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Low-Frequency waves in the Ligurian Sea During December 1977
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Observationsoflow-frequency waves in the Ligurian Sea in December 1977are presented. From
time seriesof thermal infrared imagesobtained by satellite NOAA 5, the mean waveiength and phase
velocity are estimated. They are, respectively, 38 km and 18 cm s-r. These waves are analyzèd as
large-amplitudebaroclinic waves. Fairly good agreementis found with a twoJayer model.

IN:rLopuc'ttoN
The northwestern Mediterraneanbasin is characterizedat.
all seasonsby a large cyclonic circulation of surface water.
This is shown in Figures I and 2, which show the dynamic
contours and the velocities calculated at the surface from a
hydrological cruise done by Tchernia in February-March,
1960(H. Lacombeand P. Tchernia,unpublisheddata, 1965).
This large-scalemotion is mainly due to the inflow of surface
water coming from the Atlantic Oceanthrough the Straits of
Gibraltar, which compensatesfor the water lost by evaporation. In winter, strong convective motions occur in the
center of the gyre, and deep water massesare formed by
mixing over the whole depth [Gascard, 1978].
The Ligurian Sea is the easternpart of that region. It has
been studied by many authors lLacombe and Tchernia,
1972; Gostan, 1967a,b; HeIa, 1963; Trotti, 1953; Tchernia
and Saint-Guily, 1959;Dahme et al., l97l; Stocchinoand
Testoni, 1977, 19781.Three different masses of water are.
found. In December, a surfacelayer of some 100m in depth
is observed.Its temperatureis between 13.50and 14'C, its
salinity is between 38.05and 38.207oo,and its density (oe) is
between 28.50 and 28.95. Between 100 and 650 m an
intermediate water type of levantine origin is found. Its
temperature is about 13.25'C, its salinity is about 38.52%a,
and its potential density (o) is about 29.08. Below this, a
deep water type is found with a potential temperature of
12.70"C,a salinity of 38.41%o,and a density(oe)of 29.11.A
typical density profile is shown in Figure 3.
The horizontal velocities extend from the surface to at
least 500-600 m. The deep water is nearly quiescent. A
vertical section of the velocities on the line Nice-Calvi in
October 1963is presented in Figure 4 (H. Lacombe and P.
Tchernia, unpublished data, 1965).The velocities are calculated by the dynamic method from hydrological data. Velocities up to 50 cm s-r are ençounteredat the surface. These
velocities are smaller than those measuredduring the same
period with a GEK (Figure 5). This could be due to the
existence of a cyclonic barotropic current of a few centimet e r ss - 1 .
From the above considerations,it appearsthat the Ligurian basin can be modeled as a two-layer oceanwith a surface
layer of a thickness H1 of 200 m, a Brunt-Vâisâlâ frequency
N1 of 4 ' l0-3 s-1, and an internal radius of deformation R1
: Nflrtf : 8 km overlying a deep layer of a thicknessI/2 of
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20(X)m, a Brunt-Vâisâlâ frequency Nz of 0.4 . 10-3 s-r, and
an internal radius of deformation R2 also of 8 km (Figure 3).
The general cyclonic motion suggestsçool water in the
interior with warmer water at the periphe-y of the sea. In
between, there is a thermal front with a variation of a few
tenths of a degree across the front. This feature is clearly
visible on the thermal infrared imagerygiven by the radiometer VHRR of the satellite NOAA 5 (Fieure 6).
The aim of this note is twofold. First, we presentobservations of low-frequency waves propagating in the Ligurian
Sea made by satellite NOAA 5 during December 1977.From
these observations, some parameters specific to wave motion are estimated.Secondly,we examinethe wave phenomenon in terms of the baroclinic instability mechanism and
çompare the observationswith the rotating tank experiment
of Saunders [1973] and with the model of TanS U9751.lt is
found that the Ligurian Sea may be baroclinically unstable
and that the wavelengthspredicted by the baroclinic instability theory of Tang [1975]are in general agreementwith our
calculations.
OssBnvarroNs
ln December 1977, the meteorological situation over the
Ligurian Sea was atypical. From December I to December
20 the northern part of the Ligurian Sea was calm, but
easterly winds were blowing continuously over the southern
part. Their velscities were larger than 8 m s-l on December
1 , 2 , 4 , 1 5 ,1 6 ,1 9 .
Seven clouô-free thermal infrared images were obtained
during that period. The NOAA 5 satellite data were processed by the Centre de Télédétection et dlAnalyse des
Milieux Naturels (CTAMN). This included the following:
computation of equivalent tempelatures; smoothing by a
two-dimensional spatialfilter contrast enhancement; plotting
of full thermal resolution maps; and, finally, a geometric
correction for the earth's spin and the curvature of its
surface.
The absolute values of temperatureprovided by the radiometer are not very accurate, but sea surface temperatures
(SST) may be determined with an açcuracy of 0.5.C at a 3km resolution in this area lAlbuisson et aI., 1979;Wald and
Nihous, 19801.In order to make the images superposable
(-r 1 km2), they must be geometricallycorrected on the basis
of known landmarks.
One of the sevenimagesof December 1977is presentedin
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Fig. 2. Surface velocity in February-March, 1960.
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Fig. 3. Typical density profile in December 1960(after Gostan
Il967al) (solid line) and its schematic representation (dotted line),
fitting the Tang model.
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Figure 6. The seven images exhibit large meanders of the
thermal front. The horizontal SST gradientsare the strongest
we have ever seenon satellite imagesin this region; they are
of the order of 0.05'C/km. Observationsof the wave motion
over 24-hour sequencesare possible for December 3 and 4
and December17, 18, 19, and 20, 1977.Meandersmay also
be followed, but less clearly, on the imagesof January 5, 6,
and 7. 1978.
In Figure 7 we present meandersof two frontal isotherms
(solid and dotted lines) on December 3 (thick lines) and 4
(thin lines). Waves apparently propagatearound the central
eddy in the cyclonic direction. At any particular time the
meanders are of different shapes along the front, but a
particular meanderkeepsthe sameshapeduring its propagation. This shapepreservation allows measurementsof wavelengths and phase speeds.
The mean values of wavelength and of phase speed,
computed from 30 measurements,are, respectively, 38 km
and 18 cm s-1, with rms valuesof 10 km and 2 cm s-1. The
phase speedis in the samedirection as, but smaller than, the
mean current of Nice, which is about 50 çm s-t. The period
is 2.5 days and is greater than the inertial period 2zlf (about
17.30 hours). These quantities axe remarkably constant
during the period of observation.
We have examined the possibility that the phase velocity
was due to the stroboscopic effect. This mechanism gave
unrealistic values for the phase speed, and hence this was
not considered further.
Five similar meanderswere also observed between Nice
and Marseille on one imagefrom NOAA 6 on November 26,
1979.The distancebetween two adjacentcrestsrangedfrom
30 to 70 km. The lack of additional information preventedus
from combining the observations of December 1977and of
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Velocity profiles calculatedby the Helland-Hansenmethod on the line Nice-Calvi in October 1963.
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Fig. 5. Velocities at the surface calculatedwith the GEK in October 1963.

November 1979.In fact, it seemsthat the Ligurian current is
particularly unstable at the end of November and in December. Unfortunately, this period is the worst for satellite
infrared imagery becauseoffrequent cloud coverage.
DrscussroN
The shapeof the thermal front presentedin Figures 6and7
looks very much like that of the Saunders[1973]experiment,
which deals with the instability of a baroclinic vortex in a
rotating tank. Using dimensionalanalysis,he found that the
instability occurs when
| >> R2lD2

where R is the internal radius of deformation and D is the
width of the current. By substituting the values of R and D
computed for the Ligurian basin (R : 8 km, D : û km). we
find that this instability criterion is satisfiedand that this area
may be baroclinically instable. A relation betweenR and the
number meanderslqt can be found:
m : 1 . 8D I R
where an z is an integer.
For the Ligurian basin, we find ltt : 13, which is in rough
agreementwith the nine meandersobservedin Figure 6 and
7.
The explanation of the above-mentioned phenomenon
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Fig. 6. Satellite infrared thermal image of the Ligurian Sea on
December 4, 1980, at 0900 UT. The warmest temperaturescorrespond to the darkest tones for the sea. The meandersin the frontal
zone are clearly visible.

Fig. 7. Meanders of two isotherms ? (dotted lines) and T *
0.5'C (solidlines)on December3 (thick lines)and 4 (thin lines).Let
us notice that the two thick lines (solid and dotred) of December3
are transformed into the two thin ones of December 4 through a
cyclonic rotation. This allows us to estimatethe phasespeedof the
waveJike motion.
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: 0 at z: 0), and is equal to zero in the lower layer (Figure
8).
Equations (1) and (2) are applied to each layer. The
general solution is
tt : At exp (KtlH)

* 81 exp (-K*lHr)

in the upper layer and
th. : Az exp (K2zlH) + 82 exp (-KzzlHz)
inthelowerlayer,whereK1 : p,H1Nrlf,Kz: p,H2N2lf,and,
p: (l* + P)tt2.By usingthe abovedefiniti,onôf Hr, Hr, Nr,
and N2, the following dimensionlesspaxametersare computed.
K : tanh K2ltanhK1
M : N1lN2
a : 2[(Ktl2) - tanh (Krlz)ll(Kr - tanh K1)
b : 2l(Kl2) - coth (Ktlz)ll(Kt - tanh K1)
Then, the phase velocity is written in the form

-H2

c:cr*ic;

F!e, 8. Schematicrepresentation
of the velocityprofileof the
model:layer with constantshearon top of quiescênilayer (after
Tang).

may be soughtthrough theories of large-amplitudebaroclinic
waves and, in particular, of baroclinic instability. These
baroclinic waves could have been initiated by the wind
blowing in the southern part of the region, which generated
cross-cuffent perturbations. Among the baroclinic models
fitting geographical and observational conditions, the twolayer model of Tang t19751is pertinent to this study. This
analytical model deals with small perturbations of a mean
current. A similar model was successfully employed by
Gascard [1978] in the Medoc area, where Mediterranean
deep water formation ocçurs.
The linearized versions of the quasi-geostrophicvorticity
equation and of the continuity equation for small perturba_
tions are

la
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where ry''denotesthe perturbation of the streamfunction, w'
denotes the perturbation of the vertical velocity, N is. the
Brunt-Vâisâlâ frequency (assumedto be constant). andfi is
the mean zonal velocity in the x direction.
Let us assumethe solution to be of the form

-r
r '
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The solution of (1), (2) with the boundary conditions at the
surface (rigid lid), at the interface (continuity ofthe motion),
and at the bottom (vertical velocity equal to zero) leads to
[TanS, 1975]

uf
MK ÂnhK,l
c,:11 I _ _______-j_t
- L
Kt(t+ Mnl

,,:

(+)

u Kr- tanhKr_

rffi

l.-(MK+ a)(MK+ b)ltt2 (5)

The cutof wavelengthseparatingthe short stableand long
unstable waves is readily obtained by settingMK + b : 0 in
(5). With the actual values of the physical parameters,one
finds ,I,. = 48 km. The growth rate kc; is drawn in Figure 9.
Its maximum is obtained at Kt = 0.78, which correspondsto
the most unstable wave whose wavelength is 56 km. By
substituting the numerical values in (4) and assumingthat a
: 50 cm s-r, it is found that the velocitj,c,:6 cm s-1.
These values are roughly comparableto the observedwavelength of 38 km and velocity of 18 cm s-r. It should be
emphasizedthat the theoretical values are very sensitiveto
the physical parameters and to the model. Moreover. the

KlCi/u

frl

where Re denotes the 'real part of,' û(z) and w(z) are the
complex Fourier coefficients, k = 2rlL (where I is the
wavelength in the r direction), I : nlD (where D is the
distance between the nodal surfacesin the y direction) and c
is the complex phase speed.
Let us consider the twoJayer fluid mentioned in the
introduc.tion. Let us assumethat u is uniform with y, varies
linearly with z in the upper layer (i.e., ù = u at z = Hr andù

Fig. 9. Nondimensional growth rute Kç;lu with respect to K1 for
H,IH,: 1120.
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baroclinic waves are really three-dimensionaldisturbances,
whereas the observationsare only the surface signature.
An explanation of the wave motion could be sought from
theories of barotropic unstability and of shelf waves. The
width of the Ligurian current of Nice is about 60 km
fGostan, l967bl. Becausethis width is much greaterthan the
internal radius of deformation (8 km), the observed motion
cannot be barotropically unstable fStern, 19751pedtosky,
19791.Shelf waves are not an explanation of the wave
motion, since the shelf is too narrow and too steep to
generate such waves.
CoNcrusroNs
Observations from NOAA 5 have suggestedlong waves
propagatingin the Ligurian Sea during December 1977. The
estimatedvalues ofthe wavelength,the phasespeed,and the
period are, respectively,38 km, 18 cm s-1, and 2.5 days.
Hydrological data taken in that region during the month of
Decemberby previous authors show that baroclinic unstable
waves can develop. The observed wavelength was, however, smaller than the theoreticalones.
This paper indicatesthe strength and weaknessof satellite
thermal imagesfor quasi-instantaneoussurvey ofvast areas.
However, only relative values of superficial temperatures
are obtained. Furthermore, our interpretation ignores the
interior dynamics. Nevertheless, it is remarkable to obtain
from a routine satellite survey quantities associated with
wave propagation.
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