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Abstract. This study presents the results of numerical sitioria of the
climatological Adriatic Sea circulation during teatumn. The simulations are carried
out using the DieCAST ocean model. The sensitigftyhe model circulation to the
different mechanical forcing is studied. The maiiriatic Sea circulation features are
simulated properly. It is shown that during theuaonh the wind forcing is of crucial
importance only for the formation of the northerdriétic circulation, whereas the
thermohaline circulation is found to be more impattover the rest of the basin.
Numerical experiments show that the model is ablsimulate well the outflow
current through Otranto channel.
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I ntroduction

The Adriatic Sea is a semi-enclosed basin connestttdthe Mediterranean Sea
through Otranto channel. The Adriatic circulatisnstrongly affected by several processes
related to the: river runoff; topographic contrafrong air-sea interactions; exchange
through the Otranto channel etc. The relative irfgpare of these processes in driving the
basinwide circulation system is not yet well untlesd. We carried out numerical
simulations with autumn climatological forcing, laese during that season a strong
cooling occurs all over the Adriatic, the wind forg is augmented, vertical mixing is
inhibited, and the destruction of the well develbgbermocline in spring and summer
begins (Artegiani et al., 1997).

In autumn, the dominant winds blowing over the Atd Sea are the Bora (from
northeast) and Sirocco (from southeast). The epsad strong Bora and Sirocco winds
affect the circulation of both the northern and Hoaithern Adriatic (Rachev and Purini,
2001). One of the effects of the Bora wind is thduction of the Levantine intermediate
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water inflow through Strait of Otranto. Due to ttime averaging and to the coarse grids,
the climatological wind data sets are unable taaggnt correctly the magnitude and the
direction of these winds, and consequently thefieats on the Adriatic Sea circulation.
Therefore, it is of critical importance to have @ecise forcing as possible, since small
discrepancy could affect the simulations duringgldarm integrations. That is why, we
carried out numerical experiments with differentatological wind forcing (Hellerman
and Rosenstein, 1983, May, 1982), trying to deteatei more suitable mechanical forcing.

The DieCAST model

Referring to the bibliography for technical detgiBeletsky et al., 1997, Dietrich
et al.,, 1987, 1994, Dietrich, 1997) in the follogine give a general outline of the
DieCAST (Dietrich Center for Air Sea Technology) ded. This model was derived from
the modified Arakawa “C” grid SOMS (Sandia Oceanddling System) model (Dietrich
et al.,, 1987, 1994). It is three-dimensional in aating frame, z-level, hydrostatic,
Boussinesq, incompressible, rigid-lid model. Indtefiusing the barotropic streamfunction,
the DieCAST model uses top-level pressure adjustnieruses conservative flux-based
centered approximations in control volumes, and eakly filtered ‘leapfrog’ time
integration scheme. A fourth-order approximationuged to communicate data between
collocated “A” and staggered “C” Arakawa grids (Dieh, 1997). The Coriolis and vertical
diffusion terms are coupled with an implicit treatm so that the Coriolis term conserves
energy exactly. This finite differencing schemeuttsin a low dissipation model with a
computationally efficient code (Beletsky et al.,9I9 The DieCAST model requires
relatively less computation per time step and i db resolve fine scale features using
much lower resolution than analogous 3D ocean nsodel

The DieCAST model uses a very simple 'turbulenoswle’ scheme. In regions
with strong vertical motion one might expect in@ed vertical mixing of momentum by
sub-grid scale eddies. To determinate this, theeased vertical mixing is represented as an
increased vertical viscosity which is added tolihekground vertical viscosity.

Model setup for the Adriatic Sea

Topography and domain

The model domain covers the entire Adriatic Secluating the northernmost part
of the lonian Sea. The model basin extends fror@E.20 20.5E and 39.1N to 45.8N. The
horizontal resolution is 5.33 km and 20 verticalls are used at depths (in meters): 0, 10,
22, 37, 54, 74, 97, 124, 156, 194, 238, 290, 32Q, 805, 604, 719, 854, 1010, and 1200.
The model grid is 126x137x20 points.

The bottom topography used in our numerical expenis is interpolated to the
model grid from the 1 min (1.33x1.83 km) AdriatiesShathymetry.

Atmospheric forcing
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The first experiment is forced by autumn (OctobBecember) wind stresses (Fig.
la) derived from the Hellerman and Rosenstein (L98&reafter HR83) monthly
climatologies. It is well known that HR83 climatglpis a relatively weak and smoothed
wind stress field. The value of the area averaged the model domain autumn wind stress
magnitude is 0.011 Pa. Although we use HR83 wimdssts, because they are the best
documented and widely used in numerical calculation
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Fig. 1. Autumn wind stresses (Pa) fields over Adriatic Sived from: (a) Hellerman and
Rosenstein (1983); (b) P. May (1982) data sets.

The second experiment is forced by autumn windsseg of May (1982)
(hereafter MAY82) which are stronger in the northemd middle Adriatic (Fig. 1b).
Artegiani et al. (1997) showed that there are awrsible differences in wind speed and
direction between HR83 and MAY82 data sets. As are see in Fig. 1 the dominant wind
stress direction in the northern Adriatic duringtuemin is from the northeast, which
corresponds to the Bora wind. At the same timenendouthern Adriatic the directions of
the wind stresses for HR83 and MAY82 data setopposite. It seems that the effects of
the Sirocco and Bora winds are better represent®&tiiY82 data set.

No heat and salt fluxes are applied directly to thedel, but the so called
relaxation boundary condition for sea surface teatpee and salinity is used.

Initial and boundary conditions

The model is initialized with autumn temperature aalinity fields obtained from
MODB (Mediterranean Oceanic Data Base (Brassewl.et1996) climatology. Autumn
data are interpolated to the model grid and then drecked for stability. Numerical
experiments are integrated starting from motionie#igl condition. One of the advantages
of the MODB data set is that the geostrophicallyjusitdéd seasonal velocity fields are
included. This allows us to specify the open boumpdanditions on the southern boundary
of the model basin (Fig. 2). We have assumed notimgoic inflow into our domain through
the open boundary, since the 'rigid lid' DieCASTdeloin its present form does not allow
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mass addition. 'Sponge' region of 55 km width isc#fied adjacent to the open southern
boundary, where the temperature and salinity fialdsrestored to the climatology.

LONGITUDE

Fig. 2. Vertical distribution of meridional velocity (cm®s at the southern open boundary of the
model basin, obtained from MODB-MED4 data set.

The surface temperature and salinity in all modglegiments are relaxed to the
seasonal climatological values (Fig. 3). Assuminghssurface boundary condition we
specify the buoyancy fluxes to be proportional e tleviation of the model simulated
surface temperature and salinity from the climajwal ones.
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Fig. 3. Adriatic Sea surface (a) temperature; and (b) sglfields for autumn, derived from MODB-
MED4 (Brasseur et al., 1996) data sets.

In Fig. 3 we show the autumn Adriatic Sea surfareperature and salinity from
MODB data sets. The temperature field exhibits wadirked frontal areas in the northern
Adriatic and close to the Otranto channel (Fig. Zajegiani et al. (1997) showed that the

70 Bulgarian Geophysical Journal, 2007, Vol. 33



Rachev and Purini: Numerical simulations of the Adriatic Sea autumn circulation

strong salinity frontal areas exist, particularlgse to the italian coast, related to the river
runoff. This frontal area is well represented in BB®data (Fig. 3b).

Model experiments and parameters

Three main numerical experiments are carried ottt wifferent choices of the
wind forcing used. The first experiment is forced HR83 autumn wind stresses, the
second - by MAY82 autumn wind stresses, and thd timie is without wind forcing. Some
sensitivity experiments are performed also. Thetatep used in all experiments is 10 min,
the value of the bottom drag coefficient is 0.002e relaxation time is 10 days. The
background vertical viscosity we used is*1®” s* and the horizontal eddy viscosity and
diffusivity is 65 nf s*. The numerical integration was carried out for amnth, for which
period the circulation reached a quasi-steady.state

Using the autumn wind and thermohaline forcing vafous to compare the
simulated circulation with autumn Adriatic circutat obtained in other climatological
studies and with some satellite images available.

Results of numerical experiments

Artegiani et al. (1997) showed that the forcing tbE general Adriatic Sea
circulation had three major components: 1) rivaroff; 2) wind and heat forcing at the
surface; and 3) Otranto Chanel forcing. They suggethat these forcing components are
equally important. The river runoff was not inclddexplicitly in present simulations and
we focused our study to the rest two forcing congods. The simulated resulting autumn
Adriatic Sea circulation (Fig. 4a, 5a, 6a) is irg@od agreement with that described in
Artegiani et al. (1997) and Orlic et al. (1992).eTturrent speed reaches 15 ¢hirs the
southern Adriatic near the Italian and Croatianst®aThe vertical distribution of the
temperature in the central part of the southerniadidr shows a doming pattern, due to
strong cyclonic circulation. The water exchangeotigh the Otranto Strait is simulated

properly.

Thermohalineforcing

It is well known that Adriatic Sea, as a wholeditution basin. The analysis of
Raicich (1996) reveals noticeable spatial and timgability of the fresh water balance,
whose horizontal distribution is largely affecteg bver runoff. The model results of
Bergamasco et al. (1999) show that adding the fwestler discharge to the other forcings,
modifies the circulation of the northern and centdriatic substantially, forming well
pronounced southward flowing current along thadtatoastline. Since in our simulations
the river runoff is not added explicitly, the s#itx is not correctly represented, due to the
smoothness of the climatological surface saliniglds. Thus, the southward flowing
current along the western coast in the northerniafidr(Poulain, 1999) is not properly
simulated (Fig. 4a, 6a). That is why we will focogr analysis mainly to the southern
Adriatic circulation.
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Fig. 4. Simulated surface fields in experiment 1 (HR83 autwrind stress): (a) velocity (m'} (b)
temperature.

The situation is somewhat changed in the secondrarpnt where the MAY82
wind stresses was used. The surface circulatidgheofiorthern Adriatic in this experiment
(Fig. 5a) is close to this, described by Orlicle{(92). The modeled surface velocities are
about 10 cm§ which is in good agreement with the estimatioh®uic et al. (1992).

v

13E 14E 15E 16E 17E
LONGITUDE 0.15 LONGITUDE

Fig. 5. Simulated surface fields in experiment 2 (MAY82uamh wind stress): (a) velocity (m's
(b) temperature.

There are three stable features of the modeledlation, which are simulated
(with some differences) in all of model experimeris middle Adriatic cyclonic gyre; 2)
southern Adriatic gyre; and 3) outflow through @t@ channel. Obviously, these
circulation features are controlled by lateral thehaline variations of the water properties
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and by bathymetry. The wind forcing has a minoeriol a formation of these features. For
example, the outflow current through Otranto chanfmiose to the lItalian coast) is

simulated in the third experiment, which is carr@d without wind forcing (Fig. 6a) and

even in the second experiment (Fig. 5a) in whiateadions of the outflow current and

applied MAY82 wind stresses are opposite.
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Fig. 6. Simulated surface fields in the thiekperiment (without wind forcing): (a) velocity (g);
(b) temperature.

The outflow current brings out relatively cold alebss salty waters which are
spread as a tongue southwest when they enter tienl&ea (Fig. 4b, 5b, 6b). The inflow
through the southern boundary of the model basimgbrwaters with higher salinity and
temperature and as a result the well pronouncetbhyaphic front is formed.

The water exchange with lonian Sea through Otra8tmit is of crucial
importance for the Adriatic Sea circulation (Orét al., 1992). The estimates of Raicich
(1994) give for entire Adriatic an annual fresh evagain between 0.65 and 1.1 m ykar
which should result in a net outflow of about 0.08 Thus, the water transport through
the Strait of Otranto can be considered in balaneethe net transport is zero in the first
approximation. The resent observations (Poulai®9)1%how that the current fluctuations
in the Strait of Otranto are significant over addespectrum of scales, from synoptic to a
seasonal time scales, and even interannual timess¢@rlic et al., 1992). The estimated
mean water flux through the Otranto Strait basedliogct Eulerian current measurements
gives value of 0.9 Sv (Civitarese et al., 1998} faunrealistically large, compared with
those found in literature.

The open boundary conditions on the southern bayridaur model experiments
are specified qualitatively according to the MODHE=BM data set (Brasseur et al., 1996).
The actual MED4 data are modified, so the net owtfthrough the southern boundary is
kept to be zero during the integration (becausemoflel requirements) (Fig. 2). This
approach allows only a part of the spatial varigbtio be included in our model studies.
More suitable approach is: to specify the riveraffinwhich to be balanced by the outflow
through the open boundary. Nevertheless, the megelts show that including the open
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boundary forcing (even qualitatively) permits theerimohaline structure in the southern
Adriatic to be kept close to the climatology fonter periods of model integration.
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Fig. 7. Vertical transect along the longitude T&®f the densityd; units) in experiment 3 (without
wind forcing).

Figure 7 represents a vertical transect of theitlealbng the Otranto channel and
southernmost part of the Adriatic Sea at longitud®e7E. (following approximately
stations 103-203-302-403 of POEMOL1 cruise in autd®d5, Salusti and Serravall, 2002)
for the third experiment (without wind forcing). &tpattern of the isopicnals on Fig. 7 is
qualitatively the same as in POEMOL1 results (Saarsd Serravall, 2002). It seems that the
water exchange through Otranto Strait is not rdldte some long lasting atmospheric
forcing, but probably is due to the vertical thehatine structure in the vicinity of the
Otranto channel, formed in the process of mixing vaedter masses with different
characteristics.

Wind forcing

The analysis of Artegiani et al. (1997) shows that density-driven circulation is
week in the northern and middle Adriatic during teim and that baroclinic dynamics is
significantly enhanced during spring and summeontother side, the magnitude of the
wind stress reaches its minimum in spring and igimum in winter. This suggests that
the wind-driven and density-driven currents wilvaaifferent importance in formation of
the seasonal Adriatic Sea circulation. The presswdel results show that during autumn
the wind-driven circulation predominates only ire thorthern Adriatic. The thermohaline
circulation is found to be more important over thst of the basin.

As mentioned earlier, the HR83 wind data is reldjiweak and smoothed. The
analysis of both datasets and model results shatvNIAY8B2 data represents better the
characteristical features of the wind field overriatic Sea known from observations. In
general, the simulated circulation in numerical eskpents using MAY82 winds is more
realistic (Fig. 5a) and some specific featureshef ¢irculation can be simulated properly.
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For example, in the northern Adriatic, the cyclopicculation is simulated with a wide
northward wind-driven current near the eastern tcdssthe wind magnitude decreases to
the south, the contribution of the wind forcingass in the middle and southern Adriatic,
than in the northern Adriatic where it is compatiblith the thermohaline forcing. The
topographic control is important for the generatmnthe middle and southern Adriatic
gyres, also (Orlic et al., 1992).

Conclusions

We have examined the Adriatic Sea circulation ituaun using climatological
forcing. Model results show that the May (1982) dvitata set better represents the main
features of the wind field over Adriatic Sea (knofsom observations), then the Hellerman
and Rosenstein (1983) data set. It is showed tiaiglautumn, the wind-driven circulation
predominates only in the northern Adriatic, whilee tthermohaline circulation is more
important over the rest of the basin. The bottomogsaphy is important factor in
controlling the Adriatic Sea circulation. Furthetudies are needed to improve the
thermohaline forcing, mainly by including the rivemoff and reliable surface heat fluxes.
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YuncsieHO MoJeJHPAHe HA eCCHHATA NUPKYJIANHA HA AAPHATHYEeCKO Mope

H. Paues, P. [1ypunu

Pesrome: IIpencraBeHn ca pe3yiraTH OT YHCIEHO W3CIIEABAaHE Ha IMPKy/lalusra Ha
Anpuatiyecko Mope Tpe3 eceHra. V3uncienusita ca U3BbPILICHU C TOMOIITa Ha OKEaHCKUS
mozen DieCAST. U3scnenpana € MojelHaTa NUPKYJIALUs PU PHIAraHETO Ha Pa3iUYHH
BETPOBU HamlpexkeHus. MopenHuTe pe3yiaraTd ao0pe BB3NPOM3BEKAAT OCHOBHUTE
XapaKTEepUCTHKU Ha IMPKyJanusTa Ha Anpuatniecko Mope. [lokazaHo e, ue mpe3 eceHTa
BETPOBOTO (hopcHpaHe HMMa ChIIECTBEHAa poJisi HpH (QopMHUpaHe Ha LUPKyJauusTra B
CeBEepHATa 4acT Ha MOPETO, a TEPMOXAIMHHOTO (OpPCHpaHE € Onpenelisio 3a GopMupaHe
Ha TEYCHMATA B LEHTPAIHUTE M IOKHM pallOHM Ha MopeTo. PesdynraTure OT 4YHMCIEHUTE
EKCIIEPUMEHTH MOKa3BaT Bb3MOXKHOCTHUTE Ha M3IOJI3BaHMs MOJEIN Ja Bh3IPOH3Bee 100pe
npouecuTe Ha 00MeH Ha BOJHM MacH npe3 npoiusa OTpaHTo.
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