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Abstract

CTD and ADCP measurements together with a sequence of satellite images indicate
pronounced current meandering and eddy activity in the western Black Sea during April 1993.
The Rim Current is identi"ed as a well-de"ned meandering jet stream con"ned over the steepest
topographic slope and associated cyclonic}anticyclonic eddy pairs located on both its sides. It
has a form of highly energetic and unstable #ow system, which, as it propagates cyclonically
along the periphery of the basin, is modi"ed in character. It possesses a two-layer vertical
structure with uniform upper layer speed in excess of 50 cm/s (maximum value &100 cm/s),
followed by a relatively sharp change across the pycnocline (between 100 and 200 m) and the
uniform sub-pycnocline currents of 20 cm/s (maximum value &40 cm/s) observed up to the
depth of&350 dbar, being the approximate limit of ADCP measurements. The cross-stream
velocity structure exhibits a narrow core region (&30 km), #anked by a narrow zone of
anticyclonic shear on its coastal side and a broader region of cyclonic shear on its o!shore side.
The northwestern shelf circulation is generally decoupled from the in#uence of the basinwide
circulation and is characterized by much weaker currents, less than 10 cm/s. The southward
coastal #ow associated with the Danube and Dinepr Rivers is weak during the measurement
period and is restricted to a very narrow coastal zone.

The data suggest the presence of temperature-induced overturning prior to the measure-
ments, and subsequent formation of the Cold Intermediate Water mass (CIW) within the
Northwestern Shelf (NWS) and interior of the western basin. The newly formed shelf CIW is
transported in part along the shelf by the coastal current system, and in part it #ows downslope
across the shelf and intrudes into the Rim Current convergence zone. A major part of the cold
water mass, however, seems to be trapped within the northwestern shelf. The CIW mass,
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Fig. 1. The station network and bathymetry of the Black Sea with the sections referred to in the text. The
bathymetry includes only 50, 200, 1000 and 2000 m contours.

injected into the Rim Current zone from the shelf and the interior region, is then circulated
around the basin. ( 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

The western Black Sea (Fig. 1), covering the region to the west of 353E longitude,
possesses a SW}NE oriented rectangular deep basin, about 2000 m deep, and a fairly
wide shelf (equivalent to about 15% of the surface area of the sea) on its northwestern
section (henceforth, the shelf is referred to as NWS). The NWS is almost triangular,
narrowing gradually towards the south along the Romanian, Bulgarian coast. The
continental slope, de"ned as the region between the 100 and 2000 m topography
contours, attains the same width as that of the shelf and therefore is much wider to the
southwest of the Crimean peninsula. This relatively smooth transition zone between
the northwestern shelf and the deep basin is also called the `Danube Fana. Along the
Turkish coast, the shelf terminates abruptly near the Sakarya Canyon region (313E),
east of which, there is a very narrow shelf and a steep continental slope.

The Rim Current is a band of permanent, strong current system encircling the basin
cyclonically over the continental slope zone. Hydrographic studies (e.g. Oguz et al.,
1993,1994,1998) and satellite-derived thermal patterns and CZCS pigment distributions
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(e.g. Oguz et al., 1992; Sur et al., 1994,1996; Sur and Ilyin, 1997) suggest extreme
mesoscale variability of the circulation. This includes di!erent types of structural
organizations of the interior cyclonic gyre as well as meanders, eddies and "laments
associated with the Rim Current. The Rim Current is also identi"ed by a distinct
thermohaline structure between fresher (less dense) coastal/shelf water and saltier
(denser) interior water. The salinity signature of this frontal zone becomes more
dominant during the summer at the times of increased river runo!, whereas the
temperature signal governs the thermohaline structure during the winter correspond-
ing to the period of cold water mass formation.

The Rim Current structure is accompanied by a series of localized quasi-stable/
recurrent coastal anticyclonic mesoscale eddies as well as transient waves with an
embedded train of mesoscale eddies propagating cyclonically around the basin (cf. Sur
et al., 1994; Sur et al., 1996; Ovchinnikov et al., 1994). Analyzing all the available
published hydrographic data up to 1990, Oguz et al. (1993) proposed nine such
quasi-stable/recurrent coastal eddies (cf. Fig. 12 in Oguz et al., 1993). Their origin was
related to the control of the Rim Current by local geometric and topographic features
and/or meteorological forcing (Oguz et al., 1992). However, due to the limited clear
sky satellite scenes available, it is not possible to provide an independent support from
the satellite data and, therefore, to distinguish de"nitely quasi-permanent eddies from
a chain of di!erent eddies passing through one after the other from the same location.

The southwestern Turkish coast to the east of the Bosphorus up to the Cape Sinop
and the Caucasian coast along the northern periphery of the eastern basin are two
particular regions where transient meandering features of the Rim Current were
mostly studied. On the contrary, #ow characteristics over the topographic slope zone
extending from the west of the Crimean peninsula to the Turkish coast near the
Bosphorus (see Fig. 1) received much less attention. Mesoscale variability of the Rim
Current of this relatively unexplored sector of the Black Sea will be one emphasis of
this paper.

Sur et al. (1994) provided a sequence of CZCS images for the period 9 June}26 June
1980 showing eastward propagating waves along the Turkish coast between 303E and
343E longitudes with an appreciably fast propagation speed of 10}15 km/d and
a typical wavelength of about 100 km superimposed on the Rim Current. They
suggested that the #ow, which is apparently in a state of geostrophic balance upstream
along the western coast, is perturbed by the discontinuity in shelf topography and
sudden depth changes at Sakarya Canyon, modi"ed later by changes in the coastline
orientation, and evolves eventually into the form of strong meanders, unstable eddies
and "laments on time scales of a few days as a result of baroclinic instability. Satellite
images for the summer 1992 revealed similar propagating meanders and eddying
motion along the southwestern coast of the Black Sea (Sur and Ilyin, 1997). The
wavelengths of the meanders were estimated to lie between 78 and 88 km, whereas the
translation speed varied in the range 2.0}4.5 km/d between May and July. Slow
translation rates of mesoscale features were also pointed out for the same region
earlier by Oguz et al. (1992), Sur et al. (1994) and Sur and Ilyin (1997). The long-term
(5.5 y) continuous hourly current measurements from a buoy station located on the
north Caucasian shelf indicated, on the average, passage of 32 waves per year
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(Ovchinnikov et al., 1994). The wavelength of most unstable waves was estimated to
be about 80}90 km. The winter-to-summer changes on the stability characteristics of
the Rim Current structure, however, deserves further observational and modeling
studies.

During April 1993, as part of an international multi-disciplinary study, we carried
out CTD and acoustic doppler current pro"ler (ADCP) measurements in the western
Black Sea. This survey provided, for the "rst time, a unique set of direct, `absolutea
current measurements involving both baroclinic and barotropic components. (In the
past, our understanding of the vertical current structure was, limited to the geos-
trophic calculations.) In this paper, we present "ndings from this survey. Following
the description of the data collection and processing methodology in Section 2, we
provide a three dimensional, quasi-synoptic view of the regional #ow "eld representa-
tive of the late winter-early spring season (Section 3). One of our two primary
emphasis here is to document the ADCP-based Rim Current vertical structure at
several cross-sections along the NWS and the Anatolian coast, and to compare them
with those computed from the hydrographic data only (Section 3.1). The other is to
describe the mesoscale variability of the circulation using a combination of the CTD,
ADCP-based analysis and available cloud-free satellite imagery for the April 1993
period (Sections 3.2 and 3.3). Furthermore, because it is one of the rare data sets
representing the late winter conditions of the Black Sea (most previous surveys were
during the summer months), our next objective is to study late winter-early spring
evolution of the Cold Intermediate Water mass (CIW) with particular emphasis on its
formation and subsequent transport characteristics (Section 4). The role of mesoscale
eddies located along the continental slope of the western basin on the shelf-slope
exchanges of the CIW is also explored in this section. A summary and conclusions are
provided in Section 5.

2. Data

The Turkish ship R.V. Bilim acquired CTD data at a series of cross-shelf sections
and monitored currents with ADCP measurements in the Turkish waters as well as
within the Ukranian and Romanian Exclusive Economic Zones (EEZ) of the NWS
during 2}15 April 1993. The measurements were performed on a series of sections
covering a major part of the northwestern continental shelf and slope with some
limited extension into the basin's interior (Fig. 1). Along the southern coast, sampling
was taken across several meridional sections extending approximately 100 km of-
fshore. The station spacing along these sections was variable, changing from about
2 miles to 10 miles depending on water mass characteristics and steepness of the
topographic slope. However, spacing between these sections, was generally coarser
than the resolution necessary to capture the mesoscale features, especially along the
Turkish coast. The sampling period was calm, characterized by light easterly winds,
and the low-pass "ltered winds measured on board were less than 5 m/s.

The hydrographic observations were made with a SeaBird SBE-9 CTD system
lowered at an approximate rate of 30}45 m/min to a maximum depth of 500 m or to
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a few meters above the bottom over the continental shelf and upper slope. The
measurements that were carried out only within the upper 500 m of the water column is
justi"ed for this survey, since the main interest was to study the physical and bio-
geochemical properties of the upper layer. Because of the well-established two-layer
density structure of the Black Sea, a strong permanent pycnocline located at 100}150 m
depths separates two distinctly di!erent water mass structures. Inside the lower layer,
the water mass properties change only little below 300 m depth and hardly at all
below 500 m depth. This choice improves considerably the synopticity of the survey.

The CTD data were processed to yield potential temperature, salinity and density
over 1 dbar bins. Vertical pro"les of E}W and N}S current components were obtained
continuously along the ship track using a vessel mounted 200 kHz ADCP manufac-
tured by RD Instruments. In deeper parts of the analysis region, currents were
measured for a depth range varying generally between 150 and 250 m, and even for
greater depths up to 400 m at some selected stations. The measurements were made at
a rate of 1 ping per second. We used an ensemble averaging period of 10 min, and
pulse and vertical bin lengths of 4 m in the RD data collection software called
`Collecta. The data were rejected when the percent-good criterion fell below 80%.
Over the shelf, where bottom tracking of the beam was possible, the ensemble
averaging period and bin length were reduced to 5 min and 2 m, respectively. The
current pro"les are generally reliable from &8 m below the surface to within 15}25 m
of the bottom, depending on the water depth. Heading information obtained from the
ship's gyrocompass was used to convert the velocities measured relative to the ship to
the earth referenced coordinate. Ship speed, which was continually updated by the
global positioning system (GPS) "xes, provided necessary correction for the reference
layer velocity. The absolute velocity is then computed by subtracting the reference
layer velocity from the velocity measured relative to the reference layer. The reliability
of this procedure was checked by applying the same measurement technique in
shallow regions, where bottom tracking was in fact able to provide direct absolute
velocity measurements. The error between these two types of absolute current velocity
measurements was found to be not more than 5 cm/s. For more details on the ADCP
processing, we refer to Firing et al. (1991).

In addition to the R.V. Bilim CTD and ADCP measurements at stations shown in
Fig. 1, a quasi-simultaneous CTD survey was accomplished independently over the
entire western basin up to 353E longitude. The Ukranian ship R.V. Kolesnikov
covered the northern part, and another Turkish ship, R.V.K. Piri Reis, performed the
measurements in the southern part of the western region. A SeaBird SBE-9 CTD
system was used on the R.V.K. Piri Reis. The R.V. Kolesnikov used a Vistok 7 CTD
system, which has sensor characteristics comparable with those of the SeaBird SBE-9.
All measurements were calibrated with respect to several deep intercalibration sta-
tions. The measurements were made over a 20 mile station network within the interior
part of the basin. The station spacing along the meridional sections was reduced to 10
miles or less in coastal regions and over the steep slope zones. The spacing between the
meridional sections was about half a degree (i.e. approximately 30 miles). The posi-
tions of most of the stations visited by these ships during April 1993 are superimposed
on the 10 dbar dynamic height anomaly "eld given in Fig. 2.
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Fig. 2. 10 bar dynamic height (cm) anomaly "eld for the western Black Sea (after Gungor, 1994). The level
of no motion is taken at 500 dbar level. Circles denote stations included in the dynamic height analysis.

3. Description of the regional 6ow 5eld

The presence of a complex, eddy-dominated #ow "eld and the strength of the Rim
Current appear as the two signi"cant features of the April 1993 circulation. In this
section, "rst the Rim Current vertical structure is described, using ADCP measure-
ments at selected cross-sections, and compared with the geostrophic currents. Next,
the main horizontal circulation features are presented for the northwestern-western
and the southern coastal zones of the western Black Sea.

3.1. Vertical structure of the Rim Current

As inferred from the 10 dbar dynamic height "eld (Fig. 2), computed using a multi-
variate objective analysis of the ADCP and CTD data (Gungor, 1994; see McWilliams
et al., 1986 for the general description of the method), the current in the northern part
of the region is rather broad, spreading over the wide continental slope. It reaches an
average speed of 50 cm/s inside the core of the jet within the entire upper layer (Fig. 3).
Below the depth of the permanent pycnocline (&125 dbar), the currents decrease and
have a magnitude of about 25 cm/s at 200 dbar. The current intensity changes
signi"cantly across the shelf break. Over the shelf, the currents are of the order of
10 cm/s in the upper levels and decrease slightly towards the bottom.

Along the Turkish coast, the #ow "eld reveals a much stronger and tighter current
system with considerable cross-stream structure. As shown by TK1 and TK5 (Figs. 4
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Fig. 3. Vertical sections of the U (eastward) and V (northward) components of the ADCP currents (cm/s)
for section UK2.

and 5a), the jet is con"ned to the upper continental slope close to the shelf break and
has a width of less than&30 km. It has nearly uniform maximum speed of&70 cm/s
within the upper 100 m, therefore possessing no appreciable vertical shear above the
permanent pycnocline. As shown previously in Fig. 3, a sharp decrease in the intensity
of the #ow across the pycnocline is followed by approximately uniform current
structure below. In both sections, the lower layer current reaches about 20 cm/s within
the core of the jet. The most intense currents of&100 cm/s are measured here along
section TK9 (Fig. 6). Below the pycnocline, the vertically uniform currents in the range
20}40 cm/s are measured upto &300 dbar. We think that this current behavior is
strongly reminescent of a purely inertial jet, tightened by potential vorticity conserva-
tion and accelerating under the constraint of the Bernoulli function conservation.

A comparision of the currents obtained directly by ADCP measurements with
those computed indirectly from the hydrographic data using linear, geostrophic
dynamics may be instructive and allows us to estimate how our classical geostrophic
computations underestimate currents, especially at sub-pycnocline levels. In the
present analysis, the geostrophic currents were calculated using the dynamic height
"eld relative to 500 dbar, which was the lower limit of the CTD measurement. Because
of the uniformity of the water mass properties below 300 m depth (both horizontally
and vertically), this choice of the reference level does not introduce any serious error.
This was veri"ed before in the September 1990 survey, in which hydrographic casts
were generally made all the way to the bottom (Oguz et al., 1993). The computations
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Fig. 4. Vertical sections of the U (eastward) and V (northward) components of the ADCP currents (cm/s)
for section TK1.

indeed provided nearly two orders of magnitude di!erence between values of the
surface and 500 dbar dynamic height "elds computed relative to a 1500 dbar level of
no motion. This is the main reason for the Black Sea circulation and thermohaline
characteristics below 300 m depth to remain relatively unexplored.

The vertical current structures for section TK5 are presented in Figs. 5a and b. We
note that this section lies almost perpendicular to the zonally oriented Turkish coast.
It is chosen particularly because the currents are nearly unidirectional, #owing along
the coast with negligible contribution from the other component. Thus, the two
current structures may be compared without introducing any appreciable error. The
most noticeable di!erence between Figs. 5a and b are observed within the jet core. The
magnitudes of currents away from the jet are comparable with each other, as can be
noted from the structures around station M50. The geostrophic currents, however,
tend be become weaker towards the jet and di!er considerably from the ADCP
currents inside its core at the sub-pycnocline levels. This is due to considerable
reduction in the vertical and horizontal gradients between the coastal and interior
waters at depths below the permanent pycnocline, as can be noted from the temper-
ature and salinity transects for this section (Fig. 12). Consequently, the geostrophic
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Fig. 5. Vertical sections of the U (eastward) components of the currents (cm/s) (a) measured by the ADCP,
and (b) computed geostrophically from the density data for section TK5.

current decreases to about 15 cm/s at 150 m depth, contrary to more than 30 cm/s
currents measured by the ADCP. Furthermore, because of its much higher sampling
resolution, the ADCP data provide much sharper and well-de"ned horizontal jet
structure.

The di!erences shown in Figs. 5a and b are typical of all the sections shown in Fig.
1, including the northwestern shelf/slope region, and therefore more examples are not
given here. On the other hand, Ginsburg et al. (1998) provide two geostrophically
computed current sections (referenced to 500 dbar) corresponding approximately
with our sections UK1 and UK2 in Fig. 1. The measurements were performed during
16}17 April 1993, just a few days after the R.V. Bilim survey in the region. They also
reveal geostrophic currents of the order of 10 cm/s (minimum 4 cm/s, maximum
15 cm/s across the jet core) at 150 m depth, and up to 5 cm/s at 300 m depth.

3.2. Mesoscale features along the northwestern}western sector

The 10 dbar circulation map for the April 1993 survey (Fig. 2) together with the 19
April 1993 AVHRR satellite picture (Fig. 7), which is the nearest available cloud free
scene, indicate a series of meanders and associated cyclonic}anticyclonic eddy pairs in
the region between the west coast of the Crimean peninsula on the north and the
Turkish coast to the west of the Bosphorus on the south. The Rim Current #owing
over the topographic slope south of Crimea de#ects slightly towards the NWS near
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Fig. 6. Vertical section of the ADCP current speed (cm/s) along section TK9.

323E, following the bottom topography. Near the shelf break, during its onshelf
excursion, the #ow is separated into two branches. One branch forms the anticyclonic
eddy, designated in the satellite picture as A1. It is centered at 44.73N, 32.53E, in Fig. 2,
whereas, in the satellite picture representing the conditions 7 d later than the measure-
ments taken along this section, it is identi"ed as a cold water spot centered at 44.53N
and 32.13E with a diameter of 55 km. This implies translation of the eddy southwest-
ward over the topographic slope region, approximately 50 km in 7 d, and intrusion of
a new meander (called M0 in Fig. 7) into the NWS region from the upstream direction.

The other branch of the #ow turns cyclonically in the o!shore direction and forms
the meander M1. This branch is then steered topographically further south}south-
westward and undergoes a series of successive bifurcations, forming eventually a sec-
ond anticyclonic eddy o! Constantza, named A2 in the subsequent analysis. This is
again shown as a cold water spot centered at 44.23N and 30.53E in Fig. 7. On the other
hand, a small part of the #ow penetrates northward in the shelf along the western
Crimean coast. It appears to turn anticlockwise to the north of the eddy A1 and joins
the cyclonic circulation on the Romanian shelf. Although it is not particularly clear in
Fig. 2 due to the measurement limitations in the near-coastal waters, the cyclonic eddy
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Fig. 7. NOAA 14 AVHRR imagery for 19 April 1993 showing the mesoscale features of the #ow between
the Crimean peninsula and southwestern corner of the Turkish coast. The darker areas are the warmer
radiated temperatures. Areas that are completely black are clouds. The approximate position of the Rim
Current meanders is superimposed on the image.

C1 is expected to be maintained at near-surface levels by the coastal #ow derived from
river discharges. This coastal current system may be traced on the April 19, 1993,
AVHRR image (Fig. 7) by the relatively warmer waters (represented by a darker
coastal strip), whereas the cyclonic eddy C1 can be distinguished by a region of shelf
waters colder (1.5}2.03C) than the adjacent region along the continental slope. As
described in Section 4, this is more due to the intense convective cooling of the shelf
waters during the preceding winter.

Fig. 2 reveals a second meandering, M2, of the Rim Current southwest of the eddy
A2 with an indication of another anticyclone, A3, located o! Cape Kaliakra of the
Bulgarian coast. Unfortunately, the details of the #ow "eld are not captured very well
here because of the lack of measurements in the Bulgarian EEZ. But the eddy A3
centered at 43.33N and 29.83E is clearly observed in the AVHRR image (Fig. 7).
Further south, the Rim Current circulates cyclonically around the southwestern
corner of the basin as a tight, intense jet con"ned to the narrow continental slope
region and forms the meander M3. This feature of the Rim Current is also captured
very clearly in the satellite image as a band of relatively cold water #owing towards
the Bosphorus exit region. Within the narrow shelf zone to its west, an elongated
anticyclonic eddy A4 is present.
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Sur and Ilyin (1997) presented two additional AVHRR satellite images for 23 and
27 April 1993, which were the only other available cloud free scenes for April or May
1993, and may be used to show evolution of the meandering system within a period of
one week. The 27 April image was able to display quite clearly the thermal patterns to
the east of 333E longitude, whereas the features on the other one were restricted to the
east of 343E and along the Turkish coast. All other parts of the basin were covered by
clouds. We therefore superimpose this image on the 27 April scene so that we can
express all the #ow features along the south coast in one composite picture (Fig. 8).

When compared with the previous image of 19 April 1993, Fig. 8 reveals quite
clearly evolution and translation of the boundary #ow system. In particular, the eddy
A1 is stretched meridionally o!shore and enlarged to 70 km diameter. The cyclonic
meander M1 to the west of it is also intensi"ed. The next anticyclone A2 moved
further south to its new center at 43.93N, 30.63E. The meanders M2 and M3 are also
translated southward by about 50 km. The tip of the meander M3 is now located at
42.23N and 29.13E. Three more meanders, which were not noticeable in Fig. 7 due to
the cloud coverage, can be seen in this "gure downstream of the meander M3 to the
east of the Bosphorus.

The Rim current structure inferred from Fig. 8 is reminescent of an energetic
unstable boundary #ow system, which, as it propogates cyclonically, is modi"ed to the
form of large amplitude meanders and "laments. As described previously by Oguz et
al. (1994) and shown here in Fig. 9, the September 1991 survey also reveals a highly
structured Rim Current pattern in the region. Similar #ow con"guration along the
western coast is also suggested by the May 1994 and April 1995 surveys of R.V. Bilim
("gures not shown).

3.3. Mesoscale features along the Turkish coast

The hydrographic data shown in Fig. 2 and the combination of satellite images for
23 and 27 April 1993 (Fig. 8) will aid description of the #ow characteristics along the
Turkish coast. The six meanders can be identi"ed between the Bosphorus exit and
373E longitude. Only two of them however, are given by the hydrographic data.
Because there were only a few CTD stations along the topographic slope region
between TK1 (29.153E) and TK2 (31.153E), the #ow "eld shown in Fig. 2 could not
capture the large meander M4 (Fig. 8). The half a degree station spacing between the
meridional sections to the east of TK2 is too coarse to resolve the #ow "eld properly.
In fact, it may be quite misleading since they provide a biased and somewhat di!erent
meandering structure of the Rim Current. On the contrary, the satellite images
provide correct and more realistic description of the phenomena on the basis of
synoptic and much higher resolution data. For example, in the analysis of the
hydrographic data, two distinct meanders, M5 and M6, and the accompanying
cyclonic eddy between them (Fig. 8) are merged to form one o!shore jet along 323E
longitude, with the cyclonic eddy located on its downstream side between the me-
anders M6 and M7 (Fig. 2). The M6 is one of the most intense meanders of the system
and extends approximately 150 km o!shore from the coast. The subsequent two
meanders (M7 and M8) have more limited o!shore extension but cover a relatively
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Fig. 8. NOAA 14 AVHRR imagery for 27 April 1993, on which thermal features from 23 April 1993
observed along the Turkish coast between 333E and 383E longitude are superimposed for clarity of
presentation of the boundary #ow structure in the western basin. The darker areas are the warmer radiated
temperatures. Areas that are completely black are clouds. The approximate position of the Rim Current
meanders is superimposed on the image.

Fig. 9. 100 dbar level salinity distribution during September 1991 (after Oguz et al., 1994), showing
meanders of the Rim Current similar to those displayed in Figs. 7 and 8.
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Fig. 10. Temperature (3C) and salinity transects along section UK1.

wide region between Cape Kerempe (33.53E) and Cape Sinop (35.53E). The position of
the meander M9 coincides with the Arkhangelsky ridge-trough system, which is
known to be one of the major topographic features controlling the boundary #ow
along the southern coast of the Black Sea (Oguz et al., 1992). The meanders M5, M6,
M7, and M8, between 313E and 363E longitude, seem to be a quite common
con"guration. They also emerged in other data sets with di!erent meander amplitude,
intensity, phase speed, etc. For example, the meanders during September 1991 (Fig. 9)
exhibit a more regular wave pattern, indicating possibly an early stage of meander
evolution contrary to the highly developed and energetic features of Fig. 8.

4. CIW formation and transport

The NWS and the near-surface levels on top of the thermohaline domes of cyclonic
#ow in the interior are traditionally known as the sites of dense water formation in
winter (Filippov, 1965; Tolmazin, 1985; Ovchinnikov and Popov, 1987). These regions
are reported to exhibit vertically homogeneous conditions in response to strong
atmospheric cooling, evaporation, and intensi"ed wind mixing associated with a suc-
cession of strong, cold and dry continental wind events in the winter season. As the
spring warming strati"es the surface water, the convectively generated cold water
remains below the seasonal thermocline, and constitutes the so-called Cold Intermedi-
ate Layer (CIL) of the upper layer thermohaline structure. Even though this water
mass has a considerable importance in the Black Sea ecosystem, our knowledge of its
transport characteristics is limited. This issue is revisited here on the basis of new "eld
studies.

As shown in Fig. 10 for section UK1, vertically uniform salinity and temperature
structures, with S&18.1}18.2 and T&53C, are observed throughout the shelf region
which provide an indication of CIL formation within the NWS prior to the measure-
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Fig. 11. Temperature (3C) and salinity transects along section TK1.

ments. The survey period corresponds to the initiation of temperature strati"cation in
the surface water as a response to spring warming, which leads to isolation of the cold
water patch present within the near-bottom levels of the shelf. The data also provide
evidence for the CIW formation event within the cyclonic domes of the western basin's
interior. For example, the temperature transect for section TK1 (Fig. 11) reveals a cold
water lens with a thickness of 20 m and minimum temperature of 5.53C on top of the
thermocline dome. The vertical uniformity of salinity and density of the water column
(S&18.6, p

t
&14.6 kg/m3) at the same place suggests that the lens is a remnant of the

40 m thick mixed layer formed earlier during the winter. We note that the salinity and
density of the mixed layer are higher by about 0.4 and 0.4 kg/m3 as compared with
those on the NWS shelf. A similar CIL structure is consistently observed at other
meridional sections along the Turkish coast. An example is shown for the cross-
section TK5 in Fig. 12. Sections TK1 and TK5 both suggest that the cold water patch
slides isopycnally along the periphery of the cyclonic eddies of the interior towards the
Rim Current frontal zone, which then transports the cold water cyclonically around
the basin.

The transport and spreading characteristics of the shelf CIW seem to be controlled
by several processes. A part of this cold water mass is transported by the alongshore
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Fig. 12. Temperature (3C) and salinity transects along section TK5.

currents southward on the western shelf. However, because the along shelf currents
are relatively weak at this time of the year (typically less than 10 cm/s), which is prior
to the beginning of high river run o!, this portion of the CIW transport should be
relatively small. This may also be inferred from the AVHRR imagery in Fig. 7, where
most of the cold water is seen to be trapped within the shelf region. Cold waters
carried southward over the shelf might be partially entrained by the coastal mesoscale
eddies. Some part of the shelf CIW may be subjected to cross-shelf transport towards
the shelf break and slope region, where it #ows into the Rim Current convergence
zone, similar to the isopycnally sinking cold waters from the deep interior. The Rim
Current convergence zone then the location where these two di!erent cold water
masses join as they are advected around the periphery of the basin. The April 1993
survey provides excellent examples for such shelf-slope exchanges and their possible
modi"cations due to the mesoscale variability of this zone. These exchange processes,
in fact, resemble those taking place along the northeast coast of the United States, as
examined in numerous studies such as Houghton et al. (1986), Churchill et al.
(1986,1989,1993), Joyce et al. (1992), and Gawarkiewicz et al. (1996).

The temperature transect UK4 (Fig. 13) gives an example of cold water intrusions
into the Rim Current convergence zone from the two source regions. The interior cold
water mass is transported there (shown in Fig. 13 by stations U18 and U19) by the
northwesterly currents of the cyclonic circulation in the interior (see Fig. 2). The cold
water mass from the shelf is, on the other hand, supplied by the southeasterly currents
along the periphery of the eddy A1, located further west. As a result of continuous
supply of the cold water from both sides, the relatively warm water mass con"ned in
the convergence zone is cooled thoroughly. Consequently, a new temperature strati"-
cation is developed within the Rim Current zone, in which a cooler and deeper CIL is
extended approximately to the 120 m depth.
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Fig. 13. Temperature (3C) transect along section UK4.

Fig. 14. Temperature (3C) transect along section UK2.

Fig. 14 shows a di!erent type of shelf-slope exchange process along section UK2.
As in the previous case, the cold shelf waters are transported towards the shelf break
zone by means of the weak southeasterly currents (see Fig. 3). Further intrusion into
the Rim Current convergence zone, however, does not take place, since this water
mass is blocked near the shelf break by the counter #ow of the anticyclonic eddy A1.
Consequently, as noted at station U11 in Fig. 14, the relatively warm temperature
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structure of the eddy is maintained there. The shelf water may, however, be drawn into
the convergence zone around the eddy by its peripheral current system. In the
presence of such energetic anticyclonic eddies at the shelf break, eddy-induced lateral
transport might be a very e!ective means of bringing the cold shelf water into the
convergence zone. Similar speculation is also appropriate for the cyclonic eddies
transporting the cold waters from the interior of the basin. Some features of this
mechanism were explored along the east coast of United States between the
shelf/slope waters and Gulf Stream warm core rings (e.g. Churchill et al., 1986).

5. Summary and discussion

Ship mounted ADCP and CTD measurements were carried out in the western
Black Sea during 2}15 April 1993. These measurements give insight into several
important features of the regional circulation and thermohaline characteristics, which
have not been reported before. The principal results are concerned with (i) the strength
and three-dimensional structure of the Rim Current #owing cyclonically along the
periphery of the basin and the associated mesoscale eddies on its two sides, (ii)
documentation of the cold water mass formation event that took place over the shelf
and on top of the thermohaline dome of the interior cyclonic circulation in the winter
prior to the measurements, (iii) shelf-slope exchanges and transport of the newly
formed CIL water by the Rim Current within the basin, and the role of mesoscale
structures in these processes.

One of the most striking "ndings of the April 1993 measurements is the strength of
the Rim Current jet. It is typically more than twice that determined from the summer
surveys reported in Oguz et al. (1993,1994,1998). Current speeds as high as 1.0 m/s,
uniformly distributed within the upper 100 m of the water column, were measured
along the jet core with the ADCP in this survey. More interestingly, subpycnocline
currents of the order of 20}40 cm/s were recorded between 200 and 350 m, represent-
ing the limit of the ADCP measurements. This is the "rst time (due to availability of
the vessel mounted ADCP on R.V. Bilim) that such strong subsurface currents have
been reported in the Black Sea. They are almost an order of magnitude stronger than
the geostrophically computed currents given in the literature (e.g. Oguz et al.,
1993,1994,1998). The latter currents underestimate the vertical jet structure consider-
ably, since they do not include the ageostrophic e!ects or the barotropic component
of the current. Furthermore, the doubled strength of the upper layer geostrophic
currents computed from the present data compared with those obtained from the
summer surveys of September 1990, 1991 and July 1992 reported elsewhere implies
considerable seasonal/interannual variability in the strength of the circulation. Con-
sidering the fact that winter 1993 was one of the coldest winters in the region within
the last decade, it would be an interesting numerical modeling study to explore the
role of such strong cooling on the intensi"cation of the Rim Current system around
the periphery of the basin. The other contribution of the ADCP measurements is that
it provides more detailed information on the cross-stream structure. Along the
Anatolian coast, the shoreward side of the jet is a region of strong anticyclonic shear,
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typically 30}50 cm/s per 10 km. On the o!shore (cyclonic) side, the isotachs are more
spread out, but the lateral shear can still attain a value of about 10}20 cm/s per 10 km.

Contrary to the jet-like #ow structure over the continental slope, the currents over
the northwestern shelf (NWS) are generally less than 10 cm/s. The relative weakness of
the shelf currents is, however, consistent with the fact that the continental slope acts as
an insulator on the shelf circulation protecting it from the in#uence of the deep ocean
(e.g. Wang, 1982; Chapman and Brink, 1987). The features situated over the so-called
`Danube Fana, the wide topographic slope zone between the NWS and the deep
interior, have very limited interactions with the shelf circulation. NWS is not much
a!ected by the onshore meanders of the Rim Current, which extends only to the shelf
break zone. Accordingly, apart from the contribution of river runo!, the NWS
circulation is essentially wind-driven. We however note that, as described earlier by
the numerical modeling studies in Oguz et al. (1995) and also reported by various
other idealized modeling studies (e.g. Oey and Mellor, 1993; McCreary et al., 1997),
the wind and coastal buoyancy forcing tend to generate quite complicated mesoscale
circulation over the shelf. An elongated, large cyclonic eddy along the Romanian shelf
is "rst observed in the April 1993 survey and is also seen in the subsequent surveys of
May 1994 and April 1995. It remains to be explored, however, how this eddy is
modi"ed during the periods of increased fresh water discharges, and when the river
plume tends to de#ect northward (instead of its usual southward de#ection along the
coast) as well as in the case of northeasterly winds, both of which promote an
anticyclonic circulation within the shelf (Oguz et al., 1995).

The data demonstrate quite clearly that the boundary #ow system along the
western and soutern coast of the Black Sea possesses meanders and a series of
cyclonic}anticyclonic eddy pairs associated with them. They seem to have an ampli-
tude of &75 km which is larger at two instants (&125 km for M6 and M9), and
longshore wavelengths of 100}125 km. Translation of the features cyclonically around
the periphery of the basin, and e!ects of topographic control as well as instability
mechanisms on the #ow "eld are evident in the satellite images. The role of baroclinic
instability on the mesoscale structure of the circulation was noted by Blatov et al.
(1985) using a simple linear stability analysis of two-layer #ows. However, it needs to
be studied using more rigorous methods considering the non-linear growth properties
of the jet and mean-eddy #ow energy transfers.

The present data document the result of the CIW formation event that took place
within the NWS and over the dome of the cyclonic gyre of the western basin prior to
the measurements. The cold pool on the shelf is found to be relatively colder and
fresher than that formed within the near-surface levels of the cyclonic gyre. The shelf
CIW has typical salinities of 18.2, whereas the interior CIW is identi"ed by an
approximately 0.4 higher salinity. Both of these cold water sources, on the other hand,
have similar temperatures of 5}63C. Thus, the salinity plays a decisive role in
distinguishing the origin of the CIW formed in di!erent regions of the sea.

The April 1993 observations suggest the interior basin of the Black Sea as the main
source of the CIW formation. The cold water mass formed there eventually sinks
towards the periphery of the basin. Recent progress made on the observations and
modeling of dense water mass formation and spreading (Marshall and Schott, 1998)
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points to the crucial role of mesoscale eddies in the process of lateral spreading of
dense water masses following its violent convective sinking phase. The role of this
mechanism on spreading of CIW during the post-convection phase is not clear and
deserves further observational and modeling studies.

Three possible transport mechanisms of the shelf CIW might be identi"ed from the
data. The "rst one is their southward transport by the along-shelf currents. This,
however, should comprise only a small percentage since the strength of the along shelf
currents are weak in winter and early spring periods, prior to the intensi"cation of
river runo!. Furthermore, this water mass should undergo considerable modi"cation
as it passes through the coastally attached anticyclonic eddies of the southwestern
part of the basin. The second transport mechanism is the o! shelf transport to the Rim
Current convergence zone, which then advects the CIW around the basin. The data
indicate that the anticyclonic eddies located along the shelf break/ upper continental
slope topography of the northwestern basin of the Black Sea in#uence the o!shelf
transport of the cold water patches. In some cases, they draw cold water "laments
seaward and around their peripheries, whereas in other cases they block the o!shelf
transport and thus cause partial entrapment of the CIW on the shelf. The presence of
a cyclonic eddy along the Romanian shelf supports the possibility of long-term
residence of the bulk of the CIW on the shelf after its formation, as also noted by the
presence of a large cold pool shown in the AVHRR satellite image in Fig. 2b.
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