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Abstract — The hydrodynamical characteristics of the area south of Cyprus in the Levantine Sea were examined in late
summer 1995 and in spring 1996. Analysis of the CTD data collected, provided a new dynamic picture of the Cyprus Basin
and revealed the existence of the Cyprus Basin cyclonic eddy. The latter circulated to the south of Cyprus and exhibited
marked seasonality. Production of Levantine Intermediate Water in the area of the latter eddy occurred. Occasionally,
between the Cypius Basin cyclonic eddy and the southern coast of Cyprus a warm current, the Cyprus coastal current
appears to intrude from the east. In late summer 1995, the spatial fluctuations of the mid-Mediterranean jet, the main cur-
rent of the Eastern Mediterranean Sea, caused the splitting of the Cyprus Basin cyclonic eddy, into two smaller cyclonic
ones. During spring 1996, however, the Cyprus Basin cyclonic eddy appears as a single large vortex, occupying the greater
part of the area south of Cyprus, and flanked to the south by the Cyprus anticyclonic eddy. © Elsevier, Paris

circulation / Cyprus Basin / eastern Mediterranean / hydrography / Levantine Basin

Résumé — Hydrologie et circulation au sud de Chypre a la fin de I'été 1995 et au printemps 1996. Les caractéristiques
hydrologiques du bassin Levantin de la mer Méditerranée, examinées a la fin de 1'été 1995 et au printemps 1996, révelent
la présence d'un tourbillon cyclonique au caractére saisonnier marqué, au sud de Chypre, dans 1a région o se forme l'eau
Levantine intermédiaire. Le courant cdtier de Chypre, chaud et en provenance de I'est, s'intercale parfois entre le tourbillon
et l'ile. A la fin de 1'été 1995, les fluctuations spatiales du courant médio-méditerranéen, principal courant de la Médi-
terranée orientale, divisent le tourbillon en deux tourbillons cycloniques plus petits. Au printemps 1996, le tourbilion
cyclonique du bassin de Chypre se présente comme un unique grand vortex occupant la majeure partie de la région située
au sud de 11le et flanqué au sud par le tourbillon anticyclonique de Chypre. © Elsevier, Paris

circulation / bassin de Chypre / Méditerranée orientale / hydrologie / bassin Levantin

1. INTRODUCTION iterranean) a more detailed picture of water mass distri-
bution and circulation has emerged [13, 16]. However,
little is known of the area south of Cyprus (figure 1),

which delineates our study area. The main features of the

The Levantine Basin constitutes the second largest basin
in the Mediterranean Sea and communicates with the

Aegean Sea via the Eastern Cretan Arc Straits, and with
the rest of Mediterranean through the Cretan passage (see
inset map in figure 1). The general features of the hydrol-
ogy and circulation of the Levantine basin have been
broadly known for some time (see, inter alia [3, 7, 11]).
During the last decade and mainly within the framework
of P.O.E.M (Physical Oceanography of the Eastern Med-

* Correspondence and reprints

bottom topography of the latter are the elevations of Era-
toshenes seamount (700 m) and the Hecateus Ridge
(400 m), and the depressions of Cyprus (1900 m) and
Lattakia (1500 m) basins (figure la).

In summer, the surface layer in the Levantine Sea is dom-
inated by the saline (39.30) and warm (>25 °C; [11])

Oceanologica Acta 0399 1784/98/03/© Elsevier, Paris
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Figure 1. The bottom topography of the Eastern Levantine Basin (a). Positions of stations occupied: (b) by M/V Trifon during the cruise of
September-October 1995, CYBO-1; and, (c) by M/V Sentinel during the cruise of May 1996, CYBO-2.
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Levantine Surface Water (LSW). The latter disappears in
winter, whereas it is warmer and saline (19.5 °C; 39.10)
in spring [15]. The LSW spreads westwards from the
Levantine Basin and enters the Cretan Sea through the
eastern straits of the Cretan Arc, extending northwards as
far as the North Aegean Sea, where its interaction with
the less saline (32-34) Black Sea Water (BSW) creates a
quasi-permanent frontal zone [23, 24]. During cooling
meteorological events, the LSW, due to its high-salinity
content, becomes denser and sinks to intermediate
depths, thereby forming, at various places of the Levan-
tine Sea, the saline Levantine Intermediate Water (LIW)
[1, 9, 19, 25]. The influence of the latter water mass can
be seen throughout the entire Mediterranean Sea at
depths between 200 and 600 m [20, 21, 25]. During its
slow westward spreading, the LIW intrudes into the area
of the thermohaline dome in the southeastern Ionian Sea
and contributes to the formation of a cold and less saline
isolated lense at intermediate depths [22]. Between the
LSW and the LIW lies the modified Atlantic water
(MAW), characterised by a subsurface salinity mini-
mum; the latter, enters the Mediterranean through the
Straits of Gibraltar [8], spreading eastward and eventu-
ally reaching the present study area. In the deeper layers,
waters with the thermohaline characteristics of the East-
ern Mediterranean Deep Water (DW) occur [17].

The surface circulation of the Eastern Mediterranean Sea
consists of a complicated flow pattern with strong cur-
rents and several multi-scaled eddies [11, 13, 14, 16, 18,
19]. The eastern Levantine Basin is dominated by the
sub-basin multilobe cyclonic Rhodos gyre. The latter is
flanked to the north by the westward meandering Asia
Minor Current (AMC) [11, 13, 16] and to the south by the
mid-Mediterranean jet, which is a continuation of the
eastward flowing North African current. The Rhodos
gyre extends westwards near Crete in winter, whilst it is
restricted eastwards in summer, thereby generating a sec-
ondary eddy centre west of Cyprus [12]. Another impor-
tant feature in the vicinity of the study area is the large
scale anticyclonic Shikmona gyre in the south-eastern
part of the Levantine Basin, consisting of a number of
eddies [13], the northernmost of which, located south of
Cyprus at about 34° N, constitutes the Cyprus eddy [3].

In this paper CTD data, collected within the framework
of Cyprus Basin Oceanography (CYBO) Project, are
used in conjunction with remote sensing images to
describe the water mass circulation in the area south of
Cyprus and adjacent regions during late summer 1995

and in spring 1996, and thus contribute to a better under-
standing of their regional oceanography.

2. MATERIALS AND METHODS

During the late summer 1995 cruise, CTD data were
acquired on board M/V TRITON on a closely spaced
(about 10 km) grid of 80 stations in the arca south of
Cyprus, between 22 September and 16 October 1995
(CYBO-1). A coarser grid was employed in the offshore
parts of the study area (figure 1b). The observations were
made using the Sea Bird Electronics (SBE9/11) CTD
profiler. The measurements were taken at a rate of 24
scans s and they were averaged in situ over 1 s intervals.
Prior to the cruise, the conductivity and temperature CTD
sensors were calibrated at the Sea Bird Metrology Labo-
ratory. To minimize the effects of salinity spikes, the raw
data were filtered through a forward and backward low
pass filter. An interpolation scheme was used to obtain
values at various nominal depths. During the subsequent
processing the data were subjected to objective analysis.
This mathematical technique for the spatial interpolation
of irregularly spaced in situ observations (temperature,
salinity, dynamic height) was based on the successive
correlation scheme employed by Levitus [6]. This
scheme does not differ significantly from the method
based on the statistical interpolation with an isotropic
homogeneous correlation [3, 5]. The maps of the geo-
strophic current vectors have been constructed by the
employment of the dynamic method using 750 m as a ref-
erence level, which is considered reasonable for the area
under study. A modified Helland-Hansen-Somov method
[2] has been used to extrapolate the dynamic heights at
shallower stations. This method assumes an infinitely
deep sea of quiescent water below the surface layer.

During the spring 1996 cruise, the CTD data were
acquired on board of M/V SENTINEL on a closely-
spaced grid of 80 stations, between 6 and 13 May 1996.
This grid, however, covered a broader area than that of
CYBO-1, (figure 1b). All other procedures regarding
sampling, salinity despiking, data interpolation and anal-
ysis were similar to those of CYBO-1.

Remote sensing satellite data corresponding to the two
sampling periods were acquired from the Royal Nether-
lands Meteorological Institute NOAA-AVHRR receiving
station. The composite images (night time and early
morning passes) cover the most part of the Eastern Med-
iterranean Sea. After the initial data processing, the split

449



G. ZODIATIS et al.

window technique was applied to the data in order to
define the actual SST.

3. RESULTS
3.1. Late Summer 1995

3.1.1. Hydrology

The potential temperature and salinity profiles for
selected stations (figure 2) show the occurrence of an
upper mixed layer (20-30 m depth), with extremely high
salinity (39.4-39.55) and high temperature values (24—
26.5 °C), due to intense surface heating and evaporation.
The surface distribution of the hydrological characteris-
tics (figures 3a, 3b) exhibit considerable spatial gradients,
with thermohaline changes of about 2 °C and 0.15 per

20 km, presumably indicative of strong advective activity.
Moreover, two surface waters with characteristics corre-
sponding to those of LSW are evident (figures 3a, 3b): in
the northeastern part of the study area, warm (25—
26.5 °C) and saline (39.5-39.55) water presumably origi-
nating from Lattakia Basin occurs. Support for the last
statement is provided by figure 2 in Ovchinnikov and
Foyad [10], also by figure 6a in Oszoy et al. [15], and,
moreover, by our figure 4. The former two figures clearly
show that the northeastern part of our study area receives
warm and saline waters from the Lattakia Basin rather
than from the coastal area of Lebanon. Furthermore, in
the latter region the flow is southward due to the influ-
ence of the Shikmona gyre. In the southwestern part of
the study area, cooler (22.8-23.4 °C) end relatively less
saline water (39.36-39.42), most likely associated with
the summertime eastward extension of the Rhodos gyre
exists. Support for the last statement is provided by the
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Figure 2. Selected profiles of temperature, salinity and density (Gg), in summer 1995, CYBO-1 cruise.
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Figure 3. Surface (2 m) distribution of temperature (a) and salinity (b), in summer 1995, CYBO-1 cruise.
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Figure 4. Satellite infrared image of the Hecateus Ridge and Cyprus Basin: weekly composite for late September 1993.

infrared image corresponding to the cruise. A sharp ther-
mal front is evident (figure 3a) due to the encounter of
these two surface waters. To the north of Heacateus
Ridge, less saline and relatively cool water is surrounded
by more saline and relatively warmer waters (figures 3a,
3b), thereby indicating cyclonic activity. A similar feature
is also evident in the area of Cyprus Basin depression,
indicating the occurrence of the Cyprus Basin cyclonic
eddy.

Figure 5 presents the composite 8-S diagram of all the
stations and clearly demonstrates the presence of the fol-
lowing indiginous and in transit water masses: (i) Levan-
tine Surface Water (LSW) of high salinity (39.50-39.55),
(i1) subsurface Modified Atlantic Water of low salinity

(38.65), (iii) subsurface Levantine Intermediate Water
(LIW) of maximum salinity (39.15), (iv) Deep Water
(DW) of low salinity (38.7).

The salinity distribution along the transect AA” (figure 1b)
shows (figure 6a) a marked summer halocline (0.4 salinity
difference over 15 m) between the surface layer and the
MAW. Moreover, the finer-scaled vertical salinity section
shows (figure 6b) that MAW and LIW are advected in the
form of patches. The summer strong stratification mini-
mised the mixing and the consequent modification of the
thermohaline characteristics of the MAW, whose core
(38.68-38.75 ) occurs at depths of 40 to 80 m. At depths
of 100 to 200 m a salinity maximum (39.1) identifies the
core of the LIW, whilst the DW occurs deeper.
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Figure 5. Potential temperature (@) and salinity (S) relationships
for all stations in summer 1995, CYBO-1 cruise.

3.1.2 Circulation

The summer surface circulation pattern reveals
(figure 7a) the presence of: (i) two cyclonic eddies, one to
the north of Hecateus Ridge, and another in the Cyprus
Basin, confirming their inferrence above; (ii) the mid-
Mediterranean jet, which dominates in the southernmost
part of the study area, and (iii) the Cyprus Coastal cur-
rent, which flows westward to the north of the Cyprus
Basin cyclonic eddy. The latter flow transfers warm and
saline waters from Lattakia Basin along the southern
coastline of Cyprus.

The high rates of net water loss due to evaporation from
the Levantine Basin is balanced by the water inflow of
the mid-Mediterranean jet. The latter exhibited during
CYBO-1 average speeds between 20-25 cm-s~' and
reached a maximum speed of 40 cm-s™. The eastward
meandering movement of the mid-Mediterranean jet
transfers subsurface MAW and LIW from the western
Levantine basin to the study area. To the southwest of
Cyprus, a relatively weak branch of the mid-Mediterra-
nean jet bifurcates northwards, subsequently turning to
the northwest along the southwestern coast of Cyprus
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Figure 6. Salinity east-west section AA” {see Fig. 1b) for CYBO-1
survey. (b) Fine vertical salinity distribution for the upper part of
(a).

(figure 7a). This latter flow encircles the eastern periph-
ery of the Rhodos gyre.

The Cyprus Basin cyclonic eddy appears to be generated
by the interaction between the opposing flows of mid-
Mediterranean jet and the Cyprus Coastal current. In con-
trast, the bifurcation of the mid-Mediterranean jet to the
southwest of the Hecataeus Ridge is possibly due to hor-
izontal baroclinic instability, whilst the effect of the mor-
phology of the area seems to be responsible for the
formation of the Hecataeus cyclonic eddy activity.

At intermediate depths (50 and 100 m) the flow patterns
appear to be weakened (<5 cm-s~!) when compared to
that of the surface (figures 7b, 7¢). Moreover, the north-
ward bifurcation of the mid-Mediterranean jet southwest
of Cyprus is restricted to the upper 50 m layer (figure 7b).
Below this level the mid-Mediterranean jet retains its
eastward flow without any deflection (figure 7c). Also, at
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Figure 7. The geostrophic velocity structure at (a) 2 m, (b) 50 m,
and (¢) 100 m, in units of cm s’l, for summer 1995, CYBO-1 cruise.
A reference arrow is shown at the top.

the latter level, a shift of the Hecataeus cyclonic eddy to
the south, and the presence between the two cyclonic
eddies of a small-scale anticyclonic eddy are evident
(figure 7c). The latter figure demonstrates also the advec-
tion of the LIW by the mid-Mediterranean jet into the
study area.

3.2. Spring 1996

3.2.1. Hydrology

The composite 8-S diagram, based on all spring data col-
lected (figure 8), reveals the presence of the same four
water masses: LSW, MAW, LIW and DW, identified in
summer 1995. However, during this period, the MAW is
hardly discernible as a subsurface salinity minimum, pre-
sumably due to mixing processes. Figure § also shows the
formation of a seasonal thermocline in the uppermost 10~
20 m layer, while it stresses the importance of the temper-
ature gradient in the stratification of the surface waters.

The horizontal surface distribution of the thermohaline
characteristics (figure 9) indicates the occurrence of a rel-
atively low salinity water (38.94-39.00) extending from
the southwestern part of the study area and intruding into
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Figure 8. Potential temperature (©) and salinity (S) relationships
for all stations in spring 1996, CYBO-2 cruise.

453



G. ZODIATIS et al.

Figure 9. Surface (5 m) distribution of temperature (a) and salinity (b), in spring 1996, CYBO-2 cruise.

the Cyprus coastal waters (figure 9b); this low salinity
water is flanked to the southeast by an area of high salin-
ity (39.18-39.20) waters in the vicinity of the Cyprus
anticyclonic eddy. The latter constitutes the northern-
most anticyclonic eddy of the Shikmona gyre system.
The northern part of the study area is covered by cool and
less saline water, whilst relatively warm and saline water
occurs in the southern part. Moreover, small scale patches
consisting of relatively less saline water (39.02-39.06)
occur (figure 9b), presumably associated with the mean-
dering flow of the mid-Mediterranean jet. Although the
horizontal thermal gradients are generally small
(figure 9a), some features clearly stand out. Thus, in the
northeastern part of the study area, in the vicinity of Lat-
takia Basin, cold surface water (18.6—-19 °C) occurs, pre-
sumably associated with the cyclonic eddy reported by
Oszoy-et al. [13]. Also, another cool (18.9-19.2 °C) and
relatively less saline (39.02-39.04) water is evident in the
area of the Cyprus Basin, which presumably surfaces due
to the cyclonic eddy activity in the Cyprus Basin.

Both the zonal (AA’) and the meridional (BB’) sections
(see figure 1D) indicate (figures 10, 17) that last winter
intense mixing processes occurred in the area of Cyprus

Basin cyclonic eddy. Cooling and wind induced evapora-
tion contributed to the increase of the surface water den-
sity sufficiently to overturn the water column. The
hydrological characteristics across the section AA’ -
which intersects the centre of the Cyprus Basin cyclonic
eddy-, shows (figure 10) a thermohaline dome with well-
mixed waters down to 180 to 200 m. Figure 10b vividly
demonstrates that convective mixing processes occurring
between stations D11 and D13 extended down to about
200 m. Also figure 11b shows the presence of an almost
homogeneous thermohaline dome, flanked by strongly
inclined isolines, which indicate the influence of the
Shikmona gyre. The combination of the anticyclonic
eddy activity with the thermohaline dome (correspond-
ing to the Cyprus basin cyclonic eddy contributes to the
sinking of the waters formed in the area of the latter to
depths of about 400 m. The meridional salinity section
BB’ -also intersecting the centre of the Cyprus Basin
cyclonic eddy— shows (figure [1) the 39.08 isohaline
reaching the surface to the north (in the eddy centre) and
descending to about 400-450 m in the south. Both these
salinity sections vividly demonstrate the mixing and sink-
ing mechanisms in the Cyprus Basin. Thus, it seems that
dense water formed in the Cyprus Basin cyclonic eddy,
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Figure 10. Zonal temperature (a) and salinity (b) sections (AA” in Fig. 1c) across the Cyprus Basin cyclonic eddy in spring 1996, CYBO-2

cruise.

initially sinks down to intermediate depths of about
200 m, thereby forming a water mass with the character-
istics of LIW. The latter, in conjunction with the nearby
anticyclonic Cyprus eddy, sinks to even deeper depths
(400-450 m) (figure 11), spreading subsequently across
the southeastern Levantine Basin. The primary cause for
both the mixing processes and the formation of LIW in
our study area, was the cooling effect of the previous
winter. The above descriptions concerning the mixing
and sinking processes were similar to those reported for
the Rhodos gyre [1, 4, 19]

3.2.2. Circulation

The geostrophic velocity shows (figure 12) that in the
spring 1996, the dominant feature was the Cyprus Basin
cyclonic eddy, which affected the greater part of the area

AB B7C8DI3 F14 He 17 JIB
] 1

south of Cyprus. The spatial characteristics of this
cyclonic eddy when compared to those of late summer
1995, exhibit significant seasonal variations in shape, size
and intensity. These changes are primarily linked to the
seasonal fluctuations of the mid-Mediterranean jet, and
secondarily to the intense mixing processes occurring in
its centre. The horizontal extent of the eddy centre is of
the order of 50 km, which is almost twice as large as that
of late summer 1995. The estimated velocities are rather
weak (8-12 emes™) relative to the surrounding flow activ-
ities; however, the eddy was traced down to a depth of
200 m.

The circulation in late summer 1995, was characterised
by the bifurcation of the mid-Mediterranean jet, which
caused the split of the large Cyprus Basin cyclonic eddy
in two, thereby forming the semi-permanent Hecataeus
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Figure 11. Meridional temperature (2) and salinity (b) sections (BB” in Fig. 1¢) across the Cyprus Basin cyclonic eddy in spring 1996, CYBO-

2 cruise.
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and {c) 100 m, in units of cm s7L for spring 1996, CYBO-2 cruise.
A reference arrow is shown at the top.

vortex in the Akrotiri Bay. In spring {996, however, the
main axis of the mid-Mediterranean jet was shifted by
about 45 to 55 km to the south, allowing more space for
the Cyprus cyclonic eddy to develop as a single entity
(figure 12a).

The bottom constraint of the Eratosthenes seamount
caused the deflection to the north of the mid-Mediterra-
nean jet. The deflected flow with velocities as high as 28—
35 cm-s‘l, is directed towards the southwest coast of
Cyprus, where it bifurcates in northwest and eastern
directions (figure [2a). The former branch flows along
the southwestern and western coast of Cyprus, veering at
alatitude of 35°N to the west, thereby encircling the east-
ernmost extension of the Rhodos gyre. The main flow of
the mid-Mediterranean jet, continues, after bifurcation, to
meander eastward between the Cyprus Basin cyclonic
eddy and the northernmost anticyclonic eddy of the Shik-
mona gyre. In Akrotiri Bay, where the Hecatacus vortex
was located in late summer 1995 (figure 7), the strong
(15-20 cm-s™") southeastward current direction presum-
ably reflects the main flow of the mid-Mediterranean jet.

The easternmost extension of the Rhodos gyre can be
seen (figure 12a) to the west of Cyprus, as a large scale
but weak cyclonic activity. To the north of the latter, an
intensification of the current occurs, due to the interaction
of the Asia Minor Current with the detached westward
branch of the mid-Mediterranean jet. Similar, although
weakened, dynamic conditions prevailed in this area in
late summer 1995 (figure 7a).

In the southeastern part of the study area, and to the south
of the meandering mid-Mediterranean jet occurs the
Cyprus anticyclonic eddy, which is the northernmost
warm core eddy of the Shikmona gyre. The Cyprus anti-
cyclonic eddy, whose influence extends to depths of
about 400 m, constitutes the most intense (30-35 cm-s‘l)
and dominant dynamic feature in spring 1996. Moreover,
this eddy plays a significant role in the formation and
spreading of the LIW generated in the area south of the
Cyprus Basin cyclonic eddy.

The subsurface (figure 12b) and intermediate (figure 12¢)
circulation patterns are both similar to that of the surface,
with two exceptions: west of Cyprus and also in the area
of the Cyprus Basin cyclonic eddy the flows are some-
what weaker; whereas between the Cyprus Basin
cyclonic eddy and the Cyprus anticyclonic eddy the
opposite holds.

An interesting feature of the spring 1996 circulation
(figure 12) was the absence of the Cyprus Coastal Cur-
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rent. It was well developed in late summer 1995
(figure 7), and its disappearance is presumably due to the
marked seasonality of the general circulation. Specifi-
cally, in spring 1996, no intrusion of the western part of
the Lattakia cyclonic eddy in the area southeast of Cyprus
took place. Hence, the Cyprus Coastal Current appears to
be a semi-permanent local flow feature. Indeed, this cur-
rent was identified only in the summer NOAA-AVHRR
thermal images.

4. CONCLUSIONS

By combining the above results we show in figure 13
schematic qualitative circulation patterns for the two peri-
ods. An important finding is the occurrence of the Cyprus
Basin cyclonic eddy circulating in the southeastern areas
of Cyprus and in the Hecataeus Ridge. The eddy centre
was identified as a well developed thermohaline dome,
due to the cooling and mixing processes of last winter.
The latter oceanographic phenomenology contributes to
the sinking of dense water, formed at the surface of the
eddy, along the isopycnals down to 400-500 m, thereby
leading to local LIW formation. Another important
dynamic feature in the area southwestward of Cyprus is

3530 (a)

—

35700

3630+
34700~
o .-
3330—]ll|l1_|_fllll'—|llllle!lll
31° 32° 33¢ 3° 35°

the meandering eastward mid-Mediterranean jet. It bifur-
cates to the northwest in spring 1996, whilst in summer
1995 a double bifurcation was observed. The main flow
of this jet streams eastward between the Cyprus Basin
cyclonic eddy and the Cyprus anticyclonic eddy. The
signal of the mid-Mediterranean jet appears to be stron-
ger during the spring of 1996 than in summer 1995,
extending down to twice as deep, to about 200 m. The
bifurcated branch of this current flows along the western
boundary of Cyprus. The westward flow along the south-
east boundary of Cyprus, the Cyprus Coastal Current
emerged as a significant feature of the local circulation in
summer 1995, nevertheless, it was absent in spring 1996.
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