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[1] Dense shelf water production and the deep convection process in the Adriatic Sea are
investigated, considering two case studies: the first is representative of the present climatic
situation, whereas the second may be expected in a scenario characterized by mild winter
conditions over the basin. Dense water production and spreading are studied using a high-
resolution implementation of the Massachusetts Institute of Technology general circulation
model that is initialized and forced with realistic conditions. This paper provides qualitative
and quantitative information on mass transport, dense water pathways, thermohaline
structures, and the mixing properties of the basin. In the northern Adriatic shelf, seawater
temperature is the key element for winter dense water production because it contributes
more relevantly than salinity in determining density. In the southern Adriatic Sea, a small
amount of dense water that cascades directly into the pit can be formed on the narrow
western shelf only during cold winter conditions. Moreover, open ocean deepwater
formation occurs in the middle of the southern basin. In late winter and spring, although
only when winter conditions have been sufficiently cold, northern Adriatic dense shelf
water forms a subsurface stream of which the densest part rapidly sinks in the southern pit
along the shelf break, whereas its lighter part flows southward and reaches the Otranto
Strait. The frequent occurrence of mild winter conditions could lead to lower dense water
production, with a reduced dense water flow from the Adriatic Sea to the Ionian Sea and a
potential great impact on the eastern Mediterranean thermohaline circulation.

Citation: Querin, S., G. Cossarini, and C. Solidoro (2013), Simulating the formation and fate of dense water in a
midlatitude marginal sea during normal and warm winter conditions, J. Geophys. Res. Oceans, 118, doi:10.1002/jgrc.20092.

1. Introduction

[2] Dense water (DW) is formed in the upper layers of
several limited areas of the ocean by means of two different
oceanographic processes: dense shelf water production
[Shapiro et al., 2003; Ivanov et al., 2004] and open ocean
deep convection [Killworth, 1983; Marshall and Schott,
1999]. These processes are both triggered by marked heat
loss, evaporation, and, in polar regions, brine rejection asso-
ciated with large amounts of ice production.
[3] The first process takes place on continental shelf areas

and, depending on the local climate and latitude, is affected
primarily by cooling, evaporation, or freezing. The newly
formed DW flows and sinks along the shelf break, carrying
its physical and biogeochemical properties to a greater depth.
[4] The second DW formation process is driven by the

same forcings but occurs in a few open sea areas, which,
although small, play a relevant role in sustaining the ocean
thermohaline circulation.

[5] Both processes occur in the Adriatic Sea, which,
therefore, has been considered to be an interesting study site
for exploring the dynamics of DW formation in general
[Artegiani et al., 1997]. Moreover, because the Adriatic
Sea is one of the few sources of dense water in the Mediter-
ranean Sea, the role of the Adriatic DW on the general
circulation of the Mediterranean Sea has been also studied
[Malanotte-Rizzoli et al., 1997].
[6] The Adriatic Sea (Figure 1) is a semienclosed basin char-

acterized by an elongated shape (approximately 800� 200 km)
with a shallow northern shelf (average depth of approximately
30m), three adjacent depressions in its central region (maxi-
mum depth of approximately 250m), and a deep pit in its
southern region (maximum depth of approximately 1250m).
[7] Manca and Giorgetti [1999] identified five primary

water masses that characterize the circulation of the basin: the
Adriatic surface water, the Ionian surface water, the Levantine
intermediate water (LIW), the Adriatic deep water (ADW), and
the northern Adriatic deep water (NADW). In particular, ADW
forms in the southern Adriatic pit (SAP) [Ga�cić et al., 2002],
whereas wintertime cooling produces cold and well-mixed
water in the shallowest areas (primarily the northern shelf),
originating the NADW [Malanotte-Rizzoli, 1991].
[8] The general circulation of the Adriatic Sea is governed

by four primary forcings [Poulain and Raicich, 2001]: wind
stress, river runoff, surface buoyancy fluxes, and mass and
energy exchanges through the Otranto Strait.
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[9] In the northern Adriatic shelf, heat fluxes and river run-
off are the key elements for DWproduction [Vilibić and Supić,
2005;Oddo and Guarnieri, 2011].Winter heat loss acts on the
entire basin, decreasing the temperature, whereas riverine
contributions tend to limit DW formation primarily in coastal
areas, where these typically cold but fresh water masses are
confined.
[10] The density in the SAP is influenced not only by the

temperature seasonal cycle but also by the advection of
water masses coming from the Ionian Sea and, to a minor
extent, from the northern shelf [Manca et al., 2002; Oddo
and Guarnieri, 2011]. Direct river runoff emanates primarily
from the Albanian coast, whereas the western Adriatic current
(WAC) conveys the contributions from the northern Adriatic
rivers down to the Otranto Strait.
[11] Although numerous experimental studies have addressed

Adriatic Sea DW production and spreading [Manca et al.,
2002; Sellschopp and Álvarez, 2003; Vilibić and Supić,
2005; Marini et al., 2006], several issues are still not clearly
understood, primarily because of the difficulty in observing
these phenomena, which are episodic in nature and exhibit
complex spatial patterns [Ivanov et al., 2004]. Numerical stud-
ies have been also performed in the last few years [Oddo et al.,
2005; Wang et al., 2006; Mantziafou and Lascaratos, 2008;
Oddo and Guarnieri, 2011], but no study has exhaustively
explained all of the processes that characterize DW formation
and fate.

[12] Vilibić and Supić [2005] noted relevant aspects
remaining to be addressed, including the identification of
the exact location of the NADW generation area (eastern,
central, or western side of the northern Adriatic Sea–NAS),
the tracking of NADW spreading pathways via experimental
and/or modeling efforts, and the assessment of the relative
importance of the external forcings (river discharges, heat,
and mass surface fluxes) in determining the preconditioning
phase in the NADW formation process. The authors stressed
the importance of high-resolution, nonclimatological forcings
(wind stress and surface fluxes) and open-boundary conditions
in modeling studies that aim to explore the spatial and
temporal evolution of DW formation in both the northern
(NAS) and the southern (SAS) subbasins. This point was also
noted by Mantziafou and Lascaratos [2004], who also
showed that the thermohaline “inertia” of the system (mem-
ory effect) can be important in determining the different dy-
namics observed in subsequent years.
[13] Moreover, the effects of NADW generation and

spreading on the dynamics of the chemical and biological
properties of the basin are still not completely clear.
[14] This paper aims at understanding how DW masses are

produced (considering both dense shelf water production and
deep convection processes) and how the masses sink and
spread along the basin under both “normal” and “warmer than
normal” winter conditions. The first case study represents the
present climatic condition, whereas the second case study
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Figure 1. Coastal and bathymetric map of the Adriatic Sea. The dots in the northern, central, and southern
subbasins indicate the position of the virtual stations (V01, V02, and V03) that are described in section 3.3.
The three zonal dashed lines show the vertical transects considered in section 3.4: northern (N-N), central
(C-C), and southern (S-S). The mouths of the rivers that are directly modeled in the simulation are indicated
by the arrows. Several morphological features cited in the text are also shown.
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may be expected in a scenario characterized by warmer condi-
tions over the Adriatic Sea. The results are obtained using a
state-of-the-art, three-dimensional numerical model, corrobo-
rated by a comparison with satellite sea surface temperature
(SST) data. In particular, we implemented a 1/32� horizontal
grid to capture the most important mesoscale structures, which
have length scales varying from 5 km to greater than 20 km.
We also adopted high-resolution wind forcing to properly
resolve several peculiar wind-driven features, such as the
double gyre circulation induced by the bora wind in the
NAS [Kuzmić et al., 2006] (see SST patterns on February
2008 in Figure 7). The numerical schemes adopted and the
vertical parameterization of turbulence (KPP scheme [Large
et al., 1994]) were also chosen to avoid an overestimation
of the mixing processes that has been noticed in previous
modeling studies [Oddo et al., 2005].
[15] This paper not only contributes to the understanding of

the potential effects of climatic changes on the oceanography
of a midlatitude marginal sea but also provides qualitative
and quantitative information of interest to the scientific com-
munity working on the Adriatic Sea and the Mediterranean
Sea (e.g., mass transport, DW pathways, thermohaline struc-
tures, and mixing properties). To generate a realistic setup
(including realistic initial and boundary conditions), the spe-
cific features observed in autumn 2007 to winter 2008 are used
as proxies for the normal, current, climatic condition, whereas
the properties observed in autumn 2006 to winter 2007 are
used as proxies for environmental conditions that are atypi-
cally warmer. Simulation results are also used to explore the
roles of different factors (wind-driven heat loss, light freshwa-
ter coming from rivers, surface heat and mass fluxes, and
intrusion of water bodies with different thermohaline proper-
ties) on DW production rates.
[16] This paper is structured as follows: We describe the

numerical model used to perform the simulations in section 2.
Section 3 is dedicated to the presentation of the results and
the discussion of the most significant findings. In particular,
section 3.1 highlights the meteorological and hydrological
differences between the two simulated years, focusing on
the winter period. In section 3.2, we qualitatively describe
the processes of DW production and spreading along the
basin, and we identify the water masses involved. Quantitative
descriptions of several interesting aspects of DW formation
and spreading are provided in sections 3.3–3.5. A sensitivity
analysis on open-boundary conditions is carried out in section
3.6. Section 3.7 provides a concise discussion about the influ-
ence of Mediterranean water masses and on the “memory
effect” of the previous years on the Adriatic DW properties.
This paper closes with several final remarks (section 4).

2. Materials and Methods

2.1. Numerical Model

[17] The simulations are performed by customizing the
MITgcm (Massachusetts Institute of Technology general
circulation model [Marshall et al., 1997]), which is a three-
dimensional, finite-volume, general circulation model. In this
study, the semi-implicit over-arching algorithm of theMITgcm
solves the nonhydrostatic, Navier–Stokes equations adopting
an implicit linear formulation of the free surface. The formula-
tion of the free surface includes a fully implicit barotropic time
stepping, which is unconditionally stable but tends to damp the

fast gravity waves. Vertical diffusion and viscosity terms in the
horizontal momentum equations are treated implicitly in time.
They are solved using a backwardmethod. The time discretiza-
tion of the terms evaluated explicitly is done using the third-
order Adams-Bashforth method for momentum equations and
a forward-in-time method for tracer equations.
[18] The MITgcm has been already successfully applied

(with different parameterizations and forcings) to a specific
subbasin of the Adriatic Sea (the Gulf of Trieste) in Querin
et al. [2006]. More information on the MITgcm model can
be found in the available documentation (http://mitgcm.
org/public/r2_manual/latest/online_documents/manual.pdf).

2.2. Simulations

[19] The simulated time period is defined as 20 October
2006 to 31 December 2008. The model is run on a single
node (with 24 cores) of a Linux cluster. The time step for
the integrations is 300 s, and the time required to model 1
year is 3.6 days. Output fields and diagnostics are produced
on every simulated day.
[20] The horizontal and (background) vertical eddy coeffi-

cients have been tuned via a trial-and-error procedure, compar-
ing the results with experimental observations (see section 3.2
for a brief description). In general, low horizontal viscosities
and diffusivities are to be preferred in order not to damp
small-scale instabilities. Nonetheless, they must be large
enough to suppress numerical instabilities at the grid scale.
The numerical schemes adopted in our model configuration
allow large Reynolds numbers at the grid level: in particular,
we chose a direct-space-time discretization method for the
advection–diffusion part of the tracer equations and a nonlin-
ear, third-order advection scheme with a flux limiter, which is
“unconditionally” stable. When employing the direct-space-
time method and the flux-limited schemes, the time stepping
is not Adams-Bashforth but forward in time. The model uses
constant horizontal eddy coefficients for momentum (viscosity:
10m2/s, as in Cushman-Roisin et al. [2007]), temperature, and
salinity (diffusivity: 2.0m2/s). The model adopts the K-profile
parameterization (KPP, [Large et al., 1994]) to simulate
vertical turbulent processes. The background vertical eddy
viscosity and eddy diffusivity (for both temperature and salin-
ity) are 5.0� 10�5 and 2.0� 10�5 m2/s, respectively.
[21] In the sections that follow, we assume the oceano-

graphic rule when defining the seasons, i.e., autumn comprises
October, November, and December, winter comprises January,
February, and March, and so on.
[22] For the sake of simplicity, we will also refer to the

periods autumn 2006 to winter 2007 and autumn 2007 to
winter 2008 with the short forms AW06/07 and AW07/08,
respectively.
2.2.1. Domain
[23] The computational domain lies north of the Otranto

Strait (from latitude 40.3�N to 45.9�N), with a horizontal res-
olution of 1/32� (approximately 3.4� 2.4 km) and contains
51, unequally spaced, z-levels, resulting in a grid consisting
of 240� 180� 51 points. The thickness of the vertical layers
varies from 1.5m (surface layer) to 85.8m (bottom layer). The
bathymetry is obtained by interpolating a data set collected
in the framework of the ADRIA02 project (courtesy of
P.-M. Poulain). The data, which originate from different
sources (primarily from the U.S. Navy), have a 15” (approx-
imately 500m) resolution. All of the areas shallower than
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0.5m have been masked out, and depths between 0.5 and 3m
have been flattened to 3m. Partial cells are adopted for the
bottom elements to better represent the bathymetry. Several
manual adjustments along the eastern coast have been also
made to eliminate several potentially critical points for model
stability, such as narrow channels and isolated points.
2.2.2. Initial Conditions
[24] The initial conditions (temperature, salinity, and the

zonal and meridional components of velocity) are obtained
from the 1/16� operational analysis of the Mediterranean Sea
run by Istituto Nazionale di Geofisica e Vulcanologia (INGV)
(MFS—Mediterranean ocean Forecasting System model
[Tonani et al., 2008]). The MFS model output on 20 October
2006 has been interpolated linearly on the 1/32� grid adopted
for the simulation. The thermohaline structure in the SAP has
been also corrected using the in situ conductivity-temperature-
depth (CTD) vertical profile sampled on 20November 2006 in
the center of the pit (courtesy of M. Bensi). In particular, the
initial temperature profile (derived from the MFS model) has
not been modified in the upper layer (0–35m), in order to start
from realistically high surface values (~19.5�C) and allow for
reasonable surface cooling (almost 3�C in 1 month). On the
contrary, the subsurface values, which show a much smaller
variability, have been adjusted smoothly using the experimen-
tal data from a depth of 35m down to the bottom. The adjust-
ment of the initial temperature profile to the CTD data over the
entire water column would have caused an underestimation of

the surface layer temperature. The salinity profile, which is
affected by the largest discrepancies and exhibits a minor
surface variability, has been corrected to match the CTD data
over the entire water column. The model results after the first
month of simulation show a good match with the measured
data on 20 November, for both temperature and salinity.
[25] Regarding the spin-up period of the velocity fields,

the model starts from nonzero velocity (the initial velocity
field is interpolated from the MFS model) and reaches a
stationary condition after a few days. We spun up the model
for 20 days to damp any disjointed aspect in the velocity
field due to initial conditions, and we restarted it using the
new velocity fields and the thermohaline profiles described
above. A detailed description of the initial conditions and
of the time evolution of the dynamical and thermohaline
properties of the basin is given in Figure 2. It shows the time
series of kinetic energy, potential temperature, and salinity,
horizontally averaged on each of the 51 levels of the model.
Because of the quite complex bathymetry, every level covers
a different horizontal section of the Adriatic Sea. Hence, we
divided each plot into four regions (delimited by the white
dashed lines): the first (I) includes the levels down to
100m depth, the second (II) from 100 to 250m, the third
(III) from 250 to 800m, and the fourth (IV) from 800m down
to the bottom of the SAP. The first region (I) is representative
of the surface layer, including all the shelf areas; the second
(II) covers the subsurface layer, including the central Adriatic

Figure 2. Time series of (a) kinetic energy, (b) potential temperature, and salinity (c), horizontally aver-
aged over each of the 51 levels of the model. The time period considered goes from 20 October 2006 to 31
December 2008. The white dashed lines define four regions: the first (I) includes the levels down to 100m
depth, the second (II) from 100 to 250m, the third (III) from 250 to 800m, and the fourth (IV) from 800m
down to the bottom of the SAP. The color palette is proportional to the uneven spacing of the vertical
levels to emphasize the properties of the deepest layers.
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pits; the third (III) is representative of the southern Adriatic
basin, including the Otranto Strait; and the fourth covers the
southern Adriatic pit, below the Otranto sill. Figure 2a shows
realistic kinetic energy levels at the beginning of the simula-
tion, with high variability of the energy content both in the
surface and in the bottom layers. This variability is related to
the thermohaline evolution of the water column (Figures 2b
and 2c), to the surface forcing conditions, and to the energy
exchanges through the open boundary. Of course, the major
changes occur in the upper part of the water column (note that
the color palette has been stretched to perceive also the bottom
dynamics). In the kinetic energy budget, the mean (daily) flow
kinetic energy represents the largest fraction of the total kinetic
energy, whereas the turbulent component gives a relatively
minor contribution (~12% overall, during the simulated time
period). Turbulent kinetic energy contribution can grow only
during particular events (e.g., during strong and persistent
wind events). Figures 2b and 2c also show a remarkable
variability of the thermohaline properties, both in the surface
and in the subsurface layers. In particular, the thermohaline
variability in the deeper layers of the water column (regions
III and IV) is not due to a nonphysical drift caused by the
model, but it has been also observed in experimental measure-
ments, as will be discussed in section 3.2.
2.2.3. Boundary Conditions
[26] The surface forcing is obtained by interpolating the

atmospheric heat and mass fluxes computed by the MFS
model and the high-resolution wind fields provided by the
models ETA006 (courtesy of CREST S.r.l.—Physics and
Engineering for Marine Environment) and ALADIN (data
provided by the Research and Atmospheric Modeling
Department of the Meteorological and Hydrological Service
of Croatia).
[27] MFS surface fluxes are computed starting from the

European Centre for Medium Range Weather Forecast
(ECMWF) data set, which is characterized by a 6h temporal fre-
quency, and a resolution of 1/2�. MFS fluxes is provided on a
daily basis and with a spatial resolution of 1/16� (0.0625�).
The MFS fluxes can be considered to be a good approximation
for surface fluxes [Oddo and Guarnieri, 2011] because of the
relatively low spatial variability of air temperature, irradiance,
and humidity compared with wind direction and speed.
[28] In contrast, the ETA006 and ALADIN wind data

have horizontal resolutions of 0.062� � 0.062� and 0.03� �
0.02�, respectively, and the data are not interpolated from
coarser-resolution models. The forcing fields (the zonal
and meridional components of wind speed) have 1 and 3 h
frequencies, respectively. The ETA006 data cover the period
from 20 October 2006 to 1 August 2007, and the ALADIN
data extend from 1 August 2007 to 31 December 2008. Given
the aim of this study, the wind stress obtained from the MFS
model would not be sufficiently spatially and temporally fine,
whereas ETA006 and ALADIN guarantee the necessary accu-
racy in describing the wind field. Notably, in the actual model
configuration, the wind field acts adiabatically and exclusively
on ocean currents because heat fluxes are imposed directly
from the MFS data set.
[29] The runoff of the main rivers is considered explicitly

and modeled as a lateral open-boundary condition, as will be
described later. Therefore, the river contributions included in
the freshwater fluxes derived from the MFS model have
been masked out.

[30] No flux conditions for either momentum or tracers
and no slip conditions for momentum are imposed at the
solid boundaries. Bottom drag is expressed as a quadratic
function of the mean flow in the bottom layer: the (dimen-
sionless) quadratic drag coefficient is set equal to 0.003.
[31] The boundary conditions at the southern open boundary

(Otranto Strait) are also obtained from the 1/16� operational
model (MFS) of the Mediterranean Sea. The values of the
zonal and meridional velocities, the temperature (T), and
the salinity (S) are interpolated on the Adriatic model grid.
The two models (Mediterranean and Adriatic) are nested using
a (five cells thick) nudging layer that is located between them.
Within the nudging layer, the prescribed velocities (u and v
components), T, and S for each cell of each vertical level are
the weighted average between the values at the innermost point
of the layer and those at the corresponding open-boundary cell
(the weight being the distance from the open boundary). The
relaxation parameters for the nudging layer have been tuned
via a trial-and-error procedure, paying particular attention to
avoid numerical instabilities and nonphysical features, such
as reflections or waves, originating at the boundary.
[32] The velocity component orthogonal to the boundary

(v-velocity) has been corrected to balance the effects of river
discharge and of the evaporation minus precipitation budget
on the surface level. This solution prevents any unrealistic
drift in the sea surface elevation.
[33] The model neglects tides.
[34] As in Querin et al. [2006], the primary rivers are

included by introducing small channels in the bathymetry that
simulate the river bed close to the coast. Velocity is imposed at
the upstream end of each channel, and when the velocity is
multiplied by the cross-sectional area of the channel, the
prescribed discharge rate is quantified. This type of implemen-
tation takes into account both the momentum and the thermo-
haline contribution of the rivers. Daily averages of the Po and
Isonzo rivers discharge rates are provided byARPA-SIMArea
Idrologia-PARMA-Regione Emilia Romagna (courtesy of
A. Allodi) and Direzione Regionale dell’Ambiente (Unità
Operativa Idrografica di Udine) of Regione Friuli Venezia
Giulia, respectively. Monthly climatologies for the Timavo
River are provided by ACEGAS-APS S.p.A. (water depart-
ment: analysis laboratory; courtesy of M. Licciardello). The
discharge of the other main rivers is derived from yearly
climatologies found in the literature. These rivers are (starting
from the Albanian coast, in the counterclockwise direction)
the Vjose, Seman, Shkumbi, Mat, Drin, Buene, Neretva,
Tagliamento, Livenza, Piave, Sile, Brenta, Adige, and Reno
(Figure 1). All other minor rivers are imposed as diffused
runoff (precipitation) on coastal areas.
[35] The most frequently used river climatology for studies

on the Adriatic Sea is derived from Raicich [1994]. During the
last decade, a new data set on several rivers was created by
Cozzi and Giani [2011]. Several authors agree that there
appears to be an overestimation in the discharge rates reported
in Raicich [1994], at least due to the changed hydrologic
regime in the watersheds around the Adriatic Sea. Because
the data collected by Cozzi and Giani [2011] refer to a more
recent period but only for the Po, Adige, Brenta, Piave,
Livenza, Tagliamento, Isonzo, and Timavo, we used these
recently measured values for the Adige, Brenta, Piave,
Livenza, and Tagliamento (as previously mentioned, we used
measured daily averages for the Po and Isonzo and monthly
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climatologies for the Timavo River). We subsequently com-
puted the average percentage reduction of the discharge rate
for the seven rivers considered in both data sets (�41% of
the total flow) and applied the reduction to the rivers south-
ward of the Timavo on the Croatian and Albanian side. The
rivers on the Italian coast south of the Reno River minutely
contribute and therefore have all been considered as
diffused runoff. Regarding the rivers between the Reno
and the Timavo, the coefficient of discharge rate reduction
is the same as that of the closest river with an available
recent value (Table 1).
[36] Similar to river flow rates, the diffused runoff (971m3/s)

is derived from Raicich [1994], and the flow rate has been
also corrected by a factor of 0.59 (i.e., �41%). Total
diffused runoff primarily affects the eastern coast of the
basin and has the same order of magnitude as the Po River
flow rate. The diffused runoff accounts for 29% of the total
freshwater input into the basin (3388m3/s).
[37] Regarding river thermohaline properties, few direct

observations are available, so temperature and salinity have
been imposed based on previous studies [Querin et al., 2006]
and through the testing of several different configurations. At
the upstream end of the rivers, we directed that the temperature
vary sinusoidally from 7�C (winter) to 17�C (summer) for the
northern rivers and from 10�C (winter) to 20�C (summer) for
the southern rivers. Salinity is an imposed constant (20 psu).
River runoff (except from the Po, Timavo, and Isonzo)
and diffused runoff are also modulated sinusoidally to
obtain peak values in spring and autumn and flow minima
in winter and summer.

3. Results and discussion

3.1. Heat and Freshwater Balance for The Two
Case Studies

[38] The simulated time period (20 October 2006 to 31
December 2008) was chosen to study the interannual

variability of the oceanographic features of the Adriatic Sea.
Because we focus onDWproduction and spreading processes,
we chose two years (2007 and 2008) that are characterized by
notably different winter conditions. In particular, AW06/07
was much warmer than AW07/08 (Figures 3a and 3b). The
former (a proxy for the warm climatic scenario) can be con-
sidered to be an anomaly compared with the latter (a proxy
for the current climatic situation), which is, on average,
closer to the climatological weather conditions. In particu-
lar, the total heat flux (spatially averaged over the entire Adria-
tic Sea surface) in the period from November to February
(dashed rectangles in Figure 3) was �151 and �170 W/m2

in AW06/07 and AW07/08, respectively (+31 and +12W/m2

compared with an 11 year climatology for 2000–2010).
[39] Regarding the salt budget, the first period is character-

ized by a lower evaporation minus precipitation balance
(E � P, Figures 3c and 3d) and by slightly increased Po river
runoff (R, Figure 3e). The anticorrelation between Figures 3b
and 3d, in which the maxima of heat flux match with the
minima of evaporation minus precipitation, suggests that
latent heat flux plays a relevant role in the total heat budget
anomaly (analysis minus climatology) with respect to the
other heat flux components (sensible heat flux and short- and
long-wave radiation). This suggestion agrees with the findings
reported in Manca et al. [2002] for the period 1997–1999.
[40] When estimating the interannual freshwater variabil-

ity, we consider only the Po River because it is the primary
freshwater source simulated, considering measured daily
values (rather than climatologies, see Table 1). As specified
in section 2.2.3, all other contributions (except the Isonzo
and Timavo Rivers) are included as yearly averages, which
are modulated by imposing a seasonal variability that is the
same for all years.

3.2. General Description of the Results

[41] DW formation and spreading are simulated considering
both of the winter conditions (“normal” and “warmer than

Table 1. Average River Discharge Ratesa

Freshwater
source

Raicich
[m3/s]

Cozzi and
Giani [m3/s] Difference %

Yearly
clim. [m3/s]

Monthly
clim. [m3/s]

Daily
data [m3/s]

Vjose 182 59 107
Seman 200 59 118
Shkumbi 61 59 36
Mat 64 59 38
Drin 338 59 199
Buene 44 59 26
Neretva 378 59 223
Timavo 26 28
Isonzo 204 51 25 65

Tagliamento 97 37 38 37
Livenza 88 81 92 81
Piave 55 26 47 26
Sile 53 47 25

Brenta 93 86 92 86
Adige 234 140 60 140
Po 1585 957 60 1153

Reno 49 60 29
Diffused runoff 1646 59 971

Total 3388

aThe second and third columns show the estimates reported by Raicich [1994] and Cozzi and Giani [2011], respectively. The difference (%) between
these data sets is shown in the fourth column. The last three columns report the discharge rates used in the numerical simulation (yearly, monthly, or daily
data): the last row sums them up.
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normal”), and large differences exist between the two case
studies in terms of density, total volume, generation sites,
and the subsequent spreading of the DW.
[42] A qualitative representation of the space and time

evolution of the process is given for the normal condition
(winter 2008 case study) in Figure 4, which shows a three-
dimensional view of selected isopycnal surfaces (daily
averages of the potential density fields). The four images
depict the situation for which the dense water formation
process is at its maximum (mid-February, Figure 4a) and
after 10 days (Figure 4b), 1 month (Figure 4c), and 3 months
(Figure 4d). Each density value is chosen to better represent
the chimneys of dense water originating and spreading in the
SAP (Figures 4a and 4b) and the bottom vein of central/
northern dense water flowing from March (Figure 4c) to late
spring (Figure 4d) and cascading in the central and southern
Adriatic pits.
[43] Dense shelf water production occurs in late autumn/

winter, and the DW subsequently spreads along the basin
in late winter/spring. Figure 4 shows that water of density
greater than 29.17 kg/m3 occupies a wide portion of the
northern and central subbasins (filling the central pits) and
the western coastal strip south of the Gargano Peninsula. In
particular, a small amount of DW can be observed cascading
directly from the southern shelf into the SAP [Sellschopp
and Álvarez, 2003] (Figure 4b).
[44] Over the central and northern shelves, a large volume

of DW is observed. Of course, the highest density water
masses are found in the northern area, where winter cooling

is stronger, and especially on the central eastern side, where
the influence of riverine freshwater is less important. Strong
evaporation, cooling, and mixing in such a shallow area
produce a uniform vertical profile characterized by high
density values (>29.4 kg/m3, Figure 5).
[45] During spring and early summer, the water column

restratifies, and a subsurface vein of DW flows southward
along the Italian coast in near geostrophic equilibrium.
Depending on its initial position, its density, its flow rate,
and its mixing/entrainment with the surrounding water, this
bottom-arrested current can fill the central Adriatic pits,
cross the Palaguza Sill, sink in the SAP, and/or exit through
the Otranto Strait (all of these steps can be observed in
Figure 4). The depth of the flow strongly depends on the den-
sity equilibrium between the DW vein and the ambient water.
[46] Figure 4c shows a subsurface stream of DW south of

Gargano in mid-March. Only the densest part of this stream
(indicated by the red ellipse) sinks in the SAP, whereas the
lighter part continues to flow along the Italian coast at a depth
of approximately 100m (as observed by Rubino et al. [2010]).
[47] Two months later (Figure 4d), the bottom vein of

DW of northern Adriatic origin flows southward along the
western coast with a velocity (at 80m depth) of approxi-
mately 5–10 cm/s. DW has already filled the central Adriatic
pits (from west to east [Marini et al., 2006]), and the water
leaps over the Palaguza Sill and subsequently plunges in
the SAP along the shelf break and the Bari Canyon system.
[48] The three-dimensional description of the DW forma-

tion and spreading process on the northern shelf exhibits
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Figure 3. Meteorological and hydrologic conditions for the simulated time period (from 20 October
2006 to 31 December 2008): (a, b) total heat flux, (c, d) evaporation minus precipitation (E � P), and
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QUERIN ET AL.: DENSE WATER IN THE ADRIATIC SEA

7



good agreement with that proposed in Vested et al. [1998].
However, the localization of the NADW generation area
(northeastern Adriatic) is in contrast with the findings by
Supić and Vilibić [2006], who identify the northwestern
Adriatic as the preferred location for NADW formation.
[49] According to Fohrmann et al. [1998], the DW directly

cascading in the SAP and the shelf DW flow can be classified
as friction dominated and near geostrophically controlled,
respectively. Indeed, if we consider an ocean flow with negli-
gible relative vorticity, friction can break the law of conserva-
tion of potential vorticity and allows the current to cross the
isobaths. An earlier characterization of bottom boundary
currents, in terms of entrainment, bottom friction, and ambient
stratification, was made by Smith [1975]. The generic solution
proposed in the model by Smith [1975] describes a flowwith a
meandering behavior close to the origin of the current (the
source of dense water). This oscillating pathway is damped

by large entrainment and/or friction and becomes increasingly
stable downstream from the source, where the flow attains a
constant (i.e., without meanders) behavior. In the absence of
entrainment and in a homogeneous environment (no stratifica-
tion), the viscous drag balances the downslope component of
gravity (pressure gradient due to density contrast). In case of
strong friction, the velocity points directly downslope, and in
case of low friction, the flow tends to be geostrophic and
follows bottom contours. Furthermore, in the presence of
ambient stratification, a descending current enters progres-
sively a denser environment, reducing the density contrast,
hence slowing down the DW plume.
[50] In case of DW directly cascading in the SAP, the

strong density contrast between shelf and ambient water
and the steepness of the shelf break cause a strong current
directed downward. In case of DW flowing over a gently
sloping shelf, the much weaker pressure gradient (weaker

Figure 4. Three-dimensional view of potential isopycnals for the year 2008 (normal winter case study).
The color of the isosurfaces is proportional to the depth (i.e., blue: surface; red: bottom). The color palette
is proportional to the uneven spacing of the vertical levels to additionally emphasize the structure of the
isosurfaces in the first tens of meters. The plots represent daily averages. The simulated days and the value
of the potential density anomaly [kg/m3] are indicated in the upper left corner of each plot. Figure 4c is
rotated to highlight the processes indicated by the red ellipse.
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density contrast on a gently sloping bathymetry) is balanced
by the Coriolis force, causing a southward current slowly
deepening along its path to the SAP. Of course, irregularities
in the bathymetry (with sharp deflection of the isobaths, e.g.,
the central Adriatic pits and the Bari Canyon system), differ-
ent entrainment rates, and velocity changes can modify the
horizontal and/or vertical components of the balance, which
can be observed in the path of the current.
[51] Even if the simulations of the bottom flow look

realistic, it must be noted that the model is not specifically
designed to study in detail dense water plume dynamics. Such
an analysis would require increased horizontal and vertical
resolutions [Rubino et al., 2010]. In particular, an enhanced
vertical resolution close to the bottom should be adopted.
[52] Open ocean deep convection occurs in the SAP in

February 2008. The convection occurs after a precondition-
ing phase that lasts for a couple of months and is clearly
reproduced by the model. Figure 4a shows two large and
two thin deep convection structures that span from the surface
down to a depth of approximately 800m. This intense and
horizontally localized phenomenon (“violent mixing phase”
[Marshall and Schott, 1999]) has been capable of mixing the
preconditioned water column in just a couple of days (16–17
February 2008).
[53] A few days later, the spreading of the vertical chimneys

appears to be mainly driven by mesoscale instabilities
(Figure 4b). Figures 4c and 4d refer to periods subsequent
to the deep convection and highlight the doming of the
isopycnal surfaces associated with the almost-permanent
cyclonic rotation of the southern Adriatic gyre. The dome-like
structure of potential density in the SAP is notably irregular,
and the shape is related to the complex current structure of
the gyre, with meanders and mesoscale features developing
and detaching from the main cyclonic current (not shown).
[54] In winter and spring 2007 (warm condition case study,

Figure 6), the dynamics are notably different from those
described hitherto. The density and the total volume of DW
in the entire basin are remarkably lower in 2007 than the same
parameters in 2008. In particular, in winter 2007, water denser

than 29.17 kg/m3 covers a much smaller area than in winter
2008 (Figures 4a and 6a). Additionally, the small amount of
DW cascading directly from the southern shelf (Figure 4b)
in 2008 is not formed in 2007 because the effect of the
freshwater carried southward by the WAC overcomes
the relatively weak temperature decrease in determining
the density south of the Gargano Peninsula (Figure 6b). In
spring 2007, the amount of NADW is so small that the water
neither fills the central Adriatic pits nor leaps over the
Palaguza Sill (Figures 6c and 6d). A quantitative description
of the density and the total volumes of dense water will be
given in section 3.5.
[55] Another remarkable difference lies in the deep

convection process in the SAP. Figure 6a shows a widespread
amount of dense water reaching a depth of only 350–400m.
The process is notably weak compared with that of 2008.
Moreover, the process could not even be properly defined as
a deep convection episode.
[56] The model results are consistent with experimental

observations. In particular, a direct comparison with SSTmaps
derived from satellite data is shown in Figure 7. The nighttime
radiometer (advanced very high resolution radiometer) data
are sampled by the satellite NOAA-18 and are received and
processed by the OGS-SIRE (SIstemi REmoti) group. Satellite
images refer to the period when the DW formation process is
at its maximum and nearly 1 month later, for both winter
2007 and 2008. We selected the maps with the best available
coverage and chronologically closest to the days depicted in
Figures 4a and 6a (peak of DW production) and Figures 4c
and 6c (late winter spreading).
[57] The data confirm the remarkable difference in tempera-

ture between the two winter periods, especially on the northern
shelf, where the average surface temperature in mid-February
2007 is approximately 11.5�C but in mid-February 2008 is
approximately 10�C. In the central region, the average surface
temperatures are approximately 14�C and 13�C in 2007
and 2008, respectively, whereas in the southern region, the
differences are less remarkable: 14�C and 13.5�C. In brief,
in February, the SST difference between the 2 years varies
from 1.5�C in the northern region to 0.5�C in the southern
region. Similarly, in late winter, the differences are still
remarkable on the NAS (almost 2�C), and the differences
decrease to zero moving down to the Otranto Strait.
[58] The model simulates the remote sensed wintertime

SST fields over the entire basin fairly well, reproducing the
main spatial features. In particular, the recirculation structure
in the NAS induced by a Bora event in February 2008 is
captured by the model (Figure 7, top right plots). The baro-
clinic instabilities along the frontal structure of the WAC
(Figure 7, bottom right) are also present in the model results,
even if these instabilities are not as well defined as in the
satellite images. In certain cases, the simulated SST fields
underestimate (by up to almost 1�C) the temperature in both
the NAS (Figure 7, bottom left) and the SAS (Figure 7,
bottom right).
[59] As regards the time evolution of the thermohaline struc-

ture of the basin, Figure 2 shows some peculiar features, which
are in good agreement with the experimental observations
described in, Figure 8 of Cardin et al. [2011]. In particular,
AW06/07 is characterized by high temperature and salinity
in the intermediate layer (III), without any indication of winter
deep convection, which, instead, happened in AW07/08.

Figure 5. Same as Figure 4 but for only 1 day (18 February,
see Figure 4a) in winter 2008.
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The stronger cooling in AW07/08 has a large impact on the
temperature of the surface layer (I), with much lower tempera-
tures in winter 2008 than in winter 2007. The salinity decrease
in the intermediate layer (III) can be found also in the experi-
mental data, even if it seems overestimated by the model,
especially in 2008, in the layer between 200 and 600m.
[60] The bottom layer (IV) is characterized by a positive

trend in both temperature and salinity. Also, this feature can
be observed in the cruise data presented in Figure 8 of Cardin
et al. [2011].

3.3. Interannual Variability of the Mixed-Layer Depth

[61] The interannual variability of the mixed-layer depth at
three virtual stations, considered to be representative of the
northern, central, and southern regions of the basin, is depicted
in Figure 8 (filled lines). The mixed-layer depth is calculated
via the bulk Richardson number criterion [Large et al.,
1994], and the position of the stations is shown in Figure 1.
[62] In the northern basin (station V01, Figure 8a), the

water column is completely mixed during most of the cold
season. Several stratification phenomena associated with
a weaker cooling and the advection of water masses with

different thermohaline properties can be observed. For exam-
ple, in winter 2007, an intrusion of freshwater partially inhibits
the total mixing of the water column for a couple of months. In
the central Adriatic Sea (Figure 8b), the mixed-layer depth
can reach the bottom only during cold years (2008). As
previously observed, the intensity of the open ocean
convection in the SAP is completely different in the two
simulated periods (Figure 8c). The maximum mixed-layer
depth is more than 400m in winter 2007 and up to 750m
in winter 2008. In this area, the deep convection never
reaches the bottom of the pit (1250m).

3.4. Interannual Variability of NADW Flow Rates

[63] Modeled NADW flow rates during the simulated
time period are described in Figure 9. The plots show the
southeastward flow of water as denser than a prescribed
value in the near-surface layer (0–140m) across three
vertical transects that are oriented zonally and indicated in
Figure 1. The DW flow is characterized by a strong short-term
variability (unsteady flow), and the flow is notably different in
the two case studies, particularly in the two winter/spring
periods. In 2007, the DW produced in the northern shelf never

Figure 6. Same as Figure 4 but for the year 2007 (warm winter case study).
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exceeds 2� 105m3/s (Figure 9a). No dense water crosses the
central section in spring (Figure 9b), and virtually no dense
water reaches the southern section, where relatively dense
water masses are produced locally (on the narrow coastal shelf
south of the Gargano Peninsula) only in winter (Figure 9c).
The situation is completely different in 2008. In the northern
section (Figure 9a), the water column is nearly uniform (the
four lines are almost superimposed) with flow rates that
often exceed 2� 105m3/s, especially in winter. In the cen-
tral transect, different water masses can be distinguished,
and, due to the deeper bathymetry, flow rates are generally
greater (similar velocities with larger cross sections) than
across the northern transect. In particular, the densest part
(>29.2–29.25 kg/m3) flows, on average, at rates of approxi-
mately 0.5–1.0� 105m3/s in winter/spring. This latter value
is consistent with the estimations made by Ivanov et al.
[2004], which averaged numerous observed cases around the
world ocean. The authors assessed downslope flows provided
by dense water cascades varying from 0.05 to 0.08 Sv at every
100 km of the shelf edge. The shelf edge along the 100m
isobath is approximately 140 km wide, so we should expect
flow rates between 0.07 and 0.11 Sv (0.7–1.1� 105m3/s).
[64] As previously observed, part of this DW flow enters the

central Adriatic pits, whereas part of the flow reaches the SA
in late spring. Along its way to the SA, dilution and entrain-
ment reduce the density of this DWvein, originating the signal

depicted in Figure 9c (green and yellow lines). As for the
AW06/07 case study, part of the water masses denser than
29.1 kg/m3 (red line) is produced locally during winter.

3.5. Volumes of Dense Water

[65] The DW volume produced during the simulated time
period is depicted in Figure 10a, together with the DW
potential density (Figure 10b) and thermohaline properties
(Figures 10c and 10d). Each line refers to water masses with
potential density higher than a prescribed value in the
layer between the surface and 280m depth. As previously
observed, a much larger amount of DW is observed in
winter 2008. Actually, the maximum volume of water
denser than 29.0 kg/m3 (red line) is reached in late February
and is not greatly different between the 2 years (approximately
1.5� 1013m3). However, the volume of water denser than
29.0 kg/m3 begins to grow nearly 1 month earlier in 2008.
The interannual variability is much more evident if we con-
sider water masses denser than 29.1 kg/m3 (orange line) and
29.2 kg/m3 (green line).
[66] Figures 10b and 10c show the tight anticorrelation

between temperature and density, suggesting the role of
the former in determining the latter. The fact that denser
water masses (Figure 10b) are characterized by lower salinity
values (Figure 10d) suggests that, if we consider the whole
basin, salinity has a minor role in increasing seawater density.

Figure 7. Sea surface temperature maps for the (left group) warm and (right group) normal winter case
studies and comparison between the (left) remote sensed SST and (right) model results. The satellite
images are the best available and the closest in time to the plots presented in Figures 4a and 4c and
Figures 6a and 6c.
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3.6. Sensitivity to Southern Open-Boundary Conditions

[67] Both short- and long-term variability of the thermoha-
line properties of the Adriatic Sea are affected by the influence
of the water masses flowing from the Ionian Sea through the
Otranto Strait. Because the Otranto Strait is characterized
by vigorous currents and complex oceanographic features, a
sensitivity test on the open-boundary conditions has been
performed to try to understand their impact on the numerical
simulation. In particular, we run two additional simulations
imposing warmer and fresher boundary conditions in one case
and colder and saltier boundary conditions in the other. In this
way, we imposed lighter and denser open-boundary condi-
tions to the system, respectively. For sake of simplicity, we
will refer to the two experiments as the “light open-boundary
condition” (LOBC) case study and “dense open-boundary
condition” (DOBC) case study. Relying on several recent
studies available in literature [e.g., Cardin et al., 2011; Yari
et al., 2012], thermohaline properties on the entire open-
boundary surface have been modified increasing/decreasing
potential temperature by 1% (~0.15�C) and decreasing/
increasing salinity by 1% (~0.04 psu). These changes entail
variations in potential density on the order of 2% (0.06kg/m3).
Such a density variation is considerable, especially in the
subsurface layers.
[68] The most interesting result is the sensitivity to differ-

ent boundary conditions of the NADW flux: we analyzed the
two case studies comparing the flow rates computed in the
same way as shown in Figure 9a, with particular focus on

the 29.1 and 29.2 kg/m3 potential density thresholds. In the
LOBC case study, we observed a decrease of about 20% in
NADW denser than 29.1 kg/m3 in both AW06/07 and
AW07/08. On the contrary, in the DOBC case study, we
observed an increase in NADW of nearly 100% in AW06/07
and about 20% in AW07/08. It must be pointed out that
NADW flow rates are very small in AW06/07 (see Figure 9),
so even small variations in the flow rates (in absolute terms)
can lead to large relative variations. The same considerations
remain valid if we consider the 29.2 kg/m3 threshold. NADW
flow rates in AW06/07 are almost negligible in both LOBC
and DOBC case studies. On the contrary, flow rates in
AW07/08 decrease of 30% and increase of 30% in LOBC
and DOBC case studies, respectively.
[69] As regards the mixed-layer depth, Figures 8a and 8b

show that the northern and central virtual stations are not
influenced noticeably by the different boundary conditions.
On the contrary, the mixed-layer depth in the southern station
can vary of about 100m, both in AW06/07 and AW07/08. It
is interesting to note that both LOBC and DOBC case
studies are characterized by shallower mixed-layer depths.
Most likely, the density variations (applied uniformly over
the open-boundary surface) tend to stabilize the water column
in both cases.
[70] It is worth nothing also that the differences between

the two years do not change significantly. Therefore, this
sensitivity analysis supports our conclusions about the large
impact of the specific meteorological conditions on the
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interannual variability of the formation and spreading of
dense water. Nonetheless, the thermohaline conditions along
the open boundary can also have a considerable effect on the
oceanographic properties of the southern subbasin, as well
as of the entire Adriatic Sea.

3.7. Influence of Mediterranean Water Masses and
“Memory Effect” of the Previous Years on Adriatic
DW Properties

[71] DW production in the Adriatic Sea is mainly driven
by the air-sea interactions (heat loss). However, we just
pointed out that the thermohaline properties of the basin,
especially of its southern part, are affected by the advection
of Mediterranean water masses entering from the southern
boundary. Moreover, oceanographic conditions in a given
year may be also influenced by the conditions occurred
during the previous year. In particular, AW06/07 was partic-
ularly mild, and the basin was also influenced by a remark-
able contribution of LIW until autumn 2007, especially in
the layer between 200 and 600m [Cardin et al., 2011].
These two aspects caused a gradual decrease in density until
the deep convection episode occurred in February 2008. The
comparison between Figures 4a and 6a suggests that the
water column prior to the winter convection was generally
denser in 2006 than in 2007: the maximum depth of the
29.17 isopycnal in the SAP is shallower in AW06/07 than
in AW07/08. Despite this, the relatively cold AW07/08
caused a remarkable increase in water density. Figures 4d
and 6d show the effects of such a colder winter: in spring,
the 29.11 isopycnal in the SAP is shallower in AW07/08
than in AW06/07.
[72] Also, the 29.0 and 29.1 kg/m3 time series in Figure 10a

show that autumn 2007 is characterized by lower density com-
pared to autumn 2006: this is due to both the previous mild
winter (2007) and the southern boundary conditions in 2007.
On the contrary, winter 2008 produces a much larger amount
of DW compared to winter 2007. Because the high density
observed in winter 2008 countervails the low density observed
in autumn 2007, the new condition of the system must be
primarily ascribed to the different meteorological conditions
(relatively cold winter).

4. Final Remarks and Conclusions

[73] This numerical study is focused on the formation and
fate of the dense water masses that originate in winter on the
shelf areas and in the southern region of the Adriatic Sea.
Because numerous experimental, analytical, and numerical
studies have previously described several aspects of the
Adriatic Sea general circulation and DW formation processes,
we chose a state-of-the-art numerical model to attempt to
answer several questions and clarify several aspects concerning
the hydrodynamic features of the basin that were still not fully
understood. In particular, we implemented a high-resolution
numerical model forced with realistic boundary conditions
both at the surface (meteorological forcing) and on the vertical
open boundaries (freshwater contribution from the major
rivers and mass and energy exchange at the Otranto Strait).
The avoidance of a climatological approach (with average
forcings) and the use of a reasonably fine resolution (1/32�)
model allowed us to study several interesting oceanographic
features (such as convective structures, mesoscale features,

and subsurface DW veins) in detail. The nonhydrostatic,
general circulation model MITgcm, if forced with proper
initial and boundary conditions, proves to be a reliable
instrument for high-resolution studies (horizontal scales of
a few kilometers) in marginal seas with an extension of
hundreds of kilometers. This type of analysis can be also
applied to other similar case studies, such as small-scale
shelf areas with strong meteorological and hydrological
variability or open ocean deep water formation sites.
[74] We analyzed the dynamics and the interannual

variability of the dense water formation processes, high-
lighting the aspects that can be observed at short spatial
and temporal scales.
[75] On shelf areas, intense cooling and mixing create an

almost vertically uniform layer of water, which, depending
on the intensity of the winter cooling, occupies a wider (cold
winter) or smaller (mild winter) part of the NAS and can
extend down to the Gargano Peninsula. In general, NADW
is formed on the central eastern side of the NAS, whereas
the western part of the northern shelf, which is affected by
the WAC, is characterized by lower-density water masses.
During spring and summer, the bottom layers of the NAS,
which are not warmed by the surface heat fluxes, flow
toward the SAP, following the bathymetry and the general
circulation of the Adriatic Sea. In particular, a subsurface
vein of DW tends to cross the continental shelf diagonally
(southward) due to geostrophic constraint, leaning against
the Italian coast and subsequently flowing southeastward.
[76] The NADWs represented in Figures 4a and 6a show a

remarkable horizontal uniformity, with water denser than
29.17 kg/m3 occupying a large part of the NAS (especially in
the normal winter case study: AW07/08). The horizontal
variability of the dense water mass on the shelf can be noted
when considering higher density thresholds (29.3–29.5kg/m3).
The interaction among the surface forcing variability (wind
stress and heat and mass fluxes), the mixing processes, the
structure of the main currents, and the river runoff create
patches of water with different densities both at the surface
and at the bottom. These three-dimensional structures
(Figure 5) are also strongly time dependent. Based on these
considerations, the short-scale spatial and temporal variability
of the thermohaline structures of the NAS are important
features of the basin. This fact must be considered when
planning field research campaigns and sampling strategies in
physical oceanography to adopt correct temporal and spatial
sampling frequencies and to avoid aliasing phenomena.
[77] On the northern Adriatic shelf, in both of the case

studies considered (warm and normal winter), seawater
temperature is the key element for DW production because
it contributes more relevantly than salinity in determining
density. Theoretically, the E�P�R budget could have the
same effects as the surface heat fluxes in determining den-
sity; however, the frontal structure of the river plume, which
leans against the Italian coast, explains the reduced effect of
freshwater masses on the density structure on the entire
shelf. Notably, the Po River discharge rates from 2006 to
2008 are low compared with previous years [Oddo and
Guarnieri, 2011]. This difference could lead to a slight un-
derestimation of the effect of riverine discharge on DW
production.
[78] The central Adriatic pit receives the DW flow coming

from the northern shelf (Figures 4c and 4d and Figures 6c
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and 6d). The pit can be partially or completely filled by shelf
water, depending on the intensity of the NADW flux. In light
of the simulated case studies, a type of memory effect can be
hypothesized for this area. The warm AW06/07 implies a
weak flux of relatively dense water in the pit. The resulting
weak thermohaline stratification enhances the vertical mix-
ing observed in the cold AW07/08 period. In this latter case,
the mixed-layer depth reaches the bottom of the pit (250m).
[79] On the narrow southern shelf, a small amount of

dense water directly cascading in the SAP can be formed
only during cold winter conditions, whereas open ocean
deepwater formation occurs in the middle of the SAP. Given
the volume of the pit and the connections with the Ionian
Sea and the NAS, the importance of surface fluxes is
reduced but is still crucial in triggering the violent mixing
phase, which lasts for a few hours.
[80] In late winter and spring, although only when winter

conditions have been sufficiently cold (normal winter case
study), the shelf DW forms a subsurface stream that flows
leaning on the Italian coast and leaps over the Palguza Sill.
The densest part of this vein rapidly sinks in the SAP along
the shelf break. In particular, several morphological features,
such as the Bari Canyon system, form a preferential path for
these bottom-arrested density currents. In contrast, the
lighter part flows southward in geostrophic equilibrium and
reaches the Otranto Strait.
[81] ForMantziafou and Lascaratos [2008], the interannual

variability of DW production is related to the atmospheric
forcing, whereas the conditions at the open boundaries influ-
ence the characteristics and volume of DW masses. Notably,
however, in that numerical study, the conditions at the open
boundary are quite idealized, although the boundary is located
far from the Otranto Strait.Manca et al. [2002] suggested that,
in conjunction with the surface heat fluxes, other processes,
such as lateral advection and vertical entrainment, play a
significant role in determining the buoyancy content of
the water column. Moreover, Oddo and Guarnieri [2011]
indicated that for the southern subbasin, the presence of suffi-
ciently salty water of Mediterranean origin is the key factor in
determining the DW production processes.
[82] In agreement with these previous studies, and in partic-

ular with the last two studies, we hypothesize that surface heat
fluxes contribute to the preconditioning phase of the surface
layers and are crucial in triggering the deep convection
process. However, the depth of the convection structures
and the resulting dense water characteristics are strongly
influenced by the structure of the water column and, hence,
by the lateral advection of Mediterranean water masses. An
accurate implementation of the open-boundary conditions
along (or south of) the Otranto Strait is crucial. Particular
attention must be paid to the coupling technique (nesting
coefficients) and to the choice of realistic (nonclimatological)
thermohaline and current fields.
[83] The two analyzed case studies, AW06/07 andAW07/08

(“mild” and “normal” winter conditions), are representative of
scenarios that could happen in the future. The occurrence of
mild winter conditions over the Adriatic Sea (as in AW06/07)
due to climate change could lead to low DW production rates,
especially on the northern basin, with less effective exchange
between surface and bottom layers. Therefore, several physi-
cal and biogeochemical processes (e.g., bottom ventilation,
nutrient transport, and carbon sequestration) could be strongly

affected by a general warming of the climatic conditions over
the Adriatic Sea.
[84] Furthermore, a lower production of both NADW and

ADW implies a lower DW flow from the Adriatic Sea to the
Ionian Sea through the Otranto Strait. Because this DW
exchange has a large impact on the eastern Mediterranean
thermohaline circulation, it can be hypothesized that climate
change might slow down the “Adriatic cold engine” of the
eastern Mediterranean thermohaline cell.
[85] However, we did not consider the long-period variabil-

ity in the eastern Mediterranean and in the Ionian Sea, because
we only focused on the year-to-year variability. In particular,
the interaction between the southern Adriatic Sea and the
Ionian Sea (which have been recently found to behave like a
Bimodal Oscillating System—BiOS [Ga�cić et al., 2010])
affect the thermohaline properties (especially the salinity) of
the Adriatic Sea on a decadal timescale. If we envisage a
climatic perspective, a closer interaction between a general
warming of the meteorological conditions over the Adriatic
Sea and the decadal variability of the oceanographic properties
of the eastern Mediterranean must be considered. However,
the study of the interplay between these two aspects and their
influence on the overall Adriatic DW formation and spreading
is beyond the scope of this paper. Furthermore, the causality
link between the Eastern Mediterranean Transient [Roether
et al., 1996], the BiOS, the Adriatic DW production, and the
meteorological conditions has not been clearly established
yet, and it is a very challenging research topic. Finally, a
comprehensive climatic outlook should take into account all
the factors that influence the climatic evolution of the Mediter-
ranean thermohaline circulation: air-sea fluxes over the entire
basin, river runoff, and exchanges with the Atlantic Ocean
and the Black Sea [Somot et al., 2006].
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