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A wind-driven circulation model of the Tyrrhenian Sea area
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Abstract

The wind-driven component of the circulation in the Tyrrhenian Sea area was analyzed by means of a free-surface,
barotropic primitive equation model implemented in the whole Mediterranean Sea. The ‘National Meteorological Center’
Ž .NMC wind data covering the period 1980–1988 were used to force the model. Both the seasonal and the high frequency
variability were studied. For the first case, a perpetual wind forcing was constructed by instantaneously averaging the wind
stresses over the 9 years, and the response was Fourier filtered in order to get rid of the residual rapid fluctuations. The daily
variability was then produced for the test years 1981 and 1987 by making use of the instantaneous forcing. The main
features of the wind-driven climatological Tyrrhenian circulation known from data and general circulation modelling were
found to be reproduced by this process model. The winter cyclonic circulation induced by the strong positive wind vorticity
input evolved into a much weaker, partially reversed circulation in summer months. A mainly northward flux through the
strait of Corsica and a horizontally sheared current in the strait of Sicily were found. The rapid fluctuations that the wind was
able to induce in the ocean were then studied. The instantaneous currents were found to be up to 10 times larger than the
corresponding climatological ones, with episodes of reversal over a period of few days. The experimental evidence of the
existence of these rapid wind-driven fluctuations is discussed. The analysis of the daily variability provides a realistic picture
of the character of the wind-driven circulation in the Tyrrhenian Sea that differs considerably from the classical seasonal
dynamics. As an indicator of the Tyrrhenian Sea dynamics, the mass transport through the strait of Corsica was evaluated for
the year 1987 and compared with available experimental data. As a result, the low-passed wind-driven transport reflects the

Žseasonal trend and accounts for 15–40% of the total the remaining part being induced by thermal effects and the remote
.Gibraltar forcing . Moreover, the high frequency variability modulates the seasonal signal, with a comparable r.m.s. Finally,

the interaction between the wind-driven dynamics in the straits of Corsica, Sicily and Sardinia and that in the interior of the
Tyrrhenian Sea was studied by means of an ad hoc numerical experiment. As a result, a one-way interaction was found. The
Tyrrhenian wind-driven dynamics appears to be mainly forced by the local winds, while the fluxes through the straits are
mainly driven by the internal circulation. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is a relatively new but well established result
that the circulation in the Mediterranean Sea presents
important seasonal variations that can be locally
more intense than the annual mean. The deviations
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from the seasonal climatology from year to year can
also be very large. This seasonal and interannual

Žvariability was assessed by recent observations e.g.,
Bethoux, 1980; Millot, 1987; Robinson et al., 1991;´
Tziperman and Malanotte-Rizzoli, 1991; Astraldi et

. Žal., 1990 and numerical modelling Heburn, 1987,
1994; Malanotte-Rizzoli and Bergamasco, 1989,
1991; Stanev et al., 1989; Beckers, 1991; Pinardi and
Navarra, 1993; Herbaut et al., 1996, 1997; Roussenov
et al., 1995; Zavatarelli and Mellor, 1995; Korres et

.al., 1995a,b; Pinardi et al., 1996 . The main driving
mechanisms that come into play are the heat, evapo-
rative and momentum fluxes at the air–sea interface,

Ž .the fluxes of Atlantic water AW and modified
Ž .Levantine intermediate water MLIW through the

Strait of Gibraltar and the fresh water river dis-
charges. The barotropic component of the circulation
is mainly wind-driven and is highly dependent on the
topography of the basin. It is composed of subbasin
scale gyres that can be more or less seasonally
variable and recurrent. The thermohaline circulation
is forced by heat and evaporative fluxes and is
shaped by mechanisms of water mass formation and
deep convection. The baroclinic dynamics is also
affected by internal dynamical processes which typi-
cally give rise to a mesoscale eddy field.

Among all the Mediterranean subbasins the
Tyrrhenian Sea is, to some extent, peculiar in that its
dynamics shows a very pronounced barotropic com-
ponent. An almost basin-wide cyclonic circulation at
all depths is present during winter, accompanied by a
highly barotropic northward flow through the Cor-
sica channel and by a northeastward flow of LIW
through the Sicily channel joined by a flow of
modified AW coming from the Sardinia channel,
which then follows the same cyclonic motion; in late
spring and in summer, a remarkable weakening and a

Žlocal reversal of the flow is observed e.g.,
Krivosheya and Ovchinnikov, 1973; Millot, 1987;
Astraldi and Gasparini, 1992, 1994; Astraldi et al.,

.1994 .
The importance of the barotropic component in

the Tyrrhenian circulation suggests that the wind is
likely to play a major role as a forcing agent. This is,
for instance, supported by the fact that a purely

Žwind-driven model of the Mediterranean Pinardi
.and Navarra, 1993 provides a seasonal signal in this

subbasin that is similar to that obtained in the frame-

work of general circulation models in which the
thermal and evaporative forcings are fully taken into

Žaccount Roussenov et al., 1995; Zavatarelli and
.Mellor, 1995 . On the other hand, the fluxes of AW

and LIW through the strait of Gibraltar give an
important contribution to the dynamics of the west-
ern Mediterranean and also the Tyrrhenian Sea dy-
namics is affected by such remote forcing, as proved

Ž .by Herbaut et al. 1996 . These constitute examples
of process studies in which only one driving mecha-
nism is considered: to the extent that different forc-
ings produce effects that are weakly interacting, such
simplified modelling studies are able to give some
answer to the question of what are the main causes
of a given circulation structure, and how these causes
act compared with other sources of energy.

In this context, we present a wind-driven circula-
tion model of the whole Mediterranean Sea based on
the shallow-water equations driven by the ‘National

Ž .Meteorological Center’ NMC winds with the aim
of analyzing—with a process study approach—dif-
ferent aspects of the wind-driven dynamics of the
Tyrrhenian Sea. After a discussion of the model and

Ž .the forcing used Section 2 the seasonal variability
is obtained by forcing the system through a perpetual
wind forcing and the analysis is carried out after

Ž .having Fourier filtered the response Section 3 . The
main features of the barotropic Tyrrhenian circula-
tion known from data and general circulation mod-
elling are found to be reproduced by this process
model.

In Section 4 we consider the high frequency—
daily—variability of the flow. This aspect of the
circulation is usually neglected in general circulation
models since, certainly, the seasonal and interannual
variabilities are the most distinctive features of each
oceanic basin and therefore deserve primary atten-
tion. However, understanding the basic mechanisms
that produce the rapid barotropic response to winds
in an oceanic region is relevant for short term ocean
forecasting, a branch of applied physical oceanogra-
phy that is receiving increasing attention. Moreover,
the effect that retaining the high frequency variabil-
ity has in the dispersion properties of the flow is still
to be fully understood, but there are general results
indicating that it actually may be important to this

Žrespect e.g., Pierrehumbert, 1990; Pierini and Zam-
.bianchi, 1997 . In the study of Section 4, the daily
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signal is produced by forcing the system with instan-
taneous NMC data, and is found to be usually larger
than the seasonal one, with pronounced spatial vari-
abilities over periods of even 1—2 days. The experi-
mental evidence that such variability is indeed pre-
sent in the Tyrrhenian Sea is finally discussed.

In Section 5, we then compare the 1987 wind-
driven transport through the strait of Corsica pro-
duced by the model and the total transport measured
in the same strait, in consideration of its character of
good indicator of the global Tyrrhenian circulation.
Such comparison allows to conclude that the 1987
wind-driven seasonal transport appears to have ac-

Žcounted for about 15–40% of the total depending on
the choice of the horizontal eddy viscosity coeffi-

.cient while the high frequency wind-driven part of
the transport had a r.m.s. comparable to that of the
total seasonal signal.

Finally, in Section 5, we also analyze the interac-
tion between the wind-driven dynamics in the straits
of Corsica, Sicily and Sardinia and in the interior of
the Tyrrhenian Sea. This is to assess the importance
of the channel fluxes in establishing the internal
circulation. The comparison between the dynamics
produced by the model of the whole Mediterranean
and that derived by considering a ‘closed’ Tyrrhe-
nian puts in evidence the very little influence that the
channel fluxes have on the Tyrrhenian circulation.
On the other hand, the latter, which thus appears to
be locally wind-driven, controls the channel fluxes
either by blocking or entraining them following the
main circulation patterns.

2. The model equations and the ‘NMC’ forcing

The first direct effect produced in the ocean by
the wind stress at the air–sea interface is the transfer
of energy and momentum in the form of surface
Ekman currents. Furthermore, because of the Ekman
pumping mechanism and of the presence of coasts, a
surface topography is produced and—consequently
—pressure-driven geostrophic currents are gener-
ated. The latter are barotropic and often more ener-
getic, so one can say that the main effect of the wind
is the generation of an essentially barotropic circula-
tion. In a purely wind-driven process-oriented study,
one can then make use of equations specifically
derived for the depth-averaged horizontal velocities,

i.e., for the so-called barotropic component of the
motion. In a hydrostatic context, the vertical integra-
tion of the two horizontal momentum equations and
the imposition of the continuity of the stress at the
bottom and at the sea surface leads to:

w X xu q uP= uqN u ,u q f k=uŽ .t

1 t ytŽ .w b
sy = pq

r r Ho o

g O O X2qA = uy d z =rd z 1Ž .H HH
r H yH zo

1 OŽ . Ž .where u x,t s H U x, z,t d z is the depth-aver-yHH

Ž Ž . Ž .aged horizontal velocity us u,Õ , xs x, y , U is
.the current velocity , p is the surface pressure, r is

the density, r is a reference density, fs f qb y iso o
Ž .the Coriolis parameter, ks 0,0,1 , g is the acceler-

ation of gravity, A the horizontal eddy viscosityH

coefficient, t is the wind stress, t is the bottomw b
Žstress and HsDqhyd where D is the mean

Ž . Ž .water depth, d x the bottom topography and h x,t
.the free surface displacement . N includes the non-

linear interactions between the barotropic velocity u
and the baroclinic velocity uX sUyu.

Ž .Eq. 1 can be simplified by neglecting the baro-
Ž .clinic forcing term the last term on the r.h.s. repre-

Žsenting the so-called Jebar effect e.g., Holland, 1973;
.Huthnance, 1984 . This was found to be small in the

Ž .Mediterranean by Pinardi and Navarra 1993 , who
obtained a comparable response if in their wind-
driven general circulation model the stratified ocean
is substituted by a homogeneous fluid. Also the
nonlinear terms N are found to be negligible by the
same authors. It should be noticed that the omission
of the baroclinic and nonlinear interactive terms
simplifies considerably the model equations because
in this case the barotropic dynamics is completely
decoupled from the baroclinic one, and the ocean can
be assumed as homogeneous. In conclusion, the

Ž .baroclinic-free version of Eq. 1 with N set to zero,
together with the classical vertically integrated conti-

Ž .nuity equation e.g., Pedlosky, 1987 give the well
known shallow-water equations

Ž .t y tw b 2Ž .u q u P = u q fk = u s yg=h q q A = ut H
r H 2Ž .o½

Ž .h q = Hu s Ot

where the surface pressure is converted in terms of
Žthe free surface elevation we again stress that u is
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the vertically averaged velocity, including the Ekman
.transport and the pressure-driven velocity . Unlike

some of the general circulation models quoted above
that have a rigid-lid as the upper vertical boundary,
the present model has a dynamically active free
surface. This turns out to be of fundamental impor-
tance in the analysis of the response to the high

Ž .frequency winds Section 4 .
Ž .The initial-value problem for Eq. 2 with vanish-

ing initial conditions and free-slip boundary condi-
tions is solved by means of an explicit leap-frog
finite difference scheme on the Arakawa C-grid
Ž . ŽPierini, 1996 . The domain of integration the
Mediterranean sea with a closed Strait of Gibraltar

.and without the northern Adriatic sea and the bot-
tom topography used are shown in Fig. 1. The
horizontal resolution is D xsD ys25 km which
corresponds approximately to 1r48, the temporal
resolution is D ts16 s, f s0.89=10y4 radrs ando

y11 Ž .bs1.825=10 radr mPs , corresponding to a
Žb-plane centered at 37.58 we noticed that despite the

small meridional extension, the b y correction to fo

is not completely negligible since we found that the
flow can locally depart from the corresponding one

.on the f-plane by a small percentage . The eddy
2 Žviscosity is chosen as A s5000 m rs see SectionH
.5 for a discussion about this choice and a quadratic

< <bottom stress t srC u u is used, with C sb Db Db
Ž .0.002. Note that the nonlinear terms in Eq. 2 are

always found to be virtually negligible.

Let us pass to describe the NMC wind forcing.
Ž .The original NMC Washington, DC 1000 mb data

contain the following meteorological parameters: air
Žvelocity, air temperature and relative humidity the

whole data set was used in GCMs of the Mediter-
Ž .ranean by Roussenov et al. 1995 and Pinardi et al.

Ž ..1996 . The resolution is 18=18 in space and 12 h
in time. We computed the wind stress t sw

< < Žr C W W where r is the air density and W is thea D a
.wind velocity by using the drag coefficient accord-
Ž .ing to Smith 1980 .

y3 < <C s 10 W F 6 mrs° D

y3~ < < < <C s 0.61 q 0.063 P W P 10 6 mrs - W F 22 mrsŽ .D¢ y3 < <C s 2 P 10 22 mrs WD

Ž .In the study of the daily variability Section 4 the
instantaneous wind stress is considered. On the other

Žhand, in order to study the seasonal variability Sec-
.tion 3 a climatological, perpetual wind stress is

computed by averaging the wind stress vectors over
the 9 available years at any sampling time. We
believe that averaging the stresses is more appropri-
ate than averaging the winds and then compute the

Ž .stresses as done by Roussenov et al. 1995 , because
if an average response over the 9 years is to be
looked for, then—under the assumption of the lin-
earity of the wind-driven problem—this can be ob-

Žtained from a single run by using a forcing the
.surface stresses averaged over all the available years.

Fig. 1. The domain used in the numerical integration and the sea depth in meters. The coordinates are in multiples of the grid step
D xsD ys25 km.
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Fig. 2. Wind stress curl in a point in the middle of the Tyrrhenian
Sea for the perpetual year and for the test years 1981 and 1987.

Finally, a wind stress field suitable for the model is
constructed by performing a bilinear interpolation
over the regular model grid at each sampling time,
and then by linearly interpolating the winds at inter-

Ž .mediate times Pierini, 1996 .
In Fig. 2, the wind stress curl in a point located in

the middle of the Tyrrhenian Sea is shown for the
perpetual year and for the test years 1981r1987.
One can notice the different character of the perpet-
ual year with respect to the 2 ‘instantaneous’ years.
The climatological averaging eliminates large peaks
and reduces notably the total variance and the high
frequency energy content. The resulting time series
still retains much energy at high frequencies and has
positive values except during the period June–Sep-
tember, when it attains small negative values. The
response to the perpetual year forcing will be ana-
lyzed in Section 3, while the currents induced by the
1981r1987 winds will be considered in Section 4.

3. The seasonal variability

Let us start by analyzing the basin-scale winter
and summer characteristics of winds and currents by
considering the January and June monthly averages

Žof the perpetual year winds and response Figs. 3 and
.4 . Thanks to the basic linearity of the problem this

is virtually equivalent to considering the monthly
means for the wind forcing, as usually done in

Žgeneral circulation models of the Mediterranean the
circulation is represented by the sea surface eleva-
tion, which over this time scales is essentially pro-

.portional to the barotropic stream-function . An al-

Fig. 3. January monthly averages of the perpetual wind stress,
wind stress curl and induced sea surface elevation.
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Fig. 4. June monthly averages of the perpetual wind stress, wind
stress curl and induced sea surface elevation.

most basin-wide cyclonic circulation is present dur-
ing winter, being induced by the intense positive
vorticity input due to the wind, which is composed
of a strong Mistral jet located in the southern part of
the basin. Also the northern part of the Liguro–
Provençal basin shows a similar wind-driven cy-

Žclonic circulation note the position of the zero curl
.isoline in Fig. 3 . In early summer the Mistral is

greatly reduced and its location is shifted northward
Ž .Fig. 4 . This in turn induces an appreciably lower
circulation regime in the Tyrrhenian, which is also
associated to an almost basin-wide reversal of the
currents. These gross features of the wind-driven

barotropic Tyrrhenian circulation are in agreement
Žwith the experimental e.g., Krivosheya and Ovchin-

nikov, 1973; Millot, 1987; Hopkins, 1988; Astraldi
. Žand Gasparini, 1994 and theoretical Pinardi and

Navarra, 1993; Beckers et al., 1994; Heburn, 1994;
Herbaut et al., 1996, 1997; Roussenov et al., 1995;

.Zavatarelli and Mellor, 1995 knowledge of the
Tyrrhenian Sea dynamics.

In order to have a more complete information on
the temporal evolution of the circulation, the classi-
cal monthly mean response should be replaced by
the instantaneous response to winds. To this respect,

Ž .stick-diagrams are shown Fig. 5a referring to three
Ž .points inside the Tyrrhenian basin see Fig. 1 . This

way of representing the seasonal circulation comple-
ments in a valuable way the traditional representa-
tion in terms of few snapshots of the circulation
patterns. Moreover, in order to get rid of the residual
high frequency energy left after the climatological
averaging, the currents are filtered by retaining only
six components in the Fourier series representation
of the perpetual year response:

6
Ž .Žo. Žn. nu t (u q u cos nv tqw 3Ž . Ž .˜ ˜ Ž .Ýi , j i , j i , j i , j

ns1

Ž . Žwhere i, j identifies the grid point, vs2pr 1
. Žn. Žn.year and u and w are the Fourier amplitudes˜ i, j i, j

Žand phases an analogous harmonic analysis, but
limited to the perpetual winds, was performed by

Ž ..Pinardi and Navarra 1993 . Fig. 5b shows that a
Žcyclonic circulation northwestward currents in point

.B and southwestward currents in point C is present
—on average—from the beginning of October until
the end of May, with maximum currents in
January–February. From June through September
reversed currents are present, but with substantially

Žlower amplitudes. The currents north of Sicily point
.A follow the same variation, belonging to the south-

ern branch of the same circulation pattern. The am-
plitudes, of only few millimeterrsecond, are not
expected to represent real values because of the
reduced variance of the perpetual forcing, as dis-

Žcussed at the end of Section 2 for more realistic
.values, see Section 4 .

A synoptic view of the typical winter and summer
circulation patterns revealing finer structures than
those discussed at the beginning of this section is
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Ž . Ž . Ž .Fig. 5. a Stick-diagrams of the perpetual currents in points A, B and C of Fig. 1. b Currents Fourier filtered according to Eq. 3 .

given in Figs. 6 and 7, where two snapshots of the
filtered perpetual year transport QsHh on the 31st
of January and 30th of June are shown, respectively.

Ž .As far as the winter is concerned Fig. 6 , apart
form the basin-wide cyclonic circulation, well de-
fined strait flows are present. In the strait of Sicily a
strong horizontal shear in the wind-driven transport
can be observed: the southward flow along the
Tunisian coasts is accompanied by a northward flow
that follows the western Sicilian shelf and eventually
joins the internal cyclonic path. In the north waters
separate from the internal gyre and flow northward
through the strait of Corsica, after which they follow
a cyclonic path in the Liguro–Provençal basin, which
receives a further input from the northward flow
west of Corsica. In the north of Tunisia, an anticy-
clonic flow is deflected by the local topography and,
after having changed into a cyclonic motion is partly
entrained by the internal cyclonic gyre and partly
joins the southward Tunisian current. Note that the
nearly barotropic cyclonic gyre east of the Strait of
Bonifacio which is known to be fed almost year-
round by the eastward wind jet from that strait

Ž .Moen, 1984; Artale et al., 1994; Perilli et al., 1995
is not reproduced by this model. This is due to the
nature of the wind forcing used which does not
resolve small scale wind features.

Ž .In summer Fig. 7 , an almost basin-wide, weak
Žanticyclonic circulation is present note the scale,

.different from that of Fig. 6 . A southward flow
along the eastern Corsica and Sardinia coasts appears
to be induced by the southward flow through the
strait of Corsica which, in turn, is sustained by the
anticyclonic circulation in the eastern Ligurian sea.
This gyre appears to be driven by the northward
currents west of Corsica which, by flowing over the
shallow depths north of the island receive a negative
vorticity input. In this period of the year there is no
positive wind vorticity input in the area sufficient to
reverse the flow, so that an anticyclonic circulation is

Ž Ž .established Astraldi and Manzella 1983 , docu-
mented a clear weak reversal of the circulation in the

.eastern Ligurian sea in the period May–June 1979 .
The wind-induced currents in the straits of Sardinia
and Sicily are very weak. The meandering jet that is
visible in Fig. 6 flowing at the border of the south-
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Fig. 6. Window of the Tyrrhenian Sea area: filtered perpetual
transports on the 31st of January.

western Sicilian shelf and crossing the strait is now
transformed into an anticyclonic gyre. The northward
flow east of Tunisia appears to be blocked by the
reversed circulation in the Tyrrhenian and, conse-
quently overshoots to form a closed recirculation.

Among the smaller scale features evidenced in the
last two figures, the flow regimes through the straits
of Corsica and Sicily are the most relevant ones. It is
well known that a strongly barotropic flow in the
strait of Corsica is present year-round, and with a
seasonal variability that reflects that found in this

Žstudy Astraldi and Gasparini, 1992, 1994; Astraldi
.et al., 1994 . The problem of the extent to which the

wind contributes to such transport will be addressed
in Section 5, but we can already affirm that the
nature of the local wind-driven circulation is the
same as that observed in the strait of Corsica. On the
contrary, in the strait of Sicily the situation is quite
different. Here, a westward transport of LIW in the
bottom layer is accompanied by an eastward trans-
port of MAW, so to produce a vertically sheared

Žcurrent e.g., Manzella et al., 1988; Manzella and La
.Violette, 1990; Moretti et al., 1993 . A barotropic

component of the current is however present, and
only to that one can the present model results be

Žcompared with note that high frequency barotropic
circulation features in the strait are considered by

Ž ..Pierini 1996 . In this framework, it is interesting to
notice the strong northward flow just off the Sicilian
shelf which opposes to the southward flow along the
Tunisian coasts. This indicates that the wind-driven
barotropic component of the transport presents a
strong horizontal shear across the strait, so that in
evaluating the total barotropic transport through the
strait one misses this feature, particularly important
in winter months.

Finally, let us investigate the way the typical
winter circulation evolves toward the typical summer
circulation. From Fig. 5, it is evident that this transi-
tion takes place on average at the end of May. In
Fig. 8, four snapshots of the filtered circulation from
May 20 to June 20 are shown describing this pro-
cess. On May 20, the situation is similar to that of
Fig. 6, but with a reduced intensity and with the
absence of the northward flow across the strait of
Corsica. At the end of May, there is a further
reduction of the circulation and a southward current
from the north appears. On June 10, the latter con-
tributes to the establishment of an anticyclonic gyre
in the northern Tyrrhenian Sea, whose southern

Fig. 7. Window of the Tyrrhenian Sea area: filtered perpetual
transports on the 30th of June.
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Fig. 8. Snapshots of filtered perpetual transports during the winter–summer transition.

branch joins the residual cyclonic circulation. Finally
on June 20 we are in a typical summer scenario,
where the northern anticyclonic gyre has now cov-
ered the whole basin, but with a stronger signal in
the northeastern Tyrrhenian Sea.

The winter–summer transition in the Tyrrhenian
Sea was associated in previous modelling studies
Ž .Pinardi and Navarra, 1993; Roussenov et al., 1995
to the appearance in the barotropic streamfunction of
an anticyclonic gyre in the eastern part of the basin,
subsequently shifting westward. The disagreement
with the present results could be due to the different

Ž .perpetual year forcing used see Section 2 , to the
complete neglect in our model of the Jebar effect
orrand to the absence of the thermal forcings. How-
ever, it is worth noticing that inquiring about the
mode of transition between two distinct wind-driven
circulation regimes in the climatological signal is
little more than an academic exercise because, as we
will see in Section 4, realistic instantaneous winds

produce space and time variabilities that resemble
transient perpetual features such as that just dis-
cussed only slightly or not at all.

4. The daily variability

The seasonal and longer term—interannual—
Žvariabilities for which the typical time scale T is

Ž ..T)O 1 month are the most distinctive features of
each oceanic basin, because the character of the
forcings and the geometry of the basin act together
to produce a well defined seasonal climatology and
its variation in the different years that is usually
peculiar of the region of interest. This is why virtu-
ally all the modelling studies concerning the
Mediterranean sea are focused on these particular
aspects of the circulation, for which usually monthly
averages of the momentum, heat, evaporative and
lateral fluxes are considered.
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Ž Ž ..At the other side of the spectrum TFO 1 day ,
Žsuperinertial variabilities such as gravity and iner-

tia–gravity internal and surface waves, seiches,
.Kelvin waves, inertial currents, etc. have not only

very small time scales but also length scales usually
much smaller than the basin under consideration,
therefore, the basin geometry does not play a crucial
role as a whole in determining their characteristics
Žthe tides do depend in their shape and amplitude on
the basin geometry but their variability is exactly

.determined, at least in principle . All these variabili-
ties have clearly little to do with the Mediterranean
circulation.

There is, however, an intermediate high frequency
Ž Ž . Ž ..range O 1 day -O 1 month for which the forc-

ing mechanisms and the induced length scales are
comparable to those typical of the seasonal variabil-
ity, but whose response is filtered out when using the
monthly mean forcings. Over these time scales, the
changes of sensible and latent heat fluxes that induce
mainly the thermohaline circulation, are not expected
to determine an oceanic response comparable to the
climatological one because of the slow baroclinic
adjustment processes involved. For the winds, how-

ever, the situation is quite different: they vary over
an 1-day time scale typical of the atmospheric
weather systems and their r.m.s. is larger than the
monthly mean, as shown for the Tyrrhenian Sea in
Fig. 2. Moreover, the mechanism of generation of
currents briefly described at the beginning of Section
2 allows for a fast barotropic adjustment. As a
consequence, one could expect that over a period of
few days a wind-driven signal is present in the
Tyrrhenian Sea that can be comparable or even
larger than the climatological one. The study of this

Ž .kind of variability here denoted as ‘daily’ , that the
present free-surface model can describe correctly, is
usually disregarded in modelling studies, but we
believe its understanding is relevant for short-term
ocean forecasting and for modelling properly the
horizontal dispersion in the sea. At the best of the
authors’ knowledge the only study in which the high
frequency wind-driven response in the Mediter-

Ž .ranean was considered by Piacsek and Allard 1995 .
We now pass to analyze the daily variability of

the two test years 1981 and 1987. The year 1981 is
particularly interesting because in the winter major
episodes of anomalous wind amplitudes are present

Fig. 9. Stick-diagrams of the instantaneous 1981 and 1987 currents in points A, B and C of Fig. 1.
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Ž .Pinardi et al., 1996 ; the year 1987 is chosen be-
cause current meter data are available in the strait of

ŽCorsica for that year see Section 5 for a comparison
.between numerical and experimental data . We stress

that the spin up in the present homogeneous model is
Ž .very rapid 2–3 days , so that we performed single-

year runs for the two test years.
In Fig. 9, the stick-diagrams referring to the points

A, B and C of Fig. 1 are shown for the instantaneous
1981r1987 forcings. By comparing these currents

Ž .with the perpetual ones Fig. 5a one can notice
immediately two important differences. First of all,
the instantaneous currents can be up to 10 times
larger than the corresponding climatological ones,
secondly, their variability is remarkably larger than
the climatological one. For instance, in the perpetual
year response, the currents in points B and C are
coherently northwestward and southeastward, respec-
tively, from the beginning of October until the end of
May while in the instantaneous 1987 response they

Žare predominantly in the same direction though with
.a larger variance but with periods of reversed circu-

lation. In 1981 the situation is even more dramati-
cally different: the variability until the end of April
is such that one could hardly recognize the average
winter condition. In both years the amplitude of the
currents can sometime change by an order of magni-
tude in few days. The comparison of the stick-di-
agrams of Fig. 9a,b with the corresponding wind
forcing in Fig. 2 allows to recognize easily the

Ž .correlation between the positive negative spikes of
Žwind stress curl and the corresponding cyclonic an-

.ticyclonic circulation induced in the Tyrrhenian Sea.
See for instance the positive spike at the end of
March 1981 and the corresponding intense cyclonic
circulation induced, or the strong positive wind curl
activity in mid-January and mid-February 1987 and
the positive vorticity driven inside the basin.

In order to obtain a synoptic view of the current
patterns associated to typical transient events and
nearly steady conditions a series of snapshots refer-
ring to 6 consecutive days are given in Figs. 10–13.
Fig. 10 shows the situation during the third week of
March 1981 when, as can be seen in Fig. 9a, the
daily variability was relevant. In the six pictures, a
cyclonic gyre is always detectable but its shape and
location varies remarkably; at the same time a com-
plete reversal and counter-reversal of the current can

Fig. 10. Snapshots of instantaneous transports.

Žbe observed along Sardinia and Corsica 15r17r19
.March and the generation and disappearance of two

anticyclonic gyres along the Italian coasts and their
movement is also evident. In Fig. 11 a period of
analogous strong daily variability is shown referring
to the 3rd week of November 1987. A relatively
weak cyclonic circulation located in the southern
part of the basin evolves toward a much stronger one
embracing the whole Tyrrhenian Sea; at intermediate
times an anticyclonic gyre formed on November 20
in the north moves southward along the Sardinian
coast and eventually looses its individuality at the
end of the week. Finally, in Figs. 12 and 13 two
more stable situations are presented. In Fig. 12 the
week initiated with the large positive wind stress
spike in late March 1981 mentioned above is re-
ported. The intense basin-wide cyclonic circulation
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Fig. 11. Snapshots of instantaneous transports.

undergoes oscillations but always retains its struc-
ture; only some meandering currents in the north can
be observed. Fig. 13 corresponds to a cyclonic circu-
lation during a period of decreasing trend in the

Ž .second half of January 1987 see Fig. 9b . Here, the
spatial structure of the gyre varies very little but the
weakening of the currents is evident.

As far as the experimental evidence of the pres-
ence of this high frequency variability is concerned,

Žno current time series the only data relevant for this
.purpose in the deep sea are available, but data of

this kind were obtained in the shallow waters of the
northern Tyrrhenian Sea and off Corsica. Elliott
Ž . Ž .1979 and Astraldi and Manzella 1983 reported
barotropic currents off the northwest Italian coasts
and on the East Ligurian shelf, respectively, having a
large high frequency variability clearly induced by

Ž .the winds. Astraldi et al. 1990 presented current
time series west of Corsica and in the strait, both
yielding large fluctuations over a 2 dayr1 week time

Žscale note that the data were low-pass filtered to
.remove oscillations below 2 days . Artale et al.

Ž .1994 showed current data gathered in the northern
Tyrrhenian Sea. No direct comparison with the pre-
sent numerical results is possible because those data
refer to the years 1989–1990 that are not included in
the wind data set used, and also because they are
taken in a region in which a gyre not resolved by our

Ž .winds is present see Section 3 . However, the stick-
diagrams reveal a pronounced high frequency vari-
ability that is much more like that shown in Fig. 9
rather than that of Fig. 5a, with several episodes of
reversal of the currents not to be expected in the
seasonal signal. All these current data confirm quali-

Fig. 12. Snapshots of instantaneous transports.
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Fig. 13. Snapshots of instantaneous transports.

tatively the existence of a remarkable high frequency
variability of the currents in the Tyrrhenian Sea area.

One last point that we want to address is the
dynamical character of the wind-driven daily vari-
ability. In Section 2 we recounted the well known
mechanisms through which Ekman and geostrophic
currents are induced by the wind. The consequent
direct response to winds, shaped by the geometrical
characteristics of the basin, determine to a large
extent the oceanic response. However, also internal
dynamical mechanisms can contribute to determine
the form of the barotropic response. Apart from
cases of barotropic instability, this is typically due to
the existence of wave systems that are excited by the
wind but whose temporal and spatial features are not
necessarily directly reminiscent of the wind forcing.

ŽHere, we do not refer to long gravity waves which

are, however, included in the shallow-water dynam-
.ics , whose frequencies are well beyond the temporal

range of interest, but rather to rotational waves such
as continental shelf and topographic and planetary

Ž .Rossby waves and modes. Elliott 1979 considered
the existence of continental shelf waves along the
coast of northwest Italy, although no definitive evi-
dence of their existence could be provided, the possi-
bility remains that such a coastal wave activity in the
area with periods of about 5 days may be present.

Ž .Pierini 1996 showed that resonant topographic
Rossby modes could be excited by the wind and
remote currents in the strait of Sicily with periods
ranging from 2 to 5 days. The Tyrrhenian Sea has
coastal and topographical characteristics that could
—in principle—allow for the existence of similar
waves or modes. On the other hand, the overwhelm-
ing action of the topographic steering appears to
prevent the existence of the planetary dynamics in

Ž .the Tyrrhenian Sea Pierini, 1997 . In conclusion,
further studies in this direction are needed in order to
get a deeper understanding of the intrinsic dynamical
features of the wind-driven circulation of the basin.

5. Discussion and conclusions

In Sections 3 and 4 the seasonal and high fre-
quency wind-driven currents in the Tyrrhenian Sea
area have been analyzed in the framework of a
numerical process study, and a significant qualitative
agreement with previous experimental and theoreti-
cal studies has been found. At this stage, an impor-
tant point that should be analyzed is the relative
weight of the wind-driven circulation in comparison
with motions of different origin, because understand-
ing how the energy and transports are partitioned
into the various dynamical components is the basis
for a satisfactory description of the circulation of a
basin. A comparison of the present numerical results
with experimental observations and theories will pro-
vide some quantitative indications to this respect.

Let us thus focus on the dynamics of the strait of
Corsica, which is a good indicator of the global
Tyrrhenian circulation and for which valuable cur-
rent meter measurements are available. This is a very
narrow channel, its width being approximately equal
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Žto the spatial resolution of the present model 25
.km . Numerical currents taken at a specific grid

point cannot, therefore, be compared with experi-
mental currents taken in the strait, but the total
transport across it can, instead, be used in relation
with data. Fig. 14a shows the transport across line

Ž .L1 see Fig. 1 for the year 1987 described in
Section 4. A predominant northward flux is found in
the periods January–April and October–December
while a predominant but weaker southward flux can
be observed in the rest of the year; remarkable is the
daily variability, as expected from the discussion of
Section 4. The transport has episodes of up to 1.3 Sv
in January, 0.8–1 Sv in other winter and autumn
months and "0.2–0.4 Sv in summer. The 50-day

Žrunning mean filtered transport computed on the
.signal assumed periodic has a maximum value of

0.25 Sv at the end of January and a minimum value
Ž .of about y0.05 Sv in summer. Astraldi et al. 1990

Ž .Fig. 14. a Instantaneous mass transport in the year 1987 across
Ž .line L1 of Fig. 1 and 50-day running mean filtered transport. b

Instantaneous mass transport in the year 1987 across line L2 of
Fig. 1.

presented a 50-day running mean filtered transport of
the local AW and LIW through the strait from
October 1986 to September 1987. Only the seasonal
trend was therefore left and the values ranged from a

Žmaximum of 1.4 Sv at the end of January 1987 like
.for our filtered transport to about 0.2 Sv in August

for the total MAW-LIW transport.
Hence, our numerical seasonal wind-driven trans-

port in 1987 appears to be only a fraction, 15–20%
of the total transport, but the numerical high fre-
quency variability shows fluctuations that can be as
high as the experimental mean seasonal signal. These
large fluctuations are not shown in the filtered trans-

Ž .port of Astraldi et al. 1990 , but currents in the strait
low-pass filtered only below 2 days, presented in the
same paper, do reveal variations of the same fre-
quency and amplitude as the present numerical re-
sults.

It should be stressed that the above numerical
transport estimate is obtained for A s5000 m2rs,H

which is about 10 times larger than typical values
used in models with an 1r48 resolution. This anoma-
lously high value was required in the high frequency
runs, in which the large temporal and spatial gradi-
ents of the wind forcing would, otherwise, produce
numerical instabilities; the same choice was then
made also in the seasonal runs, for the sake of
consistency. However, short term integrations with
lower values of A carried out until the onset ofH

instabilities show responses similar to those pre-
sented in this paper, but with larger amplitudes. For
example, the choice A s500 m2rs would produceH

amplitudes about twice as large as those shown here.
Therefore the above transport estimate could be cor-
rected to 15–40% for a range of values 5000 to 500
m2rs for the horizontal eddy viscosity coefficient.

In conclusion, one can envisage the following
scenario for the strait of Corsica transport in the year
1987.

Ž .a A constantly northward seasonal transport is
present, with values ranging from 1.4 Sv in winter to

Ž .0.2 Sv in summer Astraldi et al., 1990 . According
to the present model, the wind-driven seasonal trans-
port may have accounted for 15–40% of the total.

Ž .b A significant high frequency variability mod-
ulates the seasonal transport. It is mainly induced by
the wind and its r.m.s. is comparable to the seasonal
signal. The present model results show a total wind-
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driven flux with peaks as high as 0.8–1.3 Sv in
winter and "0.2–0.4 Sv in summer for A s5000H

2 Žm rs values are about twice as large for A s500H
2 .m rs .
A question now arises: what is the cause of the

nonwind-driven part of the seasonal transport in the
strait of Corsica? The main contribution is believed
to be due to gradients of heat losses in winter
between the Tyrrhenian Sea and the Liguro–
Provençal basin, and to the remote mass flux through
the strait of Gibraltar. The amount of sensible and
latent heat lost in winter in the Liguro–Provençal
basin because of air–sea interactions and of deep
water formation processes in the Gulf of Lions is
larger than that lost in the Tyrrhenian Sea, so that a
steric level gradient between the two basins is pro-
duced which forces a northward mass flux through

Ž .the strait of Corsica Astraldi and Gasparini, 1992 .
On the other hand, the opposite fluxes of AW and
LIW through the strait of Gibraltar are shown to be
able to account for 0.32–0.7 Sv in the strait of

Ž .Corsica transport Herbaut et al., 1996 . The nature
of these two effects is such that their contribution to

the strait flux is mainly concentrated at low frequen-
Ž .cies the seasonal variability , while it is the wind

that induces the rapid, intense current activity.
Finally, we pass to analyze the interaction be-

tween the wind-driven dynamics in the straits of
Corsica, Sicily and Sardinia and that in the interior
of the Tyrrhenian Sea. By clarifying this point, one
would get some information on how to infer dynami-
cal characteristics of the Tyrrhenian Sea by studying

Žthe fluxes through the straits the preceding discus-
.sion is an example where measurements can more

easily be carried out. In Fig. 14b, the transport across
Ž .line L2 see Fig. 1 for the year 1987 is reported,

showing the intensity and variability of the main
Tyrrhenian gyre at its eastern branch. The signal is
qualitatively similar to that of the strait of Corsica
shown in Fig. 14a, but its amplitude is about 5 times
larger, reaching a maximum value of 6 Sv in Jan-
uary. This suggests that there is probably a one-way
interaction: the Tyrrhenian wind-driven dynamics is
basically due to the local winds, and the flux through
the strait of Corsica depends mainly on the regime of
circulation at its southern boundary. Inversely, the

Ž . Ž .Fig. 15. a Stick-diagrams of the perpetual currents in points A, B and C of Fig. 1 for the closed Tyrrhenian Sea case. b Currents Fourier
Ž .filtered according to Eq. 3 for the closed Tyrrhenian Sea case.
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Ž . Ž .Fig. 16. Filtered perpetual transports on the 31st of January for the open a and closed b Tyrrhenian Sea case.

flux through the strait can hardly contribute to deter-
mine the internal Tyrrhenian circulation, being so
much weaker than the latter.

This hypothesis is confirmed, also for the straits
of Sicily and Sardinia, in the following sensitivity
experiment. The seasonal variability is studied in a

Ž .‘closed’ Tyrrhenian Sea see Fig. 16b and is then
compared with that obtained in the framework of the
whole Mediterranean. Fig. 15 shows the perpetual

instantaneous and filtered currents in points A, B and
C for the closed sea case. A comparison with Fig. 5
immediately puts in evidence the almost identical
response between the open and closed sea cases.
Figs. 16 and 17 show the comparison between the
two responses on January 31 and June 30, respec-
tively. The flows are virtually identical in the interior
while they obviously differ near the straits. The only
significant difference in the interior is found in sum-

Ž . Ž .Fig. 17. Filtered perpetual transports on the 30th of June for the open a and closed b Tyrrhenian Sea case.
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mer along the western Corsica and Sardinia coasts:
the southward coastal current is greatly reduced in
amplitude in the closed sea case, in agreement with
its explanation given in Section 3. This is a Tyrrhe-
nian wind-driven feature that is mainly forced by the
anticyclonic gyre induced in summer in the Ligurian
sea, so neglecting this effect virtually eliminates this
current. Therefore, apart from this specific coastal
current, one can conclude that the wind-driven dy-
namics in the Tyrrhenian Sea is basically induced by
the local winds on a basin scale and is largely
independent on the wind-driven response in the rest
of the Mediterranean. On the other hand, the wind-
driven currents through the Corsica, Sicily and Sar-
dinia straits are forced by the Tyrrhenian Sea dynam-
ics, but they also depend on local and remote wind
effects. It goes without saying that these conclusions
apply strictly to the wind-driven dynamics. The wa-
ter mass characteristics of the Tyrrhenian Sea in
terms of LIW and MAW are heavily dependent on
the flows through the straits of Sicily and Sardinia,
which provide a pathway for the intrusion of those
waters from the eastern and western Mediterranean
subbasins.
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