led to an under prediction of the significant
wave height peak values for both 2WC and UNC model runs
(Fig. 16, right panel). An under prediction was observed on the
sea current after 06:00 UTC on the 17th of February (Fig. 17, right
panel).

Computed wave and current fields in the Gulf of Venice were
also considered for the entire 3-month long simulated period.
Mean ocean currents and wave phase speeds during the winter



Fig. 16. Time series comparison of observed (OBS) and modeled (2WC and UNC) significant wave height Hs at the oceanographic tower Acqua Alta, for the wind events of Bora
(left panel) and Sirocco (right panel).

Fig. 17. Time series comparison of observed (OBS) and modeled (2WC and UNC) averaged current velocity at the oceanographic tower Acqua Alta, for the wind events of Bora
(left panel) and Sirocco (right panel).

Fig. 18. The ROMS–SWAN hindcast results for a Sirocco event (2011 February, 15 18:00 UTC – 2011 February, 17 18:00 UTC). Storm mean average current (left) and wave
phase speed (right) computed in 2WC run. For graphical purposes, current vector arrows are scaled to unity length and decimated by a factor of 25.
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period bracketing January 1st - March 31st 2011 are shown in
Fig. 20. The spatial pattern of mean currents and wave directions
highlight that sea circulation and wave propagations were Bora-
driven, being waves mostly oriented southwesterly and sea circu-
lation forced to two subgyres. Sirocco contribution is evident close
to Croatian coast where along-axis southeastern winds forced cur-
rents to be almost parallel to the coast line. For each computational
cell of the fine grid, maximum and minimum differences of Hs be-
tween 2WC and UNC are shown in Fig. 21. In accordance to Bora
driven conditions, coupled system produced maximum reduction
of Hs (about 0.6 m) at the center of the northern Adriatic Sea. For
the coupled system, increases of Hs can be observed in Trieste
and Kvarner Gulfs, and the Sea area surrounding the Italian Conero
promontory (Fig. 21, left panel).



Fig. 19. The ROMS–SWAN hindcast results for a Sirocco event (2011 February, 15 18:00 UTC – 2011 February, 17 18:00 UTC). DHs (left panel) and Dh (right panel) represent
the average difference, D, of Hs and mean direction of propagation h between fully coupled (2WC) and uncoupled (UNC) runs.

Fig. 20. The ROMS–SWAN hindcast results for the whole winter period (January–March 2011). Winter mean average current (left) and wave phase speed (right) computed in
2WC run. For graphical purposes, current vector arrows are scaled to unity length and decimated by a factor of 25.

Fig. 21. The ROMS–SWAN hindcast results for the whole winter period (January–March 2011). Maximum (left panel) and minimum (right panel) DHs of significant wave
height between fully coupled (2WC) and uncoupled (UNC) runs.
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5. Summary and conclusions

It has been shown in previous analysis and studies that ocean
current field modifies wave action balance in spectral wave mod-
els. Here, the ocean dynamics was investigated using the Coupled
Ocean–Atmosphere–Wave–Sediment Transport (COAWST) numer-
ical modeling system (Warner et al., 2010) forced with meteorolog-
ical forcings provided by high-resolution COSMO-I7 model.
COAWST is based on ROMS (Regional Ocean Modeling System)
and SWAN (Simulating WAves Nearshore) models which are
two-way coupled allowing exchange of parameters between ocean
and wave models. Wave effects are accounted for through the
inclusion of additional transports of momentum and energy near
the sea bed, on the surface, and within the water body (Olabarrieta
et al., 2012). In SWAN, current field affects the wave field in two
ways: first, the wind input is modified by the current vector; sec-
ond, the current vector modifies the wave action balance equation.
As discussed by Fan et al. (2009b) the effect of current on waves is
mostly due to the inclusion of ocean current in the wave action
equation, whereas the modification of the forcing term (i.e., the
10-m wind speed) is expected to be more important for wave spec-
trum tail.

To increase the understanding of ocean–wave interaction in a
semi-enclosed basin and its role in storm wind wave predictions,
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COAWST was applied within the Adriatic Sea focusing on the
northern Adriatic Sea (called Gulf of Venice). Northern Adriatic
Sea was used as a representative semi-enclosed basin where signif-
icant wave–current interactions could occur. Two computational
grids were used: a parent grid with 2-km resolution covered the
whole Adriatic Sea, while a child grid, with a resolution of
0.5 km, was implemented in the northern region. This downscaling
was necessary in order to reproduce the internal ocean dynamics
within the Gulf of Venice, where the ocean circulation is mainly
wind-driven and the ROMS–SWAN coupled models were able to
capture the wave dynamics in storm conditions. We focused on
two storm conditions, as representative of cross-basin and along-
basin winds (Bora and Sirocco, respectively).

For model assessment, COAWST and COSMO-I7 outputs were
compared to satellite and in situ measurements at Acqua Alta
tower, 8 miles off the Venice lagoon. With respect to previous stud-
ies in the same area (Signell et al., 2005), model validation statistics
was improved. Response errors smaller than 10% and 20% for wind
magnitude and significant wave height, respectively, clearly indi-
cate a trend of increased quality of atmospheric forcings. This is
much more important in an area like the Adriatic Sea where the
mountain ridges surrounding the basin induce a topographic effect
into the wind field blowing on the water surface.

In the present study, the current sent from the ocean to the
wave model was based on the Kirby and Chen (1989) formulation
which computes a weighted depth-averaged velocity which ac-
counts for the vertical current structure and the dispersion relation
of surface gravity waves. The importance of averaging the vertical
currents over a depth controlled by the spectral wave numbers is
important in shallow waters, where almost the entire vertical cur-
rent shear affects wave dynamics. These are the conditions in
which the Gulf of Venice is, in fact here the mean water depth is
30 m, and storm conditions produce mean wave length of approx-
imately 40 m.

The main results can be summarized as follows:

1. During a Bora event, in the wave generation channels (e.g., Trie-
ste and Kvarner gulfs) ocean currents produced a reduction of
significant wave height. Waves were stretched by the spatially
varying current, and wave action N was modulated in space
due to the current advection. A current-induced wave refraction
was also observed.

2. Maximum difference of Hs between coupled an uncoupled runs
was found during a Bora event when wave–current interaction
on wave action is not negligible, being the Hs reduction in the
order of 0.6 m. Smaller differences were found for the Sirocco
storm analyzed.

3. At Acqua Alta ROMS–SWAN model hindcast reduced the Hs dur-
ing both Bora and Sirocco storms. This was a result of currents
propagating in the same directions of waves. The sea current
was increased by 0.05–0.10 m/s when models were forced with
Bora winds.

4. Results indicate the importance to include ocean circulation
effect on waves for hindcast and forecast analysis within a
semi-enclosed basin characterized by a wind driven ocean
circulation.

5. This study confirmed the capability of COAWST ocean–wave
coupled system to simulate ocean and wave dynamics during
storm events.
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