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Abstract − The investigation is based on data collected between the eastern Algerian Basin and the Strait of Sicily and
in the southern Tyrrhenian Sea. The major pathways of water masses are identified by the core method and geostrophic
currents are derived from the objectively analysed density field. Between the Sardinia Channel and the Strait of Sicily,
the large-scale circulation of Modified Atlantic Water and Winter Intermediate Water is found to be cyclonic. Inflow into
the gyre occurs via the Sardinia Channel by means of a boundary current attached to the Algerian coast, and from the
northern Tyrrhenian. The outflow is accomplished via the Strait of Sicily and to the Tyrrhenian. The Levantine
intermediate water flow resembles that of Modified Atlantic Water/Winter Intermediate Water in the southern Tyrrhenian,
but it is opposed in the Strait of Sicily and off Tunisia. Outflow to the Algerian Basin occurs south of Sardinia. In the
eastern Algerian Basin the flow direction of all water masses is eastward close to the Algerian shelf. Farther offshore,
Modified Atlantic Water flows mainly southwest whereas the Levantine Intermediate Water is opposed to that supporting
northward transport along the Sardinian shelf. The large-scale flow of all water masses is perturbed by mesoscale eddies.
The impact of topographic obstacles is investigated. © 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales
Elsevier SAS

Résumé − Masses d’eau et circulation entre le bassin algérien et le détroit de Sicile en octobre 1996.Cette étude est
basée sur l’utilisation de données océanographiques collectées entre le bassin algérien et le détroit de Sicile et dans la
partie sud de la mer Tyrrhénienne. Entre le canal de Sardaigne et le détroit de Sicile, la circulation à grande échelle des
eaux modifiées de l’Atlantique et des eaux intermédiaires d’hiver est identifiée comme cyclonique. L’apport en flux dans
la rotation se fait principalement par le canal de Sardaigne, grâce à un courant intense le long de la côte algérienne et le
long de la mer Tyrrhénienne septentrionale. L’écoulement s’effectue par le détroit de Sicile et vers la mer Tyrrhénienne.
Le flux des eaux intermédiaires du Levant ressemble à celui de l’ensemble eau modifiée de l’Atlantique/eau
intermédiaire d’hiver dans la partie sud de la mer Tyrrhénienne. Dans le détroit de Sicile et près des côtes de Tunisie, le
flux de l’eau intermédiaire du Levant est opposé ; l’écoulement vers le bassin algérien s’effectue au sud de la Sardaigne.
Dans la partie est du bassin algérien, toutes les masses d’eau sont dirigées vers l’est, près du plateau algérien. Au large
et à l’ouest de la Sardaigne, l’eau modifiée de l’Atlantique s’écoule principalement vers le sud ouest alors que l’eau
intermédiaire du Levant s’écoule, à l’opposé, vers le nord le long du plateau de la Sardaigne. Le flux à grande échelle de
toutes les masses d’eau est perturbé par les tourbillons. L’impact des obstacles topographiques est étudié.
© 2001 Ifremer/CNRS/IRD/Éditions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION

In October 1996, a hydrographic survey was conducted
by the NATO research vessel Alliance. The survey area
(figure 1) is centred approximately between Sardinia,
Sicily and Tunisia, and extends into the western Algerian
Basin, the southern Tyrrhenian and the western part of the
Strait of Sicily. The campaign was motivated by the fact
that this area is one of the less well understood of the
Mediterranean, although it is a crossroads for the water
masses in the western Mediterranean, namely Modified
Atlantic Water (MAW), Winter Intermediate Water
(WIW), Levantine Intermediate Water (LIW), and the
deep Water masses. Because the majority of the measure-
ments were limited to depths shallower than about
1000 m, the objective of this study is to investigate the
distribution of MAW, WIW, and LIW and to provide a
consistent circulation pattern.

MAW originates from the inflow of Atlantic water
through the Strait of Gibraltar. It is the surface water of
the Mediterranean and occupies the upper 100–200 m
depth range. Due to evaporation and mixing, its salinity
progressively increases along its path; however, because
evaporation affects mainly the mixed-layer salinity,
MAW can be traced by a subsurface salinity minimum.
The inflow of MAW into the survey area is from the west
by means of the Algerian Current. According to older
literature, the flow separates at the entrance of the
Sardinia Channel into a northward branch along the west

coast of Sardinia and a southern branch heading east
towards the Strait of Sicily. By contrast, more recent
observations and models suggest a northward flow along
the west coast of Sardinia only in winter. The major part
of MAW, roughly two thirds of the Sardinia Channel
inflow, leaves the survey area via the Strait of Sicily
towards the Eastern Mediterranean (Bethoux, 1980). The
rest proceeds into the Tyrrhenian, and partly recirculates
cyclonically towards the Sardinia Channel. For further
information on the circulation in the Tyrrhenian, the
reader is referred to the review of Astraldi and Gasparini
(1994).

WIW is formed in the Western Mediterranean by surface
cooling of MAW during winter in the Ligurian Sea and
off the Catalan Coast (Lacombe and Tchernia, 1960;
Salat and Font, 1987). After restratification of the near
surface layers, WIW becomes insulated and can be
traced by means of a temperature minimum located
between about 100 and 200 m depth. Up till now, the
circulation of WIW has been investigated only in the
Algerian Basin, and there is evidence that it follows
approximately the same flow paths as the overlying
MAW (Millot, 1999).

LIW originates from convection in the Eastern Mediter-
ranean, and can be identified by means of a salinity
maximum at intermediate depths. From the source re-
gion, LIW spreads westward and spills over the sills of
the Strait of Sicily. Its fate is then controversial; Wüst

Figure 1. Bathymetry and geographic names of the survey area.

R. ONKEN, J. SELLSCHOPP / Oceanologica Acta 24 (2001) 151–167

152



(1961) suggested one part to turn north around Sicily, and
a westward branch to continue straight ahead to the
Sardinia Channel. Evidence for this was also found by
Garzoli and Maillard (1979) and is reproduced by some
recent numerical models. By contrast, the latter branch
was not verified by Ovchinnikov (1966). According to his
calculations, the LIW proceeds to the southern Tyrrhenian
and then bifurcates with one part joining the basin-scale
cyclonic gyre, and another one performing a shorter
cyclonic loop. Both reunite in the southwestern Tyrrhe-
nian and leave the basin via a concentrated flow around
the southern tip of Sardinia. Later, elements of essentially
the same pattern were also identified by other authors.

The above review has shown that there exists detailed
knowledge of the circulation in the survey area, but many
findings are contradictory. The obvious reason for this is
that the knowledge was accumulated from many surveys,
none of which was synoptic with respect to the entire
region. A possible way out of this situation could be to
take a mean over all observations and create a ‘climatol-
ogy’, however, this would smooth or even delete the
majority of mesoscale features and fabricate a situation
which never exists. Therefore, the major objective of this
paper is to present a synoptic picture of the distribution
and circulation of water masses.

2. MATERIAL AND METHODS

The oceanographic survey covered the period 19–31
October 1996. The data discussed here consists of casts
from CTD (conductivity–temperature–depth), XCTD
(expendable CTD), and XBT (expendable bathythermo-
graph). In addition, we shall refer to currents measured by
ship borne ADCP (acoustic doppler current profiler), and
AVHRR (advanced very high-resolution radiometer) sat-
ellite data of sea surface temperature. The casts were
arranged mostly on parallel meridional tracks spaced
approximately 36.5 km apart (figure 2), the nominal
along-track spacing between individual casts was
approximately 15.7 km. In deep water, the majority of
CTD casts was limited to about 1000 m depth, the
maximum vertical extent of XCTDs was around 1000 m,
that of XBTs close to 750 m.

Objective analysis (Carter and Robinson, 1987) is applied
throughout, whenever any scalar variable is to be dis-
played on horizontal or quasi-horizontal surfaces. The
employed correlation scale of 40 km is a compromise
between the desire to resolve mesoscale features on the
one hand and taking account of the track spacing on the
other hand. The observational error ε is defined to be 10%
of the standard deviation of the observations.

Figure 2. Positions of CTD (● ),
XCTD (+), and XBT (*) measure-
ments. Lines indicate the 500 m
and 2500 m depth contours.
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3. RESULTS

3.1. Modified Atlantic Water

In order to visualize the horizontal distribution of MAW,
CTD and XCTD profiles were scanned for a subsurface
salinity minimum and subsequently, S(Smin) and p(Smin),
the salinity and the pressure of the minimum, were
objectively analysed. Over the major part of survey area,
p(Smin) lies between about 30 and 70 dbar (figure 3,

bottom). Larger values of up to 100 dbar and more are
found in a 30 km wide stripe extending along the
Algerian/Tunisian coast up to Cape Bon. Provided that
low S(Smin) values correspond to ‘young’ MAW, figure 3
reveals that MAW enters the survey area from the west
close to the Algerian coast. At about 11°E, the low
salinity vein splits in two branches. One turns south
around Cape Bon and the other is directed northeast
towards the Tyrrhenian. Here, according to the shape of
the 37.7 and 37.8 isohalines, there is indication that
MAW partially recirculates to the west. The rather high

Figure 3. Objectively analysed salinity S(Smin) (top) and pressure p(Smin) in decibar (bottom) of the MAW salinity minimum. White dots indicate
stations where a subsurface salinity minimum was found. Black solid lines denote the intersection of the p(Smin) surface with the bathymetry H.
Areas where the root mean square error of the analysed fields is greater than 2ε or p(Smin) > H are left white.
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S(Smin) values south and east of Sardinia exceeding 37.7
suggest this MAW to be rather old, it probably performed
a basin-scale cyclonic loop in the Tyrrhenian and returns
to the Sardinia Channel. Other patches of high S(Smin) are
located between Sicily and Pantelleria.

As the core method allows one to make only limited con-
clusions on the predominant pathways of water masses,
the geostrophic currents averaged over the MAW vertical
range were calculated from the objectively analysed den-
sity field. WIW is the water mass next to MAW, hence the
lower MAW boundary was selected as
0.5 [p(Smin) + p(Tmin)], where p(Tmin) is the pressure of
the WIW temperature minimum (see below). Although the
geostrophic velocity (figure 4) is perturbed by mesoscale
eddies, it is possible to identify larger-scale flow paths.
The dominant feature is an intense boundary current head-
ing eastward along the Algerian/Tunisian coast and then
turning south into the Strait of Sicily. Maximum speeds
are reaching almost 60 cm s–1 east of Cape Bon. West of
the Sardinia Channel, this current apparently is the east-
ward continuation of the Algerian Current, but in the chan-
nel, it is in addition fed by another flow coming from west
of Sardinia. At about 11°E, part of the current splits off
generating a branch directed east. When approaching Sic-
ily, this branch separates again into southward flow and a
northern branch towards the Eastern Tyrrhenian. Part of
the latter recirculates to the west forming a cell of about
100 km size between Sicily and Sardinia. At its northern

flank, this cell is also fed by MAW coming from the cen-
tral Tyrrhenian. In the Sardinia Channel, the flow is east-
ward just off the Sardinian coast and a band of westward
flow is located about 30’ farther south. It appears that this
westward flow recirculates to the east by means of a
cyclone/anticyclone pair. Hence, there is no visible west-
ward return flow across the Sardinia Channel. Two out-
standing features, which have not yet been addressed, are
the anticyclonic eddies located over the Adventure Bank
and east of Sardinia, to be denoted as the Adventure Bank
anticyclone and the Sardinia anticyclone. The latter ap-
pears to entrain MAW from the cyclonic recirculation
mentioned before and the major part of MAW flowing
eastward off the Sardinian South Coast. The Adventure
Bank anticyclone is apparently fed by the eastward branch
immediately after flow splitting at 11°E. At its southwest-
ern flank, this eddy contributes to the southward boundary
current off Tunisia.

For validation of the geostrophic flow pattern, we have
provided ADCP measurements of the near surface veloc-
ity field. Without going too much into detail, figure 5
resembles figure 4, except for the pattern west of Sardinia
and the anticyclonic meander of the Algerian Current at
about (8°W, 38°N), which is not reflected by the ADCP
measurements. Probably, these differences are due to the
different ranges of vertical averaging (fixed range for
ADCP, variable lower boundary for the geostrophic
currents). In addition, the ADCP currents are generally

Figure 4. MAW mean geostrophic
velocity assuming a level of no
motion at 1000 dbar. For definition
of the MAW layer see text. Only
every fourth vector was plotted.
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stronger than the geostrophic, which is obviously caused
by the smoothing of the objective analysis of the density
field.

Further validation may be obtained from a satellite image
of sea surface temperature (figure 6). The eye-catching
feature is the northwest/southeast oriented front which
extends over the entire survey area, separating warm
water (T > 18°C) in the south from colder water in the
north. The position of the front closely resembles that of
the 37.52 isohaline of figure 3, hence the front apparently
forms the boundary between new MAW from the Alge-
rian Basin and recirculated MAW. A warm tongue di-
rected towards the Tyrrhenian clearly indicates the flow
separation at 11°E. The Adventure Bank anticyclone
appears as a warm patch, and the link between the eddy
and the MAW flow around Cape Bon is visible by means
of a frontal meander. A warm filament centred at about
(10°E, 39°N) matches the azimuthal flow of the Sardinia
anticyclone.

The geostrophic circulation has revealed several features,
which were expected from previous knowledge; other fea-
tures appear to be unfamiliar and deserve to be discussed.
There is for example, the northern branch of the inflow
into the Sardinia Channel coming from west of Sardinia.
Such a current contradicts Lacombe and Tchernia (1972),
and Ovchinnikov (1966), but it agrees rather well with the
observations of Garzoli and Maillard (1979) and the mod-

els of Zavatarelli and Mellor (1995) and Roussenov et al.
(1995). They show that in winter, northward flow west of
Sardinia is due to cyclonic surface circulation between
Sardinia and the Balearic Islands, while in summer, it is
anticyclonic contributing to a secondary inflow into the
Sardinia Channel. This branch is also visible in the model
of Herbaut et al. (1998). Although our survey was in
autumn, it obviously reproduces this feature. Closely re-
lated to this is the direction of flow in the channel. By
contrast to the climatological studies of Lacombe and
Tchernia (1960, 1972) and Ovchinnikov (1966) and the
synoptic survey of Bouzinac et al. (1999), there is no
indication for a westward vein close to the Sardinian
coast. The flow direction more resembles the results of
Garzoli and Maillard (1979) and Perkins and Pistek
(1990). In the latter studies, the flow along the Algerian
coast was westward, probably forced by a large anticy-
clonic eddy. Such an eddy was not found in the present
survey, however, the anticyclonic meander of the Alge-
rian Current at 8°E may be interpreted as a leftover of
such a feature.

The meridional extent of the recirculation path in the
Tyrrhenian varies seasonally (Krivosheya and Ovchinni-
kov, 1973; Krivosheya, 1983; Pierini and Simioli, 1998).
In winter, the surface circulation exhibits a basin-scale
cyclonic gyre, whereas in summer the major recircula-
tion is confined to south of about 40°N. In satellite

Figure 5. Currents directly mea-
sured from ship-borne ADCP, av-
eraged over the vertical range
18–98 m. Each vector represents a
10 min ensemble average.
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images, this becomes visible by a strong temperature
front between Sardinia and Sicily (Marullo et al., 1994).
In the present survey, the recirculation occurs via two
paths; a well-defined tight recirculation cell is confined to
south of 39°N, and there is evidence for larger scale
recirculation extending farther north. Hence, the October
survey exhibits elements both of the summer and winter
circulation. This transitional state is supported by figure
6, which does not show any strong temperature front in
the southern Tyrrhenian.

Both the Sardinia anticyclone and the Adventure Bank
anticyclone are not verified by any climatological study,
but there is indication from a few synoptic observations
that they are recurrent features. The first was already iden-
tified by Krivosheya and Ovchinnikov (1973) as an “in-
tense and stable” eddy, and a vein of MAW flow to the
Tyrrhenian near the coast of Sardinia was observed by
Garzoli and Maillard (1979). The Adventure Bank anticy-
clone was never mentioned before, but in conjunction with
previous knowledge we conjecture that it is recurrent dur-
ing summer. According to climatological observational
studies and models, the flow in the Strait of Sicily occurs
by means of a wide current extending over the entire width
of the strait, with weak evidence of stronger flow on the
Tunisian side. By synoptic observations, this pattern is
partly confirmed, but only for winter. More often in sum-
mer, the flow was found to split into several branches; part
of the outflow still hugs the Tunisian coast, but another

significant fraction apparently occurs close to Sicily (Gar-
zoli and Maillard, 1979; Manzella et al., 1988; Astraldi et
al., 1996; Robinson et al., 1999). It is suggested that this
vein is forced by the eastward branch of MAW after the
flow splitting at 11°E. When impinging on the west coast
of Sicily, part of this becomes deflected to the south, thus
stimulating anticyclonic circulation in this area. Further-
more, from Robinson et al. (1999) and Onken and Sell-
schopp (1998) it is known that a recurrent feature of the
summer circulation is the Adventure Bank vortex, a cy-
clone that occupies the eastern slope of Adventure Bank.
Hence, we conjecture that the enhanced southward flow
part of the Adventure Bank anticyclone is partly forced by
the Adventure Bank vortex.

Due to the smoothing of objective analysis, there is no
evidence from figure 4 that the major topographic ob-
stacles, Skerki Bank and Galite Bank, have any impact on
the MAW flow path. By contrast, ADCP measurements
clearly reveal a seaward deflection of the near surface
flow by Galite Bank, but no deflection occurs over Skerki
Bank. Probably, the depth and the shape of the topo-
graphic features are the reasons for this different behav-
iour. The horizontal extent and orientation of both ob-
stacles is similar, but the region where the water depth is
less than 100 m forms a connex area with Galite Bank,
while the shallows of Skerki Bank are scattered. Hence,
the dynamical impact of Galite Bank is similar to that of
a seamount – it has to be circumvented anticyclonically.

Figure 6. AVHRR infrared (channel 4) image of sea surface temperature, taken by the Tiros-N NOAA14 satellite on 29 October 1996 at 12h56 UTC.
Temperatures below 16°C are black, and above 20°C are white.
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Skerki Bank is acting more like a seamount chain, where
the fluid can pass through the gaps. This is in agreement
with the distribution of the MAW salinity minimum in
figure 3 (top), where the low salinity tongue is deflected
north by Galite Bank, but is not hindered by Skerki Bank.

3.2. Winter Intermediate Water

In order to explore the distribution of WIW, all casts were
scanned for a temperature minimum Tmin. The objectively
analysed distribution of T(Tmin) and p(Tmin) (the tempera-

ture and pressure of the minimum) in figure 7 reveal
T(Tmin) values ≤ 13.5°C southwest of a front extending
from the northwest corner of the survey area to Galite
Bank. Centred at about 38°N, a cold tongue extends east
as far as 12°E. Opposed to this, a warm tongue is
directed west, north of 38°N. Provided that T(Tmin)
increases along the flow path, WIW obviously enters the
survey region from the west, close to the Algerian coast.
A secondary region of low T(Tmin) is located east of
Sardinia. Over the major part of the survey area, p(Tmin)
lies between 100 and 200 dbar. South of the front

Figure 7. Objectively analysed temperature T(Tmin) in degrees Celsius (top) and pressure p(Tmin) in decibar (bottom) of the WIW temperature
minimum. White dots indicate stations where a subsurface temperature minimum was found. Black solid lines denote the intersection of the p(Tmin)
surface with the bathymetry H. Areas where the root mean square error of the analysed fields is greater than 2ε or p(Tmin) > H are left white.
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mentioned above and along the Algerian/Tunisian shelf
slope, larger values of up to 280 dbar are attained.
Another region of large p(Tmin) corresponds to the
position of the low T(Tmin) value east of Sardinia. No Tmin

was identified east of Cape Bon. Hence, WIW apparently
does not enter the Strait of Sicily, or Tmin is eroded
completely by mixing. The latter is supported by the T/S
diagram (see below figure 12), where traces of WIW are
identified on the Tunisian side of the Strait of Sicily.

For the calculation of geostrophic flow, the upper bound-
ary is identical with the lower MAW boundary defined
above, and the lower boundary was defined as 0.5
[p(Tmin) + p(Smax)] , where p(Smax) is the pressure of the
LIW salinity maximum (see below). Apart from the fact
being weaker, the flow pattern (figure 8) exhibits many
similarities with that of MAW, but there are significant
differences. For MAW, the flow west of Sardinia is
mainly south, whereas the corresponding WIW flows in
different directions. Another difference is the circulation
over Skerki Bank. The bank did not seem to be a major
obstacle for MAW, WIW however, is blocked and cir-
cumvents the bank anticyclonically.

In concert with Sammari et al. (1999), this study is the first
referring explicitly to the distribution and circulation of
WIW within and east of the Sardinia Channel. However,
by re-interpretation of previous publications, there is evi-
dence that WIW is permanently present in this area. In the

Sardinia Channel, WIW was everywhere encountered by
Perkins and Pistek (1990). Essentially the same situation
was described by Bouzinac et al. (1999), but they identi-
fied two veins on the Algerian and Sardinian side of the
channel. Further evidence is gained from Katz (1972),
who clearly found WIW between Sicily and Sardinia and
in the Southern Tyrrhenian. All CTD sections across the
Sardinia Channel described by Sammari et al. (1999)
show Tmin at about 170 m depth; similar values were en-
countered by Bouzinac et al. (1999). On our survey, Tmin

lies shallower by several tens of metres, and Perkins and
Pistek (1990) even found it between 200 and 400 m. In
addition, T(Tmin) varies among the surveys by some tenths
of a degree. Hence, the WIW location and characteristics
seem to be variable, but we cannot decide yet whether this
is due to interannual variability of WIW formation, sea-
sonal variability, or simply a dynamical response to me-
soscale processes. Alternatively, it has to be taken into
account that WIW may be produced locally (Hopkins,
1988). Support is provided by Krivosheya (1983) suggest-
ing another formation site in the Northern Tyrrhenian, and
from climatological data bases (cf. Mediterranean Oce-
anic Data Base, 1999). The latter reveals that in the West-
ern Tyrrhenian, the surface temperature may drop to 13°C
in winter, which is similar to T(Tmin) in figure 7.

In the western part of the Strait of Sicily, water with
pronounced WIW characteristics was identified previ-

Figure 8. WIW mean geostrophic
velocity assuming a level of no
motion at 1000 dbar. For definition
of the WIW layer see text. Only
every fourth vector was plotted.
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ously by Frassetto (1972), Molcard (1972), Shonting and
Nacini (1972), Garzoli and Maillard (1979), and Astraldi
et al. (1996), but only in winter and spring and never in
summer or autumn. As also in our October survey we
merely detected remnants of WIW in the strait, we
hypothesize that the circulation undergoes a seasonal
cycle; WIW enters the strait in winter/spring when the
eastward MAW flow is strongest (Manzella, 1994) and is
subsequently mixed in summer and autumn, thus losing
its properties.

3.3. Levantine Intermediate Water

LIW is characterized by an absolute maximum of salin-
ity at intermediate depth. The analysed distribution of
S(Smax) and p(Smax) (the salinity and pressure of the
maximum) are shown in figure 9. Provided that S(Smax)
decreases along the main path, figure 9 suggests LIW to
enter the survey region via the Strait of Sicily, where the
highest S(Smax) values (close to 38.8) are found near
Pantelleria. Towards the northwest, S(Smax) decreases

Figure 9. Objectively analysed salinity S(Smax) (top) and pressure p(Smax) in decibar (bottom) of the LIW salinity maximum. White dots indicate
stations where a subsurface salinity maximum was found. Black solid lines denote the intersection of the p(Smax) surface with the bathymetry H.
Areas where the root mean square error of the analysed fields is greater than 2ε or p(Smax) > H are left white.
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rapidly by about 0.1 when approaching Skerki Bank
indicating strong vertical mixing. Further evidence for
strong mixing is gained from the fact that there is no
intermediate Smax between the exit of the Strait of Sicily
and the Tyrrhenian. From the Eastern Tyrrhenian, a high
salinity tongue 38.66 ≤ S(Smax) ≤ 38.72 is directed west
towards Sardinia. A flow splitting occurs obviously in the
Sardinia Channel, where one high salinity tongue is
attached to the west Sardinian shelf and another extends
south towards Galite Bank. Hence, the large scale circu-
lation in the Sardinia/Tunisia/Sicily region seems to be
cyclonic. Between Galite Bank and Skerki Bank, S(Smax)
lies below 38.66, the lowest values of < 38.54 being
found close the Tunisian shelf. West of the Sardinia
Channel, a strong front extends from Galite Bank to the
northwest corner of the survey area, separating old LIW
in the west from younger in the east. The p(Smax)
distribution is rather patchy. Low values between 200 and
300 dbar are encountered in the Strait of Sicily and
between Galite Bank and Skerki Bank. Values between
300 and 600 dbar are attained in the southern Tyrrhenian
and west of 9°E, while the absolute maximum exceeding
600 dbar is attained northwest off Sicily, supporting the
finding of Sparnocchia et al. (1999), that at least part of
the LIW cascades to great depth in the Tyrrhenian Sea.

The geostrophic velocity, averaged between the lower
boundary of WIW and 1000 dbar (figure 10), exhibits

maximum speeds of close to 10 cm s–1 in the Strait of
Sicily north of Cape Bon. East of the cape, the velocity is
westward and the vectors are approximately parallel to
the bathymetry contours. Between Skerki Bank and
Adventure Bank, the flow direction is mainly
west/southwest. A northward component is only found
close to Adventure Bank. A flow separation occurs at
about (12°E, 38.5°N): one branch goes north and appears
to perform a large-scale cyclonic loop in the southern
Tyrrhenian; the other branch circumvents Skerki Bank
and proceeds west. A further separation occurs southeast
of Sardinia. The northern fraction of LIW recirculating
from the Tyrrhenian is entrained in the Sardinia anticy-
clone, the southern part is directed southwest to the
Tunisian coast, and the central fraction proceeds west into
the Sardinia Channel and circumvents Sardinia anticy-
clonically. In the west, the major inflow into the survey
region occurs at about 37°30’N. One fraction of this is
running towards the Algerian shelf, and the other recir-
culates cyclonically and joins the anticyclonic flow
around Sardinia.

All along the Algerian/Tunisian shelf and on the western
side of Adventure Bank, the flow exhibits a component
normal to bathymetry contours. It has been verified that
this unexpected behaviour is neither due to selection of a
wrong level of no motion, nor to vertical averaging.
Hence, we speculate that there are either narrow along-

Figure 10. LIW mean geostrophic
velocity assuming a level of no
motion at 1000 dbar. For definition
of the LIW layer see text. Only
every fourth vector was plotted
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shelf geostrophic boundary currents, which are not prop-
erly resolved by the measurements, or the boundary
currents are strongly affected by ageostrophic effects, i.e.
friction. It was also attempted to validate the LIW
geostrophic currents by ADCP measurements, although
the data quality was already very low in the respective
depth range. Nevertheless, if one disregards the small-
scale noisy features and makes only a qualitative com-
parison, figure 11 contains a number of consistent (i.e.
visible on different ship tracks) patterns, which approxi-
mately match the geostrophic currents. This is the west-
ward flow band in the Southern Tyrrhenian, the Sardinia
anticyclone, the anticyclonic flow around Sardinia, and
the tendency of westward flow between Skerki Bank and
Galite Bank. It is also remarkable that the ADCP currents
do not show a continuous flow between Skerki Bank and
Adventure Bank to the Tyrrhenian. Hence, there are good
reasons to trust the geostrophic calculations.

There is evidence for a direct vein of LIW extending west
from the Strait of Sicily, but this vein is only partly
manifest in the S(Smax) distribution. Otherwise, the flow
pattern resembles more the findings of Ovchinnikov
(1966), Krivosheya and Ovchinnikov (1973), Krivosheya
(1983), Hopkins (1988), and Manzella et al. (1988). It is
suggested that a direct vein may be generated only under
the influence of special conditions. In the northern
Sardinia Channel, westward flow is in agreement with
earlier publications, but a coherent jet-like band attached

to the shelf slope is missing. In the present case such a
band is apparently interrupted by the Sardinia anticy-
clone absorbing a significant fraction of the LIW coming
from the Tyrrhenian. In the southern Sardinia Channel,
previous findings are controversial. Perkins and Pistek
(1990) and Garzoli and Maillard (1979) found westward
flow, while Bouzinac et al. (1999) reported on eastward
current direction. In a similar way, the flow west of the
channel is still under debate. There is no disagreement
that the LIW confined to the southern slope of Sardinia
turns anticyclonically around the island, but according to
Ovchinnikov (1966) and models (Wu and Haines, 1996)
another vein separates from that LIW right off the
southern tip of Sardinia and proceeds southwest to the
Algerian coast. In the present observations, this vein is
missing, but the northward flow along the Sardinian west
coast is well reproduced. Probably, the variability of
LIW flow at the western entrance of the channel is
caused by sporadic advection of anticyclonic eddies of
the Algerian Current (Millot, 1985).

In order to address the question of the origin of the low
S(Smax) patch between Galite Bank and Skerki Bank,
figure 12 displays the structure of potential temperature
and salinity in different regimes of the survey area. For
discrimination between different LIW regimes, the casts
were separated in four classes according to location and
S(Smax) (table I). Figure 12 reveals that above 250 dbar,
Skerki LIW exhibits almost the same characteristics as

Figure 11. Currents directly mea-
sured from ship-borne ADCP, av-
eraged over the vertical range
202–450 m. Each vector represents
a 10 min ensemble average.
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Tyrrhenian LIW, whereas below 350 dbar, it is almost
identical with Algerian LIW, which had apparently in-
vaded the Skerki region from the west and later became
detached by the southward migrating Tyrrhenian LIW in
the Sardinia Channel. Below 350 dbar, the advection of
Algerian LIW involved a freshening and cooling and
simultaneously a freshening and upward migration of the

salinity maximum. The latter is visible from figure 9
(bottom) and the T/S diagram of figure 12. These findings
agree with Sammari et al. (1999), who concluded that old
LIW from the Algerian Basin proceeds east along the
Tunisian slope up to the western exit of the Strait of
Sicily, where it meets young LIW from the Eastern
Mediterranean.

Figure 12. Top: T/S diagram of the LIW range for different regimes of the survey area. Contours refer to potential density anomaly σo [kg m–3]. The
colour coding matches the colour of the circles in the inset map indicating the positions of CTD stations. Contour lines in the inset map are identical
to those in figure 9Arrows in the T/S graph and in the inset map are marking those stations in the Strait of Sicily where LIW of Tyrrhenian origin
was found. Bottom: Profiles of potential temperature in degrees (left) and salinity (right) of the top 500 dbar corresponding to the T/S graphs above.
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Figure 12 reveals in addition, important information on
the LIW circulation in the Strait of Sicily. The T/S curves
of seven out of ten CTD casts containing Strait of Sicily
LIW are almost identical. The other three curves (marked
by arrows), however, differ considerably; both tempera-
ture and salinity are lower and exhibit partly the charac-
teristics of Tyrrhenian LIW and WIW (see above). As the
corresponding CTD casts are all located on the Tunisian
side of the strait, it is concluded that a fraction of the
Strait of Sicily LIW mixes with Tyrrhenian LIW and
WIW in the Skerki Bank area, and recirculates cycloni-
cally in the strait. Evidence for such recirculation was
already gained from figure 10.

4. CONCLUSION

For the first time, during autumn 1996, a consistent
pattern of the water mass distribution and circulation
between the Eastern Algerian Basin and the Strait of
Sicily has been obtained from a high-resolution oceano-
graphic survey. The distribution of MAW, WIW and LIW
were diagnosed by the core method and the velocity field
was determined in terms of geostrophic currents and
validated to a large extent by direct measurements.

Between the Sardinia Channel and the Strait of Sicily, the
large-scale flow of MAW and WIW is cyclonic. The
cyclonic gyre is fed by eastward flow in the southern
Sardinia Channel, and by some contribution coming from
the northern Tyrrhenian Sea. MAW and WIW leave the
cyclonic circulation via the Strait of Sicily. Outflow to the
Tyrrhenian is accomplished northwest of Sicily and close
to the Sardinian coast. The LIW pattern resembles that of
the overlying MAW/WIW only north of a line between
Sicily and Sardinia. In the Strait of Sicily the LIW flow is
opposed. There is evidence that LIW from the Algerian
Basin proceeds east along the Tunisian slope up to the
western exit of the Strait of Sicily.

In the Eastern Algerian Basin the flow of all water
masses is to the east, close to the Algerian shelf. Farther
offshore, MAW flows mainly southwest contributing to
additional inflow into the Sardinia Channel, while the
LIW is opposed to that supporting northward transport
along the Sardinian shelf. No prevailing direction could
be diagnosed for WIW.

In the Sardinia Channel, the MAW flow is mainly
eastward. In the WIW range, eastward flow prevails only
along the Algerian/Tunisian shelf, whereas the WIW in
the northern half of the channel goes west. The along-
channel exchange of LIW appears to be confined to a
narrow band of westward flow on the Sardinian shelf
slope.

Mesoscale features were found to have an important
impact on the general circulation. The most prominent
examples are an intense anticyclone east of Sardinia
preventing continuous flow from the Tyrrhenian Sea to
the Algerian Basin at all levels, and another anticyclonic
eddy between Sicily and Cape Bon supporting a second-
ary vein of MAW outflow into the Strait of Sicily close
to the Sicilian coast. Cyclonic motion in the Sardinia
Channel is dragging parts of WIW and LIW from the
Sardinian to the Tunisian coast. The circulation and
water mass distribution is influenced by topographic
obstacles, namely Galite Bank and Skerki Bank.

All findings of this paper are based on the analysis of a
single quasi-synoptic data set collected in October 1996.
The situation described is only representative for this
month of that particular year and it is not claimed that it
represents any ‘mean’ or ‘autumn’ situation of this
region. In order to find out to what extent the situation
might represent mean conditions, it should be compared
with climatological data sets. This may be the subject of
another study.

Table I. LIW regimes in the survey region.

LIW class Location Salinity range Colour coding

Algerian West of Sardinia Channel S(Smax) ≤ 38.58 blue
Skerki Between Galite and Skerki banks S(Smax) ≤ 38.60 green
Strait of Sicily Strait of Sicily 38.74 ≤ S(Smax) red
Tyrrhenian Entire survey region 38.66 ≤ S(Smax) ≤ 38.70 orange

S(Smax) is the salinity of the LIW salinity maximum. The colour coding refers to figure 12.
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