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[1] This paper investigates the role of wind forcing and river discharge on a small-scale

shallow embayment: the Gulf of Trieste. The qualitative and quantitative analysis of
these dominant processes is carried out using a high resolution numerical model,
initialized and forced with experimental data. The simulations are focused on short-term
transient events, which occurred during the stratification season (spring and summer).
Two significant case studies are analyzed in detail: a strong wind event during summer and
a river flood during spring. The model output is also checked against the results of a
nondimensional scale analysis and against buoy and satellite observed data. These
comparisons show a good correlation, validating the numerical simulations for the two
case studies. The model shows that strong wind events blowing on stably stratified water
cause coastal upwelling and almost entirely mix the water column in a few hours.
Strong wind-driven currents can flush the whole basin in almost 3 days. On the contrary,
river floods affect mainly the upper layer, down to 5 m. The circulation is estuarine with a
sharp vertical density gradient and horizontal fronts at the interface between plume
freshwater and ambient salty water. Given the length scale of the basin, the effect of
rotation is weak and a local coastal current in geostrophic balance is not formed during the
simulated time period (20 days).
Citation: Querin, S., A. Crise, D. Deponte, and C. Solidoro (2006), Numerical study of the role of wind forcing and freshwater
buoyancy input on the circulation in a shallow embayment (Gulf of Trieste, Northern Adriatic Sea), J. Geophys. Res., 111, C03S16,
doi:10.1029/2006JC003611. [printed 112(C3), 2007]

1. Introduction
[2] Several different forcings drive the circulation in
shallow embayments. Wind stress, surface heat fluxes,
riverine freshwater input and remote control from larger
scale basins (i.e., tides, seiches, general circulation) play a
major role in determining the dynamics of these shelf areas
[Simpson, 1997].
[3] The Gulf of Trieste (henceforth, GoT) is a midlatitude, small-scale shallow basin. It is the northernmost part
of the Adriatic Sea (Figure 1) and can be defined as a
semienclosed ROFI (Region Of Freshwater Influence
[Simpson, 1997]) area. The GoT is characterized by a
remarkable seasonal variability, with intense river discharge
rates [Covelli et al., 2004] and wind events [Stravisi, 1977a,
1977b; Pirazzoli and Tomasin, 1999; Cushman-Roisin et al.,
2001]. These two main forcings strongly affect the circulation and the thermohaline structure of the basin: the results
of several experimental observations show in fact that the
large-scale circulation is mainly wind-driven [Stravisi,
1987], while the haline stratification of the water column
1
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is heavily influenced by the freshwater buoyancy input
[Stravisi, 1983b; Malačič et al., 1996].
[4] The general circulation in the GoT during the stratification season (spring and summer) is still not fully
understood. During summer, stratification inhibits the ventilation of the bottom layers of the GoT leading to hypoxic
conditions. In case of river flood, the spreading of fresh
buoyant water stabilizes the stratification further, intensifying the phenomenon [Justic et al., 2005]. On the contrary,
strong wind events can homogenize the water column in a
few hours and induce fast currents and water renewal
[Stravisi, 1983a; A. Crise et al., A strong Bora event in the
Gulf of Trieste: a numerical study of wind-driven circulation
in stratified conditions with a pre-operational model, submitted to Acta Adriatica, 2004, hereinafter referred to as
Crise et al., submitted manuscript, 2004].
[5] Experimental and numerical studies already discussed
several processes and problems regarding the GoT: vertical
thermohaline structure and currents in the water column
[Stravisi, 1983b], surface heat and buoyancy fluxes [Stravisi
and Crisciani, 1986; Picco, 1991], tidal dynamics [Mosetti
and Manca, 1972; Cavallini, 1985; Malačič et al., 2000],
storm surge events [Accerboni and Manca, 1973], dispersion (in barotropic conditions) of radionuclides [Longo et
al., 1990], spread of an effluent near an underwater source
[Malačič and Mozetič, 2005]. In particular, the circulation
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al., 2000; Warrick et al., 2004; MacDonald and Geyer,
2005].

Figure 1. Map of the Northern Adriatic Sea. The Gulf of
Trieste is indicated by the dashed rectangle.

2.1. Kelvin Number
[9] The Kelvin number (K) gives a first estimate of the
characteristics of a steady state river plume. General K is
defined as the ratio of a typical horizontal length scale to the
baroclinic Rossby radius (r). We can consider three different
formulations for K: one for the river estuary (mouth Kelvin
number, Km [Garvine, 1987; Geyer et al., 2000; Warrick et
al., 2004]), one for the river plume (plume Kelvin number,
Kp [Geyer et al., 2000; Warrick et al., 2004]), and one for
the whole basin (basin Kelvin number, Kb [Simpson, 1997]).
If g is the acceleration due to gravity, ra is the average
density of the ambient salty water and Dri (the index i
becomes m, p and b in the cases cited above) is the density
difference between the ambient water and the fresh (mouth,
plume or basin) water, then g0i = gDri/ra is the reduced
gravity (with Dri/Dra  1). Assuming di as the vertical
scale (thickness) of the freshwater layer, the reference phase
speed (lowest mode, internal wave speed) is given by ci =
(g0i di)1/2. ri  ci /f defines the baroclinic Rossby radius,
where f is the Coriolis parameter. If Li is the horizontal
length scale, we can define the Kelvin number as follows:
Ki  Li =ri  fLi =ci

of the GoT has been object of many investigations [e.g.,
Stravisi, 1977a, 1983a; Malačič et al., 1996; Malačič and
Petelin, 2006; Crise et al., submitted manuscript, 2004].
However, a high-resolution numerical analysis focused on
the dynamics driven by short-term riverine and wind forcing
still lacks.
[6] In this paper we study the influence of river discharge
and wind on the GoT during the stratification season. The
analysis of this coastal system is pursued using a highresolution numerical model, initialized and driven by realistic
forcings derived from experimental data. Our attention
focuses on selected short-term events, which represent the
typical transient forcing conditions. Despite being short
lasting (few days), these episodes can have important
effects on the dynamics of the basin, as the results of this
study will show.
[7] The paper is structured as follows: we will first
present a nondimensional scale analysis, which defines the
relative importance of the forcings that act on a generic
ROFI area (section 2). We will then introduce the region of
interest (section 3) and briefly describe the numerical
model, explaining the simulation setup of two significant
case studies, typical of the stratification season (section 4).
Further on, we will present the results and compare them to
the experimental observations (section 5). The article closes
with the discussion of the most significant results and with
the concluding remarks (section 6).

2. Scaling of the Forcings in a ROFI Area
[8] In this section we present a scale analysis, which
defines the importance of the various forcings acting on a
ROFI area. In particular, we focus on the main dynamical
features of riverine freshwater plumes by using nondimensional ratios [Garvine, 1987, 1995; Simpson, 1997; Geyer et

ð1Þ

[10] Hence, the mouth Kelvin number Km  Lm/rm  fLm/
cm, where Lm is the channel width. Drm and dm in cm are the
density difference between ambient and riverine water and
the depth of the upper layer upstream of the mouth, respectively. The limit Km ! 0 corresponds to small-scale (nonrotating) flows: in this case a coastal current in geostrophic
equilibrium cannot be established. If Km = O(1) (large-scale
estuaries), rotation becomes significant and a coastal current
can originate from the river estuary [Garvine, 1987].
[11] The plume Kelvin number (Kp  Lp/rp  fLp/cp)
refers to the plume length scale and buoyancy properties.
This ratio too shows the relative importance of advection
and rotation. When advection prevails (Kp  1: fastflowing plume), we observe strong boundary fronts and
high across-shore fluxes. When rotation prevails (Kp  1:
the most frequent case, typical of large river systems),
geostrophic momentum balance induces alongshore advection [Garvine, 1995].
[12] The basin scale Kelvin number for gulf-type ROFI
areas (Kb  Lb/rb  fLb/cb) refers to the surface buoyant
layer. It has the same meaning of Km and Kp, although
extended to the whole basin.
2.2. Froude Number
[13] The Froude number (F) is defined as the ratio
between the horizontal velocity scale and the reference
phase
p
ﬃﬃﬃﬃ0 speed in a fluid. When the fluid is stratified (c /
g ), we refer to the ‘‘internal’’ Froude number, which
indicates, essentially, the importance of inertial forces with
respect to stratification. Supercritical, critical and subcritical
flows correspond to F > 1, F = 1 and F < 1, respectively.
Contrary to the Kelvin number, we can define F only for the
river estuary (mouth or plume initiation Froude number, Fm)
and for the river plume (plume Froude number, Fp) [Geyer
et al., 2000; Warrick et al., 2004]. If we adopt the same
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influenced by the momentum flux of the river is determined
by the inertial radius Rp  vp/f. After inertial forces
dissipate, the plume can be driven by either geostrophic
forces (buoyancy and rotation) or external forces (local
wind stress -Ekman transport- and coastal currents).

3. Gulf of Trieste

Figure 2. Study area rotated 30 degrees clockwise. The 5,
10, 15, 20, and 24 m isobaths are shown. The vertical
dashed line between Grado and Piran indicates the open
boundary of the model. The position of the MAMBO 1 and
MAMBO 3 buoys (solid triangles) and the vertical transects
discussed in Figures 7 and 10 (dashed segments A-A and
B-B) are also shown.
notation of the previous subsection and define vi as the
horizontal velocity scale of the plume, we obtain:
Fi  vi =ci

ð2Þ

[14] MacDonald and Geyer [2005] characterized three
main areas, assuming a supercritical regime upstream of the
mouth: the river, the near field (or lift-off field) and the far
field. A sharp front separates river freshwater from the liftoff area, where the flow is still supercritical and inertial
forces prevail, while, in the far field (ocean water), buoyancy and external forcing prevail over inertia.
[15] Near the mouth, the Froude number is the ratio of
river discharge velocity to buoyancy (or internal wave)
velocity: Fm  vm/cm, with vm standing for the mean
velocity in the channel upstream of the estuary. This is a
‘‘virtual’’ Froude number [MacDonald and Geyer, 2005]
because, even if the water column is almost homogeneous
landward of the front, the computation of g0m in cm, is made
considering the density difference between the plume and
the ambient water.
[16] The plume Froude number also evaluates the inertial
forcing within the plume, and is defined as Fp  vp/cp,
where vp stands for the plume velocity scale. If inertial
forces prevail (Fp > 1), the length scale of the region

[17] The Gulf of Trieste is the northern appendix of the
Adriatic Sea (Figure 1). It is a small basin (approx. 600 km2),
characterized by a shallow bathymetry (average depth: 17 m,
maximum depth: 25 m), especially in the northwestern side
(Figure 2). The GoT can be classified as a small-scale,
midlatitude, gulf-type ROFI area. The major freshwater
input comes from the main rivers flowing into it from the
Italian coast: the Isonzo and the Timavo. They collect part
of the precipitations falling on the surrounding Friuli plain
and Carsic plateau and provide considerable discharge rates.
The Isonzo River has a pronouced torrential regime (shortlived freshet events) and supplies the largest freshwater
input (yearly average flow rate varying from 100 –150 m3/s
[after Celio et al., 2002] to 200 m3/s [after Covelli et al.,
2004]). Since the Timavo [Doctor and Alexander, 2005]
provides a small discharge, compared to the one of the
Isonzo, it is not considered in this numerical study. The
small freshwater contribution of the rivers flowing into
the GoT from the slovenian coast (Dragonja [Mozetič et al.,
2002] and Rižana [Kogovšek and Petric, 2004] rivers) is
neglected as well. Table 1 summarizes the annual average
discharge rate of the four rivers mentioned above.
[18] Meteorological conditions present yearly average air
temperature of 15.0°C (20.5 °C in spring/summer; 9.5°C in
autumn/winter) and total heat flux of 65 W/m2 ( 20 W/m2
in spring/summer; 110 W/m2 in autumn/winter) [Stravisi
and Crisciani, 1986]. Therefore, from a thermodynamic
point of view, the GoT is a heat sink, where the Mediterranean Sea reaches its lowest temperatures. Severe winter
cooling and low river discharge, due to snow heap on the
watershed, cause the formation of dense water ( 7°C, 38 psu,
1030 kg/m3) in late winter [Stravisi, 1983b; Picco, 1991].
[19] The GoT is also a dilution basin [Stravisi, 1983b].
Spring thaw on Eastern Alps and intense rainfall cause a
salinity decrease that protracts till summer. Autumn rainfall
also brings in a considerable amount of freshwater. The
difference between the annual precipitation ( 1 m/year) and
evaporation ( 1 m/year) is almost null; hence the main
freshwater input ( 8 m/year) is due to coastal runoff
[Stravisi and Crisciani, 1986].
[20] The most important wind blowing on the GoT (for
both frequency and intensity [Stravisi, 1977b]) is Bora
(direction ENE). The Scirocco wind (direction SE to
SSW) and the land and sea breezes supply further contributions to the atmospheric circulation [Stravisi, 1983a].

Table 1. Average Annual Flow Rate (Qann) of the Main Rivers
Flowing Into the Gulf of Trieste
Qann, m3/s
Dragonja
Isonzo
Rižana
Timavo
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Bora is a particularly intense katabatic wind, which mainly
blows in autumn/winter, with the most intense gusts during
the coldest hours of the day. In spring/summer, Bora is
much weaker but it nevertheless remains the prevalent wind
of the GoT [Stravisi, 1977b]. It is also the main agent for
surface water renewal [Stravisi, 1983a] and it strongly
influences the circulation and the thermohaline properties
of the basin [Stravisi, 1983b]. Bora has many different
features but its episodes can be roughly subdivided into two
main kinds: the one characterized by the high atmospheric
pressure on the GoT and clear sky (‘‘Bora chiara’’, clear
Bora), the other one characterized by the low atmospheric
pressure on the GoT and cloudy sky (‘‘Bora scura’’, dirty -or
dark- Bora). Bora air masses usually originate in the Balkan
or Russian regions, but sometimes they may come from the
Northern Europe: in this case, the wind is warmer than usual
and frequently blows for a few hours only. Such event can
frequently occur in spring/summer and will be described in
subsection 5.3.1.
[21] The maximum astronomic tidal amplitude in Trieste
is 81 cm. Among the seven tidal components that make
a significant contribution to the sea surface elevation,
K1 (diurnal) and M2 (semidiurnal) have the maximum
amplitude [Malačič et al., 2000]. Semidiurnal tidal currents
range from 10 to 2 cm/s, but only slow residual currents
(about 1 cm/s) give an effective contribution to water renewal
[Stravisi, 1983a]. The study of the potential of tidal currents
to increase vertical mixing and their influence on the
general circulation is not a goal of this paper, therefore
tidal forcing is not included in the model configuration.
[22] The GoT is influenced by the currents flowing
northwards along the Istrian coast, which induce a general
circulation characterized by a main cyclonic gyre, daily
modulated by the local wind field. Stravisi [1983a] observed
a decoupled vertical structure of currents, with two independent upper (surface - 5 m) and lower (10 m - bottom)
layers, and an intermediate transition layer in between. The
upper layer is mainly wind-driven, while the lower layer
follows the general cyclonic circulation of the Northern
Adriatic Sea. This three-layer structure is not related to the
local thermohaline stratification. However, it is not clear yet
how the circulation in the lower layer is related to the
compensating ‘‘replenishment’’ inflow during Bora, which
drives the water masses in the surface layer outwards of the
Gulf. This topic will be presented in subsection 5.3.1 and
will be discussed in section 6.

4. Simulating the Gulf of Trieste
4.1. Numerical Model (ACOAST-1)
[23] The numerical simulations are carried out configuring the MITgcm (MIT general circulation model [Marshall
et al., 1997]) code for the GoT case studies. The MITgcm is
a state of the art three-dimensional model, with a finite
volume spatial discretization, vertical z-coordinates and free
surface. It can be run in nonhydrostatic mode and it is easily
portable on several kinds of parallel (MPI) architectures. In
the actual configuration, the ACOAST-1 model runs on a
Linux cluster using 4 processors (AMD Opteron 64). On
average, it performs one day of simulation in one hour of
computation time, using a time discretization of 10 s.
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Output fields and diagnostics are produced every simulated
hour.
4.1.1. Model Equations
[24] The model solves the following equations of momentum (three components, Equations (3), (4), and (5)),
continuity (6), state (7), heat (8), and salt (9):
Du
Dt

1 @p
¼ Eu
rc @x

ð3Þ

Dv
1 @p
þ fu þ
¼ Ev
Dt
rc @y

ð4Þ

enh

fv þ

Dw
r
1 @p
þg þ
¼ enh Ew
Dt
rc rc @z

ð5Þ

@u @v @w
þ þ
¼0
@x @y @z

ð6Þ

r ¼ rðq; S Þ

ð7Þ

Dq
¼ Qq
Dt

ð8Þ

DS
¼ QS
Dt

ð9Þ

where u, v, w stand for the three components of velocity in
the x, y, z direction, t for time, f for the Coriolis parameter, p
for pressure, r and rc for density and constant reference
density, q and S for temperature and salinity, Eu, Ev, Ew for
the three components of the external forces and of the
v), and Qq and QS stand for heat and
dissipation term (nr2~
salt fluxes. enh is a nonhydrostaticity parameter, and can be
set to 1 or 0 to obtain the full nonhydrostatic equations or to
adopt the hydrostatic approximation, respectively. D is the
substantial derivative operator.
4.1.2. Turbulence Closure
[25] The model uses constant horizontal eddy diffusivity
coefficients for momentum (10 m2/s), temperature (1 m2/s)
and salinity (1 m2/s), while it adopts the K-Profile Parameterization (KPP, [Large et al., 1994]) for the vertical
turbulent processes. The values of vertical eddy viscosity
and diffusivity (for both temperature and salinity) calculated
by the KPP algorithm are up to O(10 2) m2/s. The time step
for the KPP algorithm is the same as the one used for the
dynamical model (10 s).
4.1.3. Domain Configuration
[26] The ACOAST-1 domain is a Cartesian Arakawa-C
grid (88  128  28 cells), with horizontal resolution of
250 m, vertical resolution of 0.5 m for the 6 upper levels
and 1.0 m for the other 22 levels. The model adopts a
typical midlatitude constant (f-plane approximation) Coriolis parameter (110 4 1/s). The bathymetry of the Gulf is
obtained by kriging interpolation from maritime charts and
is rotated 30°clockwise to better fit the grid space.
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Table 2. Flow Rate (Qave), Temperature (Tave), and Salinity (Save)
of the Isonzo River, Averaged Over the Entire Simulated Time
Period (20 Days) for the Two Case Studies
Summer 2002
Spring 2004

Qave, m3/s

Tave, °C

Save, psu

42.40
157.74

22.91
12.84

25.84
8.47

[27] A station positioned 14 km upstream of the river
mouth acquires the Isonzo River water level data. (The
catchment area delimited by the station almost corresponds
to the entire drainage basin.) River runoff is calculated using
these data, converted into flow rates by means of an
experimental rating curve. In order to simulate the river
bed from the station to the mouth, the bathymetry includes a
14 km long (14  4 cells), 250 m wide (1 cell) and 3 m deep
(6 upper levels, which are 0.5 m thick) channel. The
momentum contribution of the Isonzo River is modeled
imposing the measured flow rates on the upstream end of
the channel. Its cross-section (750 m2) roughly equals the
mean river cross-section (especially near the mouth), so, to
a first approximation, the computed river velocities can be
considered realistic. Numerical stability, even with sudden
velocity gradients (e.g., river bed sharp bends), is guaranteed by the spatial discretization of the model (Finite
Volume, FV). FV algorithms partition the computational
domain into Control Volumes (CVs) and approximate the
numerical unknowns to the mean values of the fields inside
the CVs. Since they are based on conservative methods, FV
algorithms compute accurately the variable flux through CV
interfaces.
4.2. Initialization and Forcing of the Model With
Experimental Data
4.2.1. Choice of the Case Studies
[28] The simulations have been run for twenty days to
allow for numerical spin-up and longer comparisons to
experimental data. However, we will focus our attention
mostly on five days intervals during which the considered
phenomena begin, develop and cease.
[29] We have selected two case studies, typical for the
GoT: the first one (from 19/06/02, 12:00 to 09/07/02, 12:00)
to explain the importance of intense and sudden summertime Bora wind events which start in strongly stratified
thermohaline conditions, and the second one (from 25/04/
04, 00:00 to 15/05/04, 00:00) to describe the increase of
vertical stratification due to river freshwater discharge.
4.2.2. Experimental Data Set
[30] The oceanographic, meteorological, and hydrologic
data used in this paper are acquired by buoy stations, land
stations, and by satellite.
[31] The vertical profiles of temperature and salinity are
measured by two twin MAMBO (Monitoraggio AMBientale
Operativo) meteo-marine buoys, run by OGS (Figure 2). The
first one (MAMBO 1, henceforth M1) is active since
September 1998 and is positioned about 0.5 nautical miles
off the coast (45°41.860N, 13°42.510E). The second one
(MAMBO 3, owned by Protezione Civile -Regione Autonoma Friuli Venezia Giulia-, henceforth M3) is active since
March 2004 and is positioned 3 nautical miles off the coast
(45°38.590 N, 13°30.680 E). M1 and M3 perform complete
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CTD profiles every 3 hours using the Idronaut OS316 as
profiling instrument. Data are acquired with a spatial resolution of 1 m, excluding the surface and bottom layers,
which are not reached by the CTD. The temperature and the
salinity of these layers are obtained by linear extrapolation.
The prescribed accuracy of the instrument is 0.003°C for
temperature and 0.02 psu for salinity, we assume, however, a
value of 0.1 psu for salinity because the CTD probes installed
on the buoys (in particular the conductivity sensor) usually
degrade due to fouling. Data coming from the M1 and M3
buoys are used in the first (June/July 2002) and in the second
(April/May 2004) case study, respectively. Since the model
neglects tidal forcing, the time series of the measured CTD
profiles have also been averaged to remove the tidal signal.
We have applied a moving average technique (which have
proved to give the best results) over time intervals of 27 hours
(4 samples backward and 4 samples forward).
[32] Meteorological data are measured by both buoys and
by the meteorological station in Trieste, operated by ARPA
FVG - OSMER (Agenzia Regionale per la Protezione
dell’Ambiente del Friuli Venezia Giulia - OSservatorio
MEteorologico Regionale).
[33] The flow rates for the Isonzo River are computed
from the hydrometric level data measured by the station
positioned 14 km upstream of the river mouth and operated
by Direzione Regionale dell’Ambiente (Unità Operativa
Idrografica di Udine) of Regione Friuli Venezia Giulia.
For the spring 2004 event, discharge data have also been
compared to the values derived from the ADCP velocity
measurements, acquired by an instrument positioned 7 km
upstream of the mouth, anchored to the river bed and run by
OGS. The instrument used is the Nortek Aquadopp profiler
(1000 KHz) equipped with a thermometer and a pressure
sensor. It acquires data (with sampling frequency of 1 Hz
and with vertical resolution of 0.5 m) for 120 seconds
(every 5 minutes) and computes a time average. Since the
instrument is not able to measure the velocities in the upper
and lower layers of the water column, the data in these two
layers are obtained by extrapolation, considering the instantaneous water level recorded by the pressure sensor.
The vertical velocity profile obtained is then extended to
the vertical section, considering the morphology of the river
bed and the typical velocity patterns of the steady flow
(isotachs). This rather simple method allows us to calculate
an approximate hourly discharge value. The two measuring
techniques show good agreement for the flow rates, with
the major mismatches (up to 25%) during floods (Qr >
600 m3/s). Given the purpose and the resolution of the
model, the surface level derived data can be considered
acceptable.
[34] As the ADCP station is active since 2004, temperature data (assumed uniform in the whole vertical section) are
available only for the event in spring 2004. Due to the lack
of experimental measurements, we have assumed different
river temperature (for the 2002 case study) and salinity (for
both simulations) values as a function of the river flow rate,
as will be discussed in subsection 4.2.4. These values are
imposed on the upstream end of the channel. Table 2 shows
the Isonzo River flow rate, temperature and salinity, for the
two case studies, averaged over the entire simulated time
periods (20 days).
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[35] Model configuration neglects sediment transport.
[36] Satellite sea surface temperature (SST) data are
received and processed by the OGS-SIRE (SIstemi REmoti)
group. The nighttime AVHRR data used in this paper come
from the satellite NOAA-16 and have an accuracy range
between 0.24°C and 0.58°C [Notarstefano et al., 2006].
4.2.3. Initial Conditions
[37] Initial thermohaline conditions are obtained extending horizontally and uniformly over the basin the local
vertical profiles obtained from the MAMBO buoys (M1 and
M3 data for the summer 2002 and spring 2004 case studies,
respectively). Initial velocity is null all over the domain.
These rather coarse assumptions do not invalidate the
results of the simulations, as will be described in subsections 5.3 and 5.4.
4.2.4. Boundary Conditions
[38] Surface forcing is assumed uniform over the basin:
this is an acceptable approximation in case of weak wind
forcing. During intense wind events, the spatial variability
can play an important role, as will be discussed in section 6.
[39] The model is forced at the air/sea interface by wind
velocity, air temperature, specific humidity, net short wave
radiation, net long wave radiation and precipitation. It
computes wind stress, net heat fluxes and evaporation via
standard bulk formulae [Large and Pond, 1981, 1982]. In
both experiments, surface boundary conditions are obtained
from the hourly mean data (temperature, pressure, irradiance, relative humidity, and precipitation) measured by the
meteorological land station of Trieste.
[40] The choice of the wind forcing data has been more
complex. Buildings influence the wind data measured in
Trieste. Therefore, we have adopted the values measured by
the M1 (summer 2002, M3 data not available) and the
M3 (spring 2004, M1 data not available) buoys. For the first
scenario, however, the buoy data are even more inappropriate than those measured in Trieste, because of the time
averaging interval of the meteorological station (3 hours)
and the influence of the local topography. In fact, the
position of the M1 buoy (very close to the shore) and the
coastal morphology strongly affect the wind intensity and
direction. Therefore, we have decided to use the data
sampled by the land station in Trieste. On the contrary,
the M3 buoy is positioned 3 miles offshore and its meteorological station computes time averages every 30 minutes.
Therefore, the second scenario is forced with hourly mean
wind fields computed from the M3 buoy data set.
[41] No flux conditions for both momentum and tracers,
and no slip conditions for momentum are imposed at the
solid boundaries.
[42] The open boundary of the ACOAST-1 model connects the towns of Grado and Piran (Figure 2). ACOAST-1
has been successfully nested into a climatological model of
the Northern Adriatic Sea (ACOAST-2 model [Malačič and
Petelin, 2006]) clamping the values of the model variables
(u, v, q and S) on the boundary cells to the corresponding
ones obtained from the ACOAST-2 model. A sponge layer
algorithm for both momentum and tracers ensures numerical
stability. However, since we want to focus on particular
transient episodes, the coupling with a climatological model
causes the results of our model to diverge remarkably from
the experimental observations in a few days period. (The
order of magnitude of the residence time for the GoT is
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about 5– 10 days, but it strongly depends on the environmental conditions.) Therefore, mixed type open boundary
condition has been implemented: (1) the Orlanski radiation
condition [Orlanski, 1976] for temperature and salinity and
(2) the relaxation to prescribed values on boundary cells for
momentum. Since we do not have a reliable data set for
boundary velocities, we have decided to impose null values
for momentum, with a correction (due to the effect of river
discharge) for the component orthogonal to the boundary
(u), in order to avoid an unrealistic drift in the sea surface
elevation (filling of the basin due to river runoff). Therefore,
the zonal component of velocity at the boundary is not
exactly zero, but have been corrected by subtracting in
every grid cell an hourly mean barotropic velocity, equal to
Qr/AOB, where Qr is the hourly river discharge rate and AOB
is the area of the open boundary. We have implemented the
relaxation using the same sponge layer algorithm of the
nested configuration (sponge layer of width of 10 grid
cells). Within the sponge layer, the prescribed velocities
(u and v components) for each cell of each vertical level are
the weighted average between the velocity of the innermost
point of the sponge layer and the velocity of the
corresponding open boundary cell (the weight being the
distance from the open boundary). Then, the velocities in
the inner grid points are relaxed to these prescribed values
in a 24 hours period (very slow relaxation): in this way, the
model is still numerically stable and the internal dynamics
prevail over the imposed external (unrealistic) boundary
forcing.
[43] Figures 3 and 4 show the meteorological and riverine
forcing for the two case studies. The forcings are plotted
against time, for a period of 5 days. The vertical dashed
segments indicate three particularly significant times
(denoted by the labels T1, T2, and T3) that will be described
in detail in subsection 5.3.
[44] The first scenario (June 2002) is characterized by
very weak flow rates (Figure 3d). In this condition, river
thermohaline properties are very close to those of the upper
layer of the basin, so we have imposed high values of
temperature and salinity, as shown in Figure 3e. The initial
feeble wind and strong heat fluxes (the weather in that period
was particularly hot and humid) are dramatically altered by a
strong and sudden Bora wind event (starting approximately
at 00:00 of 25/06, Figure 3a) which causes a significant heat
loss due to evaporation (high latent heat fluxes, Figure 3b).
The negative peak in the evaporation minus precipitation
plot (Figure 3c) is due to a short precipitation.
[45] On the other hand, the May 2004 experiment is
mainly driven by an average river flood (flow rate up to
800 m3/s, Figure 4d). The river temperature plot (Figure 4e)
shows a sudden cooling (4°C) during the rising of the
flood (time interval T1-T2). This is due to the position of
the sensor, which is anchored at the bottom of the river. If
the discharge is moderate, the sensor measures the temperature of the salt wedge. Conversely, river floods flush
the river bed driving downstream the seawater intrusions
and substituting these warm and salty water masses with
colder and fresher ones. According to this, we imposed
different values of salinity for flow rates higher or lower
than 400 m3/s (Figure 4e). Wind is moderate or weak and
blows mainly northwards (Figure 4a). Cloud coverage was
rather thick: this leads to weaker short wave and total heat
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Figure 3. Model forcing for the summer 2002 case study. (a) Time series of wind, (b) heat fluxes
(total, sensible, latent, long wave (lw), and short wave (sw)), (c) hourly evaporation minus precipitation,
(d) Isonzo River runoff, and (e) temperature and salinity. The vertical lines indicate the instants T1, T2,
and T3.
fluxes, with moderate, although frequent, precipitations
(Figures 4b and 4c).

5. Results
5.1. Scale Analysis
[46] The general scale analysis carried out in section 2 is
applied to the two particular events studied in this paper.
Table 3 is a synthesis of the main scales that characterize the
two scenarios. In both cases, the morphology of the estuary
(Lm = 250 m, dm = 3 m) and the average density gradient
(Drm/ra = O(10 2)) give Km = O(10 2), so we expect to find
a small scale, hypopycnal plume, scarcely influenced by the
Coriolis force. Within a distance from the mouth comparable
to the inertial radius (Rp), the Isonzo River freshwater is
mainly driven by inertia. Further offshore, if external forces

(i.e., wind, currents) are feeble or moderate, the sea level
displacement due to the density anomaly (light riverine water
flowing over heavy ambient water) and due to the added
freshwater mass, induces buoyancy driven radial spreading
of the plume. In both the case studies, the Rossby number
indicates that rotation is negligible near the mouth, while its
influence increases from the plume to the basin length scale.
However, the Coriolis effect seems generally too weak to
induce a coastal current in geostrophic balance inside the
GoT during the simulated time period (20 days). Model
results and field observations, described in subsections 5.3
and 5.4, confirm this hypothesis. Moreover, strong winds
prove to have a major influence on the plume behavior.
[47] The summer 2002 case study is characterized by very
low discharge rates (Fm < 1, Fp < 1): riverine water is
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Figure 4. Same as Figure 3, but for the spring 2004 case study.
mouth (which involves an area less than 1 km wide)
becomes noninertial in the plume ( 15 km, with Kp > 1
and Fp < 1) and in the basin ( 25 km, with Kb  1), in both
of which the Coriolis force plays an increasing role (K > 1).
This latter consideration seems to be contrasting with the
fact that Km is very small (0.04), so we should not expect
rotation to have any influence on the plume dynamics. Most
likely, the Coriolis force becomes important only at reason-

expected to form a small buoyant bulge confined around the
mouth area and scarcely influenced by both inertia and
rotation (Rp ﬃ 100 m). If external forces are weak, the plume
expansion is limited to a few hundreds of meters and is driven
mainly by buoyancy and diffusivity.
[48] The dynamics during a river flood (spring 2004) are
quite different. The flow in the channel is supercritical
(inertia prevails, Fm > 1). The inertial regime around the

Table 3. Main Hydrodynamic Properties of the Two Case Studies
Mouth
Plume
Basin

Jun 2002
May 2004
Jun 2002
May 2004
Jun 2002
May 2004

ra, kg/m3

ri, kg/m3

di, m

Li, m

ci, m/s

vi, m/s

ri, m

Ki

Fi

Ri, m

1025
1027
1025
1027
1025
1027

1015
1008
1018
1015
1021
1024

3
3
2
3
6
3

250
250
2000
15000
25000
25000

0.54
0.74
0.37
0.59
0.48
0.29

0.05
1.00
0.01
0.10
0.01
0.05

5148
7089
3517
5633
4604
2817

0.05
0.04
0.57
2.66
5.43
8.87

0.09
1.36
0.03
0.17
/
/

/
/
96
961
/
/
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Figure 5. Buoyancy frequency profiles at the beginning (solid lines) and at the end (20 days later,
dashed lines) of the two simulations: (a) the summer 2002 and (b) the spring 2004 case study. The
profiles are calculated in the vertical column of grid cells at the same location as the M1 (Figure 5a) and
M3 (Figure 5b) buoys.
ably large (space and time) scales, as will be discussed in
section 6.
[49] The inertial radius is about 1 km, hence, inertia is
supposed to be dominant only within this length scale.
5.2. Evolution of the Vertical Thermohaline Structure
During the Stratification Season
[50] The effect of wind forcing and river freshwater
discharge on the thermohaline structure of the GoT during
the stratification season can be represented by the variation
in time of the vertical profiles of the buoyancy frequency,
defined as

N¼

1
g @r 2
r @z

ð10Þ

[51] In particular, Figure 5 presents the vertical profiles of
N2 at the beginning and at the end of the simulations, in two
points of the domain: Figures 5a and 5b refer to the summer
2002 case study (at the same location as the M1 buoy
mooring) and to the spring 2004 case study (at the same
location as the M3 buoy mooring), respectively. During
summer, the strong initial stable stratification (Figure 5a,
solid line) is eroded by Bora wind events, even if the intense
heat fluxes contribute in recreating the initial stratified
condition (Figure 5a, dashed line). On the contrary, during
early spring, the water column is almost uniform (Figure 5b,
solid line). The surface heat fluxes and the high river
discharge form the stratified profile (Figure 5b, dashed line)
that will evolve during the summer season [Stravisi, 1983b].
[52] The following subsection (5.3) analyzes at a basin
scale the two case studies mentioned above, while subsection 5.4 will carry out the description of the modeled
vertical thermohaline structure (at the same locations as
the buoy moorings) and the comparison to the buoy
measurements.

5.3. Description of Model Results
5.3.1. Summer 2002 Case Study
[53] Figure 6 describes the effect of a strong Bora wind
event, which started blowing after a period (several days) of
very hot weather, characterized by feeble winds and no
precipitation. Before the rise of the wind (soon after 00:00
on 25/06/2002 - timeframe T1), the water column is
strongly stratified, with temperature and salinity differences
up to 10°C (Figure 7a) and 4.5 psu (Figure 7d), respectively.
The river plume is a small bulge around the mouth (Figure 6d)
and its horizontal extension ( 2 km) is larger than the
inertial radius Rp ( 100 m, Table 3), mainly because of
buoyancy and diffusion. Only 12 hours after the wind onset
(timeframe T2), the situation is drastically changed: strong
wind-driven surface currents move the buoyant upper layer
westwards (offshore drift, Figure 6b) and cause an intense
upwelling on the eastern coastal area, with a salinity
increase of 4 psu (Figure 6e). The small river plume is also
dragged along the coast by the wind stress. When Bora
drops, sea surface level setup on the northwestern coasts
(not shown) is no longer sustained by the wind: the potential
energy gain converts into kinetic energy and produces the
current reversal shown in Figure 6c.
[54] The upwelling mechanism is described more in detail
in Figure 8: horizontal (Figure 8a) and vertical (Figure 8b)
components of velocity at a depth of 7.5 m are represented
3 hours after the wind onset. The bottom layer is completely
decoupled from the surface layer and the direction of the
horizontal currents is opposite to the wind forcing. The
water depletion in the upper layer (Figure 6b) induces a
low-pressure field along the eastern coastal area. This low
pressure field pumps vertically the deep water masses along
the coast (Figure 8b) and drags the bottom dense water from
the center of the Gulf to the eastern coastal area (onshore
current, Figure 8a).
[55] The whole process (between the timeframes T1 and
T3) is driven by both the mixing and the upwelling caused
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Figure 6. Summer 2002: surface velocity (upper panels) and salinity [psu] (lower panels) fields at the
instants T1, T2, and T3 (Figure 3). Velocity is divided by 10 in the river grid cells. The model vectors are
presented at 1 km interval for clarity. Conditions (a, d) before, (b, e) during, and (c, f) after a strong Bora
(ENE) wind event are shown. Wind is indicated in the bottom-left corner of each panel. Salinity contour
spacing is 1 psu.
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Figure 7. Summer 2002: vertical temperature [°C] and salinity [psu] transects (A-A, Figure 2) at the
instants T1, T2, and T3 (Figure 3). Temperature and salinity contour spacing is 1°C and 0.5 psu,
respectively.

by the wind. The former involves the whole basin, while the
latter only the eastern coastal area. The effect of wind
mixing is visible in Figures 7b and 7e. The initially stable
stratification (Figures 7a and 7d) disappears and a complete
wind-driven mixing extends over depths of 10– 15 m. This
cannot be ascribed to upwelling, which occurs only in the

proximity of the coast. Figure 8b shows that the vertical
velocities are limited to an area as wide as the internal
radius of deformation (Table 3): 4 – 5 km. This intermediate
configuration is naturally unstable (vertical isopycnals,
Figures 7b and 7e), but is sustained by the wind setup
and stirring. The relaxation after the wind event causes

Figure 8. Summer 2002: circulation (coastal upwelling) three hours after the onset of the Bora wind
event. (a) Horizontal and (b) vertical components of velocity at 7.5 m depth. The model vectors are
presented at 0.75 km interval for clarity. Vertical velocity grayscale and wind are also shown.
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Figure 9. Spring 2004: surface velocity (upper panels) and salinity [psu] (lower panels) fields at the
instants T1, T2, and T3 (Figure 4). Velocity is divided by 10 in the river grid cells. The model vectors are
presented at 1 km interval for clarity. Conditions (a, d) before, (b, e) during, and (c, f) after an average
Isonzo River flood are shown. Wind is indicated in the bottom-left corner of each panel. Salinity contour
spacing is 2 psu.

Figure 10. Spring 2004: vertical temperature [°C] and salinity [psu] transects (B-B, Figure 2) at the
instants T1, T2, and T3 (Figure 4). Temperature and salinity contour spacing is 0.5 °C and 0.5 psu,
respectively.
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Figure 11. Spring 2004: circulation (estuarine) at time T3 (Figure 4). (a) Surface horizontal velocity and
(b) vertical velocity at 3.5 m depth. The model vectors are presented at 0.5 km interval for clarity. Vertical
velocity grayscale and wind are also shown.

the water masses to regain some of the stratification
(Figures 7c and 7f).
5.3.2. Spring 2004 Case Study
[56] Figure 9 presents the effect of an average river flood
on weakly stratified ambient water. Before the flow peak
(timeframe T1, Figures 9a and 9d), the freshwater plume is
confined near the mouth and is slightly influenced by the
wind forcing (southerly wind). After the flow peak (timeframes T2 and T3, Figures 9b, 9e, 9c, and 9f), surface
velocity vectors and salinity contours indicate a radial
spreading of the plume, which is inertia and buoyancy
driven.
[57] The vertical sections in Figure 10 show the evolution
of the buoyant plume. The most remarkable aspect is the
freshwater trapping in a surface layer less than 5 m thick.
Hence, the river plume induces strong haline stratification
over almost half the surface of the basin (Figure 9f).
Experimental observations confirm this feature, as it will
be described in the next subsection.
[58] The overall Richardson number expresses the relative importance between buoyancy and shear production for
the whole flow and is defined by Rio = g0L/U2, where L and
U are the length and velocity scale, respectively. In the
spring 2004 case study, Rio is much greater than 1, except
near the mouth, where it assumes the value of 0.5. This is
the only area in which shear instabilities at the interface and
entrainment of the surface layer may occur [Jones, 1983].
[59] A simple scale analysis demonstrates that the plume
is advective rather than diffusive. We can define the ratio G
between the advective and the diffusive terms in the
momentum equations as:
G¼

U DU
U DL
DL
¼
DU
KH
KH ðDL
Þ2

ð11Þ

where U stands for the velocity scale of plume water, DU
for the velocity difference between the mouth and the front,
DL for the length scale of the plume and KH for the

horizontal turbulent diffusivity. Substituting these scales
with the typical values of the plume area we obtain:




 
U DL
10 1 104
¼ O 103
¼O
OðGÞ ¼ O
1
KH

ð12Þ

[60] Likewise, for the frontal area we obtain O(G) =
O(10 2 103/1) = O(10). Therefore, if we consider the
velocities involved, the turbulent diffusion is relevant only
at the resolution scale of the model (250 m).
[61] Figure 11 is a zoom on the offshore frontal region:
horizontal convergence and vertical sinking of the water
masses characterize the edge of the plume. We can
identify low radial surface velocities inside the plume
(horizontal component, Figure 11a) and a strong downwelling front at the edge (negative vertical velocity,
Figure 11b). Along this front, the westward turn of the
currents indicates a local condition of quasi-geostrophic
equilibrium. During the flood, advection prevails over
weak wind forcing: wind stress does not influence surface
velocities in the plume region, as it does in the ambient
water (Figure 11a).
5.4. Comparison With Observations
[62] The most interesting phenomena occur within a time
interval of 5 days (Figures 3 and 4), however, model results
have been checked against experimental observations for
the whole simulated time periods (20 days).
[63] Figures 12 and 13 compare the temperature and the
salinity fields measured by the M1 buoy (raw and averaged
data: plots a and b, respectively) to the model results
(plot c). Likewise, Figures 14 and 15 compare the temperature and salinity fields measured by the M3 buoy to the
model results. Model output is sampled in the vertical
column of grid cells positioned at the same location as the
buoy moorings (Figure 2).
5.4.1. Summer 2002 Case Study
[64] The plots for the summer 2002 case study (Figures 12
and 13) clearly show the effect of wind-driven coastal
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Figure 12. Summer 2002: comparison between MAMBO 1 observed temperature ((a) raw and
(b) averaged data) and (c) model results during the whole simulated time period (20 days).

upwelling and mixing. Until 25/06/2002, the water column
is strongly stratified and intense surface heat fluxes warm
up the surface mixed layer (temperature values up to 29°C).
Some hours after the onset of the Bora event, the water
column is completely homogeneous and its temperature and
salinity values are very close to those of the bottom layers
before the wind event. The mixing process is very fast
(almost 12 hours, Figures 12a and 13a) and is reproduced
accurately by the model (Figures 12c and 13c). This process
appears slower in Figures 12b and 13b: the delay is due to
the averaging procedure that has been applied to the
measured data (moving average), which reduces the tidal
oscillations but smoothes the high frequency components of
the signal.
[65] When the wind drops, residual currents and surface
fluxes tend to stratify the water column, even if two other
Bora events (29/06/2002 and 05/07/2002) break the weak
stratification further on. It is worth noting that the agreement between measurements and model output is very good
for the first 7 days of the examined time period. From 27th
June on, the thermohaline patterns are similar, but there is a

difference between measurements and model of about 1°C
and 1 psu, which can be ascribed to initial conditions (M1
profile extended uniformly over the domain), surface (spatially uniform wind stress) and lateral (open) boundary
conditions. As regards the latter aspect, since the residence
time of the basin under severe wind conditions is nearly
3 days (as will be assessed in section 6), the GoT is influenced
by the water masses coming from the Northern Adriatic Sea,
which are characterized by different thermohaline properties
(relatively warmer and saltier water) with respect to the
GoT. These currents have not been considered in the actual
model configuration, as pointed out in subsection 4.2.4.
[66] Since the summer 2002 scenario is characterized by
weak cloud coverage, many satellite images of the GoT SST
are available. The comparison between the satellite SST
data and the model output is carried out with respect to two
particular moments, one before (24/06/2002) and one after
(26/06/2002) the wind event. Figure 16 shows that there is a
good agreement between model and remotely sensed data:
SST is almost uniform over the basin. The cold water
masses (absent in the model output plot) are probably due

14 of 19

C03S16

QUERIN ET AL.: CIRCULATION MODEL OF THE GULF OF TRIESTE

C03S16

Figure 13. Summer 2002: comparison between MAMBO 1 observed salinity ((a) raw and (b) averaged
data) and (c) model results during the whole simulated time period (20 days).

to the discharge of the less important rivers, neglected by
the model (especially the Timavo, that flows into the
northeastern part of the GoT). The effect of these cold
freshwater masses is more pronounced in the shallowest
areas of the basin. Two days later (Figure 17), the situation
has changed. Along the eastern coast, upwelling, mixing
and surface cooling reduce the temperature of almost 10°C,
while on the other areas of the basin, the wind-driven
stirring and the negative heat fluxes lower the SST of 3 –
4°C and up to 7°C in the very shallow coastal area around
the mouth of the Isonzo River, where the surface cooling
and the river discharge strongly influence seawater (see
Crise et al., submitted manuscript, 2004). The upwelling
structure reproduced by the model (Figures 6e and 6f)
proves to be realistic.
5.4.2. Spring 2004 Case Study
[67] Figures 14 and 15 show the thermohaline stratification induced by heat fluxes and riverine freshwater during
the spring 2004 event. The temperature plots show an
overall increase of 2 – 3°C in 20 days, with a progressive

thermic stratification of the water column. Figure 15 clearly
illustrates the Isonzo buoyant plume. The river signal is
confined within the first 4 m, but the most remarkable
difference between buoy (both raw and averaged) and
model data is a delay of nearly one day of the modeled
river plume. This mismatch can be ascribed to several
causes: erroneous estimation of river salinity (hence, buoyancy content), lack of the dynamics generated by the tidal
forcing, relaxation to almost null values of velocity at the
open boundary (as described in subsection 4.2.4) and
horizontal uniformity of both initial conditions and wind
forcing.
[68] During the simulated time period, the cloud coverage
was rather thick, so only a few clear SST plots are available.
Furthermore, the temperature contrast between the river
plume and the ambient water is often vague, and no
comparison between model and satellite SST data can be
made. Even if the M3 buoy is very close to the open
boundary, measured and simulated temperature and salinity
profiles show a satisfactory agreement, especially when the
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Figure 14. Spring 2004: comparison between MAMBO 3 observed temperature ((a) raw and (b) averaged
data) and (c) model results during the whole simulated time period (20 days).

tidal signal is filtered out from the measured data (Figures
14b and 15b).

6. Discussion and Conclusions
[69] This numerical study analyzes the effect of wind
forcing and river freshwater input on the circulation and
thermohaline properties of the Gulf of Trieste, a smallscale shallow embayment.
[70] The attention is focused on a transient response of the
GoT to the dominant wind (Bora) and on the effects of the
major freshwater discharge (Isonzo River) during the stratification season. A scaling of the main forcings acting on the
area is made using dimensionless numbers. This scale
analysis shows that a flood of the Isonzo River produces a
small-scale advective plume. This plume is positively buoyant and is confined within a 4– 5 m thick surface layer. When
wind forcing is feeble, the plume spreads radially and forms
a sharp frontal area with convergence and downwelling
of the water masses. The effect of rotation can be noticed
only at the plume ( 15 km, Kp > 1) and at the basin ( 25 km,

Kb > 1) length scale, while particularly intense winds can
remarkably alter the shape of the plume.
[71] During the simulated time period a coastal current
does not form, even if the effect of the Coriolis force is
visible along the plume frontal area, where the velocity
vectors veer to the right due to the quasi-geostrophic
adjustment (Figure 11a). However, several experimental
campaigns (e.g.: the ADRICOSM (ADRIatic sea integrated
COastal areaS and river basin Management system pilot
project) cruises) observed both the radial spreading of the
plume (reproduced by the model) and the presence of a
freshwater current along the northern coast, on the righthand side of the river estuary. The simulations do not
reproduce this latter feature. Such a difference between
model results and experimental observations is probably
due to several causes. Firstly, the most important winds
blowing on the GoT are Bora (ENE) and Scirocco (SE to
SSW): they both contribute in moving the river plume
against the northern coast of the GoT. The summer 2002
case study is an example of this feature: the Bora wind
drags the small freshwater plume of the Isonzo River along
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Figure 15. Spring 2004: comparison between MAMBO 3 observed salinity ((a) raw and (b) averaged
data) and (c) model results during the whole simulated time period (20 days).
the coast (Figure 6e). Conversely, in the spring 2004 case
study, the inertia due to the high flow rate prevails over the
moderate wind forcing and the coastal current does not
form. Secondly, as pointed out in section 5.1, the Coriolis
force becomes important only at large scales (equal or larger
than the model domain -in space- and, probably, longer than
the simulated time priod -in time-). Lastly, the Po River
plume and the other freshwater sources of the Northern
Adriatic Sea induce a southward current along the Italian
coast [Zavatarelli and Pinardi, 2003], up to the GoT. This
current, negleted by the model due to the imposed boundary
conditions, could contribute in veering the Isonzo River
plume.
[72] Therefore, longer runs on a larger domain with more
appropriate boundary conditions (nesting with a nonclimatological model of the Adriatic Sea) should allow the
formation of the coastal current. This kind of medium to
long term simulations are beyond the scope of this paper
and will be object of future investigation.
[73] Summer Bora (ENE) episodes affect the circulation
of the entire basin. Bora wind flushes the GoT and,
especially when the water column is stratified, the offshore

drift of the light surface layer, causes the upwelling along
the eastern coasts. The bottom dense water is lifted up to the
surface and an incoming bottom current originates to keep
the mass balance.
[74] A closer inspection of Figure 6b reveals that in the
central and southeastern part of the GoT the currents at the
surface are oriented westward, moving the water masses
diagonally across the GoT and towards the northwestern
coastline, where they leave the Gulf. The numerical studies
performed by Crise et al. (submitted manuscript, 2004), for
a transient event, and Malačič and Petelin [2006], for the
climatic winter circulation, also observed westward (offshore) currents in the upper layer and eastward (onshore,
Figure 8a) currents in the bottom layer of the GoT during
Bora events.
[75] Wind forcing and river runoff also play a different
role in changing the water masses in the GoT: in particular,
Bora driven currents can flush the Gulf in almost 3 days.
During the Bora event, the average outflow velocity in the
upper layer is 0.25 m/s (Figure 6b) while the average
inflow velocity in the lower layer is 0.12 – 0.13 m/s (0.1 m/s
at 7.5 m depth (Figure 8a), up to 0.2 m/s in the deepest
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Figure 16. Summer 2002: sea surface temperature on the day before the onset of the strong Bora wind
event. Comparison between (left) remote sensed SST for a small portion of the Northern Adriatic Sea
including the GoT and (right) model results. Since the model output is produced every hour, there is a
time lag (27 minutes) between the images.
layers -not shown-). The flux conditions imposed at the
open boundary mantain constant the total water mass in
the domain. If we define the residence time (Tr) as the ratio
of the basin volume to the outflow (or inflow) at steady
state, we obtain Tr  3 days. Moreover, Bora induces
intense vertical mixing in the upper 10– 15 m of the whole
basin.

[76] Conversely, buoyancy driven estuarine circulation is
much weaker. Riverine freshwater efficiently replaces only
the northern part of the surface layer in a few days (Figures 9
and 10), while the Northern Adriatic Sea general circulation is
supposed to bring a relevant contribution to the renewal
of the intermediate and bottom water masses [Stravisi,
1983a].

Figure 17. Summer 2002: sea surface temperature after the Bora event. Comparison between satellite
SST data and model results (same areas as Figure 16). Since the model output is produced every hour,
there is a time lag (14 minutes) between the images.
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[77] These processes are critical when we deal with
environmental problems, since such events heavily influence pollutant dispersion or anoxia phenomena in the
bottom layers of the Gulf.
[78] As pointed out in subsection 4.2.4, the approximation of spatial wind uniformity holds only for feeble wind
forcing. When wind is the main driving agent, spatial
variability can alter the general circulation [Stravisi,
1977a]. In particular, Bora, which is strongly influenced
by the local topography, is nonuniform, even in a small
basin as the GoT [Lee et al., 2005]. The results obtained
using spatially uniform wind forcing are satisfactory, however, the spatial variability of the currents related to the
wind stress curl is another interesting field of investigation.
[79] The model (tuned and tested for short-term events,
up to 20 days) proves to be a useful diagnostic tool for the
comprehension of the inner dynamics of the GoT. In the
next future, it will be further developed to become a reliable
prognostic model for very short-term (3– 4 days) oceanographic forecasts.
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