JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, C06032, doi:10.1029/2012JC008063, 2012

Topographic control of wind-driven circulation
in the northern Adriatic
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[11 Two synoptic wind-driven situations of the circulation in the northern Adriatic were
studied using the Princeton Ocean Model over the northern Adriatic Sea (NAPOM). In
both situations the basin was driven by a relatively steady wind (>8 m/s) along and across
the basin over three days. In the first situation (28—-30 October 2008) the SSE southern
jugo or scirocco wind blew along the basin, and in the second (19-21 March 2009), the
ENE bora wind blew across the basin. Cyclonic turn was present in the first situation,
while the cyclonic branch of a known double-gyre circulation north of the strip of wind
minima was evident in the second. We show that during the jugo the model does not
confirm quantitatively the simple topographic control of a wind-driven circulation, suitable
for elongated basins, while qualitatively the model meets expectations, with downwind
transport in shallow areas close to shorelines and upwind transport in places with greater
depths. During the bora wind, however, the wind-driven circulation in the Gulf of Trieste is

well explained by this topographic control (82% of the flux through the transect).
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1. Introduction

[2] Numerical modeling of the circulation of the northern
Adriatic has an extensive history. Partial reviews of efforts
are available [Poulain and Cushman-Roisin, 2001; Poulain
et al., 2001] and one can hardly enumerate all the various
modeling attempts, though we may reasonably assume
that they seriously began in the 1970s with 1D models for
the exploration of storm-surges and wind-driven currents/
transport [Accerboni et al., 1971; Robinson et al., 1973],
causing the flooding of the Venice lagoon. In this respect the
role of the southern (SSE) jugo or scirocco wind is impor-
tant, since it blows over the whole Adriatic Sea and is the
second most frequent wind [Jeromel et al., 2009].

[3] Modeling of the Adriatic Sea continued with a series
of 2D (linear) model simulations, either of storm-surge cur-
rents under the southern wind with a constant depth [e.g.,
Stravisi, 1972], or simulations of transports for the Adriatic
with a variable depth, driven by the jugo wind [Stravisi,
1973]. However, over the last decades modeling studies of
wind-driven circulation during the jugo wind were less fre-
quent than those simulating the circulation forced by the
ENE bora wind. The inhomogeneity of the jugo wind,
increasing toward the eastern coastline, leads to cyclonic
vorticity [Orli¢ et al., 1994].
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[4] Modeling efforts continued with models of parts of the
Aderiatic, e.g., the northern Adriatic, during a (homogeneous)
ENE bora wind [Stravisi, 1977], the most frequent wind
[Jeromel et al., 2009], or modeling a region along the Italian
coastline in the mid-Adriatic [Rizzoli and Bergamasco, 1983]
with a 3D (multilevel) model. The coastal area south of the
Po River Delta is related to the situation in the northern
Adriatic. It was found that the bottom torque dominates in the
balance of forces in a vertically integrated alongshore flow
when an alongshore density gradient (due to Po River out-
flow) is present. A complex, vertically integrated model,
which resolved the equation of stream function [Hendershott
and Rizzoli, 1976], in which time dependence enters through
the equation of density, explored the importance of heat loss
during the winter ENE bora wind. Another solid example of
3D modeling applies the method of eigenfunctions along the
vertical [Heaps, 1972] for wind-driven circulation under the
ENE bora over the northern Adriatic [Kuzmic et al., 1985],
where the controlling influence of a shallower topography
along the western, Italian, coastline was revealed. The model
with topography reproduced an intense coastal current,
which was absent in a model with a flat bottom. The bottom
topography meshes with the wind-curl in an adequate
description of wind-driven circulation [Orli¢ et al., 1986]. It
was found that alongshore dynamics is well reproduced by a
balance between wind stress and bottom stress, and that when
wind stress torque is applied (from climatic estimates) the
match with observations of currents at a platform (‘Panon’,
bottom depth 28 m, November—December 1978) was better:
The importance of wind stress vorticity during the ENE bora
wind for a better (proper) reproduction of a current field in
the form of a double gyre circulation, with currents that
oppose the wind along its minima, was later pointed out in
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several studies [Kuzmi¢ et al., 2006; Lee et al., 2005; Martin
et al., 2006; Orli¢ et al., 1994; Pullen et al., 2003; Zore-
Armanda and Gacié, 1987]. The spread of the freshwater of
the Po River outlet was also studied in relation to temperature
and salinity as a response to the bora wind and the Po River
outflow [Jeffries and Lee, 2007].

[s] A major obstacle to adequate simulation of wind-
driven circulation is caused by the structure of the wind
field, which is not well represented by atmospheric forecast
models if their resolution is coarser than 10 km (e.g., the
ECMWF), which has been clearly pointed out in studies
[Kuzmié et al., 2006; Paklar et al., 2001]. In this sense the
coupled ocean-atmosphere models (COAMPS) seem to lead
in the right direction [Kuzmic et al., 2006; Martin et al.,
2006; Pullen et al., 2003].

[6] The mesoscale structures also evolve after a strong
bora event winds down [Cushman-Roisin and Korotenko,
2007], at which time a geostrophic adjustment also takes
place, especially after a bora in summer. Simulations during
the winter bora reproduced the oblique current that drives the
surface fresh water from the Po River outflow toward the
Gulf of Trieste, for which the horizontal gradient of surface
cooling along the axis of the northern Adriatic, with colder
water along the northern, closed side of the northern Adriatic,
seems to be responsible [Cushman-Roisin and Korotenko,
2007]. This finding is comparable to conclusions in an ear-
lier study [Hendershott and Rizzoli, 1976], in which it was
pointed out that during the bora the inflow of freshwater
together with a strong horizontal density gradient set up by
evaporation are a source for the winter dynamics and that the
mass exchange with the southern Adriatic is then of sec-
ondary importance. The analysis of satellite images [Bignami
et al., 2007] revealed that during the bora turbid waters are
exported offshore at the Po River Delta (Ancona headland)
during the colder months when the daily Po River discharge
surpasses 500 m*/s (1000 m*/s). During jugo wind events the
offshore transport is not present, instead the shape of the
WAC (western Adriatic current) front is locally modified.

[7] Recently [Boldrin et al., 2009], a study focusing on
changes in oceanographic conditions with bora pulses in a
stratified sea also confirmed this finding (see Boldrin et al.
[2009, Figure 6], who show a stronger decrease in surface
temperature near the closed northern end of the Adriatic),
but also pointed out the formation of a coastal current along
this northern end. Moreover, in a situation when both bora
jets were present, one that emerges from the Gulf of Trieste
and the other from the Bay of Kvarner (26 September 2006,
meteorological COAMPS model in Boldrin et al. [2009,
Figure 3]), an intensification of the coastal current flowing
along the Italian coast south of the Po River outlet was
produced (case b in Boldrin et al. [2009, Figure 4]) using a
ROMS model. It was also shown [Boldrin et al., 2009] that
concentrations of inorganic dissolved nutrients in the bottom
water increased with the release of nutrients from the sedi-
ment and with the mineralization processes triggered by the
resuspension of bottom layer sediment during bora events.

[8] From the time evolution of currents and sea-surface
elevation in this work we will show that semidiurnal and
diurnal tidal oscillations are present. These are just ‘strong
enough’ to modulate currents, while they are insignificant
from the point of view of the transport of a water mass over

MALACIC ET AL.: TOPOGRAPHIC CONTROL IN THE ADRIATIC

C06032

distances larger than a few km. The analysis of residual tides
[Cushman-Roisin et al., 2001; Janekovi¢ and Kuzmié, 2005;
Malaci¢ and Viezzoli, 2000] has shown that they are strong
only around sharp promontories (e.g., the Po River outlet,
the southern tip of the peninsula of Istria). Therefore,
although tides have to be included for the sake of model
credibility, they are not an issue in this paper, nor are the
inertial currents that have also been studied in the northern
Adriatic [Krajcar and Orli¢, 1995; Orli¢, 1987; Orli¢ and
Pasarié¢, 2011]. They will be given proper attention in the
Discussion section.

[9] This paper will explore/confirm the validity of a sim-
ple topographic control theory of wind-driven circulation
with a numerical synoptic forecast model of circulation
(northern Adriatic Princeton Ocean Model, NAPOM). It is
organized as follows: measurements and the northern
Adriatic POM model (NAPOM) are described in section 2,
which covers applied methods. This embraces the surface
and open boundary conditions of the model, points to a weak
stratification of the studied examples and to the method of
validation of model results with measurements from a
coastal buoy. Section 3 presents the theory of a topographic
control, section 4 covers results, while discussion and con-
clusions are in section 5.

2. Measurements and Model Set Up

[10] Currents and winds were measured using the coastal
buoy Vida (www.buoy.mbss.org; The red dot on the red
dashed line in Figure 1 marks the location). Wind mea-
surements at a height 5 m above mean sea level were con-
ducted using the 3D acoustic anemometer ‘Wind Master
Pro’ of ‘Gill’s Instruments’. They were sent every 15 min
with the microwave Ethernet link to the receiving station
about 5 km away, where post-processing was performed.
This began with checking the factory labels of data validity
and continued with the transformation of the data from the
anemometer, which is tilted and inclined, into the east, north
and ‘up’ components. The inclinations were measured with
synchronous compass-tilt measurements (every 0.1 s pitch,
roll and azimuth). Post-processing was followed by quality
control of these values, and by the calculation of 15 min and
30 min averages, together with the calculations of other sta-
tistics (gusts) in these intervals. Data were inserted into two
databases, one for raw data and the other for post-processed
data. Wind measurements were multiplied by a factor 1.094,
according to the power law U,o = U, (10/h)°"3, where h =
5 m, U is the wind speed and the subscripts denote the height
above sea level [World Meteorological Organization, 1983],
to accommodate measurements at 5 m height to a height of
10 m, at which ALADIN/SI model results were obtained.

[11] Currents were measured with the 600 kHz standalone
AWAC acoustic profiler of the ‘Nortek AS’ company,
placed at the seafloor near the coastal buoy. AWAC was
connected to the control unit on board the buoy with a 60 m
cable. AWAC measured currents for 10 min at intervals of
30 min, therefore fresh data came to the land station with the
Ethernet microwave link every 30 min, where it was inserted
into a relational database.

[12] The model domain of the northern Adriatic Princeton
Ocean Model (NAPOM) is presented in Figure 1. It embraces
an almost square area with a typical length of over 130 km, a
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Figure 1. NAPOM model domain and its topography. The
horizontal model resolution is around 600 m. The full red
line represents the cross-section of the northern Adriatic,
which is roughly orthogonal to the ‘axis’ of the northern
Adriatic. The black arrows represent normal vectors to the
transects and always point out of the ‘interior’: either out
of the northern Adriatic (orthogonal to the full red line), or
to the Gulf of Trieste (orthogonal to the dashed red line).
The red dashed line that represents the cross-section in the
Gulf of Trieste is orthogonal to the full red line. The ENE
bora wind is parallel to the normal of the red dashed line.
The red dot is position of buoy Vida. Rivers are represented
as straight-line indentations in land. The values on the color
bar at the bottom mean depths in meters.

wide southern open boundary (OB) line and a shorter east-
ward one, while on the northern, closed side, the Gulf of
Trieste (‘Gulf’) in the northeastern corner is a wide open
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‘appendix’ to the northern Adriatic. Depths on the southern
side of the domain reach around 50 m, while typical depths
inside the Gulf are around 15 m, with a maximum of 25 m in
its central part. Figure 1 also shows the “profile’ lines (red full
and red dashed lines) along which the vertical distribution of
the flow will be explored during two synoptic wind-driven
situations. The forecasted wind from the ALADIN/SI model
will be compared with the measured wind on the coastal buoy
‘Vida’ (Figure 1, red dot). Closer to the goal of this work is,
however, the comparison of modeled currents at that position
with currents measured by the ADCP (AWAC) instrument at
the seafloor.

[13] NAPOM with a horizontal resolution ~600 m (grid
cell-dimensions: dx = 581 + 4 m, dy = 604.0 £ 0.1 m) is
one-way nested in the Adriatic Sea Forecasting System
(ASFS) with ~2.5 km of horizontal resolution with 21 sigma
levels, operated by INGV in Bologna (http:/gnoo.bo.ingv.it/
afs/). The predecessor of this model had a horizontal reso-
lution of 5 km and 21 sigma levels [Chiggiato and Oddo,
2008; Oddo et al., 2006]. NAPOM is initialized with fore-
casted values of temperature and salinity for the first next
day, interpolated from the ASFS in NAPOM with 11 sigma
levels (0, —0.06, —0.15, —0.26, —0.37, —0.48, —0.59,
—0.70, —0.81, —0.91, —1.0).

2.1.

2.1.1. Momentum Flux

[14] The major forcing element in this study, wind stress,
is imported into the model from the ALADIN/SI (http://
meteo.arso.gov.si/met/en/app/webmet/) atmospheric fore-
cast model [Bénard et al., 2010], with a horizontal resolution
of 9.5 km [Pristov et al., 2011]. Two typical windy situations
have been chosen. The situation with the second most fre-
quent ‘jugo’ wind on 28-30 October 2008 and the situation
with the most frequent ENE ‘bora’ wind on 19-21 March
2009. In both time intervals the wind was relatively strong
and steady, blowing over three days (Figure 2). We see that
the forecast of winds with the ALADIN/SI model nicely
corresponds to winds measured at the coastal buoy Vida (see
Figure 1 for the location). Since the horizontal resolution of
the atmospheric model is low with respect to the resolution of
the NAPOM model (600 m), the hourly value of the wind
stress at mid-time of observing time intervals looks smooth
over the 130 km of model domain (Figure 3). Still, the
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Figure 2. Stick plots of (top) wind speed measured on the buoy Vida and (bottom) forecasted hourly
values of wind at 10 m height above sea level by the ALADIN/SI model (left) for the period 28-30 Octo-
ber 2008 during the ‘jugo’ or southern wind, and (right) for the period 19th-21st March 2009 during the

bora (ENE) wind.
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Figure 3. Horizontal distribution of the wind stress (left) during the southern jugo wind 36 h after 28th
October 2008 and (right) during the ENE wind bora 36 h after 19th March 2009. Both are averages of
hourly values of the ALADIN/SI forecast, interpolated on a NAPOM model grid. The full line represents
the profile, along which the transport of water mass will be explored during the jugo wind, while the
dashed line represents a profile along which a transport will be explored at the entrance to the Gulf of
Trieste (Gulf) during the bora wind. Note that the jugo wind increases from the western coastline to the
eastern, while the bora wind has minima along the line that connects points (50, 0) and (175, 75) and a
line of maxima parallel to it, which emerges in the Gulf.

southern jugo wind (Figure 3, left) increases in speed from
the westward to the eastward coastline of the model domain,
with low winds in the southeastern model domain. The ENE
bora wind (Figure 3, right) has a diagonal area of minima
speeds along a diagonal line that connects points (12.7°E,
44.5°N) at the southern open boundary (OB) line and the
point (13.6°E, 45.0°N) near the coastline of Istria. Northward
is an area of local maxima of wind speeds, a bora jet that
emerges from the Gulf of Trieste [Dorman et al., 2007]. The
second bora jet [Dorman et al., 2007; Lee et al., 2005], that
emerges from the Bay of Kvarner southeastward of the model
domain, is modestly reproduced with a triangular area south
of the peninsula of Istria (longitude > 13.4°E, latitude <
44 8°N). The conservation of momentum was supposed
across the sea-surface in passing the wind stress into the sea
(paTa = pwTw, Where p, and p,, are the densities of air and
water at the sea-surface, and 7, and 7,, are, respectively,
stresses above and below the sea-surface).

[15] At the sea-surface the same boundary conditions for
vertical heat and salinity fluxes are applied as in the climatic
model of the Gulf of Trieste [Malacic¢ and Petelin, 2009] and
will not be repeated here.

[16] In the model, all forcing fields at the surface (heat
flux, precipitation-evaporation and wind stress) were upda-
ted with hourly forecast values from the meteorological
model ALADIN/SI [Pristov et al., 2011]. However, linear
interpolation in time for shorter time steps (e.g., 900 s for the
internal mode in NAPOM) does not conserve hourly avera-
ges. For that reason pseudo average values [Killworth, 1996]
were continuously applied.

2.1.2. River Discharges

[17] River estuaries of 14 rivers are aligned with the lines

of a numerical grid of topography (sea-surface elevations)

with a width that equals the horizontal dimension of the grid-
cells (0.55-0.6 km). As found through numerical experi-
ments [Malaci¢ and Petelin, 2009], it is sufficient to impose
about ten model cells “‘upstream’ from the river mouth along
the estuary. Monthly values of river flow rates were imposed
on the upstream-most cells in all sigma-levels with depth-
averaged velocities in the downstream direction [Marsaleix
et al., 1998]. Salinity in the most upstream cells is zero,
the sea-surface elevation and temperature were extrapolated
from model cells around the mouths. The Po River dom-
inates by far [Raicich, 1994]. Revisited monthly mean flow
rates of rivers were applied along the eastern side of the
model domain [Malaci¢ and Petelin, 2009].
2.1.3. Boundary Conditions for Turbulent Kinetic
Energy

[18] Turbulent kinetic energy becomes part of a set of
surface boundary conditions. In the code of POM there is an
option to additionally account for the effect of surface wave
breaking on the increase of turbulent kinetic energy (TKE).
In the Mellor-Yamada turbulence scheme [Mellor and
Yamada, 1982] the TKE at the sea-surface (z = 0) is
described in as:

7 (0) =B ks ¢*1(0) =0, (1)

where B, = 16.6, ¢* is twice the TKE, [ the turbulence
(master) length scale and u« the friction velocity in the sea
near the sea-surface. The first of the boundary conditions
follows from the equation of TKE, in which it is supposed
that the local time derivative of TKE and the vertical diffu-
sion of TKE equal zero and that the dissipation of TKE is
balanced by the shear production. Applying these conditions

4 of 16



C06032

in the balance of TKE [Huang et al., 2011, equation 2a;
Mellor, 2004, equation (1)] yields:

3
Uk g

ou
—{u'w' — | — e = = e S

which results in the first equation in (1). In (2) it was sup-
posed that the vertical flux of momentum —(u'w') = u% and
that the shear (0U/0z) is approximated with u«/I [Mellor and
Yamada, 1982, equation 43a]. The second equation in (1) is
simply added as a surface condition for /(0), expressed as a
condition for the composed model variable ¢*/ [Mellor and
Yamada, 1982, equation 55]. In (2) the vertical eddy flux
of TKE due to the vertical gradient of TKE is ignored, while
in many studies [e.g., Carniel et al., 2009] this term plays a
role and it is parameterized at the sea-surface with 3 — as is
the shear production term in (2).

[19] However, when the contribution of surface-wave
breaking to TKE is additionally considered, then (1) is
replaced [Huang et al., 2011] with:

7(0) = (Kiacs) s 1(0) = kz, (3)
in which the surface roughness length scale at the sea-side is
zw = Bcr uz/g, which is also introduced to the scale at the
atmospheric side with another constant of proportionality
[Charnock, 1955], while here Bcp =2 10°, avep = 100 [Craig
and Banner, 1994], g is gravity acceleration and x = 0.41 the
von Karman constant. A review of the values of B¢z was
also recently presented [Carniel et al., 2009]. Some ambi-
guity is present in the value of K;, which is either 15.8
[Huang et al., 2011] or 16.6 (=B,) [Mellor and Blumberg,
2004]. If one applies the wind speed W instead of ux, it
can be easily shown [Stacey, 1999] that the roughness length
scale z,, (=0.2 W?/g) is proportional, or close to the signifi-
cant wave height H, (=0.3 W?/g) [LeBlond and Mysak,
1988].

[20] NAPOM with (3) has shown a quite small vertical
variability of currents at the position of the coastal buoy
Vida, much smaller than that manifested by measurements,
especially during the bora wind, when it was observed that a
strong downwind outflow is present near the surface, while
only at depths greater than 3 m a compensating inflow exists
[Malaci¢ and Petelin, 2006], with currents almost the same
down to the bottom. This sharp pith of currents at the surface
was not reproduced with NAPOM when surface wave-
breaking was considered in surface boundary conditions for
q and [, as in (3), while a better reproduction of a vertical
profile of currents was achieved with surface boundary
conditions in (1). There is no doubt about the boundary
condition for ¢” and ¢°/ at the seafloor: both are zero.

2.2. Open Boundary Conditions

[21] Along the open boundary of the NAPOM the radia-
tion condition [Mellor, 2004] is applied that connects the
‘barotropic’ velocity ¥, with the sea-surface elevation 7. For
the southern (longer) open boundary this means
Va(i7j07 t+ At) = VA(iaj07 t) + Vﬁde(iaj07 t)

Y g/H(lJO)[n(l]Ov t) — T4 (iij’ t) - ntide(i7j0~, t)]

)
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in which j, (=2) is the value of the index in the ‘y’ (south-
north) direction of the grid cells along the OB line, while
i = 1...232. V, is the daily vertically integrated velocity, 74
the daily averaged elevation, both provided by ASFS.

[22] The radiation boundary condition (4) is one of the
‘standard’ possible conditions offered by POM [Mellor,
2004] and is the adapted ‘Flather’ boundary condition
[Flather, 1976], widely applied [e.g., Arnold, 1987]. In the
code the linear interpolation in time between daily averaged
values V is applied at each barotropic time step (At =9 s)
with updating at each baroclinic time step of 900 s. The
elevation 74, also provided by the Adriatic model, is intro-
duced in the same way. V. is the vertically averaged tidal
velocity and 7, the tidal elevation. Along the OB line
values of V4, and 7,4, at each time step are computed from
the analytical expression of the sum of seven tidal con-
stituents. Amplitudes and phases were extracted along the
OB line from a coarser tidal model [Malaci¢ and Petelin,
2004] of the whole Adriatic Sea (modified AREG model,
5 km horizontal resolution), with the trigonometric least
squares procedure [Malaci¢ and Viezzoli, 2000; Malaci¢
et al., 2000] and values were interpolated to grid points of
a higher resolution of NAPOM. The quantity 7 is the
‘model’ elevation calculated in a previous time step. 74
represents the baroclinic, ‘slow’ changes of the elevation,
which holds for periods with steady wind after the wind
setup. A similar boundary condition was applied for the
eastern OB line south of the peninsula of Istria.

[23] The time series of 7,4, along the OB lines for the two
windy synoptic situations in Figure 4 (top) (black lines with
black vertical bars) shows space variability (standard devi-
ation, ‘SD’) of the elevation along the OB line. The SD
results from the space variability of the amplitude and of the
phase of each of seven major tidal constituents, among
which four are semidiurnal, while three are diurnal [Polli,
1959]. The depth average velocity components U, (black
line with orange vertical bars), orthogonal to the OB lines
(southern and eastern, see Figure 1), which resulted from the
numerical model of tides of the whole Adriatic area, expe-
rience much larger SD at each hour with respect to their
space average values in the period 28-30 October 2008
(Figure 4, top left), when tidal range is also much larger than
that during 19-21 March 2009 (Figure 4, top right). One
may also observe that within the first 17 h 7,4 (and U,)
applied along the OB lines increase with time and are
smaller than the predicted tides in the time >17 h because a
linear time ramp with inertial time scale is applied at the
beginning of the simulations to ‘smooth’ the gradients of
quantities since the model was initialized with zero eleva-
tions and velocities. Resulting model elevations at the posi-
tion of buoy Vida, affected by the wind field as well, are
presented together with pressure measurements at the sea-
floor below buoy Vida for both windy situations (Figure 4,
bottom). When for the situation during 28—-30 October 2008
(southern jugo wind, Figure 4 (bottom left)) the annual
average pressure value (=22.343 dbar) is subtracted from
hourly measured pressure values (red line), the RMS differ-
ence between NAPOM and measured sea-surface elevation
using the pressure sensor equals 0.138 m. However, when the
three day average pressure (=22.497 dbar) is subtracted from
the measured hourly pressure (blue line), one cannot distin-
guish whether the modeled elevation (black line) is closer to
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Figure 4. (top) Time series of sea-surface elevations 74, (left axis) and depth-average velocities normal
to the OB line U, (right axis) due to tides along the OB lines (top left) in the period 28—-30 October 2008 of
the jugo southern wind and (top right) in the period 19-21 March 2009 of the ENE bora wind. Black lines
with black bars represent space average value 7 at each hour, while the length of the vertical bar represents
two standard deviations (SD) of space variation of n along the two OB lines. The same holds for U,
except that the error bars are in orange. (bottom) Time series of 7 at the location of buoy Vida, among
which are NAPOM elevations (black lines with dots), and measured pressure at the seafloor below Vida
converted into heights, where either three day average pressure is subtracted from the measurements (blue
lines with diamonds), or the average pressure value (=22.34 dbar) in year 2009 is subtracted from
measurements (red lines with diamonds). (bottom left) The situation between 28-30 October 2008 and
(bottom right) the situation between 19—21 March 2009.

the blue line, or to the red one, since it is evenly between
them. During the ENE bora wind during 19-21 March 2009
(Figure 4, bottom right), however, the RMS difference
between model elevation and that ‘measured’ with the pres-
sure sensor equals only 0.096 m when the 2009 annual
average pressure value is subtracted from the hourly values
(red line). The RMS difference is 2.6 times larger (=0.252 m)
when the three day average pressure (=22.174 dbar, blue
line) is subtracted. This is manifested in a solid match
between NAPOM elevations (black line) and the elevations
in which the annual mean value is subtracted from the
measured sea level (red line). The three-day mean sea level
during the bora was lower than the average level in 2009 for
0.17 m — the bora wind-setup piles water up along the west-
ern Adriatic side (Venice) and decreases it along the eastern
side (Trieste). During the southern jugo wind, however, the
three day average sea level was higher for 0.15 m than the
average sea level in 2009. The water mass was piled up at
the northern closed side of the Adriatic. We may conclude
at this point that, in a first approximation, the applied OB
conditions related to periodic tides fairly well reproduce the
sea level elevations at the position of Vida and that we may
devote attention to wind-driven transport. Fluxes of heat and
salinity along the OB lines have been approximated with the
upstream advection scheme [Mellor, 2004]. Similarly, for the
turbulent quantmes q> (two times the turbulent kinetic
energy) and ¢*/ (where [ is the turbulence length scale), a

common practice is adopted in which very small constant
values are supposed for ¢* (=10~® m?*/s?) and ¢°1 (=10~® m*/5?)
instead of external values. All daily average values provided
by the external forecast model ASFS that are introduced into
this model, were first transformed into ‘pseudo’ values
[Killworth, 1996] and thereafter interpolated linearly in time
between them.

2.3. Mild Stratification

[24] Although we do not possess data which would depict
relevant stratification over the whole model domain during
the periods of the two observed synoptic situations of nearly
steady winds, we may obtain an impression of it from CTD
casts during those periods taken in the Gulf of Trieste (http://
www.mbss.org/). In October 2008 and in March 2009 three
CTD casts in the Gulf which comprise waters with depths
greater than 20 m were taken. The density excess at 1 m
depth in October 2008 (casts on 9 and 15 October) was
27.07 £ 0. 19 kg/m?, while at a depth of 15 m it was 27.22 +
0.22 kg/m>. This leads to the buoyancy frequency N =
(- gAp/(pAz))l/2 between 0 and 0.0198 s~ ' or the
corresponding buoyancy period between 318 s and infinity.
In March 2009 out of three CTD casts (on 17 and 24 March)
only two were completed before the windy period (from
19 March onward). The density excess on 17 March 2009
at a depth of 1 m was 28.53 £+ 0.19 kg/m while at a
depth of 15 m 29.08 =+ 0.05 it was kg/m’, which yields in
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N = (0.019 £ 0.012) s™', or a buoyancy period between
270432 s. The buoyancy frequency of the initial fields of
temperature and salinity, calculated from their horizontal
averages at | m and at 15 m depths was around (0.029 +
0.014) s~ ' (period 213-223 s) on 28 October 2008, while
on 19 March 2009 it was around (0.0198 + 0.010) s '
(period 307-328 s).

[25] We may conclude that for the situation in late October
2008 the initial stratification in the model was smaller than
that measured on 9 and 15 October 2008 in the Gulf, which
may not be that problematic since between 17 and 29
October additional surface cooling and forced wind-mixing
homogenized the water column. For the situation on 19
March 2009 the stratification of the initial field (307-328 s)
is covered by the interval of buoyancy period 270-432 s,
measured only in the Gulf. In the bottom part of the water
column, below 15 m, the stratification is, of course, even
weaker. However, a slightly bold conclusion will here be
proposed: in both synoptic situations, the one in late October
2008 and the other in mid-March 2009, a mild stratification
did not play a dominant role in the processes of the transport
of a water mass under wind speeds over 10 m/s and will be
ignored for the sake of clarity, until the Discussion section.

2.4. Comparison of Model Results With Measurements

[26] A statistical analysis of model skill that is grounded
here on a comparison of ‘point’ measurements at buoy Vida
of winds with the forecast ALADIN/SI model results, as well
as measurements of currents over the water column with the
NAPOM results, will follow an established path [Oke et al.,
2002], which seems suitable for the available data. We shall
briefly repeat the list of calculated quantities, by which a
single model could be validated with measurements:

MB = (im — o),

SDE = (S, — S,),

1

N
CC = SmSoN ;(Wl, — rh)(ol- - 6)7

1 Y 2 2 2
MSE:NZ(m,-—o,-) = MB? + SDE? + 25,,5,(1 — CC),

i=1
(5)

in which m; and o; are the i-th modeled and observed variable,
i=1...N, N=72 when only three days of time series data are
considered for each horizontal component (east and west) of
winds. However, for currents, N = 72*17 = 1224, where the
number 17 means the 17 mid-depths of acoustic cells along
the vertical in the water column in which currents were
measured and selected below the buoy Vida. Along the ver-
tical there are 21 cells of a thickness of 1 m of measured
currents with heights 2-22 m above the AWAC instrument,
placed at a height ~0.5 m above the seafloor. /7 and o are
respective mean values, while S,, and S, are the respective
standard deviations (in time) and CC is the cross-correlation
coefficient between the modeled and observed values. MSE
is the mean square error.

[27] We have removed measurements of the first cell next
to the current-meter near the seafloor and the two top-most
cells near the sea-surface due to the contamination of these
measurements by the ‘sidelobe’ reflections of acoustic
beams near the boundaries. The top most cell is also
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problematic because the range of the water column height
(mean height 22.5 m) is of the order of a meter (Figure 4)
and this cell might not be covered with water. There was an
additional unknown problem with the eighth cell (9 m above
the seafloor) in which we have observed spurious sharp
peaks of current speed, of yet unknown origin. Therefore,
out of 21 cells four were removed and measurements of
currents in 17 cells of a thickness of 1 m in the water column
were left for analysis. All hourly values at 17 depths within
72 h of observation were ‘lumped’ together in the skill
analysis of NAPOM for each horizontal component of cur-
rents. In this case these are the components normal to the
cross-section profile of the Gulf, as well as the tangential
component parallel to the cross-section line.

[28] It is obvious that these measurements shed some light
on the model forecasts only around the location of buoy
Vida. This is located along the line of a profile in the Gulf of
Trieste (Figure 1, red dot and a red dashed line) in which the
simplified theory of a topographic control is explored during
the ENE bora wind. It therefore cannot give us a solid
impression about the model skill around the other, much
longer profile of the cross-section (Figure 1, full red line) of
the northern Adriatic.

3. Topographic Control of Water Mass Transport

[20] Let us suppose that the x-axis is along an elongated
basin (a ‘trunk’, or a ‘channel’), the y-axis across it, and
from now on the water transport (U, V) is denoted with
capital letters.

n

1
Uz/udz; Vz/vdz (6)
“H

—-H

u(x, y, z) is the along basin component of velocity and v(x, y,
z) that of the cross-basin, 7)(x, y) is the sea-surface elevation
and H(x, y) the depth of the seafloor. We will follow the
textbook [Csanady, 1982] and simplify the equations of
motion.

[30] Starting from the rest, we will gain an insight into a
wind-driven transport if we express the transport with ver-
tically integrated accelerations:

t t

U= /Adt; y— / Bd, )

0 0

where we have supposed the initial transports to be zero.

[31] Let us suppose that the advective term is not impor-
tant with respect to local acceleration, when a strong and
steady wind ‘suddenly’ appears and that the loss of
momentum due to bottom friction can also be ignored with
respect to local acceleration. Under these stringent approx-
imations the vertically integrated equation of motion looks
like:

on

o
A—fV = —gHL 4+ F; B4fU=—gHZ, (8)
Ox oy

where f (=10"%/s) is the Coriolis parameter and where we
allow the wind stress F(x, y, f) at the surface along the
basin’s axis to vary in space and time. We suppose that in
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the basin the topography across the elongated basin controls
the transport and that the along basin transport is much
larger than the across-basin U > V, therefore also 4 > B.

[32] We also need to suppose that the Coriolis acceleration
is small enough (fU < B), which leads from the cross-section
balance of momentum in (8) to

on _
o =0 (9)

[33] We will return to the treatment of the Coriolis accel-
eration in the Discussion section. The ‘steady’ (meaning the
non-oscillating, as will be made clear in Discussion) along
basin transport, when integrated across any basin cross sec-
tion needs to be zero, or L{U) = 0, where (U) is the cross-
section average of the transport and L(x) the width of the
basin cross-section. Otherwise the flux through any cross-
section would not conserve the volume of water mass at
either side of it. Therefore, the integral of acceleration A
across any cross-section of length L is also zero. From the
along-channel balance of momentum in (8), integrated along
the cross-section of length L, one obtains:

L

X L(x)

H(x,y)dy, (F)(x,1) =% / F(x,y,t)dy.

on_(F)L

ox g8’ S0 =

o\

(10)

[34] Where (9) was considered, S(x) is obviously the
cross-section area and (F) the wind stress average over the
line of a cross-section. In (10) we have rectified the term that

L
is proportional to [ Vdy to zero, since it means the cross-
0
section integral (average) of the transport component in a
direction along the cross-section. This has to be zero unless
the coastlines are not perpendicular to the cross-section. At
this point we further assume that ' does not vary across the
transect, therefore (F) = F. The along basin pressure gradi-
ent term from (10) in (8) results in the along basin transport
velocity:

(11)

in which we considered that / [ Vdt < U. We may go a few

0
steps further from (11) [Csanady, 1982] and first integrate
the transport in (11) to get a mean transport in time and
integrate also the mean transport in time across the cross-
section and express the volume flux ®,,, through the cross-
section:

q>,w(x):/LU(x,y)dy o /L{l—%}dyzo, (12)
0

0

where U is the transport averaged in time and where zero at
the right-hand side of proportionality follows from the
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definition of the average cross-section depth, supposed
already in (10), {H)(x) = S(x)/L(x) is the average depth
across the profile. This is also in agreement with the initially
supposed zero flux through any cross-section, which lead to
(10). It means that the time average of the along basin
transport, which is proportional to the argument inside the
integral in (12), changes its sign at those places along the
cross-section at a given x along the basing axis, for which
H(x, y) = (H)(x). U > 0 and is directed downwind F if
H < {H), while U < 0 and in the upwind direction when
H > (H). In short: nearshores the time averaged transport
U is downwind, while in the deeper (central) parts of a basin
the transport is upwind. However, we also need to pay
attention to horizontal gradients (e.g., 0U/Oy) which need to
be smooth enough in order to ignore the advection terms
with respect to local accelerations and that also 4 > fV,
where f'is the Coriolis parameter. The wind stress should not
vary across the basin’s cross-section.

[35] The deviation of ®,,, from zero also represents one
validation of (12), if we consider NAPOM values of U as
references. This is a first validation of a simplified theory of
topographic control with NAPOM. We will see that the
deviation ¢ of ®,,, from zero, relative to the average of
absolute values of positive @, > 0 and negative ®_ < 0
fluxes

zq)t()t
(@4 +[@[)7

E =

(13)

is small. A second validation of the theory is related only to
the ‘deviated’ parts of a flux, i.e., those parts along the cross-
section in which the flux ®,,,4, should be downwind for
depths H < (H), but is actually upwind (it is ‘wrong’) and in
which the flux ®,,,z, is downwind for depths H, > (H)
instead of being upwind (also ‘wrong’). Since the southern
wind opposes the vector that is normal to the cross-section
of the northern Adriatic (Figure 1, full red line), while the
ENE bora wind is in the direction of the normal vector of
the cross-section of the Gulf (Figure 1, dashed red line),
the signs of @, and ®,,,;, are reversed in both cases
(Table 1). Nonetheless, the second measure of the deviation
from simplified topographic control is defined for both
cross-sections (the northern Adriatic and the Gulf of
Trieste) as:

e o 2(}(Derng} + |cDerrHs|)
T (@ @)

(14)

4. Results

4.1. Horizontal Distribution of Wind-Driven Currents

[36] We shall first have a look at the horizontal distribu-
tion of currents at 1 m depth and 15 m depth for the situa-
tions during the southern jugo wind (28-30 October 2008;
Figure 5) and during the bora ENE wind (19-21 March
2009). During the southern jugo or sirocco wind, currents
near the surface and at 15 m depth are generally oriented
toward north and are stronger in this direction on the eastern
side of the model domain, where the southern wind is
stronger (Figure 3, left). In the southern part of the model
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Table 1. Fluxes and Their Errors Through the Cross-Sections (See Figure 1 for Their Locations) During the Southern Jugo Wind on 28—
30 October 2008 Over the Northern Adriatic (NA) and During the ENE Bora Wind on 19-21 March 2009 Over the Gulf of Trieste (TS)*

Type Lkm) (H)(m) @, (0°m’s) @&, (10°m*s) @ (10°m’s) €(%)  Depas (10° m¥s)  Bpppr (10° mfs) &, (%)
Jugo/NA 123 31.9 —2.85 34.49 —37.34 7.95 2.51 —23.24 71.7
Bora/TS 21 15.4 —0.19 8.49 —8.68 2.16 0 1.52 17.8

2L is the cross-section length, (H) the mean depth, @, is the volume flux (12) through the cross-section, @ the positive part of @,,,, @ _ its negative part,
the relative ratio ¢ is defined in (13), ®,,,z; is the erroneous flux where H, < (H) and @, the erroneous flux where H, > (H), while the second error

measure &, is defined in (14).

domain they are in a NE direction toward the peninsula of
Istria (see Figure 1 for geographic notations). A cyclonic
turn is present in the area north of the Po River Delta (12.7—
13.3°E, 45.0-45.5°N). A strong narrow coastal current in a
SW direction carries the water mass from the outfall of the
Tagliamento River (Figure 1) toward the outfall of the river
Brenta. The northward current near the sea-surface south of
the outflow of the Tagliamento splits into two parts. The part
westward of the outflow of the Tagliamento (long. < 13.1°E,
45.6°N) composes the major central cyclonic turn, while its
eastward part (long. > 13.1°E), turns eastward and brings the
water mass into the Gulf of Trieste (‘Gulf’; long. > 13.5°E,
and lat. > 45.5°N) mostly at its northern side. Along the
southern coastline of the Gulf the surface flow crosses the

Latitude (°)
N
(4]

44.7

44.5

Gulf toward the northeastern corner inside the Gulf and does
not leave it.

[37] At a depth of 15 m (Figure 5, bottom left) there is an
outflow along the southern coastline of the Gulf, where the
area is deeper than on the northern side of the Gulf. How-
ever, over the whole model domain at a depth of 15 m the
southern wind induces cyclonic circulation in the central
northern half of the model domain (12.9-13.5°E, 44.7—
45.4°N), with a relatively strong current that crosses the full
line in a SE direction in the central part of the profile line. In
the western part of the model domain north of the Po River
Delta there is a broad region of southwestward currents
toward the coastline just north of this delta.

[38] When the ENE bora wind blows (Figure 5, right), the
cyclonic circulation is clearer than in the case of the southern
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Figure 5. (left) Horizontal distribution of mean currents (top) at 1 m depth and (bottom) at 15 m depth
during the southern jugo wind, where hourly values of currents were averaged in time over the interval
28-30 October 2008, and (right) the same distributions during the bora wind, where currents were
averaged over the interval 19-21 March 2009. For the sake of clarity vectors in every fifth model cell

are presented with a space separation ~3.0 km.
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Figure 6. (top) Vertical distribution of average currents
normal to the cross-section line (see Figure 5 for its position)
during the southern jugo wind 28-30 October 2008. (bot-
tom) The red line represents the transport (vertical integral
of velocities from the bottom to the surface). Its axis is on
the left-hand side of the plots. The black line is the bottom
topography with the corresponding axis on the right-hand
side of the plots. The left-hand side of the plots is near the
Italian coastline, while the right-hand side is close to the
Croatian coastline. Vertical dash-dotted lines mark the posi-
tions at which the depth of the seafloor meets the average
cross-section depth (horizontal black dashed line) and at
which the transport should change sign according to a sim-
ple theory of topographic control. Negative velocities (trans-
ports) are those that are close to the wind direction near
coastlines, while positive velocities are in the direction of
the vector normal to the transect line. The normal vector
points out of the model domain toward the OB lines, in a
direction that is nearly opposite the direction of the southern
wind.

wind. It is in the form of a closed, asymmetric gyre, present
near the sea-surface (Figure 5, top right) as well as at depth
(Figure 5, bottom right). The gyre is elongated and rotated,
the longer axis with smaller velocities is roughly along the
line of minima wind speeds (Figure 3, right) that connects
points (12.7°E, 44.5°N) and (13.6°E, 45.0°N) In this wind-
drive, however, there is a southwestward current of this
cyclonic gyre from the central northern region (12.9—-13.3°E,
45.3-45.6°N) toward the Po River Delta — contrary to what
was observed at the surface under jugo wind-forcing. Under
the bora there is a ‘diagonal’ outflow, in which the water
mass near the sea-surface deep inside the Gulf near the
southern coastline (13.7°E, 45.55°N) crosses the Gulf diag-
onally and reaches the northern coastline at the northern
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edge of the Gulf’s entrance (13.4°E, 45.65°N). This surface
outflow will be further elucidated in Discussion.

[39] At 15 m depth (Figure 5, bottom right) the western
part of the coastal current along the peninsula of Istria
separates in a westward direction from it, while the eastern
part next to the coastline turns eastward in the Gulf against
the ENE wind, where the Istria peninsula ends (13.45°E,
45.5°N). This inflow coastal current in the Gulf along its
southern coastline at a depth of 15 m, certainly ‘holds
water’. The vertical profile of ADCP velocity measurements
at Vida during winter also reproduces it [Malacic and
Petelin, 2006, 2009].

[40] We close the review of the horizontal distribution of
currents during the bora in another area — south of the
southern tip of the peninsula of Istria (lon. > 13.7°E, lat. <
44.75°N), by identifying a strong surface current in a
southwest direction (Figure 5, top right), where the current at
15 m depth follows the direction of the surface current. This
agrees with a zone of the stronger bora wind (Figure 3) in
that area, which emerges from the Bay of Kvarner, not
covered by the model. Along the southern OB line (lat. <
44.5°N), however, east-west currents are certainly artificial
and this we could not avoid by applying several OB condi-
tions [Arnold, 1987; Blumberg and Mellor, 1987; Kuzmié
and Orli¢, 1985].

4.2. Vertical Profiles of Wind-Driven Currents

[41] While the horizontal view of currents gave an
impression regarding the distribution of gyres and currents,
it is the view in a vertical plane that will complement pre-
vious pictures and will also test the validity of a simplified
view of the topographic control of wind-driven circulation,
adopted from a theory of elongated basins [Csanady, 1982].

[42] The wvertical distribution of average currents and
transport normal to the line, which is roughly orthogonal to
the southern jugo wind on 28-30 October 2008 (Figure 3,
left) is presented in Figure 6. While instantaneous (hourly)
normal velocities would be modulated in a rhythm of tides,
we observe on Figure 6 that normal velocities (and trans-
ports), averaged over 72 h are negative (blue areas) near the
coastlines where currents flow into the model domain
(nearly) parallel to the wind, away from the OB lines. Pos-
itive velocities (red areas) and transports are found in the
central, deeper part and are opposite to the wind direction.
Very roughly, this agrees with the statement written below
(12). There is quite a large segment along the transect (18
km < distance < 57 km) where the normal transport (red line)
is weak, close to zero. Along this segment, velocities in the
upper part of the water column, with depths < 15 m are
positive in the upwind direction out of the model domain,
while those at greater depths have a normal component in
the downwind direction. The simulation reproduces a thin
surface layer, a few meters thick at most, in which normal
currents are in the direction of the wind, which goes to zero
at a point with distance = 36 km. Below it there is a layer
(with depths < 15 m) of relatively strong currents opposing
the wind. The transport is close to zero, although it should
be much more negative in the interval 18 km < distance <
36 km. However, along the rest of the segment (36 km <
distance < 57 km) the cross-section depth is close to the
average depth, where weak transport is expected. Another
quite large area of ‘wrong’ transport is closer to the right-
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Figure 7. Same as in Figure 6, except for the cross-section
line in the Gulf of Trieste which is nearly orthogonal to the
bora wind that blew 19-21 March 2009 (Figure 3, right).
The left side of the x axis is near the shallower northern (Ital-
ian) coastline of the Gulf, while the right side (x > 35) is in
the vicinity of the southern (Slovenian) coastline of the Gulf.
In contrast to Figure 6, negative average velocities (trans-
ports) are almost all found in the central, deeper part of the
transect and are (nearly) opposite to the direction of the
ENE wind. Positive velocities are near the coastlines, they
are in the direction of a normal vector that points out of
the Gulf, and are nearly parallel to the wind.

hand side of plots, for the segment 93 km < distance <
120 km. There the transport is negative, while it should be
positive (upwind), because the depth is greater than the
average depth. However, the area with the wind-driven cur-
rent extends offshore from the coastline (distance > 120 km)
in the transect interior, toward a distance = 90 km. Quanti-
tative evaluation of the transport with the simplified theory
will follow in Table 1.

[43] When the bora wind was blowing (Figure 7), the
transport and normal velocities were observed along a much
shorter cross-section (distance 21 km) than that across the
northern Adriatic in the case of the southern wind (distance =
123 km). This time, model results look much better when
compared to a simplified analytical model of topographic
control by (12). Near the northern (Italian) coastline (distance
near zero) we observe positive currents (Figure 7, top) and
transports (Figure 7 (bottom), red line), now nearly aligned
with the ENE bora wind. At the other side of the transect
(distance = 21 km), near the southern (Slovenian) coastline we
observe a very small area of positive normal velocity aligned
with the wind, with slightly positive values of a transport. A
closer look at the distribution of normal velocities shows that
the transport changes sign at a distance = 10 km, while
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measurements indicate the change to be at 8 km distance,
where the depth equals the cross-section average.

[44] Quantitative deviation from the topographic control,
tested with NAPOM, is summarized in Table 1. We observe
that in both wind-driven cases, jugo, as well as bora, the
relative error of the flux, defined by (13) is low enough (& <
8% under jugo forcing over the northern Adriatic and ¢ <
2.2% under bora forcing over the Gulf of Trieste). It is rea-
sonable that for jugo driven circulation ¢ is larger — the
model domain is relatively wide and large and the water
mass could enter more than exit (|@_| > ®.) over a three day
interval. The inflow matches the outflow quite well for the
smaller Gulf of Trieste during the bora over a three day
period. However, the match of the flow which should be
downwind in shallow areas and upwind in deeper areas
quantitatively fails for the cross-section through the northern
Adriatic (&, < 72%) during the jugo wind. Obviously, large
flow rates are present in a ‘wrong direction’. The relatively
solid match (¢&,,, < 18%) of NAPOM with the simple theory
of topographic control in an elongated basin is found for the
flow rate through the cross-section in the Gulf of Trieste
during the bora.

4.3. ALADIN/SI Winds and NAPOM Currents

[45] The vertical distribution of measured currents and
NAPOM results at the location of the coastal buoy Vida
(Figure 1 for the location) are presented in Figure 8. For
clarity only the component normal to the cross-section line
in the Gulf is presented. The vertical distribution of currents
clearly stands out from measurements (red line). The simu-
lation (black line) shows some variation of currents along
the vertical in the upper half of the water column and within
its bottom 6—7 m. The latter variation is due to friction near
the seafloor. In the top part of the water column it smoothly
follows the vertical distribution of measured currents,
although the sign near the sea-surface is wrong in the jugo
wind-driven situation (left). In the bora wind-driven situa-
tion (right) we observe in simulations the same sign of the
normal component of currents near the sea-surface as in
measurements (red).

[46] Before entering into a quantitative skill assessment of
NAPOM results at Vida, we have to be clear about the
meteorological ALADINY/SI forecast at that location. Table 2
depicts the statistics regarding the efficiency of ALADIN/SI
and we observe that the absolute mean bias (MB) of each
component is below 2.4 m/s, the largest being for the
northern (smaller) component during the ENE bora wind.
The cross-correlation coefficient, and indicator of a linear
relationship between the model and measurements, is rela-
tively low (0.5 < CC < 0.6) for the southern jugo wind, while
it is better for the bora wind (0.7 < CC < 0.9). The mean
square error (MSE), which is the last ‘measure’ of model
agreement with measurements for winds, is quite high for
the eastern component during the jugo (MSE > 18 mz/szz),
but is lower for the northern component (MSE < 11 m?/s°)
during the jugo, which is lower than components during the
bora wind (13.5 m?/s* < MSE < 13.9 m?/s%). This sounds
important since it is the northern component during the jugo
that dominates (6 = 7.94 m/s). However, the sum of MSE of
both components is also indicative of wind as a vector. MSE
equals 29.1 m?/s*> and 27.4 m?/s® for the southern and the
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Figure 8. Vertical distribution of the mean currents over 72 h at buoy Vida (left) during the southern
jugo wind on 28-30 October 2008 and (right) during the ENE bora wind on 19-21 March 2009. Only cur-
rents normal to the cross-section line of the Gulf of Trieste are presented (see Figure 1 for the location of
the buoy Vida and the red dashed line of the cross-section). Red: ADCP measurements at 17 depths, black:
NAPOM simulations. Horizontal bars represent two standard deviations of currents around the mean.

ENE winds, respectively. These values are quite close. We
cannot definitively conclude that the ALADIN/SI model
gave better results during the jugo or during the bora. Of the
two particular three-day windy situations studied here,
simulations were slightly better during the bora wind from
the point of CC and MSE.

[47] In the assessment of NAPOM with measured currents
at the location of the coastal buoy Vida we observe in
Table 3 that the mean bias is larger for the normal (orthog-
onal to the cross-section in the Gulf) component of currents
during the bora (=5.5 cm/s). Measurements show that the
mean current in time and along the water column is close to
zero (0.12 cm/s), which is not reproduced by NAPOM.
Under the jugo wind the MB < 2.3 cm/s.

5. Discussion

[48] We will present mechanisms that affect numerical
model results, especially those that seem to be linked to
wind-driven transport and were not captured with a simple
analytical model of topographic control.

[49] In the applied boundary condition for turbulence
production at the surface (1) the turbulence production due
to the breaking of surface waves is not excluded, but this
effect should be better accounted for with parameterization
(3). However, simulations with the latter clearly showed
that in the case of parameterization the vertical profile of
mean currents at the position of the coastal buoy is too

homogenized in both wind-driven situations and was there-
fore not chosen for further simulations. These simulations
had an insignificant effect on the transport through the
observed transects and were therefore not presented. The
match of model results during the bora episode with simple
analytical reasoning of topographic control along the
entrance to the Gulf holds firm, despite the significant
upward surface heat flux during the bora [Dorman et al.,
2007], which was ignored in the simplified approach and
the topographic control of bora driven circulation was
therefore surprising. As is shown here, forced mixing and
convective overturns seem not to seriously affect the topo-
graphic control of wind-driven circulation when the stratifi-
cation is weak, at least during the bora wind in the Gulf of
Trieste. The second reason why topographic control of the
wind-driven circulation in the Gulf of Trieste during the bora
was not expected is the complexity of circulation over the
northern Adriatic, related to the distribution of a wind stress
torque, observed from different aspects by many previous
studies [Bignami et al., 2007; Kuzmic et al., 2006; Lee et al.,
2005; Martin et al., 2006; Orli¢ et al., 1986, 1994; Pullen
et al., 2003; Zore-Armanda and Gaci¢, 1987]. A reproduc-
tion with NAPOM was made of a known double gyre cir-
culation due to the bora wind vorticity, which results from a
stronger wind over the Gulf, a strong wind south of the
peninsula of Istria and a weaker wind in between, resulting
in a cyclonic circulation between the north side of the Istria
peninsula and the Italian coastline north of Po River Delta,

Table 2. Statistical Comparison of ALADIN/SI Forecast and Measurements (Hourly Values) During the Southern Jugo Wind on 28—
30 October 2008 and During the ENE Bora Wind on 19-21 March 2009 at the Position of Buoy Vida®

Type Component m (m/s) 0 (m/s) MB (m/s) S, (m/s) S, (m/s) SDE (m/s) cC (1) MSE (m?/s%)
Jugo/Vida East —0.64 0.76 —1.40 3.59 4.62 —1.03 0.54 18.12
North 8.93 7.94 0.99 2.16 391 —1.75 0.59 10.98
Bora/Vida East —5.98 -7.99 1.99 3.43 5.74 -2.31 0.89 13.87
North —4.11 —1.73 —2.38 3.90 3.67 0.23 0.73 13.53

“The amount of the data N = 72. See the text in section 2.4 and the expression (5) for the meaning of column labels. The mean observed wind speed in

both situations was over 8 m/s.
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Table 3. Statistics of the NAPOM Skill When Compared With ADCP Measurements of Currents (Hourly Values) During the Southern
Jugo Wind on 28-30 October 2008 and During the ENE Bora Wind on 19-21 March 2009 at the Position of Buoy Vida (Figure 1 for the

Location)®
Type Component m (cm/s) 0 (cm/s) MB (cm/s) S, (cm/s) S, (cm/s) SDE (cm/s) cC (1) MSE (cm?/s%)
Jugo normal —791 —6.16 —1.75 7.67 9.42 —1.75 0.68 52.77
tangential —0.75 1.52 -2.27 4.71 7.06 —2.35 0.46 46.69
Bora normal 5.62 0.12 5.50 5.45 5.69 —0.24 0.64 52.84
tangential —-0.22 0.21 —0.43 2.78 4.37 —1.59 0.27 20.48
See section 2.4 and expression (5) for the meaning of quantities. Model currents at similar depths (e.g., 2 m, 3 m, ..., 19 m) were compared to measured

currents (mean depths 2.355 m, 3.355 m, ...19.355 m). The amount of the data N = 1224 (=72*17).

and the anticyclonic (not closed) circulation between the
Italian coastline south of the delta and the peninsula of Istria.
With NAPOM we did not directly reproduce the transport of
a surface fresher water mass, which emerges from the Po
River Delta and acts as a passive tracer toward the Gulf of
Trieste as an oblique current during the winter bora event
[Cushman-Roisin and Korotenko, 2007; Kuzmi¢ et al.,
2006]. This, however, also depends strongly upon the
details of the distribution of the wind stress in a particular
synoptic situation. The bora wind in Figure 3 is close to the
RADARSAT distribution of the bora wind [Lee et al., 2005,
Figure 1b] on another occasion (12th February 2003); in
both cases there is a weak bora in front of the middle part of
the peninsula of Istria, which spreads in a SW direction.

[50] The reasoning that the bora wind may not always
drive the oblique surface current of fresh water from the Po
River to the Gulf was also confirmed in one of the latest
studies [Boldrin et al., 2009], in which it is clearly shown
that the diagonal area of wind minima, when the two bora
jets are present, is several tens of km southward of the
entrance to the Gulf (see the wind stress on 26 September
2002 shown by Boldrin et al. [2009, Figure 3]).

[51] The model failed to quantitatively reproduce simple
topographic control when the southern wind blows over the
northern Adriatic. This, however, does not mean that the
bottom topography is irrelevant and it should be explored in
the future with a more elaborated concept. The topography
also changes along the elongated basin (Adriatic), not only
across it, which was not considered in our study. However,
through the Gulf of Trieste the circulation is simpler during
the bora; it is dominated by topographic control, for up to
100% — &, = 82.2% of the flux (see Table 1 for &,.,.).
Moreover, we should not ignore the importance of hori-
zontal wind shear. The jugo wind increases in intensity from
the western to the eastern coastline (Figure 3), which is not
embraced in a simplified theory of topographic control.

[52] Numerical simulations of the spread of turbid Po
River waters using the ROMS model and the LAMI wind
field are presented in Bignami et al. [2007]. In the northern
Adriatic they obtained the eastward across-basin currents at
the southern edge of the NAPOM model domain, which
agrees with the results presented here in Figure 5. In the bora
wind-driven situation [Bignami et al, 2007] they also
obtained major features of surface circulation [Bignami
et al., 2007, Figure 8] over the northern Adriatic that were
here presented. Recent [Russo et al., 2009] and ongoing
[Russo et al., 2012] operational efforts in the Adriatic, that
include wave-current interactions, express these circulation
features in more detail.

[53] The simulation pictures a diagonal crossing of the
Gulf of Trieste at the sea-surface (Figure 5, top right),
leading the water mass in a NW direction from the southern
inside part of the Gulf to the northern coastline at the Gulf’s
entrance. This was observed numerically in a climatic cir-
culation of the Gulf during winter [Malaci¢ and Petelin,
2009], when the bora wind dominates. This surface circu-
lation, however, was also reproduced by a synoptic circula-
tion model of completely different architecture, with which
the unsteady synoptic bora-driven circulation in the Gulf
during summer was studied [Querin et al., 2007]. Numerical
simulations with a third type of model architecture (Mike 3
and PCFLOW3D) [Dori¢, 2008], also demonstrate a very
similar deviation of the surface current to the right from the
wind direction during the bora episode, which agrees with
one of the first simulations of the synoptic circulations of the
Gulf [Rajar, 1989].

[54] These model results should be explored in the future
in a more careful way in light of a recent analytical study of
coastal upwelling using a linear reduced gravity model, in
which the wind stress oscillates and may also rotate [Orli¢
and Pasari¢, 2011]. It was found that in the upper layer
(the ‘deep’ bottom layer is still) the alongshore wind mostly
contributes to sub-inertial variability with the exponential
offshore trend scaled as R, = (g'h/(f* — w?))? (g’ is the
reduced gravity = ge, h the mean thickness of the upper
layer), which converges to the Ekman type of motion when
w — 0. A linear theory from a reduced gravity model is of
doubtful use due to the large vertical motions of the pyc-
nocline under weak stratification and strong winds, as it is in
the examples explored here.

[55] Inertial motion has many different aspects that are
certainly not covered by this paper, e.g., the oscillation of a
pycnocline [Krajcar and Orli¢, 1995; Orli¢, 1987] and the
erosion of the pycnocline, mostly during the first inertial
period [Pollard et al., 1972]. Additional comment related to
inertial oscillations also seems appropriate. Although by
averaging operational model results (currents) over a suffi-
ciently long period (72 h) one retrieves the net-transport over
the averaging period, this does not mean that the ‘disturbing’
periodic motion, e.g., tides, and inertial motion in particular,
have been effectively removed. A better way would be the
narrow band filtering of currents around the inertial period
and (seven) tidal periods. This, however, means a much
longer time series (months) rather than just a few days,
obtained by simulations under a long-lasting artificial steady
wind. Since tidal currents hardly surpass 0.05 m/s, they do
not contribute significantly (through residual tides) to
transport over larger distances and residuals are limited to
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areas around promontories and river outlets [Cushman-
Roisin and Naimie, 2002; Malaci¢ and Viezzoli, 2000].

[s6] The rotation of the Earth modifies the along basin
motion in relatively narrow channels [Gill, 1979]. We may
apply similar reasoning to wind-driven transport analysis,
where the Coriolis effect will be treated as a correction to the
non-rotated basin, where only the transport along the basin
and the sea-surface elevation are considered. In the cross-
basin equation of motion, the second expression in (),
which has not yet been considered, we supposed that V< U
and therefore 0n/0y = 0. The Coriolis term changes the
balance into:

ov on
S =gl

- (15)

in which still V< U, or better AV/U < (fAt) < 1, where the
time scale of local acceleration A¢ is still shorter than 27/f,
which is required for the approximation (8) of the equation
of motion along the basin. This leads to a geostrophic
approximation in a cross-basin direction, which could be
integrated over it:

/L)
gH ~’

ng=1-— (16)

where (U) is the along basin transport, averaged over its
width L and 7y the elevation which is corrected by the
Coriolis term with respect to n without it. The expression
(16) seems to contradict (9), which lead to (12) together with
the hypothesis of zero flux through the cross-section: L{U) =
0. However, (16) means the correction in 7 due to the Earth’s
rotation ‘violates’ the condition L{U) = 0 on a non-rotating
elongated basin and we also have to look at it from the
standpoint of long traveling (Kelvin) waves which may
travel with tidal periods along the basin. It can easily be
shown from the equations for traveling non-dispersive dis-
turbances with a speed ¢ = (gH)"° that the transport ampli-
tude (U)o = (gH)"> Z,, where Z, is the amplitude of 7. The
amplitude of the correction term for 7 in (16) due to rotation
of the basin, relative to Z, therefore equals to L/R, with the
barotropic Rossby radius of deformation R = (gH)*/f. For
the line between the Italian and Croatian coasts see
(Figure 1, full red line) L = 120 km. Modeled depths along
that profile vary around the mean value (H) = 32 m with
SD = 9 m, both are close to the mean and standard devia-
tion of the whole model area ((H) = 30 m with SD = 11 m).
The first quartile of depths is reached for 0 < H < 28 m, the
median value is 33 m (of the whole model area 31 m) and
the third quartile of depths is reached at 40 m. This leads to
166 km <R <188 km and 0.6 < L/R < 0.8, if we consider for
R the depths of the first and of the third quartile. A slightly
narrower interval would be obtained if the mean value and
the SD would be applied ((H) — SD and (H) + SD) in the
estimate of variations of L/R across the northern Adriatic.
Over all, it is obvious that the ‘correction’ term is important:
values of L/R close to 1 (wide channel) indicate that the
across-channel velocity component is certainly not negligi-
ble, nor are other long waves (e.g., the Poincaré waves), in
addition to the Kelvin waves.

[57] A similar estimate for the cross-section of the Gulf
(Figure 1, dashed red line) can be made, for which L =
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20 km, (H) = 15 m, SD = 8 m, 1st quartile is reached for
depths around 8 m, the 3rd quartile at depth 22.5 m, median
is 18 m, leading to 90 km <R <150 km and 0.1 <L/R <0.3.
This still means that the correction term in (16) is justified,
being ‘small enough’.

6. Conclusions

[58] In this study we have verified with a model a simple
theory of the topographic control of the two most-frequent
Adriatic wind-driven circulations. The model fairly repro-
duced key circulation patterns during the ENE bora wind
(e.g., the northern cyclonic gyre, from which a smaller
branch separates at the northern end of peninsula of Istria
which brings the water mass at depth into the Gulf of
Trieste along its southern coastline, and, at the surface, the
diagonal outflow from the Gulf of Trieste). The model also
clearly showed the wind-driven structure of circulation
during the southern wind, the cyclonic turn in the central
part of the northern Adriatic and the split off current in front
of the northern coastline of the entrance to the Gulf of
Trieste. We demonstrated that the hypothesis of a zero flux
through the vertical cross-section of the northern Adriatic
during a southern wind holds for 92% of the flow. We also
showed that almost complete agreement (98%) with the zero
flux hypothesis is achieved for a flux through a transect at
the entrance to the Gulf of Trieste during the bora wind.
During the southern wind the simple theory of a topographic
control over the relatively wide northern Adriatic quantita-
tively fails. The theory still holds qualitatively over the
shallow banks near the coastlines, where the mean transport
is downwind, and also in deeper parts, where the transport is
upwind. However, the dominant topographic control is
quantitatively confirmed during the bora wind for the
transport of water mass at the entrance to the Gulf of Trieste:
over 82% of the flux follows topographic control.

[59] Model results were also validated with measurements
at a coastal buoy at the entrance to the Gulf of Trieste. The
cross-correlation of model values with measurements are
CC = 0.68 for the dominant component normal to the cross-
section of the Gulf during the jugo wind and CC = 0.64
during the bora wind. In addition, the atmospheric Aladin/
SI model hindcast winds during the southern wind had a
relatively modest agreement with buoy Vida measurements
(CC = 0.59), while model winds reached a strong agreement
with measurements (CC = 0.89) during the bora wind.

[60] Acknowledgments. This research is part of a research program
funded by the Ministry of Higher Education and Technology of Slovenia
(contract P1-0237) and is also funded by the EC project ‘MyOcean’, grant
agreement 218812.
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