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a b s t r a c t

The continuous research and improvement of ocean modelling helps to provide a more sustainable devel-
opment of coastal and offshore regions. This paper focuses on ocean modelling at the NW Mediterranean
using the POLCOMS–WAM model with new developments. The Stokes’ drift effect on currents has been
included and the distribution of surface stress between waves and currents has also been considered. The
system is evaluated in the NW Mediterranean and an evaluation of different forcing terms is performed.
The temperature and salinity distributions control the main patterns of the Mediterranean circulation.
Currents are typically small and therefore the modification of waves due to the effect of currents is min-
imal. However, the wave induced currents, mainly caused by a modified wind drag due to waves, produce
changes that become an important source of mass transport. POLCOMS was able to reproduce the main
Mediterranean features, its coupling with WAM can be a very useful tool for ocean and wave modelling in
the Mediterranean and other shelf seas.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Coastal waves and currents are highly variable and can have a
significant impact on human activities and structures; increased
utilisation of the marine environment for food, energy and other
resources increases the need for understanding the marine system.
There is also a need to understand the interactions of waves and
currents in the near-shore zone as nonlinear effects become more
important, waves contribute to the mean circulation and the latter
modifies waves. The impact of waves and surges at the coast are
closely linked (Wolf, 2009). The prediction of wind-waves and
ocean currents is of great importance for the management (includ-
ing navigation) of coastal areas. Therefore, the continuous research
and improvement of operational forecasting and monitoring be-
come vital issues for the safety and well-being of coastal society.
The capability of monitoring and predicting the marine environ-
ment leads to a more sustainable development of coastal and off-
shore regions. In recent years operational oceanography has been
considered a necessity given its essential role in solving economic,
environmental and social problems (Pinardi and Woods, 2002).
Ocean currents also control the renewal of shelf and coastal waters
which is linked to water quality in coastal areas with the conse-
ll rights reserved.
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, et al. Development of the PO
quent impact on economics and tourism. Finally, a last example
would be oil spill prediction, search and rescue operations. These
activities mainly depend on the correct knowledge of surface cur-
rents. The strategies to collect or block the spilled oil or to look for
a person or a container lost at sea depend on the estimated cur-
rents, as they are the main driving mechanism for dispersion.
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1.1. The NW Mediterranean Sea

Some environmental properties of the NW Mediterranean are
highly conditioned by the fact that it is a virtually enclosed sea.
The tides are very small and the circulation is mainly driven by lo-
cally generated density gradients and winds. It features local high
and low pressure systems controlled by orographic barriers that
determine the spatial distribution of winds and land–sea tempera-
ture differences. The Pyrenees are a physical barrier that strongly
modifies the wind patterns and produces the Mistral and Tramon-
tane winds in France. Their influence can be noticed hundreds of
kilometres offshore, carrying cold and dry air over the Mediterra-
nean Sea. These winds are one of the main contributing factors
to Mediterranean storms (Flamant et al., 2003). For European coun-
tries the most relevant storms are the so-called regional storms, i.e.
winter storms. These regional storms are also the highest cause of
economic losses in Europe (Munich-Reinsurance-Company, 2004).
These extra tropical cyclones generally have less destructive power
than tropical cyclones or tornadoes, but they are able to produce
damaging winds over a wide area as well as wave damage in
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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coastal areas. Winter storms can have associated effects such as
storm surges, floods, high seas/waves and coastal erosion.

Millot (1999) gives a review of the general ocean circulation
patterns in the Mediterranean showing the quasi-permanent slope
current that flows from north to south along the French and Span-
ish coast, the eddies occurring in the African coast and the eddy
near the Gibraltar Strait. Other studies (Flexas et al., 2002; Rippeth
et al., 2002; Rubio et al., 2009) have given a more detailed descrip-
tion of particular patterns and the origin of oscillations at the Cat-
alan coast.

Fig. 1 shows the study area with the contours of bathymetry;
the large bathymetric gradients and changes in continental shelf
width are important features of the area.

1.2. Ocean modelling in the Mediterranean

Some interesting features of the Mediterranean circulation in-
clude the origin of current meandering (Flexas et al., 2002) and
the advection of eddies from the Gulf of Lions (Rubio et al.,
2005). It is well known that the ocean dynamics exert a strong con-
trol over biology. For instance, Rodriguez et al. (2001) showed the
role of mesoscale vertical motion in controlling the size of phyto-
plankton, and Sabates et al. (2004) linked the concentration and
dispersion of larval patches to current meandering.

Measurements of currents and hydrodynamic parameters are
sparse and limited in time and space. Thus, a numerical model is
needed to complement and extrapolate the information (in time
and/or space), to understand physical processes (in process-ori-
ented studies) and to predict the future state of the sea. Ocean
modelling in the Mediterranean has been the subject of several
studies and research projects such as MFSTEP and MOON. The
POM model (Blumberg and Mellor, 1987) has been implemented
for the NW Mediterranean (Ahumada and Cruzado, 2007), success-
fully reproducing the major features of the circulation. Pinardi and
Masetti (2000) present a description of the Mediterranean
Fig. 1. The upper panel shows the NW Mediterranean including bathymetric contours. T
depth) that have been used to evaluate the model.

Please cite this article in press as: Bolaños, R., et al. Development of the PO
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properties derived from observations and modelling, demonstrat-
ing a reasonable comparison between model and data. The vari-
ability of atmospheric forcing can drive changes in current flow
structures. The wind stress is shown to be mainly responsible for
transport through the Straits (e.g. Gibraltar). Heat flux was also
shown to be a very important forcing of the circulation, a fact pre-
sented also by Wu et al. (2000). Bargagli et al. (2002) used the POM
model for ocean modelling in the Mediterranean, and in particular
the Adriatic Sea, for predicting sea elevation and storm surge,
showing that better performance is given by the correct represen-
tation of the principal barotropic modes and of the pressure forcing
on the basin. The energy spectrum of circulation in the Catalan
shelf is dominated by oscillations in the diurnal-inertial band
(Rippeth et al., 2002) which were reproduced by using a friction-
less, two-layer, analytical model that gave the depth penetration
and phase reversal of the oscillations. Jorda (2005) implemented
the SYMPHONIE model to study the evolution of a topographic
Rossby wave over the continental shelf, the wind effects and ex-
changes between shelf and slope induced by wind and the slope
current. There has also been some work dealing with Lagrangian
observation and modelling such as Pizzigalli et al. (2007) who
studied the dispersion properties of the Mediterranean using the
Modular Ocean Model (MOM) used in the Mediterranean Forecast-
ing System project.

Pre-operational 3D current simulations of the NW Mediterra-
nean have been carried out in the framework of the EU MFSTEP
project and the Spanish ESEOO project. The model used is the SYM-
PHONIE model (Marsaleix et al., 1998), a 3D primitive equations
model coded in finite differences. The HIPOCAS project (Hindcast
of Dynamic Processes of the Ocean and Coastal Areas of Europe)
performed a high resolution hindcast of wind, sea-level and wave
climatology for the European waters including the Mediterranean.
A re-analysis of the NCEP/NCAR atmospheric model, the WAM
wave model and the HAMSOM and TELEMAC models for sea level
modelling were used. This data have been very valuable because
he bottom panel shows the Catalan coast and five points (20, 59, 81, 104 and 193 m
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they provided a tool for studying long term patterns with high
accuracy (Ratsimandresy et al., 2008).
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1.3. Wave modelling in the Mediterranean

Regarding wave modelling in the Mediterranean there have
been different studies about the wave climate and behaviour of
wave models. Cavaleri and Sclavo (2006) use information about
waves in the Mediterranean from models, satellites and buoys to
obtain calibrated time series of wave properties. Cavaleri (2005)
presented a wave atlas for the Mediterranean, based on the
ECMWF model and its calibration, to properly take account of
properties of a semi-enclosed area such as the Mediterranean. Cav-
aleri and Bertotti (2004) studied the accuracy of modelled wind
and waves in the Mediterranean using the ECMWF atmospheric
model and the WAM wave model, finding a direct correlation of
the error with fetch. Larger errors are found at short fetches.

The sources of errors in the operational wave modelling for the
Catalan coast (Spanish Mediterranean) have been discussed in
Bolaños et al. (2004). Errors in prediction of low frequency swell
at the buoys appear to be due to errors in the wind fields. The spa-
tial resolution is a very important source of error that affects both
wind and wave models. The spatial resolution used to model local
wind–wave effects should be suitable to simulate the required de-
tails of coastal processes. At the buoy locations there were some lo-
cal features that have considerable impact on wind patterns and
hence on waves. The spatial scale of these phenomena is of the or-
der of a few kilometres and thus a detailed nesting should be
implemented in order to be able to simulate the fetch limited wind
waves.

Bolaños et al. (2007) used both WAM and SWAN (version 40.11)
in the NW Mediterranean to evaluate two wind models (MASS and
ARPEGE) when predicting severe storm waves. The SWAN runs
show a better agreement in predicting the growing and waning
of the storm peaks and seem to reproduce the maximum wave
height better. However, both models presented similar accuracy
when predicting integrated parameters such as significant wave
height, although an analysis of the predicted spectral shape re-
vealed that there are still some more complex processes unac-
counted for. SWAN provided a generally larger underestimation
of the energy in the low frequency band and a larger overestima-
tion of energy at high frequencies. This cancels out the estimation
of total energy (and thus Hs) but produces an underestimation of
mean period (note this has been corrected in later versions of
SWAN by a modification of the whitecapping and wind input
source function (van der Westhuysen et al., 2007)). It was apparent
that, in general, WAM predicts the spectral shape better than
SWAN. Differences between models are most likely due to the
wind input term in which the WAM formulation (Janssen, 1991)
enhances growth of younger wind seas while SWAN, using the de-
fault (Komen et al., 1984) formulation, is based only on a wind
speed and wind dependent drag coefficient.

Several operational products exist which deal with ocean and
wave modelling in the Mediterranean such as the Mediterranean
Ocean Forecasting System, Poseidon Ocean forecast, MERCATOR,
ESEOO, PREVIMER among others. However, those systems treat
ocean and wave modelling independently without taking into ac-
count any of the possible interactions between waves and currents.
For the Catalan coast there has been some pilot research to study
wave–current interaction in the context of an operational system
(Jorda et al., 2007) showing the importance of the waves on the
currents in a microtidal environment. The relative impact of differ-
ent coupling terms was shown. The wave-modified wind drag coef-
ficient is dominant, although the Stokes drift can also substantially
change the circulation forecast. The wave modified bottom drag
Please cite this article in press as: Bolaños, R., et al. Development of the PO
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coefficient is not very important except near the coast (where bot-
tom depth < 10 m).
1.4. Wave–current interaction

Coastal environmental processes do not take place in isolation
but interact with each other to form a complex system. There have
been a number of research studies dealing with such interactions
e.g. atmosphere–waves (Janssen, 1989; Makin and Kudryavtsev,
1999, 2002), wave–current (Mellor, 2003, 2005; Mellor and Blum-
berg, 2004; Ardhuin et al., 2008), wave–current interactions for rip
currents (Yu and Slinn, 2003) and wave–turbulence (Rascle et al.,
2006; Rascle and Ardhuin, 2009).

Theoretical work on wave current interaction has been taking
place over several decades. Andrews and McIntyre (1978a) derived
an exact theory for the interaction of waves with a Lagrangian-
mean flow including the wave momentum into the mean flow evo-
lution. Mellor (2003, 2005) derived, with an Eulerian averaging, a
set of equations to be used in ocean models based on linear wave
theory, assuming a flat bottom. More recently Ardhuin et al.
(2008), following the Andrews and Mcintyre work (Andrews and
McIntyre, 1978a,b), derived explicit wave-averaged primitive
equations limited to 2nd order wave theory. McWilliams et al.
(2004) perform a derivation of a set of equations for use in finite
water depth. Mellor (2008) presents some corrections for the radi-
ation stress of his previous work.

The main effects of waves on the mean flow commonly consid-
ered are due to the radiation stress and Stokes drift, although inter-
action with turbulence can also be an important process (Babanin
et al., 2009). Several numerical, experimental and observational
investigations have been done to understand the latter process
showing its importance to control the upper ocean dynamics (eg.
Polton et al., 2005). Ardhuin et al. (2009) used radar measurements
to estimate the Stokes drift current showing that typically it is be-
tween 0.6% and 1.3% of the wind speed (the direct wind induced
current is about 1–1.8% the wind speed). Lane et al. (2007) per-
formed a study of radiation stress and the vortex force showing
that both comprised all the conservative effects of waves on cur-
rents, the vortex force being larger.

Rascle et al. (2006) studied the Stokes drift and mixing with a
one-dimension model showing that the surface drift reaches 1.5%
of the wind speed. Weber et al. (2006) showed that the Eulerian
and Lagrangian approaches for the fluid motion produce the same
mean wave induced flux in the surface layer: for their simulations
the wave induced stress constituted about 50% of the total atmo-
spheric stress for moderate to strong winds.

A coupled 2D current-wave model using an unstructured grid
applied to a hurricane in the Gulf of Mexico and a storm in the
Adriatic Sea (Roland et al., 2009) shows the importance of consid-
ering wave effects when modelling water levels. The wave effect
was a surface stress due to radiation stress. Tang et al. (2007)
implemented a wave–current interaction formulation in a 3D
ocean model (POM) and a spectral wave model (WAVEWATCHIII)
following Jenkins (1987) formulation and evaluated the model by
comparison with surface drifters. They showed that the Stokes drift
was the main dominant effect with a contribution of about 35%.
They also show a reduction of momentum transfer from wind to
currents if waves are taken into account.

Feddersen (2004) studied the effect of directional spreading on
the radiation stress showing it was the main reason for the differ-
ences between measured and estimated (narrow band) radiation
stress. Wave–current interaction has also been studied in a flume
observing unexpected changes in the mean horizontal wave profile
(Groeneweg and Battjes, 2003) and wave induced mixing (Babanin,
2006).
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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Qiao et al. (2004) used a parameter to estimate wave induced
mixing and applied it to ocean forecasting showing improved
agreement with data. In a similar way Babanin (2006), assuming
a wave Reynolds stress, showed the upper ocean mixing under
waves; such parameterisation was confirmed under laboratory
flume and good mixed layer depth estimations were obtained.

The main objectives of the present work are first to perform a
good qualitative ocean modelling of the NW Mediterranean with
POLCOMS, secondly to implement novel three-dimensional
wave–current interaction terms in an ocean model (POLCOMS)
and a third generation spectral wave model (WAM) which im-
proves the physics considered in the system; and finally to evalu-
ate the sensitivity of the different forcing terms such as
atmospheric forcing and initial conditions. The evaluation of the
sensitivity to wave–current interaction will be limited to Stokes
drift only. Radiation stress effects are expected to be too limited
for the spatial resolution of the current implementation. Note that
POLCOMS has been implemented for different areas such as the Ir-
ish Sea (Osuna and Wolf, 2005) and the North Sea (Holt and James,
1999), but not for the Mediterranean Sea. WAM has been validated
for the Mediterranean by for example Cavaleri and Bertotti (2004)
and Bolaños et al. (2007) and has been used extensively worldwide
for wave forecasting and hindcasting.

2. The POLCOMS–WAM model

2.1. POLCOMS

The POLCOMS (Proudman Oceanographic Laboratory Coastal-
Ocean Modelling System) is a three dimensional primitive equa-
tion numerical model formulated in a spherical polar, terrain fol-
lowing coordinate system (sigma coordinates) and on a B-Grid
(Holt and James, 2001). It solves the incompressible, hydrostatic,
Boussinesq equation of motion separated into depth varying and
depth independent parts to allow time splitting between barotrop-
ic ð�uÞ and baroclinic (ur) components. The eastward velocity is then
u ¼ �uþ ur and the northward component is v ¼ �v þ v r The turbu-
lence closure scheme uses Mellor and Yamada (1974, 1982) with a
modification proposed by Craig and Banner (1994) to take into ac-
count surface wave breaking. The system has been structured to al-
low its execution on parallel and serial computers (Ashworth et al.,
2004). The depth varying components are (Holt and James, 2001;
Proctor and James, 1996):

@ur

@t
¼ �LðuÞ þ fmr þ

um tan /
R

�
Y
c
þDðuÞ � H�1½FS � FB� � NLBv

@mr

@t
¼ �LðmÞ þ fur þ

u2 tan /
R

�
Y
/

þDðmÞ � H�1½GS � GB� � NLB/

ð1Þ

where L(u) is the advection terms; fmr, the Coriolis acceleration;
um tan /

R , the correction for projection;
Q

k, the buoyancy terms; D(u),
the diffusion term (replacing the vertical stresses), with Kz eddy vis-
cosity; H�1[FS � FB], the terms related to surface and bottom stres-
ses; NLBv, the depth means of the nonlinear and buoyancy terms;
R, the radius of the earth.

The depth mean equations are:

@�u
@t
¼ f �m� ðR cos /Þ�1 g

@f
@v
þ q�1

0
@Pa

@v

� �
þ H�1½FS � FB� þ NLBv

@�m
@t
¼ f �u� ðRÞ�1 g

@f
@/
þ q�1

0
@Pa

@/

� �
þ H�1½GS � GB� þ NLB/

ð2Þ

where f �m is the Coriolis term; ðR cos /Þ�1 g @f
@v
þ q�1

0
@Pa
@v

h i
, the buoy-

ancy terms; H�1[FS � FB], H�1[GS � GB], the terms related to surface
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and bottom stresses; NLBv, depth means of the nonlinear and buoy-
ancy terms.

The model also includes explicitly a horizontal diffusion term
which alters the velocity, temperature and salinity fields. The
parameters fields are interpolated onto z-levels and multiplied by
a depth-dependent diffusion coefficient (Wakelin et al., 2009).

POLCOMS has been used on the Northwest European continen-
tal shelf to model the hydrodynamics, ecosystem and tidal mixing
(Siddorn et al., 2007; Holt and Umlauf, 2008), estuary dynamics
(Moore et al., 2009) and real time forecasting system in the Irish
Sea (Krivtsov et al., 2008). For a detailed description of POLCOMS
the reader is referred to Holt and James (2001) and Proctor and
James (1996).

2.2. WAM

The WAM is a third generation wind–wave model developed
during the 1980s. It solves the energy balance equation (WAMDI-
Group, 1988; Komen, 1994). The model simulates the 2D wave
spectral evolution, considering the energy input by wind, energy
dissipation by whitecapping, non-linear wave–wave interactions
and bottom friction. The action balance equation can be expressed
as:

@F
@t
þ @

@x
ðcxFÞ þ @

@y
ðcyFÞ þ @

@h
ðchFÞ þ r @

@r
cr

F
@

� �
¼ S ð3Þ

where F(r, h, x, y, t) represents the spectral density; r is the fre-
quency; h, the wave direction; y and x latitude and longitude,
respectively, t is time. The cx, cy, ch, cr terms represent the wave
propagation speed in the different parameter spaces. The right-
hand side represents all effects of generation and dissipation of
the waves including wind input Sin, whitecapping dissipation Sds,
non-linear quadruplet wave–wave interactions Snl and bottom fric-
tion dissipation Sbf. A detailed description of the WAM model can be
found in WAMDI-Group (1988) and Komen et al. (1994). One can
show that Eq. (3) is equivalent to the action density conservation
equation. This is important in the presence of currents since wave
action and not wave energy is conserved (Ozer et al., 2000). Monba-
liu et al. (2000) modified WAM to take into account high resolution
scales more suitable for shallow water regions.

2.3. POLCOMS–WAM coupling

The POLCOMS and WAM models have been coupled in a two
dimensional (depth-averaged), two way mode to consider several
processes taking into account the wave refraction by currents, bot-
tom friction by currents and waves and enhanced wind drag due to
waves (Osuna and Wolf, 2005). The wave current interaction mod-
ule was developed to allow the synchronous exchange of informa-
tion between POLCOMS and WAM: WAM is embedded in the
baroclinic step of the hydrodynamic model. Data passed from POL-
COMS to WAM include barotropic and bottom layer current com-
ponents and water depth updated every baroclinic time step.
Time-interpolated wind components are also transferred from
POLCOMS to WAM within a moving framework according to the
barotropic current components (Osuna and Wolf, 2005). Data
passed from WAM to POLCOMS are used to modify the surface
wind stress. In POLCOMS a wind dependent drag coefficient (Smith
and Banke, 1975) is used, namely, CD = (0.63 + 0.066U10) � 10�3

when the coupled system is used the wind stress is estimated con-
sidering the wave field following Janssen (1991). The effect of the
coupling at the bottom due to the presence of waves and currents
is estimated using the Madsen (1994) formulation.

Osuna and Wolf (2005) presented an evaluation of wave–cur-
rent coupling using POLCOMS–WAM system in the Irish Sea, and
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/

https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2010.10.004
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showed differences of up to 15% in Hs associated with waves and
currents travelling in opposite directions. Changes in mean period
(Tm02) due to Doppler shifting reached 20%. Differences in appar-
ent bottom roughness were of one order of magnitude. The effect
of waves on the currents was less evident. Validation with data
at a point in 23 m depth showed little effects (5% for wave param-
eters, 2.5% sea surface elevation, 10 cm/s for current velocity (10%).
The model has also been used for storm surge modelling (Brown
and Wolf, 2009) showing an improvement of the prediction when
considering wave surface roughness by implementing the
Charnock formulation and using Janssen (1991).

In order to progress the POLCOMS–WAM coupling development,
in the framework of the EU MARIE project (http://lim050.upc.es/
projects/marie), three dimensional interaction processes such as
Stokes drift, radiation stress and Doppler velocity, which allow ver-
tical current shear to be included, have been implemented following
the approach described by Mellor (2003, 2005). However, the radia-
tion stress term is not going to be discussed in the present work
since, as mentioned above, its effects in the Mediterranean at the
scales used in this paper, are expected to be small. The full details
of the derivations can be found in the original papers. Individual
terms are described below.

2.3.1. Stokes drift
Stokes drift is a well known higher order wave process which

describes the mean surface drift due to waves. The behaviour of
the Stokes drift has been studied theoretically, measured and mod-
elled in several ways. Rascle et al. (2006) studied the upper ocean
dynamics showing an important surface shear due to the Stokes
drift, the different Stokes drift estimations for sea and swell waves
and the effect of the Stokes drift combined with the Coriolis force
on Eulerian velocities over the whole water column, leading to cur-
rent magnitudes of 20–30% of the wind induced currents. Lewis
and Belcher (2004) showed that the effect of the Stokes drift in
the Ekman layer gives a better approximation when describing
the angular rotation of the current profile. Smith (2006) studied
the effect of the Stokes drift from measurements with an Eulerian
approach showing that the Stokes drift is intermittent and might
be related to the groupiness of waves.

The Stokes drift effects have been considered following the for-
mulation of Mellor (2003, 2005), defining the Stokes velocity for a
2D directional spectrum as:

US/ ¼ 2g
Z

h

Z
r

ka

c
cos h2kDð1þ fÞ

sin h2DKD
F @rh ð4Þ

where a refers to the x or y component of the Stokes velocity vector
USa (and of the wave number vector k), c is the respective wave
celerity, D water depth, F(r, h) the wave energy spectrum, g acceler-
ation due to gravity. h and r are the direction and frequency of each
spectral component. 1 is the sigma coordinate. After the inclusion of
the above term, the velocity in Eq. (1) includes the Stokes drift effect
such that u ¼ �uþ ur þ US/.

2.3.2. Doppler velocity
The Doppler velocity that modifies the wave dispersion relation

is evaluated according to the expression based on Kirby and Chen
(1989) analysed and described by Mellor (2003), and is defined as:

uAa ¼ 2
Z 0

�1
u

kD cos h2kDð1þ fÞ
sin h2kD

@f ð5Þ

where u represents the total velocity.

2.3.3. Surface stress partitioning
In order to be consistent in terms of conservation of momentum

in a fully coupled system, the distribution of surface stress
Please cite this article in press as: Bolaños, R., et al. Development of the PO
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between waves and currents has to be considered. Thus, the sur-
face stress felt by the mean circulation (sc) is the total wind stress
(sa) minus the stress acting on waves (Janssen et al., 2004):

sc ¼ sa � qg
Z 2p

0

Z wh

0

k
w
ðSin þ Snl þ SdsÞdwdh ð6Þ

where sa is the wind stress and it is equal to qau2
� in which qa is the

air density and u* the wave-modified air friction velocity which is
estimated following Janssen (1991).

An interesting effect for the stress felt by the currents is the bal-
ance between the total air stress (sa) and the net stress going into
the waves. This balance depends on the wave age: under develop-
ing waves the stress felt by the mean circulation (sc) will be re-
duced, while in decaying waves it would be increased. This
panorama might change at shallow/intermediate water depth
where bottom friction and wave breaking (even without wind at
all) can induce extra momentum and mixing (Gemmrich and
Farmer, 2004; Longo et al., 2002).

2.4. Effect of the Coriolis–Stokes term

The effect of the Coriolis–Stokes (CS) term on the Ekman current
profile has been described by a number of authors (Hasselman,
1970; Xu and Bowen, 1994; Polton et al., 2005; Rascle et al.,
2006; Rascle and Ardhuin, 2009). They conclude that the CS forcing
significantly changes the mean current profile, similar to the addi-
tion of a surface stress at right angles to the wind.

In order to illustrate the implementation of the CS term, an ide-
alized one point version of the system, located at 43.4�N latitude,
has been implemented. In this idealized case, a 300 m depth is
used and no effects of stratification are considered. In order to
compute the vertical turbulent fluxes, a Mellor-Yamada 2.5 level
closure scheme, adapted by Craig and Banner (1994) is used. The
model is forced by a constant wind of 10 m/s blowing to the east
(surface stress is 0.16 N/m2, as no effect of waves is considered
for this case, according to the value computed using the Smith
and Banke (1975) standard formula in POLCOMS). Considering this
value for the surface stress, the friction velocity in the water is
u* = 1.25 � 10�2 m/s. After several days, the wave field reaches a
stationary state, with a significant wave height of 2.36 m and a
peak period of 8.4 s.

In Fig. 2, the vertical profiles of the normalized wind driven cur-
rent computed by POLCOMS with the CS effect (POLCOMS + CS),
that computed by POLCOMS without CS, the effect of the CS term
(du and dm; i.e. POLCOMS + CS minus POLCOMS), and the Stokes
drift (us, um) components are shown. The profiles are normalized
using the friction velocity in the water (u*). It is observed that
the Stokes drift us component is comparable to the maximum wind
driven u component, but its effect is constrained to an upper frac-
tion of the layer (about 10 m), while the CS effect penetrates dee-
per in the two wind driven components.

The negative values of the CS term effect (du and dm), indicate a
further rotation of the current components to the right of the stan-
dard Ekman circulation (in northern hemisphere), as can be seen in
Fig. 3. As pointed out by Polton et al. (2005) and Rascle et al.
(2006), this spiral shift is in qualitative agreement with the differ-
ences observed between measurements and classical Ekman
circulation.
3. Model setup for the Mediterranean

3.1. Model grids

The POLCOMS–WAM was implemented for the NW Mediterra-
nean Sea with a spatial resolution of 0.1� [O(10 km)] extending
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/

https://domicile.ifremer.fr/projects/,DanaInfo=www.lim050.upc.es+marie
https://domicile.ifremer.fr/projects/,DanaInfo=www.lim050.upc.es+marie
https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2010.10.004
https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2010.10.004


517

518

519

520

521

522
523

525525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

Fig. 2. Current components computed with and without considering the Coriolis–Stokes effect and the contribution of the CS term, as well as the Stokes components. The
values are normalized by the friction velocity.
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from �5� W to 18� W longitude and 34� N to 45� N latitude (Fig 1)
with 20 sigma levels. For the vertical distribution, due to the large
depths found in the Mediterranean, a modification of the sigma
coordinates (S Coordinates) was used which allows more vertical
levels at the surface. The distribution of the S coordinates is defined
as (Holt and James, 2001):

rk�0:5 ¼ Sk þ
hi;j � hc

hi;j
½CðSkÞ � Sk� hi;j > hc ð7Þ

¼ Sk hi;j P hc

Sk N� 1 evenly spaced levels

CðSkÞ ¼ ð1� BÞ sinhðhSkÞ
sinhðhÞ þ B

tanh½hðSk þ 0:5Þ� � tanhð0:5hÞ
2 tanhð0:5hÞ

hc ¼ 100; h ¼ 5; B ¼ 0:25

where h and B are parameters that increase resolution at the surface
for depths larger than hc.
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For the open boundary conditions (strait of Gibraltar and south-
east corner of the domain) the model used a radiation boundary
condition without any temperature, salinity or current forcing.
The system was run for 30 days (720 h) with the initial conditions
from climatology (see below) and wind velocity set to zero, then
the model was forced with the storm of November 2001 (about
12 days duration). Air temperature, cloud cover, humidity and
atmospheric pressure were considered as constant for this time.
WAM was run on the same spatial grid with a resolution of 25 fre-
quencies and 24 directions and the physics of cycle-4 (Komen,
1994).

3.2. Initial conditions

Initial conditions were taken from climatological data (http://
www.bo.ingv.it/mfstep/WP8/clim_data.htm) which consist of 3D
fields of temperature and salinity with a 0.25� resolution and 35
vertical levels based on the MEDATLAS data bank using the MODB
(Mediterranean Oceanic Data Base analysis technique (Brasseur
et al., 1996)). Therefore horizontal and vertical interpolations were
needed. The resulting fields were smoothed by a local averaging.
Temperature and salinity profiles are shown for a point off the Cat-
alan coast in 104 m depth (Fig. 4). A surface temperature of about
17 �C in a well mixed layer of about 20 m depth can be seen, the
temperature then decreases down to 14 �C at about 60 m depth;
below that depth temperature is relatively constant. Salinity in-
creases from the 20 m depth down to the bottom reaching values
of 38.4 ppt. For the NW Mediterranean, being a microtidal environ-
ment, the water density distribution is expected to play a very
important role in driving the ocean dynamics.

3.3. Atmospheric forcing

The atmospheric forcing consisted of two main periods. One
was of 720 h with the objective of spinning up the model with
wind velocity set to zero and constant air temperature (15�), air
pressure (1000 mb), humidity (50%) and cloud cover (50%). After
this period the model was forced with winds from the MASS model
(Mesoscale Atmospheric Simulation System) (Codina et al., 1997;
MESO, 1994) for November 2001 when a severe wind and wave
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/

https://domicile.ifremer.fr/mfstep/WP8/,DanaInfo=www.bo.ingv.it+clim_data.htm
https://domicile.ifremer.fr/mfstep/WP8/,DanaInfo=www.bo.ingv.it+clim_data.htm
https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2010.10.004
https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2010.10.004


564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

Fig. 4. Temperature (left) and salinity (right) initial condition profile at a location (1.2�W 40.7�N) in the Catalan coast with 104 m depth (see Fig. 1).

Fig. 5. Time evolution of the mean spatial wind velocity. First 720 h is the spin up
period.
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storm occurred. Air temperature, pressure, humidity and cloud
cover were set to the same constant values as the spin up period.

The wind and waves for the November 2001 storm have been
described and validated versus QuikSCAT and coastal meteorolog-
ical stations by Bolaños et al. (2007): on November 10th a low
pressure system occurred over the NW Mediterranean while a high
pressure centre was located in the NE Atlantic. On November 11th
pressure gradients increased, producing the first storm peak. Sub-
sequently, the system relaxed until the 15th when another low
pressure system was generated over the NW Mediterranean pro-
ducing a second storm peak recorded by the buoys. Strong winds
of up to 18 m/s were measured at the Ebro delta. Significant wave
height reached about 8 m in the NW Mediterranean and 6 m at the
Catalan coast. The spatial resolution of the modelled winds was
0.16�. Fig. 5 shows the time evolution of the spatial mean wind
for the full period. It can be seen that this was a severe storm with
average wind over the whole NW Mediterranean of more than
10 m/s during the storm peak.

From an operational and validation point of view these settings
may produce errors due to the crude representation of initial con-
ditions and the atmospheric forcing, but for the assessment of the
terms for general conditions the settings proved to be sufficient.
The model was run several times in order to evaluate different pro-
cesses. Table 1 shows the description of each run and the processes
included. All the model runs included temperature and salinity ini-
tial conditions, the reference run (POLC-ref) is only forced by these
initial conditions and thus it includes only the thermohaline circu-
lation. The POLC-ATM run included the atmospheric forcing, esti-
mating the wind stress using Smith and Banke (1975). The POLC-
WAM2D included the atmospheric forcing and the modification
of the wind stress by waves as Janssen (1991) (see Section 2.3).
The POLC-WAM3Dstok includes atmospheric forcing, wave-modi-
fied wind stress and the Stokes drift (se Eq. (4)) and POLC-WAM-
Please cite this article in press as: Bolaños, R., et al. Development of the PO
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stress run was with atmospheric forcing, wave-modified wind
stress and the partitioning of surface stress between currents and
waves (see Eq. (6)).

4. Results

4.1. Reference run – thermohaline circulation

Fig. 6 shows the surface velocity in the NW Mediterranean after
the spin up period, with thermohaline forcing only, showing that
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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Table 1
Runs of the model and processes included.

Run T and S initial conditions Atmospheric forcing Wave-modified wind stress Stokes drift Wave stresses

POLC-ref X
POLC-ATM X X
POLC-WAM2D X X X
POLC-WAM3Dstok X X X X
POLC-WAMstress X X X X

Fig. 6. Surface current distribution after the spin up period (units are m/s).
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the model reproduces some features of the Mediterranean surface
currents properly, at least from a qualitative point of view. The spa-
tial mean surface velocity is of about 0.29 m/s. The model is able to
reproduce the well known Northern current, the eddies near the
Gibraltar Strait, the clockwise eddies at the African coast and the
current north of Ibiza and Mallorca. These features have been de-
scribed by Millot (1999). Modelled velocities are larger than ex-
pected, which might be due to the lack of horizontal diffusion
and/or the coarse representation of bathymetry due to the spatial
resolution used. Open boundaries seem to produce some local arti-
ficial effects generating large velocities. The run shows that the
main hydrodynamic properties of the NW Mediterranean are dri-
ven by the density distribution. This run was then used as a refer-
ence to evaluate the relative importance of different processes.
650
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656
4.2. Effect of forcing terms on surface currents

Fig. 7 shows the effect of different processes on the surface cur-
rents (mean difference of the surface current field). The main ef-
fects are due to the atmospheric forcing and modified wind
stress, both presenting similar patterns. To second order there is
Fig. 7. Effect of processes on spatial-mean surface current r
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the Stokes drift with an effect of about 1–5% of the thermohaline
circulation. The effect of considering partitioning of stress is a
reduction of velocity because part of the wind stress goes into
waves. The wave-modified stress changes the wind-driven part
of the current, and therefore, this could be important in areas
where currents are partially controlled by wind. This might change
in coastal areas where wind may play a smaller role (Broche and
Forget, 1992). As shown by the reference run, the dynamics are
highly controlled by the salinity and temperature distribution,
wind and wave effects present effects of the order of 5–20% the
thermohaline circulation.
4.3. Effects on surface temperature and salinity

The effect of the forcing terms on salinity and temperature is
shown in Fig. 8. For temperature, the main effect is due to atmo-
spheric forcing which refers to wind induced mixing and also to
the heat transfer between atmosphere and ocean. During the spin
up period a rise in temperature can be produced by the atmo-
spheric forcing due to heat transfer, once the storm starts there
is a reduction due to an increased mixing of the water column.
The main wave effect is due to the modified wind stress. Stokes
drift gives only very minor changes in the mean surface tempera-
ture. The changes in salinity are small, the main effect is due to
atmospheric forcing, then wave-modified wind stress. Stokes drift
effects are one order of magnitude smaller. The consideration of
the stress partitioning produces a rise in temperature and reduc-
tion of salinity due to a reduced stress into currents (and thus less
wind induced mixing).

Fig. 9 shows a detail at the Catalan coast of the storm-average
spatial distribution of salinity (right column) and temperature (left
column). Differences between salinity distributions are less evi-
dent than for the surface current and temperature cases. The main
process affecting the surface temperature is the atmospheric forc-
ing; the lack of wind forcing (POLC-ref) produces a higher temper-
ature of the Catalan Sea than the cases with atmospheric forcing
epresented as percent of the thermohaline circulation.

LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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(eg. POLC-ATM). Stokes drift effects are small and the main wave
effect is due to modified wind stress.

4.4. Effects on pointwise temperature, salinity and velocity profiles

For the shallow water location (O(20 m), Fig. 10), the profiles
are very similar for most of the runs, differences are evident for
the run without atmospheric forcing in which the profile evolves
to a stratified water column. The effect of the atmospheric forcing
is very evident during the storm period in which the water column
becomes well mixed. Wave effects are small, up to 0.5� (during a
short period of time). Mixing is mainly wind induced and an addi-
tional mixing term from waves such as suggested by Qiao et al.
(2004) would not be necessary, at least for these atmospheric con-
ditions, as the water column in the nearshore area is mixed. Pro-
files of salinity show similar behaviour; atmospheric forcing is
the largest forcing in the distribution of salinity in the water col-
umn. The effect of waves shows little difference in the profiles
which suggest that the mixing of the water column occurs mainly
due to the direct wind effect.

For a depth of 60 m (not shown) the full water column requires
more time to mix. The atmospheric forcing is able to mix the full
water column and the time rate of this effect is about 0.3 m/h. At
80 m (Fig. 11) the mixing started to be limited at the bottom, wind
is the main forcing mixing the surface water column during the
storm event. The atmosphere heat transfer has also an impact
changing the temperature of the surface layer (see POLC-ref during
400–700 h). Wave effects are second order, temperature and salin-
ity distributions with Stokes drift and wave-modified wind stress
Please cite this article in press as: Bolaños, R., et al. Development of the PO
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remain similar to the run without wave effects. The rate of deepen-
ing of the thermocline (a measure of mixing) is slower compared to
the shallower location.

The velocity profiles for the location at 80 m depth are shown in
Fig. 12. The total effect of waves is to reduce the velocity in the pro-
file compared to the case of atmospheric forcing, this is due to the
consideration of surface stress partitioning. The atmospheric forc-
ing during the spin up period (wind set to zero) does not change
considerably the pattern from the reference run, thus atmospheric
effects on currents are mainly due to wind and not due to changes
in the temperature due to heat transfer. Wind is able to produce a
localized rise in surface current during the peak of storm that pen-
etrates up to about 40 m depth, changes observed in deeper parts
are related to wind induced changes in the mesoscale circulation
taking place in the nearby area.

4.5. Effects on waves

Due to the low currents near the coast, the effect on waves at
the coastal points are barely perceptible showing maximum differ-
ences of about 0.1 m (2.5%) in Hs. Differences in Tz are also hardly
noticeable being up to 0.3 s near the coast. Fig. 13 shows the mean
spatial distribution of Hs and mean period during the storm event.
The effect of the northern current is evident as well as the effect of
some large velocities near the east open boundary and the eddy
close to the Gibraltar Strait. Due to the Doppler shift the currents
produce a slight increase in mean period with changes of up to
1 s. This effect could be overestimated due to the large currents
produced by the reference run (eg. Northern current magni-
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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tude > 0.5 m/s while observations are in the order of 0.3–0.5 m/s
(Conan and Millot, 1995)), thus the effect on waves are expected
to be even smaller.
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5. Discussion

5.1. POLCOMS for the Mediterranean

The POLCOMS ocean model has proved to be able to simulate
the main NW Mediterranean properties despite the assumptions
required to run it. The spatial resolution is not detailed enough
to resolve the Rossby radius of deformation in the Mediterranean
and it does not properly resolve the large bathymetric gradients.
The initial conditions from climatological data interpolated in the
vertical and horizontal showed realistic behaviour and a spin up
period of only 1 month was necessary to reach a stable and ‘‘real-
istic’’ situation. These results show that POLCOMS can be used for
proper ocean modelling in the NW Mediterranean and that these
settings are good enough to perform an evaluation of the different
forcing terms. Further effort has to be done if a full validation of the
model is needed, such as increasing spatial resolution, and proba-
bly extending the domain to the whole Mediterranean in order to
avoid open boundary problems. The northern current appears to be
very persistent; the proper prediction of this might be influenced
by the spatial resolution in order to resolve the continental slope
accurately. The reference run showed that temperature and salin-
ity are very important parameters as they are the main drivers pro-
Please cite this article in press as: Bolaños, R., et al. Development of the PO
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ducing the most important features of the Mediterranean
circulation. Wind is not the main forcing of current patterns, as
was also pointed out by Font (1990) who showed that at the Cata-
lan coast the wind is not responsible for the main characteristics of
the marine circulation and indicated that mesoscale activity is
probably associated with variations of the density structure.
5.2. Effect of atmospheric forcing

The atmospheric forcing is the main external agent for the general
distribution of variables (velocity, temperature and salinity) in the
horizontal and vertical and can drive changes in current flow. Wind
induced mixing was evident in the storm period, being able to reach
a depth of more than 80 m. The surface current velocity is affected by
wind which modifies the background density currents. The heat
transfer between the ocean and atmosphere also plays a very impor-
tant role in these simulations. The use of constant air temperature
and cloud cover modifies the distribution of surface water tempera-
ture by about 0.5� (e.g. Fig. 8, top-left panel). Thermohaline circula-
tion is thus caused by the joint effect of thermohaline forcing and
turbulent mixing and it requires surface input. The density distribu-
tion determines circulation and is itself affected by currents and
mixing of any kind. There are thus two distinct forcing mechanisms
that will interact, changes in the wind stress will produce changes in
thermohaline circulation; and changes in density distribution (strat-
ification) will modify wind driven currents. Wind induced currents
were in the order of 10–20% the thermohaline circulation.
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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5.3. Open boundary effects

It is well known that open boundaries are a cause of inconsis-
tencies in ocean models and therefore many people have paid
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attention to this (Blayo and Debreu, 2005; Lavelle et al., 2008). A
proper study of the effect of the boundary conditions for the pres-
ent application requires more tests with different boundary prop-
erties but this is beyond the scope of the present work. For
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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Fig. 13. Effect of currents on Hs (top panel) and mean period (bottom panel).
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validation purposes an improvement of the boundaries will be re-
quired, but probably a ‘‘simple’’ extension of the domain will avoid
this problem. From the tests done it seems that the boundaries
have some local effect but they do not produce any large inconsis-
tent values and the inner part of the domain does not seem to be
affected. Therefore, for a sensitivity analysis they are considered
to be appropriate.
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5.4. Wave effects

Even though wave effects may be one of the processes lacking in
ocean models, the present work showed that their effects are of
second order compared to others. The main effect was an ‘‘indi-
rect’’ one due to the modified wind stress which is equivalent to
modification of wind velocities in an ocean model. This could also
be assessed by comparison of this effect in an ensemble of wind
fields considering a typical wind model error (Mitchell and Hou-
tekamer, 2002; Mourre and Ballabrera-Poy, 2009). Wind stress is
proportional to u2 or u3 (with a wind dependent drag), so a small
error in the wind will produce a larger error in stress. The consid-
eration of the surface stress partitioning delays the mixing at the
beginning of the storm period. Waves are most of the time under
development (not in balance with the wind), thus, the stress for
currents (sc) is reduced and therefore velocities are reduced. Wave
effects on surface currents were in the order of 5–15% the thermo-
haline circulation.

For the NW Mediterranean (a mostly deep area) the Stokes drift
slightly modifies the surface currents and this has an impact on the
distribution of temperature and salinity. Here, we have to point out
that we are missing the direct effect of waves on turbulence (other
than the Craig and Banner (1994)). In the present application, the
direct wind effect alone is able to penetrate deep in the water col-
umn, and thus the wave effect is relatively minimized. This might
be an artefact of the parameterisations that implicitly take into ac-
count the wave effects.

Another wave effect that could be considered is the radiation
stress. Longuet-Higgins and Stewart (1962, 1964) described the
radiation stress of surface waves as an excess flux of momentum
due to the waves. Therefore momentum conservation modifies
the current field induced by changes in the radiation stress. Its ef-
fects are more evident in shallow water due to wave momentum
gradients caused by dissipation. Mellor (2003, 2005) derived the
equations for the vertical distribution or radiation stress. Ardhuin
et al. (2007) showed some inconsistency in such derivations
mainly due to the assumptions of a flat bottom and Airy waves
LCOMS–WAM current–wave model. Ocean Modell. (2010), doi:10.1016/
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which lead to non-conservation of momentum and an error in the
vertical momentum balance. Mellor (2008) addressed this problem
and a modification of the radiation stress was performed. However,
even the latest derivation is still controversial (Bennis and Ardhuin,
2010) and there is not a clear and well accepted formulation for the
vertical distribution of radiation stress. For the NW Mediterranean
this process is expected to be small except in areas of large wave
gradients (eg. shallow coastal areas) where a 2D version of radia-
tion stress could be used.
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