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ABSTRACT From hydrological data collected along the Nice-Calvi transect in the Ligurian 
Sea, a 4-month periodic oscillation in density was identified out at ali depths. This 
oscillation, found also in the atmospheric pressure, can be explained in terms of 
barotropic planetary waves. 

Oceanol. Acta, 1985, 8, 1, 23-28. 

RÉSUMÉ Oscillation de longue période en Mer Ligure 
Les observations hydrologiques effectuées sur la radiale Nice-Calvi (M.::r Ligure) 
ont permis d'isoler une oscillation de 4 mois en densité. Cette oscillation, rencontrée 
également dans la pression atmosphérique, peut être interprétée comme une onde 
planétaire barotrope. 

Oceanol. Acta, 1985, 8, 1, 23-28. 

INTRODUCTION 

In recent years, the importance of1ong-period chan
ges and eddies in the ocean has become more 
and more evident. Most investigations have mainly 
concentrated on the analyzes of the structure of 
mesoscale eddies, in particular the warm water eddies 
(50 to 300 km in diameter) associated with the Gulf 
Stream (e.g. Cheney, Richardson, 1976). Atmos
pherically-forced eddies have been detected in the 
North West Pacifie (Willmott, Mysak, 1980) and in 
the Atlantic Ocean (Willebrand et al., 1980). 

The frequent occurrence of meso- and small-scale 
eddies in the Mediterranean Sea is also evident from 
satellite imagery (Philippe, Harang, 1982). Their 
generation mechanisms are not completely known, 
but it seems that eddies can be generated by a 
baroclinic instability process (Gascard, 1978) or can 
have a topographie planetary origin (Garzoli et al .. 
1982). 

In the Ligurian Sea, the existence of a cycloriic 
circulation is weil known, and has been studied by 
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means of satellite images (Wald, Nihous, 1980); 
dynamic methods (Stocchino, Testoni, 1977) and 
objective analysis (Nyffeler et al., 1980). Moreover, 
the Ligurian Sea exhibits a high spatial variability 
that sometimes overcomes the general cyclonic circu
lation. Eddy-like structures and patches of warm 
and cold water reported by Hela (1963), Dahme et 
al. (1971 ), Stocchino and Test,oni (1977), are due to 
wind effects and to local topography (Hela, 1963) 
or to climatic variations (Wald, Nihous, 1980). 
Their evolution is known only approximatively, since 
advances in the knowledge of long-period variations 
have unfortunately been. hindered by the lack of 
long-term current and TS records. 
One exception relates to the hydrological data 
collected along the track Nice-Calvi (Hydrokor Crui
ses, 1973; 1975; Fig. 1), which permitted Bethoux et 
al., (1982) to eva1uate the fluxes through the section. 
The circulation is stronger in the northern part 
because of the concentration of fluxes from both 

, sides of the Island of Corsica (Bethoux et al., 1982). 
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Referring to average annual density profile and 
the atmospheric pressure, Gasparini and Manzella 
(1984) suggested that atmospheric oscillations can 
excite Rossby waves in the Ligurian Sea: the Nice
Calvi transect data provide a good opportunity to 

, verify their existence. This is done by studying the 
spatial.and temporal characteristics ofthose data and 
investigating both time- and leugth- scales involved 
in the dynamics of the Ligurian Sea at seasonal 
intervals. 

THE IN SITU MEASUREMENTS 

Monthly STD profiles were obtained from the data 
gathered during the years 1969-1973 at nine stations 
spaced at regular 10 mile intervals along the Nice
Calvi transect (Hydrokor Cruises, 1973; 1975). In 
order to obtain complete ti me evolutions of vertical 
profiles, we assembled the nine profiles into three 
sets (one near Nice, one situated centrally and one 
near Calvi), according to the Bethoux et al. (1982) 
analysis, which found strong geostrophic flows chan
ne lied into a coastal band 20 to 30 miles wide and 
a central zone in which the geostrophic flows are 
almost nul. The incoming geostrophic currents in 
front of Calvi sometimes present a reversai which is 
not detected in the current off Nice (Gostan, 1967); 
this notwithstanding, there exists a permanent circu
lation normal to the Nice-Calvi transect. This circula
tion is believed to have an annual cycle (Bethoux et 
al., 1982), but a seasonal fluctuation of the flux off 
Nice has been hypothesized by Gostan (1967). 
The time evolution of the density data shows a 
certain surface variability flattening progressively to 
a depth of 100-150 rn, below which the density 
variations become quite homogeneous. Figure 2 
shows density spectra of the central zone data; 
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Figure 1 
Ligurian Sea and the idea/ized basin. cp 
is the orientation angle; numbers in the 
squares indicate the hydrological sta-
tions. · 

similar behaviour is encountered in the coastal zone 
data. An annual fluctuation is clear1y present in the 
surface data, while the data below 100-150 rn are 
characterized by a significant amount of energy, 
almost constant in the vertical at 3-4 epy. This 
fluctuation is weil evidenced in the data after the 
removal of annual oscillation (Fig. 3). 
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Figure 2 
Spectra of density at 20, 200, 400 m. 90% confidence /imits are 
included. 
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Vertical density anomaly rime-evolution of the avereged central 
profile between. 100 and 1000 m. Hatched areas are negative 
anomalies. The dashed contours should read 0.04 kg m- 3
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In order to investigate the time and spatial evolution 
of the density anomalies along the Nice-Calvi tran
sect, we examine the data at 150 rn depth because 
of data completeness at ali nine stations. Also 
considering the restriction of the spectral analysis, 
wave number spectra were computed yielding 3 
degrees of freedom (Fig. 4) indicating that most of 
the energy has wavelengths of 60-80 km. 
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Figure 4 
Wave numb'er spectra at 150 m. 90% confidence limits are included. 
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Figure 5 
Horizontal density anomaly lime-evolution at 150 m. Hatched areas 
ar~Jnegative anomalies. The dashed contours should read 0.04 kg 
m ·. 

From Figure 5, showing the lagged correlations 
among stations, one can see a westward propagation 
of the anomal y maximum values, even if there exists 
a certain amount of correlated and uncorrelated 
noise, which obscures that phenomenon. The sources 
of this noise may be found in instrument errors, 
subgrid variabilities or local dynamics. Nevertheless, 
from the linear regression of the non-negative lagged 
correlation for each pair of stations, it is possible to 
calculate an average speed of propagation of about 
35 kmfmonth (Fig. 6). In this computation the 
first station, particularly influenced by the complex 
dynamics present near Calvi, is neglected. 
Since this oscillation is also present in the atmosphe
ric pressure (Gasparini, Manzella, 1984) it is of 
interest to know whether it can be detected at the 
coastal sea level. Previous studies (Mosetti, Purga, 
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1 982) have demonstrated the existence of annual and 
seasonal oscillations in the sea level along the Italian 
coasts. They were related to tidal forcings and in 
particular to elima tic variations. An analysis of the 
monthly sea level at Genoa shows that there is a 
significant amount of energy at 3-4 epy, but the 
coherence between the sea levet and the atmospheric 
pressure (Fig. 7) is not weil defined at that time scale, 
probably because near shore and shelf processes 
obscure the open sea signal. It is, however, interesting 
to note that atmospheric pressure and sea level, 
when coherent, are quite in phase. 
Sirice from the data analysis sorne peculiar characte
ristics of barotropic Rossby waves appear, we are 
led to verify the extent to which a Rossby wave 
model fits the observations. 
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Figure 7 
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ROSSBY W AVE FORMULATION 

The response to atmospheric fluctuations of an 
idealized flat rectangular basin not zonally aligned 
and open towards the south-west is examined (Fig. 
1) and studied in terms of barotropic planetary 
waves. In particular, the role of multiple reflections 
that planetary waves cao undergo from the side 
boundaries of the semi-enclosed region, is examined. 
The planetary wave equation is 

1 
V 2llr - Ro llr - J3 sin <p llY 

+ J3 cos <p llx = FORCING, 
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Table 
Adimensionalisations and values of constants 

Adimensional variables 

x. y- L(x, y) t - tj(j3L) 

Values of parameters 

D Length of the basin 
L Length scale 
H Total depth 
xo. )'o Forcing position 
g Gravity 
f Coriolis parameter 
13 Beta parameter 
TJ * Characteristic sea 

levet 
p* Mean pressure 
cp Rotation angle 
2 1tjw Period of atmospheric 

forcing 
Ro = (gH)2 j 1 Rossby radius 
Po Reference density 

150 km 
50 km 
2 km 
75 km 
9.81 rn s-2 

1.03 x 10-4 s-• 
1.6179 x 10- 11 rn-• s-• 

.33 year 
1360 km 
103 kg m-3 

where the basin rotation from the North axis (<p = 
37°) is taken into account, <p being the surface sea 
level and Ro the Rossby radius. The wave equation 
used is the same as that adopted by Willebrand et 
al., (1980). ln fact we cao transform the surface 
elevation Tl into the stream function \ji by means of 
the relation 

fo\jl P 
Tl=---, 

gH pog 
where P is the atmospheric pressure. 
By introducing the carrier wave transformation 

Tl (x, y, t) = ~(x, y) exp {{tro cos <px 

- :ro sin <p y - rot)} 

the surface displacement equation, in terms of dimen
sionless variables (see the Table), can be reduced to 
the non-homogeneous Helmholtz equation 

v 2~ + (!:2 - ~;) ~ = - 4 1t Q, 

where 

Q = _i_ IfP* F(x,y) exp {- i(cos <p x 
4 1t ropo g 11* 2ro 

_ si;
00

<p Y)}· 
Tl* and P* are characteristic values of the surface 
displacement and of the atmospheric pressure. In 
defining the shape of the forcing Q sorne considera
tions have to be made. As has been pointed out by 
many authors (e.g. Willebrand et al., 1980), the 
forcing can be caused by the wind stress, pressure 
fluctuations or buoyancy fluxes at sea surface, the 
nature of the oceanic response depending only on 
the space and time scales. Although the wind stress 
curl is generally believed to be more important than 
other forcings, it was not introduced because there 
is no information on its spatial distribution, and 
because in the Ligurian Sea it is controlled by the 
low-pressure cell evolutions. In fact the Ligurian Sea 



is a cyclogenetic area (Meteorological Office, 1962) 
where the atmospheric pressure plays a fundamental 
role in the evolution of the wind field. On the other 
hand because of the time (3-4 months) and spatial 
(50 km) scales involved in the oscillations of the 
anomalies, only the gradient of the atmospheric 
pressure can be considered (Philander, 1978). This 
forcing is idealized in terms of a delta function and 
applied to the center (x0, y0) of the basin: 

F(x,y) ~ sin <p Px - cos <p Py - ô (x- xo) ô (y- Yo) 

The solution is given by: 

\il (x,y) = f 1 Q (xo,yo) G dxodyo, 

where S is the domain of integration and (x0, y0) is 
a concentrated forcing position. G is the Green 
Function that is obtained from the method of images, 
and is expressed in terms of zero-order Hankel 
functions of the second type. Details on the solution 
method can be found in Gasparini and Manzella 
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Figure 8 
Mode/ lime-evolution of surface elevation. 
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(1983)." For the previous considerations we chose co 
= 3.3 c.p.y. for the time frequency and L = 50 km 
for horizontallength scale. The Helmholtz equation 
was solved over a half period 0 < t < rt/ro. Figure 
8 shows the time evolution of the sea surface elevation 
plotted every 15 da ys, the predominant feature being 
a westward propagation corresponding to a phase 
speed of about 72 kmfmonth, or 0.03 m/s, along the 
Nice-Calvi transect, a value quite consistent with 
the depth-independent density anomaly propagation 
found in the observed data. It is interesting to note 
that the wave propagation from Calvi to Nice is 
related to the basin orientation while a zonally 
aligned basin has an along-axis symmetric structure. 
The sea level variation is of the order of a centimeter, 
the amplitude increasing synchronously with the 
atmospheric pressure. 

DISCUSSION 

The main points of this paper are the analysis of a 
low barotropic oscillation in the Ligurian basin in 
term of Rossby waves and the role played by the 
atmospheric oscillation on its generation. It has been 
shown how a simple linear model, considering the 
multiple reflection effects of the coastal geometry 
and the basin orientation and utilizing a very simple 
forcing, can reproduce the tendency of the wave to 
propagate from Calvi to Nice. 
In spi te of the encouraging results obtained, account 
is not taken of a number of effects which could also 
prove to be important, such irregularities in the 
topography which can transfer energy into smaller 
scales, and non-linear interactions with the mean 
flow. Also the coastal effects and the friction proces
ses are neglected. Before many of these effects can 
be understood, however, it seems necessary to know 
more about such important aspects as the sea levet 
evolution in the basin interior, and to obtain a more 
realistic forcing shape: only then will it be possible 
to evaluate effectively the rote played by this wave 
in the dynamics of the basin. 
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