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Abstract—-The analysis of hydrochemical data collected in the Black Sea since 1987 shows that the
upper boundary of the oxic/anoxic interface zone coincides with the nitrate maximum at the depths
of 0, == 15.40 * 0.10isopycnal surface. Its lower boundary corresponds to the phosphate maximum
depthat o, = 16.20 + 0.05 isopycnal surface, independent of the geographical location and season.
In the absence of the continuous pump cast measurement system, and when the oxygen and
sulphide concentrations are 100 low to be measuted with sufficient precision within the interface
zone, such features of the oxygen-nitrate and H,S-phosphate correlations at specific density levels
provide a direct and practical way to identify the oxic/anoxic interface zone. This. in turn, allows for
a more precise and systematic water sampling for studying the complex biogeochemistry of the
layer.

INTRODUCTION

THE Black Sea. the largest anoxic basin in the world, possesses various oceanographic
features that make it distinctively different from other marine environments. Among
those features, formation of a transitional layer between oxic and anoxic layers and its
associated biogeochemistry have been of great interest to marine scientists. In this
characteristic layer, the redox potential of the water decreases sharply due to oxygen
deficiency and the appearance of hydrogen sulphide at its lower boundary. Based on the
measurements of trace level oxygen and hydrogen sulphide concentrations by the
conventional titrimetric methods, the co-existence of oxic and sulphidic waters (the so-
called C-layer) in this redox zone has been debated for many years (GRASSHOFF, 1975;
SOROKIN, 1983; MURRAY et al., 1989; CobispoTi et al., 1991). At micromolar levels, O(10
1M), the measurements of H,S and oxygen (hereafter referred to as DO) by conventional
titrimetric methods suffer from analytical and sampling errors due to the atmospheric
contamination, and thercfore require very special sampling and analytical techniques
(Murray et al., 1989; Cobisrorti et al., 1991). The technical difficulties in the standard
titrimetric methods have mistakenly led to overestimation of the layer’s thickness
(Covoispotieral., 1991; MiiLEro, 1991).

Using the continuous pump cast measurements, which avoids the water samples from
the atmospheric contamination, MURRAY et al. (1989) and Cobisrori et al. (1991) have
recently shown that the oxygenated and sulfidic waters do not overlap and are separated by
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the so-called the suboxic zone. In this zone, the oxygen and sulphide concentrations do not
overlap and have concentrations too low (~<1-5 xM) to be measured accurately by the
conventional titrimetric methods. They also suggested the shoaling of the anoxic sulphidic
boundary in recent years. However, Kemre er al. (1990) and TuGruL et al. (1992) have
expressed a contrary view, noting that comparison of the existing data do not conclusively
demonstrate such a trend in the vertical displacement of the sulphidic boundary.

In the absence of continuous profiling system. properly-collected and closely-spaced
water sampling are needed to study the biogeochemistry of this transitional layer. The lack
of a priori knowledge for the specification of the positions of the boundaries of the oxic/
anoxic interface, however, leads to serious sampling problems since this interface zone is
subject to considerable spatial variability associated with the mesoscale variability of the
circulation and the thermohaline structure of the Black Sea (SoroKIN, 1983: BRYANTSEY ef
al., 1988; Ocuz eral.. 1991, 1992, in press; MURRAY et al., 1991 CopisroTi etal.,1991). In
this paper we attempt to show that the boundaries of the transitional layer, where the
nutrients (nitrate and phosphate) reveal some special characteristic features, can be
defined with a relative confidence by means of the specific isopycnal surfaces (i.e. o,
values). independent of geographical location and season. In particular, we show that the
upper boundary of the suboxic zone is defined by a specific density level at which a
significant correlation exists between the maximum nitrate concentrations and trace level
DO concentrations. We also show a similar significant correlation between the large
phosphate anomalies and trace level hydrogen sulphide concentrations that defines the
lower boundary of the suboxic zone. The transitional (redox) zone, where the DO and H,S
concentrations are too low to be determined accurately by conventional methods, can then
be identified easily by means of standard in situ CTD measurements.

[

MATERIALS AND METHODS

The hydrochemical data examined for this study were collected during the cruises of the
R.V. Knorr in June-July 1988 and the R.V. Bilim in 1987-1991, covering mainly the
Turkish Exclusive Economic Zone (approximately southern half of the sea), and the R. V.
Dm. Mendeleyev in August 1989 covering the entire basin. During the R.V. Bilim and the
R.V. Knorr cruises, the hydrographic data were collected by using the Sea-Bird Model
SBE-9 CTD system. A Soviet made CTD system was used during the R.V. Dm.
Mendeleyev cruise. Sea watcr samples were generally collected by Go-Flo Rosette bottles
in the R.V. Bilim surveys, and by Niskin bottles in the R.V. Dm. Mendeleyev cruise. The
continuous pumping system (Copisrotieral., 1991) was used in the R.V. Knorr surveys we
discuss here.

Nutrient analyses were carried out using multi-channel autoanalyser systems by all
parties. For the determination of DO and H,S concentrations, the samples collected by the
R.V. Bilimand R.V. Dm. Mendeleyev cruises were analysed by the conventional Winkler
and jodimetric titration methods. For the R.V. Knorr cruises, the DO and H,S concen-
trations were measured by colorimetric techniques.

RESULTS AND DISCUSSION

We first examine the data obtained by the pump cast measurements in the R.V. Knorr
1988 cruises (FRIEDERICH et al., 1990). These are the most reliable and precise DO and H,S
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Fig. 1. Composite profiles of nitrate (NO,). phosphate (PO,). oxygen (DO) and hydrogen
sulphide (H,S) versus density (o,) for 12 pump cast stations of the R.V. Knorr 1988 cruises. Density
is given in terms of kg m~3 and others by uM.

data, measured accurately up to ~1-5 uM concentrations in the Black Sea. Composite
profiles of DO, H,S, nitrate and phosphate concentrations relative to density (,) at 12
pump cast stations (Fig. 1) reveal that (i) the upper and lower boundaries of the oxic/
anoxic interface, defined as the DO <20 m and H,S concentrations less than 5 uM, lie
between the isopycnal surfaces of 0,=15.40 + 0.10 and 0, = 16.20 + 0.05; and (i) these
density surfaces correspond to the nitrate and phosphate maxima formed at the upper and
lower boundaries of this transitional layer, respectively. There is a pronounced increase in
the nitrate concentrations starting at the depths corresponding to g, ~ 14.0, and reaching
to a maximum of 8-9 #M at the depths of 0, = 15.40 + 0.10. As stated by MURRAY et al.
(1989) and MURRAY and I1zbAr (1989), the level of this nitrate maximum coincides with the
sharp drop in the OXygen concentrations below 20 M as a result of the denitrification
process in the oxygen deficient water (Sorokin, 1983; SEITZINGER, 1988).

The composite profiles for phosphate exhibits two maxima (SHAFFER, 1986; MURRAY et
al., 1989; Cobispori et al., 1991). The relatively broad upper maximum, established at the
lower boundary of the oxygenated layer, has resulted from the aerobic oxidation of
biodegradable organic matter of algal origin and coincides with the nitrate maximum. The
deeper maximum has been formed at the upper boundary of the anoxic sulphidic layer. In
the relatively narrow density surfaces 0, = 15.9 and 16.2, phosphate concentration
increases sharply from the minimum levels to the large values to form the deeper
characteristic maximum at o, = 16.2 £ 0.05, significantly correlating with the first
appearance of the anoxic sulphidic water, independent of geographical location (see also
TuGruL et al., 1992). SHAFFER (1986) first suggested that the phosphate anomaly (a sharp
increase in concentration) is mainly the result of the redox processes involving iron and
manganese responsible for the vertical transport of phosphate ions across the suboxic/
anoxic interface. Thus the deeper phosphate maximum has shown a significant correlation
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Fig. 2. Composite profiles of nitrate (NO,). phosphate (PO,). oxygen (DO) and hydrogen
sulphide (H,S) versus density (m) for 51 stations of the R.V. Bilim 1991 cruise. Density is given in
terms of kg m ™", and others by uM.
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‘Fig. 3. Composite profiles of nitrate (NO,), pliosphate (PO;). oxygen (DO) and hydrogen
sulphide (H,S) veisus density (a,) for 26 stations of the R.V. Bilim 1990 cruise. Density is given in
terms of kg m ™, and others by M.

with that of the sulphidic boundary across the basin although its depth varies markedly in
space and time associated with the circulation and hydrography.

Similar composite profiles of the DO, H,S. nitrate and phosphate concentrations for the
September 1991 and September 1990 R.V. Bilim surveys (Figs 2 and 3) provide a
confirmation for the presence of the oxic/anoxic interface zone between similar density
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Fig. 4. Composite profiles of nitrate (NO;), phosphate (PO,) versus density (g,) for the R.V.
Bilim Aptil 1987 at 17 stations (left) and R.V. Bilim January 1989 at 24 stations (right) surveys.
Density is given in terms of kg m~*, and NOy and PO, by #M.

surfaces found earlier by means of the R.V. Knorr data. Asin the previous case, the nitrate
concentrations reach the maximum at ¢, ~ 15.40 * 0.10 at which the DO concentrations
drop to the values ~<20 1M from about 100,M at o, = 15.0. As compared with the Knorr
1988 data, rclatively higher DO concentrations measured in the suboxic.zone seem to
suggest overestimation of the DO values by at least 5 M due to air contamination during
sampling from Rosette bottles.

Figures 2 and 3 also show that the phosphate anomaly is formed at a narrow range of
density surfaces, similar to that in Fig. 1. Once again, the deeper phosphate maximum
appears at g, = 16.20 + 0.05 throughout the Black Sea, and coincides with the beginning of
the anoxic sulphidic layer identified here by the H,S concentrations of about SuM.

Further confirmation of the correlations between the nitrate, phosphate maxima and the
boundaries of oxic/anoxic interface comes from the R. V. Bilim data obtained in April 1987
and January 1989 (no DO and H,S data available) and from the Soviet R.V. Dm.
Mendeleyev survey in August 1989 (Figs 4 and 5). Although there are relatively few data
for nitrate and phosphate profiles, it is still possible to observe the nitrate maximum and
the phosphate anomaly at nearly identical range of density surfaces. In the R.V. Dm.
Mendeleyev data the DO and H,S concentrations (Fig. 5), confined within these density
surfaces, are considerably higher compared with other data sets presented in Figs 1-3. We
note that DO concentrations in this transitional layer may be as high as approximately 20
#M. This may suggest a higher degree of atmospheric contamination and the subsequently
apparent observation of the C-layer, i.e. DO and H,S are overlapped in the oxic/anoxic
interface zone. Air contamination is clearly shown in Fig. § by the presence of DO
concentration of about 10 #M within the anoxic layer.

Other scientific evidence for the possible use of the certain density levels for delineating
the boundaries of the oxic/anoxic interface zone is provided by the light transmission
measurements of the R.V. Knorr 1988 cruises (WHITE ef al., 1989). These measurements
reveal the existence of a minimum formed consistently at g, ~ 16.1-16.2 and subsequent
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Fig. 5. Composite profiles of nitrate (NO,), phosphate (PO,). oxygen (DO) and hydrogen
sulphide (H,S) versus density (,) for 15 stations of the R.V. D Mendeleyev 1989 cruise. Density
is given in terms of kg m™*, and others by uM.

increase to the background levels at o, ~ 16.20 + 0.05. The decrease in the intensity of light
transmission is associated with the Fine Particle Layer (FPL) observed by KEMPE et al. (in
press) at the same range of the density surfaces. The FPL most probably originates from
the remobilized Mn and Fe particles (KEMPE et al., in press) as well as the particulate
organic matter chemosynthetically produced immediately above the anoxic sulphidic layer
(SAroziuNikov er al., 1985). The base of the peaks in the light transmission, therefore,
corresponds to the sulphide bearing lower boundary of the suboxic zone below which the
Mn and Fe oxyhydroxides will dissolve (SHAFFER, 1986) due to the decreases in the redox
potential. We note that the formations of both the FPL and phosphate minimum and their
interactions are not yet fully understood because of the complicated biogeochemical
processes taking place in the transitional zone. .
The confinement of the suboxic zone between fixed density levels, of course, does not
mean that this layer remains constant at the same depths throughout the entire basin.
Figure 6a,b shows the distribution of g, = 15.40 and 0, = 16.20 surfaces, respectively, for
the September 1990 survey to the east of 32°E longitude. It is evident that the location of
the o, = 15.40 surface varies from 70 to 125 m within the basin in accordance with the
general circulation in the region (OGuz et al., in press). It is shallower in the cyclonic
regions and deeper in the anticyclonic regions, with most pronounced variations taking
place along the rim current encircling the periphery of the basin. The o, = 16.20 surface
also has similar characteristics, varying between 120 and 165 m at the centers of the
cyclonic and anticyclonic eddies. respectively. Contrary to the pronounced horizontal
variability of the boundaries of the transitional layer, Fig. 6a.b suggests that this layer has a
constant thickness of about 50 m. In fact, the average thickness for the entire data set
amounts to 52 * 7 m. A relatively deeper suboxic laver is situated in the regions of
anticyclonic eddies (generally along the coast) as compared to the shallower layer in the
cyclonically-dominated regions (usually within the interior of the basin). These are further
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supported by other R. V. Bilim cruises conducted during 1987-1991, although they all have
different numbers of sampling stations and locations.

thank S. Tont for his thorough reading of the paper, and his helpful comments.
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A synthesis of the Levantine Basin circulation and hydrography,
1985-1990

|
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Abstract—The Levantine Basin cirealation derived from tecent data consists of a series of
sub-bhasin-scale to mesoscale eddics interconnected by jets. The basin-scale circulation is masked
by cddy variability that modulates and modifics it on scasonal and interannual tima scales. Long-
term qualitative changes in the circutation arc reflected in the bifurcation patterns of the mid-basin
jets, relative strengths of cddics and the hydrographic properties at the core of these eddies.
Confincment within the Basin gcometry strongly influences the co-cvolution of the circulation
features.

Surface measurements, satellite images and the mass ficld indicate an entire range of scales of
dynamical features in the region. The complexity of the circulation is consistent with the basin-wide
and mesoscale heterogencity of the hydrographic propertics. The interannual variability of LIW
(1Levantine Intermediate Water) formation in the region appears correlated with the changes in the
circulation. Wintertime convective overturning of water masses reach intermediate depths and
constituie a dominant mechanism of LIW formation, especially in anticyclonic eddies and along the
coasts of the northern Levantine Basin.

1. INTRODUCTION

RECENT observations, madce possible through the national programmes of bordering:

countries and planning under the POEM rescarch programme (Physical Oceanography of
the Eastern Mediterrancan, UNesco, 1984, 1985, 1987; MaraNoTtE-Rizzowv and Rosin-
SON, 1988; Ozsov ef al., 1989, 1991; RomNsoN ef al., 1991a; The POEM Grour, 1992),
have made significant contributions to a much necded understanding of the Eastern
Mcditerrancan circulation.

In the past, the lack of a coherent description of the circulation and water mass
production in the Eastern Mcditerrancan often has been attributed to the insufficient data
base (e.g. MaLaNoTTE-RIZZ011 and HEcnt, 1988). Today, we begin to recognize com-
plexity and natural variability as inherent propertics of the system, making their scientific
understanding difficult but rewarding,.

Conflicting hypotheses have emerged, especially with regard to the Levantine Basin
dynamics. For many years, the traditional NiELSEN (1912) scheme of a cyclonic circulation
along the coasts of the Levantine Basin has only undergone minor modification, e.g. a
bifurcation of the currents sweeping the island of Cyprus (LAcomse, 1975). The data from
intensive investigations till the end of the 1960s (OvcHinNikov, 1966; OvcHINNIKOV et al.

*Institute of Marine Scicnces, Middle East Technical University, P.K. 28, Erdemli, Igel, 33731 Turkey.
tisracl Occanographic and Limnological Rescarch Ltd., Tel Shikmona, Haifa, 31080 Isracl.
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1976) did not alter the basic Niclsen concept. However, Ovcitinnikov (1966) did indicate a
small anticyclonic gyre in the southwest Levantine. In fact, data obtained in the 1970s (e.g.
OvcrinnNikov ef al., 1976; OVCHINNIKOV, 1984a; ENGrL, 1967; OreN, 1970) indicated
various anticyclonic eddies in the southern part of the Levantine basin, but these findings
did not gain sufficient recognition. The five year “Marine Climate” (MC) program (HECHT
et al., 1988) also indicated anticyclonic circulations in the southeastern Levantine, and
showed a complex system of mesoscale eddics, jets and patches of water masses embedded
in the general circulation.

The cyclonic Rhodes Gyre was recognized as the dominant circulation in the arca
between Crete and Cyprus (c.g. Oveninnikov, 1966; PHILLIPPE and HARANG, 1982; ANATI,
1984), but persistent anticyclonic cddies were later found on its periphery (Ozsov et al.,
1989, 1991; RosinsoN et al., 1991a). )

More recent analyses of the historical data (Frriks and Trzikowirz, 1987) and inverse
models of the climatological mean circulation (T7ZIPERMAN and Maranotte-Rizzout, 1991)
reveal an abundance of anticyclonic eddics in the Levantine Basin outside the zone of
influence of the Rhodes Gyre.

The combined data of the Isracli R.V. Shikntona and the Turkish R.V. Bilim provided
unique details of Levantine Basin circulation (Ozsov et al., 1989, 1991) which differed
significantly {rom the carlicr descriptions (c.g. Oveninnikov et al. 1976) and consisted of
quasi-permancnt sub-basin-scale gyres, cddics, and intense mid-basin jets. The Atlantic
and Levantine Intermediate waters were shown to survive the scasonal cycles of formation
and advection and to become entrained into cddies. The collective data basc (The POEM
Grour, 1992; Rominson ef al., 1991a) extended these results to the description of the
Eastern Mediterrancan general circulation,

The northern Levantine Basin, driven by surface buoyancy fluxes (Morcos, 1972), is
identified as the main source region of LIW. On the other hand, the basin-wide
heterogenous distribution and year-around persistence (Ozsov et al., 1989) of the LIW
point to the role of interior dynamics in maintaining it.

The complexity of the basin dynamics has precluded the construction of a valid and
simple theory for LIW formation. The following basic hypotheses have been advanced to
date: (i) isopycnal sinking into the adjacent anticyclonic cddies of dense surface water
formed by convection in cyclonic regions, c.g. Rhodes Gyre (Ovcinnikov, 1984b;
Overninnikov and Prakinn, 1984); (i) continental shelf/slope convection processes in the
adjacent Aegean Sca (Brucr and CHARNOCK, 1965; GrorGorouLos et al., 1989); (iii) local
convective overturning preferentially occurring in anticyclonic eddy centers (BRENNER ef
al., 1991); (iv) Ekman flux accumulation near the coast of water formed by basin-wide
wind-induced mixing (FErLiks, 1991); and (v) massive formation in the entire northern
Levantine by convective overturning due to rare, interannual cooling-wind mixing cvents
(Sureral., 1993). ‘

In the following discussion, we emphasize the seasonal and interannual variability of
the Levantine Basin circulation, presenting pertinent and new results for the 1985-1990
period. ‘

2. SOME REGIONAL CHARACTERISTICS

2.1. Botiom topography

The deep Hellenic Trench encircles the northern Cretan Passage, with deepest points
occurring at the Rhodes Basin (Fig. 1). The Mid-Mediterranean Ridge running from the
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lonian Basin into the Levantine Basin is shallowest along the Herodotus Rise (1600 m).
The Herodotus Trough extends along the southern part of the Cretan Passage, and the
Herodotus Abyssal Plain (3000 m) occupies southwestern Levantine Basin. The island of
Cyprus adjoins shallow topography in the northeastern corner.

The smaller scale bathymetric features of the Levantine Basin are the Lattakia (1000-
1500 m), Cilician (1000 m), Antalya (2000-3000 m) and Rhodes (4300 m) Basins and the
Anaximander (1500 m) and Eratosthcnes (1000 m) Scamounts. The relatively shallow
Lattakia and the Cilician Basins communicate with cach other through a narrow channel of
700 m depth located nearly midway between the sill between Cyprus and the Gulf of
iskenderun (Fig. 1).

2.2. Climate

* Winter and spring extratropical cyclones intensifying in the Cyprus arca create signifi-
cant space—time variability in the mctcorological conditions (Rerrer, 1975; Broby and
NEsTOR, 1980; Ozsov, 1981), Icading to local wind systems driven by the compounding
effects of climatic contrasts and land topography. Some examples are Sirocco and
Khamsin along the African coast, Etesians over the Acgcan Sea and Poyraz along the
~ Anatolian coast (RETeR, 1975; Ozsoy, 1981). In addition, intensc sea-breezes in summer
and autumn accompany the scasonal wind systems,

Climatological wind ficlds basically can be described in the form of predominant
westcrlies in winter, and northwesterlies strengthened by the Aegean Etesian regime in
summer (MIDDELANDSE ZEE, 1957; Bropy and NEstor, 1980: Mav, 1982). The outbreaks
‘of cold and dry air into the Eastern Mediterrancan from the northern continental regions
play important roles in the occanography of the region, leading to significant buoyancy
losses initiating the formation of the Levantine Intermediate Water (W0sT, 1961; Morcos,
1972).

Estimates of fluxes at the air-sca interface and climatological data have been used in the
numerical model studics of PINARDI and NAVARRA (1988, 1991). MatANOTTE-RI1ZZ011 and
BEerGaMAsco (1989, 1991) and BErGAMASCO ef al. (1993). According to these studies, the
surface fluxes are important, but not necessarily in direct correlation with the circulation.
For a review of the climatology data, the reader is referred to these references and to .
Ozsov et al. (1989) and Ozsov and UN1LOATA (1993).

3. THE DATA SETS AND METHODS OF ANALYSES

‘The Levantine Basin data were obtained from a number of oceanographical cruises of
the participating institutions (Table 1). The most complete coverage of the Basin was
obtained in the POEMO1 (October-November 1985), POEMO02 (March-April 1986) and
POEMO5 (August-September 1987) surveys (Ozsov er al., 1989, 1991; The POEM
Group, 1992; RosinsoN et al., 1991a). During POEMOS (August-September 1987), multi-
ship cruises covered the Eastern Mediterranean, but due to technical problems, the R. V.
Bilim data extended only up to a depth of 500 m and the R.V. Shikmona could not finish
the planned number of stations. Due to recovery problems of the CTD data, only bottle
data were used from the R. V. Shikmona (PINARDI, 1988; Ozsovetal., 1991 ):inthe present
analyscs the original CTD data are used. A separatc survey (POEMO06) was jointly carried
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Table 1. Levantine Basin occanographic cruises 1985-199)

Number of
Cruise Dates Ships Coverage Sations
POEMOI Oct-Nov' 1985 Bilim and Shikmona LB 124
POEMO2 Mar-Apr 1986 Bilim and Shikmona 1B 99
— Jun 1986 Rilim north LB 93
— Nov 1986 Bilim north LB ‘ 16
POEMOY Feb 1987 Bilim north LB 34
— Jun 1987 Bilim north LB 75
POEMOS Aug-Scp 1987 Bilim and Shikmona  1.B 117
— Jan 1988 Bilim north LB 1R
— " May 1988 Bilim north LB 19
POEMOG Jul 1988 Bilim and Shikmona B " 128
— Oct 1988 RBilim north LB 58
— Nov 1988 Bilim north 1.B 14
—_ Feb 1989 . Bilim north 1.B 6
1.BDSOI Mar 1989 Bilim and Shikmona LB 163
— Aug 1989 Bilim north LB 14
— Oct 1989 Rilim north 1.3 12
—_ Mar 1990 Bilim north LB 28
L.BDHS02 Aug 1990 Rilim north I.B S8
LBDSO2 Aug 1990 Shikmona south .13 109
—_ Nov 1990 Bilim north LB 57
— Mar 199 Bilim north LB S0
1.BDS03 Oct-Nov 199} Bilim and Shikmona .B 167
— Mar 1992 Bilimn north LB 50

out by the IMS-METU and the IOLR during July-August 1988; its combined data are also
analysed in the present work.

Alter the POEM experiments, basin-widc surveys were continued in the context of the
Levantine Basin Dynamical Studies (I.LBDS), with the collaboration of IMS-METU
(Institute of Marine Scicnces of the Middle East Technical University), IOLR (Israel
Oceanographic and Limnological Rescarch), and Harvard University. Extensive coverage
of the Basin was obtained in March 1989 (LBDSO01), August 1990 (LLBDS02) and October—
November 1991 (1.LBDS03). A number of other cruiscs (Table 1) carried out by the R. V.
Bilim in the northern Levantine Basin were less extensive, but valuablé interpretations
from these data sets have been included as necessary, to bridge the gaps in coverage.

The instruments and the data processing/analysis techniques are described in Ozsoy et
al. (1989). Corrections of AT = +0.04, +0.02,0.0, +0.01,and AS = +0.03, +0.06, —-0.04,
+0.06 were applied to the R.V. Bilim data for the combined data sets of October—
November 1985, March-April 1986, August-September 1987, and March 1989 data sets,
respectively, based on measurements at intercalibration stations (excluding August-
September 1987, for which intercalibrations were carried out between pairs of POEMO05
data sets, PinArDI, 1988). For the other R.V. Bilim data no calibrations could be made
becausc no other independent data were available. ‘;

A reference level of 800 dbar was used in dynamical computations, excluding June 1987
(650 dbar) and August-September 1987 (450 dbar), when the depthof the R.V. Bilim data
was limited. The dynamic height is calculated in cm units, and the observational mean is
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subtracted. The objective analyses are made on a regular grid of (1/4)° spacing, using a
correlation model fitted to the observations. The gridded data are contoured by the
ZCSEG contouring routine of the PLOTS88 Library (Plotworks Inc.), with four grid
subdivisions and two subscgments for cach lincar contour segment. The contouring is
masked by coastal boundarics and when the normalized error variance exceeds 0.6.

During the surface sampling program of the R.V. Bilim in October-November 1985,
temperature and salinity were subsampled at 5 min intervals from continuous measure-
ments of the CTD placed in a container pumped with scawater from below the surface
(depth ~5 m) and phosphate samples were collected at every 20-30 min intervals. Because
of calibration problems of the analysis technique uscd, the phosphate measurements were
biased (an order higher than the levels obtained in later measurements), but we present
them in a qualitative manner because they are the only continuous surface measurements
we have made to date.

The Channel 4 AVHRR satellite data in Section S were obtained from the NOAA-10
and NOAA-11 satcllites, and were processed for atmospheric corrections, Mercator map
projections, and contrast stretching at the IMS-METU using the SEAPAK system
(McCiaN et al., 1992).

4. THE BASIN CIRCUILATION AND ITS VARIABILITY

The motions in the Levantine Basin are characterized by a wide range of scales.
Confinement of the motions within the Lcvantine Basin boundaries leads to basin-wide or
sub-basin-scale dynamical structurcs and eddics with coarsc mesoscale dimensions (50-
100 km) often mask these features. In addition, mesoscale (internal radius of deformation
= 1015 km) and sub-mesoscale features arc often identificd in high resolution surface and
subsurface data (@zlurgut, 1976; Ozsov et al., 1986; Romrinson er al., 1987; The POEM
Group, 1992) and in satellitc images (Section §), but cannot be resolved by the nominal
spacing [of (1/2)° = 50 km] of the CTD stations used in the present surveys. Low-frequency
(shelf and basin modes with periods of several days to weeks) and high-frequency (diurnal,
inertial and shorter periods) current oscillations, superposed on mean westerly currents
have been measured along the Turkish continental shelf in the Cilician Basin (Ozsov and
UnLOATA, 1992). :

The time scales of the coarse mesoscale and sub-basin-scale motions resolved by the
dynamical calculations arc typically of the same order as the time interval between
surveys. The large coherent eddics and gyres survive sufficiently long to make comparisons
between cruises possible. BRENNER ef al. (1991) and Brenner (1993) have shown long-
term persistence of the Shikmona eddy, despite changes in its structure and position.
Preliminary numerical experiments also have indicated long-lived structures in the flow
field in the absence of surface forcing (Rosinson et al., 1991b; Ozsov et al., 1990, 1992).

The first basin-wide data set, obtained in October-November 1985, (POEMOI),
demonstrates the major elements of the Levantine Basin circulation (Ozsov et al., 1989):
the Rhodes Gyre, its multiple centers southeast of the island of Rhodes and extension
towards Cyprus; the intense Mersa Matruh Gyre south of the Rhodes Gyre; the Shikmona
Gyre complex with a number of separate centers in the southeastern Levantine Basin; and
a coherent mid-basin jet, identificd as the Central Levantine Basin Current, flowing
castwards amongst these vortices [Fig. 2(a)]. On its course, the Central Levantine Basin
Current bifurcates and becomes entrained in the sub-basin-scale gyres. At the first

|
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bifurcation, the jet partly encircles the Mersa Matruh Gyre and partly flows around the
Rhodes Gyre cventually to join with the westerly flow (the Asia Minor Current) along the
southwest Anatolian coast. The remaining core of the jet divides once more southwest of
Cyprus, with the branches following the Rhodes Gyre extension and southern Cyprus.

The persistence and continuity of the Central Levantine Basin Current are not well-
defined despite the new data scts. The current system can not be separated from the gyres
and the eddy ficld that partly define it. The Central Levantine Basin Current (i.e. the Mid-
Mediterrancan Jet of RoBiNsON ef al., 1991a), the lonian Atlantic Stream issuing from the
Straits of Sicily (ROBINSON ef al., 1991a), and currents along the Cyrenaican coast (e.g.
PurLiirre and HARANG, 1982) could all be different parts of a continuous current, i.e. the
North African Current as visualized by Ovcninnikov (1966), but the POEM data coverage
in the south Ionian Sea is insufficient to establish the connection between them (RosiNsoN
et al., 1991). At the Strait of Sicily, estimates of the surface inflow carrying an influx of
Atlantic Water (AW) into the Eastern Mediterranean, and the deeper flow exporting
Levantine Intermediatec Water (LIW) to the west vary from 1 Sv (= 10° m* s~ ") (either
way; GArzoLl and MAILLARD, 1979) to a scasonal range of 1.5 Sv (summer) to 3 Sv (winter;
MANZELLA et al., 1988).

The exact nature of the return flows of the mid-basin jet is also not well known. One
branch of the return flow, the Asia Minor Current, persists for part of the observation
period (below). The flow along the southern coast is less certain duc to observational
difficultics along the shallow Nile Cone topography, but continuity would require
westward flow, in conflict with carlier estimates (c.g. OVCHINNIKOV, 1966). We also note
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that some of the return flow could be incorporated into the vertical circulation of the
Basin. The volume fluxes through the Sicily Strait are of the same order of magnitude as
the fluxes recirculating around typical sub-basin gyres, and much greater than the surface
fluxes, so that a vertical circulation is required for a balance. They could also be driven by
thermohaline (surface or Strait buoyancy fluxes) or wind (area-integrated Ekman flux
divergence) effects. ROBINSON ef al. (1991a) have constrained their analyses with the zero
normal flux condition along hypothetical boundaries (the 600 m depth contour), but have
found different streamfunction values along the southern and northern boundaries of the
Levantine Basin, confirming an unbalanced net flux of the mid-basin currents. In our
analyses, we prefer to leave the analyses unconstrained at the coast, but observe that the
coastal features such as the Asia Minor (,urrcnl arc better resolved by the data when these
flows are sufficiently developed.

A persistent anticyclonic feature (the Anaximander eddy) appears between the Anaxi-
mander Scamounts and the Anatolian coast (Fig. 1). Another one (the Antalya anticyclo-
nic cddy) occupies the western entrance to the Cilician Basin from the Antalya Basin. The
Anaximander eddy becomes weaker at’ 300 m [Fig. 2(b)], while the Antalya eddy is
intensificd to become a coherent fecature at intermediate depth. The other coherent
fcatures at 300 m arc the twin centers of the Mersa Matruh Gyre and the northerly member
of the Shikmona Gyre complex.

In the following March-April 1986 (POEMO02) survey, the Rhodes, the Mersa Matruh,
and the Shikmona Gyres survive the winter, despite changes in form [Fig. 3(a)]. The
crescent shaped Rhodes Gyre is observed to engulf the Mersa Matruh Gyre. The Central
Levantine Basin Current has a mcandering structure following the common boundary of
the Mersa Matruh and Rhodes Gyres. It makes wide north-south excursions extending
first from Crete to the African coast, then to mid-basin and back to the African coast and
finally to the Anatolian coast following the periphery of the Rhodes Gyre. The Central
Levantine Basin Current of the POIEMO1 analyses seems to have broken into two loops,
onc completing the circuit just described, and the other encircling the Shikmona Gyre in
the east. Incipient breakdown of the mecandering jet flow into separate loops appeared at
other places, i.c. ncar 35°N 30°E, where a deep structure was found inside the narrowing
region of the cyclonic Rhodes Gyre (Fig. 17, Ozso et al., 1989). The closed anticyclonic
contours in Fig. 3(b) may reflect such breakdown, in spite of the coarse station spacing.
The surface currents computed for a limited rectangular subdomain in Fig. 3(c) show
intense currents along the periphery of the various mid-basin gyres.

Two eddy centers appear in an anticyclonic circulation cellin Antalya Bay [Fig. 3(a)]. At
depth [Fig. 3(b)], onc of these intensifies relative to the other, and could correspond to the
Antalya anticyclone, with its center shifted west from its earlier position [Fig. 2(b)].
Coherent anticyclonic vortices are also identificd within the Mer5'1 Matruh and Shikmona
Gyres [Fig. 3(b)].

During June 1986 (not shown) the Anaximander. and Antalya antlcyclones persisted
along the Anatolian coast. The Antalya antlcyclone had an intense deep structure [Fig.
13(b); Ozsov et al., 1991].

In the October-November 1985, Mnrch ~-April 1986 and June 1986 surveys, weak
counter-rotating circulations were found in the Lattakia and Cilicia Basins, indicating
limited penctration of the mid-basin mainstream flows into the region blocked by the
island of Cyprus. The main features of the general circulation persisted during a rather
long period in 1985-1986, despite deformations and dispersion. One of the characteristi-
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cally long-lived members of this circulation was the Antalya anticyclone, which survived in
nearly the same position.

In the following period of winter 1986-1987, qualitative changes could be traced in the
northern Levantine cirenlation. First, two small anticyclonic eddies arrived from the south
into the Lattakia Basin in February 1987, transporting AW with them [Fig. 13(c); Ozsoy et
al., 1991]. The following Junc 1987, the pattern of circulation changed significantly |Fig.
4(a) and (b)], and AW flooded the northern region [Fig. 13(d): Ozsov ef al., 1991]. The
Cilicia and Lattakia Basins were occupicd by a number of anticyclonic eddies that seemed
related to those entering in February 1987. The Rhodes Gyre extension retreated west,
and an anticyclonic eddy, possibly formed by a merger of the Anaximander and the
Antalya anticyclonic eddies, occupied the west side of the Antalya Basin. There seems to
be some parity between the Anaximander and Antalya anticyclones: interactions seem to
occur between them leading to the shifts in March—April 1986 and June 1987. In the former
cvent the water mass signature inside the eddics was preserved (Ozsov et al., 1991), and in
the latter case it was radically altered (Section 6.1).

It is interesting to note that during the same period in 1987, GERTMAN ef al. (1990)
observed deep water formation in the Rhodes Gyre region (Section 6.3), a previously
unknown and rarc cvent which may have triggered the subsequent changes in the
circulation. The February 1987 cruisc of the R. V. Bilim was discontinued west of Antalya
Bay duc to bad weather. X

In August-September 1987 (POEMOS), the Rhodes Gyre extended:into the Antalya
Basin, and the weak anticyclonic circulation persisted in the Cilician Basin [Fig. 5(a)]. The
Antalya anticyclonic eddy cither completcly disappeared or perhaps had been replaced by
the Anaximander eddy. In the southern part of the basin, Mersa Matruh and Shikmona
Gyre complexes persisted. The Shikmona eddy shifted south (BrenNER eral., 1991) and
had an intense signature at 300 m depth [Fig. S(b)]. The other features at depth were the
small Anaximander and northeast Cyprus anticyclonic eddies.

Bascd on the larger set of POEMOS data in the region, The POEM group (1990) and
RORBINSON ef al. (1991a) identificd a bifurcating Central Levantine Basin Current south of
the Rhodes Gyre, with one branch proceeding northeastward and then westward along the
periphery of the Rhodes Gyre, the other branch flowing south of Cyprus and then
southward around the Shikmona Gyre. None of the Central Levantine Basin Current
waters seemed to penetrate into the Cilician Basin.

Combined data of July 1988 (POFEMO6) reveal significant changes with respect to the
carlicr circulation patterns [Fig. 6(a)]. The Rhodes Gyre covers an extensive area and
engulfs an anticyclonic eddy to its south. The Shikmona Gyre complex covers the region to
the south of Cyprus. and its stronger element—the Shikmona eddy—is located immedi-
ately south of Cyprus. The Central Levantine Basin Current undulates in the region
stretching from the southwest (the area of the data gap) towards Cyprus, then bifurcates
southwest of the island. A branch flows north to enter the Antalya Basin, and the other
branch, apparently carrying a larger flux flows east, then north along the Syrian coast to
feed the meandering Asia Minor Current in the Cilician Basin. Most significantly, a
coherent flow (the Asia Minor Current) meanders along the Anatolian coast, in the entire
region from the Lattakia—Cilicia Basins to the Island of Rhodes. This pattern is radically
different from the previous realizations of the circulation in which only a small fraction of
the Central Levantine Basin Current was able to penetrate into the Cilician Basin through
the eastern passage of Cyprus,
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The intermediate depth signatures [Fig. 6(1)] of coherent anticyclonic centers belong to
the Anaximander cddy, the northern member of the Mcrsa Matruh Gyre, a southern
member of the Shikmona complex off the Nile, and the Shikmona cddy south of Cyprus.

The circulation inferred from the partial survey in October 1988 is very similar to July-
August 1988, indicating a persistent and mcandering Asia Minor Current along the
Cilician, Antalya and Rhodes Basins (Ozsoy ef al., 1991). Similar to July 1988, the main
part of the flow passcs cast of Cyprus to join with the meandcring jetin the Cilician Basin.

The coverage of the entire Levantine Basin in the March 1989 (LBDS01) survey |Fig.
7(a)] allows a detailed analysis of the circulation. We observe a large area covered by the
Rhodes Gyre, an intense anticyclonic eddy south of Crete, and numerous anticyclonic
centers within the Mersa Matruh-Shikmona Gyre complexes. The circulation at 300 m
depth shows coherent anticyclones in the same regions [Fig. 7(b)]. |

Because of a train of anticyclonic eddics in the south, the Central Levantine Basin
Current cannot be obscrved in a continuous form in the Mersa Matruh region, though in
the west, it appears as a southerly continuation of the Rhodes Gyre peripheral current,
then flows along the northeastern boundary of the Mersa Matruh Gyre, and rcorganizes
itself into a cohcrent jet along the boundary of the Shikmona Gyre. The jet then flows
towards the eastern Levantine shores and bifurcates there, with a branch circulating
cyclonically around Cyprus and connecting into the Asia Minor Current, and the other
branch completing aloop around the Shikmona complex. There is almost no flow entering
into the Antalya Basin west of Cyprus. The northern Levantine circulation, with a
continuous structure of the Asia Minor Current, is similar to the flow observed in July and
October 1988, but appcars weaker. as a result of thermocline crosion by outstanding
winter convection events (Scction 0). Similar changes of the Asia Minor Current were
obscrved during the extreme cvent of deep and intermediate depth convection (Section
6.3) in winter 1991-1992 (Sur ef al., 1993).

The southeastern Cretan anticyclone observed in Fig. 7(a) and (b) seems to be a
persistent feature, and the analyscs of collective POEMOS data (RowinsoN ef al., 1991)
show its existence in August-Scptcmbcr 1987. Satcllite remote sensing (Section S)
indicates an cddy in the samc region in 1990, and in 1991 (not shown). Since the available
data coverage is not continuous, we cannot tellifit is a persistent cddy. We only note thata
similar fcature was also obscrved in 1977 (LA VIOLETTE, 1992). .

In August 1990 (LBDS02), the northern Levantine circulation consists of a coherent
flow of the Asia Minor Current along the Anatolian coast, with isolated anticyclonic
rcgions trapped between the jet flow and the const at the Anaximander and the Antalya
Bay regions [Fig. 8(2)]. We can also identify the center of the Rhodes Gyre at the western
part of the domain. At intermediate depths [Fig. 8(b)], we identify anticyclones at the
Anaximander, Antalya Bay and Cilician Basin regions. The recurrent Antalya anticyclone
has been restored in its preferred position about 4 ycars after its disappcarance in late
1986.

It is intercsting to note that the Antalya and Shikmona cddies change their position (by
about 50-100 km) and intensity from onc cruise to another. The deep corc of the Antalya
eddy (at 300 m) is obscrved at ~35° 30'N, 31°30Ein October-November 1985 and June
1986, but shifts west in March-April 1986 and Junc 1987, and to the north when it is
restored in August 1990. Similarly. the deep corc of the Shikmona eddy observed at
~34°N, 34°30'E in October-November 1985 shifts west in March-April 1986, then south
i August—Scptcmhcr 1987, rcturns north in July 1988, and hack to the south in March
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Fig. 8. (a) Surface and (b) 300 db dynamic height (in cm) referenced to 800 decibar level of no
' motion, August 1990,
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1989. Further details based on other obscrvations are given by BRrRENNER (1989, 1993) and
BreNNER ef al., 1991).

It is also of interest to note the great vertical variations in some clements of the
circulation. The greatest cffects of such structure are obscrved in October-November
1985: note the horizontal shifts and intensity changes between the surface and 300 m
circulation of the relative strengths of the Anaximanter-Antalya eddy pair, and of the
cddies which are members of the Mcrsa Matruh and Shikmona Gyre complexes. The
Antalya and Shikmona cddies are almost always rclatively intensified at depth. The
Antalya cddy in August 1990 did not have any anticyclonic signature at the surface, but the
transicnt development of an anticyclonic feature is detected in satellite images (Section §).

The development of the cyclonic Rhodes Gyre in the north, and anticyclonic Mersa
Matruh and Shikmona Gyre complexes in the south of the Basin may have to do with the
wind distributions. but the relationships arc not well-established. Ovciinnikov (1966)
suggested that the wind distribution was responsible for driving the North African Current
and the gyres with opposite signs on its two sides. Indeed, estimates of May (1982),
MALANOTTE-RiZZ011 and BERGAMASCO (1991) and PINARDI and NAVARRA (1992) indicate a
reversal of the sign of wind stress curl from north to south, but the numerical models used
by the latter authors fail to establish a simple north-south reversal in the polarities of the
ocean gyres.

5. SURFACE FEATURES AND SATELLITE OBSERVATIONS

During the October-November 1985 (POEMOI1) surveys, surface features were
sampled continuously along the ship track [Fig. 9(a)] in the northern Levantine (Ozsoy et
al., 1986), yiclding information on small scale surface variability, Continuous traces of
temperature, salinity, o, density and phosphate [Fig. 9(b)] provide cvidence for mesoscale

28° 29° 30° ne 32° 33 36 35° 36"
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7 B | '
o 205 20 203 _132 20 200 6°
237 238 1239 200 24 242
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SS 54 435
285 286 287 288 289 290 292
1 i 305, N 1 ) 3¢

(a)
Fig. 9. (a) Stations and ship track of the R.V. Bilim in October 1985 (small dots are positions
determined by satellite fixes): (b) Continuous traces of temperature, salinity, d, density and PO,
along the ship track. Temperature fronts with gradients larger than 1°C km~' are marked on the
horizontal axis for temperature. Distribution of surface (c) temperature, and (d) salinity.
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Fig. 9. (Continued.) *

and sub-mesoscale activity, indicating tempcrature fronts with gradicnts exceeding 0.1°C
km~' in many arcas. Salinity and phosphate concentration are uniform in most of the
region, cxcept near frontal regions where transicnt upward injections from subsurface
waters could be found. The surface temperaturce and salinity are interpolated in Fig. 9(c)
and (d). The mixed layer temperature is representative of the underlying circulation [Fig.
2(a)). A sharp temperature front follows the coast and undulates around the Rhodes Gyre
and the cyclonic area northeast of Cyprus, with large temperature differences (of up to
5°C) across it. The mixed layer salt balance appears largely determined by the surface
buoyancy fluxes, since salinity is almost uniform in most of the region. The only significant
changes occur in isolated spots influenced by the underlying Atlantic Water, as discussed
in Section 6 (Fig. 12).
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August 1990 Temp. Isolines

1.
36.0

2.0 2d.0 ad.o 3ito 330 REX

Fig. 10.  Surface temperature distribution in northwestern Levantine Basin, August 1990,

The surface variability and relations to dynamical features are revealed by satellite data
of August 1990. The temperature at 12 m depth (Fig. 10) indicates differciices of up to 6°C
between the coastal region and cold patches. The cold water patch in Antalya Bay occurs
in the plateau-like cxtension of the Rhodes Gyre circulation [Fig. 8(a)], but at deeper
levels it coincides with the center of the deep Antalya anticyclonic eddy [Fig. 8(b)]. A
tendency for anticyclonic rotation is evident in the curvature of the Asia Minor Current as
it cxits the Cilician Basin [Fig. 8(a)]. Satellitc data [Fig. 11(a)~(c)] available in the
following period show the development of an anticyclonic feature from an instability of the
Asia Minor Current.

Cold surfacc waters of the Rhodes Gyre and its meso-scale features are illustrated inthe
first image of August 21 1990 [Fig. 11(a)], where a cold filament extends from the Rhodes
Gyre region into Antalya Bay. The warm coastal waters of the Asia Minor Current are also
casily identificd, becoming wider near the Anaximander anticyclone. Another region
where the coastal jet becomes wider is near the eastern part of Antalya Basin where a
warm water filament from the warm coastal region extends to the southwest, opposite to
the direction of the cold water filament. On the August 29 image [Fig. 11(b)] the warm
" water filament spirals in an anticlockwise sense and engulfs a cold water extension of the
Rhodes Gyre in Antalya Bay. On August 30 [Fig. 1 1(c)], features of the spiral filament and
the cold water at its center are more visible. ' ‘

A number of other dynamical features are evident in the clear image of Fig. 11(b). The
Rhodes Gyre displays undulations on its periphery and along a filament connecting it to
the Island of Karpathos. The two axisymmetrical eddies of ~100-150 km diameter
southeast of Crete and at the middle of the Basin have been detected in earlier CID
surveys. The southcast Cretan cddy was present in August-September 1987 (RoBINSON et




1096 . Ozsov eral.

al., 1991a) and March 1989 [Fig. 7(a) and (b)]. The other anticyclonic eddy, which appears
as a northerly member of the Mersa Matruh complex, was detected in coherent formsin
July—August 1988 (Fig. 6(a) and (B)] and March 1989 [Fig. 7(a) and (b)]. Other cddies of
similar size arc also evident in the southern part of the Cretan Passage.

Another interesting feature in Fig. 11(b)and (c)is the cold water filament extending first
southeast then cast from the southwestern corner of the Island of Cyprus. This cold water
filament appears to be the result of upwelling, possibly driven by westerly winds, and
consistently observed in other satellite images of summer 1990, Similar upwelling features
south of Crete arc reported by LA ViovErre (1992).

6. TRANSPORT, CONSERVATION AND PRODUCTION OF WATER MASSES
6.1. AWand LIW in Silaments and coherent eddies

Intimate relationships exist between the property distributions and the upper ocean
circulation, exemplified through salinity distributions. The near surface contours with
salinitics of 38.9 or less are used to identify the AW, and salinitics of 39.0 and greater at
intermediate depths are used to characterize the LIW, despite difficultics in assigning any
absolute limits to cither water mass (Ozsov et al., 1989), )

The AW cnters the southern Levantine Basin through the Cretan Passage, becomes
pooled in the large southern anticyclonic gyres, and by advection and entrainment reaches
the northern Levantine region in the form of filaments below the mixed layer, encircling
the Rhodes Gyre and other eddies in the region (Ozsoveral., 1989, 1991). The AW poolin
the southern Levantine and the penetration of its filaments into the northern Levantine
can be observed in Fig. 12. Comparison with Fig. 2(a) indicates a pattern of advection by
the existing circulation. [A filament penctrating north along 31° 30'E is shown in Figs 8 and
12(b) of Ozsov et al. (1989).] The low salinity surface waters near 35°N 31°E in Fig. 9(d)
could originate from a transient frontal upwelling of this subsurface filament. Asfaras they
can be resolved by the station nctwork, such filaments can be characterized with widths of
30-50 km and length scales of 100-200 km.

In October-November 1985, small pockets of AW filaments in the northern Levantine
are sandwiched between the high salinity LIW and the mixed layer [Fig. 13(a)]. The
isohalines rise in the west due to the Rhodes Gyre, and maximum salinity LLIW is stored in
the core of the intense Antalya anticyclonic cddy. Similar features are observed Iater in
June 1986 [Fig. 13(b)].

In February 1987, when significant changes occurred in the circulation (Section 4),
anticyclonic cddics arriving in the Lattakia Basin carried with them AW, from the surface
to a depth of 200 m [Fig. 13(c)].

In the following Junc 1987, a massive invasion of the Northern Levantine by AW [Fig.
13(d)] covered the Lattakia, Cilicia and Antalya Basins and penetrated into the core of an
anticyclonic eddy south of Antalya Bay. It is significant that the Structure of the Antalya
cddy has been completely renewed by AW entrained into its corc and the salinity and total
volume of the underlying LIW in its core has decreased [compare Fig. 13(b) and (d)].
Neither the Anaximander and Antalya eddies at earlicr times seemed to carry AWin their
cores, and a merger of the former eddics (Section 4) would still be insufficient to explain its
water mass structure. The AW entrained in the new eddy could have come from the
surroundings, or from an carlicr interaction with a third anticyclonic eddy transporting
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Fig. 12.  Salinity on the density surface of i, = 28.0, corresponding to the Atlantic Water (AW)
core below the mixed layer, October-November 1986,

AW across the Cilician Basin, i.e. similar to that shown in Fig. 13(c). Mcrging eddics could
exchange water particles between them, as well as with the surrounding waters, via
intrusions and filaments. PAavia and CusiMAN-RoisiN (1990) were able to show almost
complete substitution of the water particles in one of the interacting eddies with those of
the other.

In August-September 1987, the thin filaments of AW below the mixed layer in the
Antalya and Cilician Basins (Ozsov et al., 1991) were significantly reduced in comparison
to June 1987. The Shikmona eddy, embodying a uniform mass of LIW in earlier surveys,
was penctrated by AW (BRENNER ef al., 1991). (A similar invasion of AW also occurred
during winter 1989-90, BRENNER, 1993.)

All of the above observations indicate that the ycar 1987 was a period of rapid changes in
the circulation and water mass structures of the Levantine Basin. The following data setsin
July and October 1988 (Ozsov ef al., 1991), and a basin-wide survey in March 1989
(reviewed separately in the next Scction) showed a continuing trend in the Northern
Levantine of very little AW, but a continued abundance of LIW. The August 1990 data
show a reformed Antalya anticyclone, with a high salinity LIW core [Fig. 13(e)], similar to
that observed prior to 1986. A single transect of stations covered in November 1990 [Fig.
13(D)] indicates the continued presence of the Antalya anticyclone till late 1990.

6.2. Convection and LIW production during the winters of 1988-1989 and 1990-1991

Extensive LIW formation in th¢ Northern Levantine basin was discovered during the
March 1989 obscrvations, whosc distinguishing feature, compared to carlier observations,
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Fig. 13. West-cast scction of salinity in the northern Levantine in (a) October-November 1985,

(b) June 1986, (c) February 1987, (d) June 1987, (e) August 1990, (f) November 1990 (see Fig. 2 for

letter cading used in station labels. The position of a station is indicated by a three character code

for latitude, composed of the character code and nearest division of minutes, followed by another
three characters for longitude: e.g. Sta. F30N30 corresponds to 35° 30’N, 31° 30'E).




Circulation and hydrography of the T.evantine Basin 1103

(c) February 1907,
o
Z
In
o e
50 .
1001,
150 4 :‘
\Eé 2oo-i’
£ ’
'E; 250 |
(<§]
A 300 ]
350 |
400 |
450 _
500
(d) June 1987.
o o (= (= (=4 o (=3 o [=4 o (=4 N O N O
I § % 2 2 8 £ § g B =R n 5
(=] o (=] i=3 o (=] o [~} o o 2] L B I I )
2 2 o 2 2 R R 2 2 2 X DA
o 4 / i XL B2 A G P L1200,
50 - Ty 0,
100 ] . L
; i . 7 4
~— 150} . 2 2
E 200 ]
=
-
o, 250
[¢D]
9 300
350 |
wo.1
450 ]
|
3 500

Fig. 13. (Continued.)

RERRER




S1S01D +—L_
005009
$Y¥005
—_— 0C¥009
! S1¥009
203005
abocy 009005
ocdocd ]
00d0C4
0£d00D )
0ENOES dm
- A 004005 2
< 00NOLd S
N 5 T\
s 0CNOOD
z 0EKOCS ~ .
N [ar]
X =
< i 0ONOOD o
= 00K0£d i
0CKO0D
. 0c108d
o :
=3
(=3
~ 007084
¥
2 ocy A p
ocd <
g t11e15 4
° . 00119
19
<=
E
4
—_ C
L Z Listn
(-
~
= S




EERERRERER

Circalation and hydrography of the Levantine Basin 1105

MARCH 1989 R/V BILIM & SHIRMON A

2470 230 260 270 260 3d.0 3it0 320 340 3to 3o 380

Fig. 14. The depth of the 15°C isotherm in the Levantine Basin, March 1989, Solid markers are
the positions of stations whose data are presented in Fig. 15(a)-(i).

was a region of mixing extending from the surface to depths of several hundreds of meters
in many arcas, and anomalous deep featuresin the temperature—salinity profiles, cvidently
resulting from wind-mixing and convective overturning,

The basin-widc distribution of the depth of 15°C, an approximate indicator of the base of
the mixing layer (Fig. 14), indicates deepening of the isotherm to more than 500 m at the
centers of some anticyclonic eddics [Fig. 7(a) and (b)], and along the Anatolian coast, and
in contrast, becoming as shallow as 10 m at the center of the Rhodes Gyre. Since Fig. 14
can be misleading when the deepening is associated with conservative eddy motions rather
than mixing, we also review in Fig. 15(a)-(i) sclected stations to illustrate mixing effects.

Along the Anatolian coast [Fig. 15(a)-(c), stations marked in Fig. 14], properties were
almost uniform in the upper 300-400 m and covered the entire coast [Fig. 16(a) and (b)].
The mixed layer extended to 300 m at the center of the Shikmona cddy [Fig. 15(d)] and to
300-400 m at the centers of the two Mersa Matruh eddies [Figs 15(e) and (g)]. North of the
Mersa Matruh eddics, some deep structures were found at the frontal region adjoining the
Rhodes Gyre [Fig. 15(f)]. Typical LIW values of 0 = 15-16°C and § = 39.0-39.1 were
found in the cores of eddies and along the Asia Minor Current. Outside the domain of
influcnce of the above features, the mixed layer was cither shallower or was not well-
defined. For example, the southernmost member of the Mersa Matruh eddies [Figs 7(a)
and (b) and 14] contained AW ncar the surface, without any evidence of mixing (not
shown). The southeast Cretan eddy [Fig. 15(h)] had a deep structure of relatively warm,
saline water throughout its depth, with a mixed laycr of 200 m depth. Ttis interesting to
note that the center of the Rhodcs Gyre had almost uniform density throughout the water
column, excluding the small gradient in the upper 100 m, that evidently was not overcome
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by the cooling and wind-mixing lcading to convection clsewhere. A further erosion of its
cap could have resulted in deep convection to depths =1000 m (Scction 6.3), but at lcast in
this casc it stopped short of overturning.

Convective overturning also was detected in a limited survey in March 1991 (Scction
6.4), when LIW with even higher salinity than in 1989 was formed in a mixed layer reaching
depths of 400-500 m along the Anatolian coast.

Local production of LIW in anticyclonic cddies by convective overturning has been
demonstrated in the case of the Shikmona Gyre (BRENNER et al., 1991) under the effects of
surface buoyancy fluxes. Similar onc-dimensional formulations were found appropriate to
study the evolution of anticyclonic eddics (c.g. Scimitt and Otson, 1985; DEWAR, 1986).
Aided by a pool of warm water with low static stability above a deep thermocline,
anticyclonic eddies can be subjected to increased buoyancy fluxes and to efficient mixing
under winter atmospheric conditions.

Feriks (1991) incorporated stability dependent mixing, the effects of coasts and the
recurrent forcing by winter storms into a two-dimensional model of the Levantine Basin,
and was able to gencrate intermediate depth mixing and LIW formation in the entire
region, with increased depth and uniformity along the coast.

It scems that either of the local production hypotheses in the above models are
consistent with the observations. However, three-dimensional and isopycnal processes
can exist at the same time. Packets of anomalous saline water have consistently been found
on the periphery of the Rhodes Gyre (c.g. Ozsovetal., 1989). Features similar to those in
Fig. 15(f) were common during March 1989, and interleaving of waters with di‘ferent
propertics were evident in many regions.

6.3. Intermediate and deep convection during the winter of 1991-1992

A sct of unique obscrvations in March 1992 (SUr et al., 1992) have recently indicated
intense mixing in the entire northern Levantine Basin, Icading to simultancous formation
of LIW and Decp Water (DW), observed for the first time in the region. At the center of
the Rhodes Gyre [Fig. 17(a)], uniform Deep Water properties (0 = 13.7, § = 38.8)
extended to depths of =1000 m. In the adjoining watcrs [Fig. 17(b)], a decep mixing layer
(300-700 m) with uniform LIW properties (0 =~ 15.2-15.5, § = 39.1-39.2) was found. The
only previous occurrence of DW formation in the region was obscrved in 1987 by GERTMAN
etal. (1990), in which casc the uniform values obscrved at the center of the Rhodes Gyre (0
= 14.0, 5 = 38.9) cxtended to depths of 500-600 m. Our obscrvations indicate arecurrence
with decper, more cfficicnt mixing § ycars later,

6.4. Potential temperature=salinity relationships

The water mass and mixing characteristics can be traced through the -5 relationships
(Figs 18-20), grouped together according to periods of apparent similarities. The first
period [Fig. 18(a)-(e)] is from October 1985 to Junc 1987. Similar features are observed in
Scptember 1987, but this data st is excluded duc to salinity drifts in the R.V. Bilim data.
Figurc 18(a) and (b), covering the entire Basin, is biased by an abundance of AW in the
southern Levantine, relative to the other data sets covering only the north. A similar bias is
also present between cruises of different areal coverage.
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by the cooling and wind-mixing Icading to convection elsewhere. A further erosion of its
cap could have resulted in deep convection to depths =1000 m (Section 6.3), but at least in
this casc it stopped short of overturning.

Convective overturning also was detected in a limited survey in March 1991 (Scction
6.4), when LIW with even higher salinity than in 1989 was formed in a mixed layer reaching
depths of 400-500 m along the Anatolian coast.

Local production of LIW in anticyclonic cddics by convective overturning has been
demonstrated in the case of the Shikmona Gyre (BRENNER et al., 1991) under the effects of
surface buoyancy fluxcs. Similar onc-dimensional formulations were found appropriate to
study the evolution of anticyclonic eddics (c.g. Scumitr and O1s0N, 1985; DEwAR, 1986).
Aided by a pool of warm water with low static stability above a deep thermocline,
anticyclonic eddies can be subjected to increased buoyancy fluxes and to efficient mixing
under winter atmospheric conditions.

Frriks (1991) incorporated stability dependent mixing, the effects of coasts and the
recurrent forcing by winter storms into a two-dimensional model of the Levantine Basin,
and was able to gencrate intermediate depth mixing and LIW formation in the entire
region, with increased depth and uniformity along the coast.

It scems that either of the local production hypotheses in the above models are
consistent with the obscrvations. However, three-dimensional and isopycnal processes
can exist at the same time. Packets of anomalous saline water have consistently been found
on the periphery of the Rhodes Gyre (c.g. Ozsoveral., 1989). Features similar to those in
Fig. 15(f) were common during March 1989, and interleaving of waters with di“ferent
propertics were evident in many regions.

6.3. Intermediate and deep convection during the winter of 1991-1992

A sct of unique obscrvations in March 1992 (Sur et al., 1992) have recenltly indicated
intense mixing in the entire northern Levantine Basin, lcading to simultancous formation
of LIW and Decp Water (DW), observed for the first time in the region. At the center of
the Rhodes Gyre [Fig. 17(a)], uniform Decp Water properties (0 =~ 13.7, § ~ 38.8)
extended to depths of =1000 m. In the adjoining waters [Fig. 17(b)], a dcep mixing layer
(300-700 m) with uniform LIW propertics (0 = 15.2-15.5, § = 39, 1-39.2) was found. The
only previous occurrence of DW formation in the region was observed in 1987 by GERTMAN
etal. (1990), in which case the uniform valucs observed at the center of the Rhodes Gyre (0
=14.0,8 = 38.9) cxtended to depths of S00-600 m. Our obscrvations indicate a recurrence
with deeper, more cfficicnt mixing S years later.

6.4. Potential temperature-salinity relationships

The water mass and mixing characteristics can be traced through the 6-S relationships
(Figs 18-20), grouped together according to periods of apparent similarities. The first
period [Fig. 18(a)-(e)] is from October 1985 to June 1987. Similar features are observed in
Sceptember 1987, but this data st is excluded duc to salinity drifts in the R.V. Bilim data.
Figurc 18(a) and (b), covering the entire Basin, is biascd by an abundance of AW in the
southern Levantine, relative to the other data sets covering only the north. A similar bias is
also present between cruises of different arcal coverage.
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In Fig. 18(a)-(c) the LIW is consistently detected in the form of a “spur” in the 0-§
diagram, i.c. the collection of data points with § = 39.1, 0 ~ 16.1 and 05==28.9. The data
points represented by this particular shape correspond to LIW stored in the coherent
anticyclonic cddics, mainly the Antalya (Ozsov et al., 1989) and the Shikmona (BRENNER
etal., 1991) cddics. BRENNER ef al. (1991) refer to this feature as a thermostad, i.e. the
constant temperaturc and maximum salinitics in the warm core cddy. It is important that
the “spur™ oceurs predominantly during this period, most probably corresponding to LIW
formed prior to our observations and maintaincd afterwards. For example, in March-
April 1986 and February 1987 [Fig. 18(b) and (d)] the newly formed high salinity waters
from the surface to intermediate depths do not appear to exceed the salinity values of the
“spur”. In Junc 1987 [Fig. 18(c)] the data points yiclding the spur are from the Shikmona
Gyre and not from Antalya cddy, which was shown to be modified in this period (Section
6.1).

‘The second group of 0-§ diagrams [Fig. 19(a)-(c)] is for the 1988-1989 period, when
important changes were detected in the circulation. In July-August and October 1988
[Fig. 19(a) and ()], we observe that the carlicr “spur” of the LIW has disappeared,
probably as a result of mixing or lcakage out of the region. The maximum salinity of the
intermediate waters during these two cruises is ~39.0. There is also a reduced influence of
AW, especially in the northern Levantine Basin. In March 1989 [Fig. 19(c)], the freshly
formed LIW with ~39.2 salinity dominates the entire region,

Limited northern Levantine data obtained in August 1989, October 1989 and March

1990 display similar characteristics to the preceding period, with maximum salinitics of
~39.1-39.2.

5.5

20.5 21.5 22,5 23.5 245
! L )
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temperature (°C)

13.5 14.5 155 185 (7.5 18.5 19.5

thtl.cts islli.cts
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Fig. 18.  Potential temperature vs salinity for (a) October-November 1985, (b) March-April
1986, (c) Junc 1986, (d) February 1987, (e) Junc 1987, (Continued.)
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In the third period, August 1990, November 1990 and March 1991 [Fig. 20(a)—(c)],
surface walers acquire high salinity values of =39.6, and initially the LIW has a salinity of
~39.2. In March 1991 the LIW salinitics increase to =39.3. Increased surface fluxes may
have caused the high surfacc salinity during the summer of 1990, which scems to have a
bearing on the formation of high salinity LIW in March 1991, ‘

Long term influences are evidentin the formation and maintenance of LIW., The LIWis
trapped in the corcs of anticyclonic eddies in the first period, disappcars later in response

to the mixing and circulation changes in 1987, LIw with increasingly higher salinitics is
obscrved in the winter periods of the following years.

7. SUMMARY AND CONCLUSIONS

The Levantine Basin circulation consists of sub-basin-scale gyres driven by wind and
thermohaline forcing, jets fecding the gyres, and a number of embedded coherent eddics.
Although several scales are superimposed, stability and a high level of organisation are
evident characteristics of the motions. The mesoscale signal is always present, but it does
not seem to Icad to rapid changes in the structure of the larger scale motions. Some
circulations are persistent throughout the observation period (e.g. the Rhodes Gyre, the
Shikmona eddy); others survive through extended periods (several months to a year, e.g.
the Antalya and Crete eddies, the Asia Minor current). It is implicit in the observations
that non-lincar dynamics, confinement by the basin geometry, and bottom topography
could play important roles in the Levantine Basin circulation. We find some coherent
cddices locked into preferred positions and others co-cvolving with the basin circulation.
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The circulation features appear closely related to the topography of the Rhodes Basin, the
Anaximander Seamounts, the Mid-Mediterrancan Ridge, the Eratosthenes Seamount,
the depth transitions at Lattakia and Cilicia Basins, and the presence of the istand of
Cyprus.

The recurrence of the long-lived coherent features, such as the Antalya, Crete and
Mersa Matruh eddics, and vacillations of the persistent Shikmona cddy are reminiscent of
the emergence of coherent eddics in geophysical turbulence (McWiLtiams, 1984).
Combined effects of the planctary vorticity gradient and confinement by boundaries also
can lead to coherent structures in the circulation (Lariciev, 1989),

Model studies are expected to yicld a better understanding of the underlying dynamics,
although further progress is needed to resolve the above scientific questions. While the
large scale circulations such as the Rhodes Gyre cmerge (albeit displaced from realistic
positions) in model simulations initialized with climatological data and forced by wind
stress and buoyancy boundary conditions (e.g. PINARDI and NAVARRA, 1991; MALANOTTE-
Rizzour and BErRGAMASCO, 1989, 1991), relatively little success is obtained in generating
coherent features such as the Shikmona, Antalya or Crete eddies, or the intense mid-basin
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Fig. 19.  (Continued.)

and coastal jets. On the other hand, long-lived cohcrent structures are supported by
models once they are initialized with synoptic data containing such features (e.g.
RoniNnson ef al., 1991b; Ozsoy et al., 1992; MiLLIFF and Rosinson, 1991),

Interannual variations and associated qualitative changes in the overall basin circu-
lation, dispersion and mixing arc evident in the observations, emphasizing the dominant
role of climate interactions in the occanography of the Levantine Basin. The particular
sctting of the Mcditerrancan Sea, as a tecmperate semi-enclosed sea located between land
masses with great contrasts of climate, makes it predisposed to climatic interactions
occurring via air-sea fluxes and modulated by the circulation, mixed-layer dynamics, and
deep and intermediate depth convection. Impacts on biological components (including

human concerns such as productivity, drought, etc.) in this environment deserve further
study from a global change perspective.
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