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Abstract

Dependency of major hydrophysical/chemical features of highly stratified basins on density surfaces in the vertical makes isopycnic
models an attractive tool for simulating the dynamics of marginal marine environments such as the Black Sea because of the ability of these
models to restrict vertical transport to some desirable degree. In the present work the seasonal variations of the subsurface dynamics of the
Black Sea are investigated using an isopycnic model. Particular attention is given to the interfaces of the Cold intermediate layer and
Suboxic layer and finally, the deep layer circulation in the basin is studied. It appears that although the depth range of the base of the Cold
intermediate layer and the lower Soboxic layer interface do not change seasonally, their horizontal distribution is defined by the upper layer
dynamics of the basin. Cyclonic surface circulation diminishes with increasing depth and the deep layer circulation is characterised by an
anti-cyclonic rim current driven by density gradients created from river runoff and the influx of Mediterranean water. © 2002
Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

La liaison entre les facteurs hydrologiques et chimiques et les densités de surface dans les mers stratifiées rend attractive I'utilisation de
modéles isopycnaux pour simuler la dynamique de mers comme la mer Noire. Ce modeéle réduit en effet le transport vertical & un niveau
acceptable. Les variations saisonniéres de la dynamique de sub-surface de la Mer Noire ont été simulées en se servant d’'un modeéle isopycne
Une attention particuliere a été portée aux interfaces entre la couche intermédiaire froide et la couche faiblement oxygénée. Finalement, la
circulation profonde du bassin est étudiée. Alors que le niveau d'immersion de la base intermédiaire et de I'interface inférieure de la couche
sous- oxygénée ne présentent pas de fluctuations saisonniéres, leur répartition horizontale dépend de la dynamique de la couche de surfac
La circulation cyclonique superficielle diminue quand la profondeur augmente et la circulation profonde est caractérisée par un courant
annulaire anticyclonique entrainé par le gradient de densité crée par I'apport d’eau douce et I'entrée d’eau méditerranéenne. © 2002
Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS. Tous droits réservés.
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1. Introduction Mediterranean opened again about 7000 years ago. In the
deep water layers the salinity increased as a result of the
In terms of physical characteristics, the Black Sea startedinflow of salt water from the Sea of Marmara while in the
to take its present form when its connection with the surface layers it decreased because of the inflow of fresh
river water from melting glacial ice. As a consequence of
- these changes, strong density stratification occurred and
* Corresponding author : UFZ, Centre for Environmental Research, gnaerobic conditions were established in the bottom Iayers
Department of Inland Water Research, Brueckstr. 3a, 39114 Magde- and the interface between the oxygenated upper waters and
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depth of about 150 m. This interfacial region, which is only
a few tens of metres thick, is known as the Suboxic layer
(SOL) and coincides with the permanent hal oclineﬁ

The Cold intermediate layer (CIL), which is character-
ised by temperatures less than 8 °C, is another special
feature of the Black Sea. This low temperature layer is
usually located below the seasonal thermocline and can be
seen throughout the basin. The CIL is preserved through the
year by strong vertical gradients in the seasona and
permanent haloclines that prevent the water in the CIL from
mixing with adjacent layers. A survey conducted in Sep-
tember 1991 (HydroBlack’ 91) revealed that the CIL extends
down to =100 dbar, where the density anomaly, o;, reaches
15.65 kg m3. In contrast the density anomaly at its upper
boundary is 14.15 kg m3. The average minimum tempera-
ture observed during the survey was=7.2°C (o,
= 14.4-145kgm=3). The SOL lies below the CIL, and
extends to adepth of 140 dbar, where o, = 16.2 kg m=. This
corresponds to the base of the permanent pycnocline. The
SOL is similar to the CIL regarding its thickness and
confinement to shallower depths in the cyclonic regions

(Qguz et al  1994),
At this time, the mechanisms underlying the genesis of
the CIL are not fully understood. ﬁm and
argue that it is formed in the northwestern
shelf region and in the proximity of the Kerch Strait. In

contrast uchinnikov and Popov (1937) suggest that the

CIL waters are formed in the centres of cyclonic eddies. On
the other hand, I0zsoy and Unluata (1997) argue that
although available satellite and hydrographic observations
suggest the formation of a cold and dense water mass in the
northwestern shelf region, these data provide inadequate
support for a direct relation between these waters and the
CIL. In another study, Lvanov et a (1997) analysed
volumetrically the temperature and salinity of the cold
intermediate water masses using the data sets obtained in
recent years. These authors argue that for a cold winter
Ovchinnikov and Popov’s hypothesis is more realistic and
contribution of northwestern shelf to the cold water produc-
tionisrelatively small. This observation is supported by the
results of surveys made along the Turkish coast in Septem-

ber ‘88 and April ‘89 that show the CIL is deeper and
thicker in the coastal areas than in the centre%

The results of the September ‘88 and April ‘89 surveys
also provide ameans of investigating the seasonal variations
in the CIL. In the results of the April ‘89 survey, the upper
boundary of the CIL isfound at about 25 m and the layer is
relatively thick following the formation of new CIL-water
during the winter. The lower boundary lies at about
100-150 m or further down in the anti-cyclonic eddies. The
September ‘88 results, on the other hand, indicate a thinner
CIL due to the decrease in the amount of newly formed CIL
waters. Its upper boundary lies at about 40 m in the western
and at 50 m in the eastern basin, while the lower boundary

extends to relatively higher levels, about 100 m[Qguz et al |

The main features of the circulation in the upper layer of
the Black Sea are a basin-wide cyclonic current system
flowing along the continental slope, called the rim current
(or the Main Black Sea current in the former Soviet
literature), and a series of mesoscale eddies confined by the
coast and the rim current. The eddies, sizes of which change
from sub-basin scale gyres to sub-mesoscale features, are
interconnected with each other by jets and filaments. The
meandering rim current, being a basin-scale feature of the
circulation, is characterised by either one elongated cell
covering the whole basin, or by a series of separate cyclonic
cells located in the western and eastern parts of the basin
depending on the season and on the wind curl. It is reported
that circulation is more intense and better organised in
winter than in summer, that is, when the circulation is
seasonally persstent more eddy activity is observed in
various scales

. The rim current can be thought to constitute a buffer
zone between coastal and offshore waters and so is a very
important feature of the circulation system in terms of the
biogeochemistry of the basin. The driving mechanisms for
the circulation are reported to comprise the curl of the wind
stress distribution, the thermohaline fluxes and the topogra-
phy athough it is still not clearly understood which of these
predominates. Recent studies and surveys show that the
Black Seahas very strong temporal and mesoscale variabili-
ties and a complex, interrelated and eddy dominated circu-
lation.

The circulation in deep layers of the Black Seais also
subject to debate. Following the HydroBlack ‘91 survey,
Oguz et al. (1994) suggest that even though the large scale
components of the general circulation remain similar down
to 500 dbar, both large and mesoscale features of the
circulation are subject to considerable changes at increased
depth. The SO’ 90 survey shows not only the disappearance
of the rim current, the shift of eddy centres, the coalescence
of eddies, and the persistence of some components but also

structural_changes in the deeper layers (Qguz et al _1993)]
Bulgakov and Kushnir (1996), after carrying out investiga-

tions based on theoretical analysis and laboratory tests,
conducted field observations and concluded that an anti-
cyclonic counter current lies below the rim current at the
depth of the main pycnocline in the northern and northwest-
ern parts of the basin. Similarly, Eremeey and Kushnid

, based on the measurements conducted during
ComsBlack surveys in August 1992 and in October-
November 1993, point out that under certain conditions a
counter current may be formed under the rim current in the
same region. However, observations over the whole basin
are lacking. constructed a simple, non-
linear model to investigate the circulation in a circular basin
with a depth of 2000 m under the influence of latera
buoyancy fluxes, like river inflow and saline water input.
His simulation predicts a three-layer structure of the circu
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lation. A cyclonic circulation is developed in the upper
100 m. The anti-cyclonic undercurrent of intermediate
depths extends down to 1800 m. In the very deep layer he
reports a weak cyclonic current.

Recently, it has been demonstrated that various physical
and chemical characteristics of the Black Sea (e.g. the
oxic/anoxic transition layer, the so-called suboxic zone, the
cold intermediate layer, the seasona variations of phos-
phates, nitrates and dissolved oxygen, etc.) develop on
density surfaces and show little variation over the basin

(Murray et al 1991 Saydametal 1993 Qguzetal  1904)
AzamLel_aL,_:LQQl) A number of scientists, therefore,

started to examine the basin wide datain order to define the
temporal and spatial variability in the density-dependent
profiles of the major hydrochemical properties of the basin
(see Tugrul et al (1992) BRasturk ef al (1997)).

To date, the study of the dynamics of the basin making
use of numerical models has been limited to traditiona
depth and sigma coordinate models, which seem unable to
produce realistic descriptions of stratification and deep layer
circulation. Elsewhereit is claimed that a density-dependent
definition of a range of physical and chemical processes is
more informative for the study of long-term change in the
vertical hydrophysics/chemistry of the Black Sea
Lalov et al _1997). Therefore the isopycnic approach, where
the vertical coordinate system is related to potential density
layers, provides a promising option for the more redlistic
simulation of these processes. To this end we have set up a
circulation model of the Black Sea in isopycnic coordinates
to extend our understanding of the vertical dynamics of the
basin so to alow better description of biogeochemical
processes. In this short contribution we restrict our effortsto
the presentation of simulation results of subsurface layers
dynamics, namely CIL and SOL interfaces and deep layer
circulation.

2. Model description

Ocean general circulation models, until recently, have
been usually developed using cartesian co-ordinates. How-
ever, when the conservation equations for salt and tempera-
ture are written in the x,y and z directions, it is difficult to
avoid excessive diapycna mixing in long term simulations.
Theoretical consideration of the adiabatic character of fluid
motion and eddy diffusion over long time scales has brought
about a new type of model that reduces the truncation errors
introduced when approximating finite-difference equations
or numerical errors resulting from physically incorrect
splitting of the transport and diffusion processes into their
vertical and horizontal components. In contrast to conven-
tional multi-level models for stratified fluids, isopycnic
models comprise a set of constant potential density layers.
Since oceanic mixing processes take place predominantly
along constant potential density surfaces, these models
where the dynamic equations are changed from (x, y, 2) to

(X, y, 0) coordinates achieve a more accurate representation
of the physical system, provided that the resolution is
sufficient. Here o is the potential density. The reader is
referred to m for a complete description of the
transformation of the governing equations from the carte-
sian to isopycnic form. The result of this change is that
transport in the x and y directions occurs on isopycnic
surfaces while transport in the z direction is now in the
parallel to the o axis. Transport in this direction can be
totally suppressed so that the diapycnal component can be
suppressed unless required. Accordingly, spurious heat ex-
change between warm surface waters and cold bottom
waters are minimised as well as horizontal heat exchange
aong sloping |sopycnal surafaces such as those in frontal
regions

2.1. Governing equations

The model used in the present study has three prognostic
equations, namely the equations for mass conservation, the
horizontal velocity vector and the conservation of buoyancy
related variables such as density, salt and temperature.
These are written respectively as.

() (vR)+L(sR)=0 @

> >2 —>

%
h i Vi ap) T
S+[]52+(f+f)k><v+(s )ap+DM

g 9T, () (JQ )
gap+(as) O, O VastV 2

() 0 o(v )+ L(sBT)=n, 0
(vR0O,T)+H, (3

where s is an arbitrary isopycnal surface in the vertical, V
=(u,v) is the horizontal velocity vector, p is pressure,
a=p' is the specific volume, & = av/ox, — au/ay, is the
relative vorticity, m= gz + pa isthe Montgomery potential,
gz is the geopotential, f is the Coriolis parameter, k is the
vertical unit vector, v is eddy viscosity which can vary, 7 is
the wind and bottom drag induced shear stress vector, T is
any one of the model’s buoyancy related variables (tem-
perature, salinity, density) and H represents the sum of the
diabatic source terms acting on T. Subscripts show the
variables that are kept constant during partial differentia-
tion.

The model employs an Arakawa C-grid distributing the
variables such that velocity grid points are located halfway
between mass grid points in the x,y direction

. Thermodynamic variables and variables of
motion are treated as layer variables that are constant within
layer but change across layer interfaces. However, p,z and
Sdplds are characterised as level variables defined on
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Table 1

Model potential density layers and corresponding salinities
Potential density (o) Salinity
13.10 18.02
13.59 18.22
13.85 18.28
14.15 18.41
14.45 18.61
15.05 19.37
15.65 20.19
16.20 20.94
16.45 21.29
16.72 21.65
16.88 21.87
17.05 22.08
17.18 22.25
17.23 22.32

interfaces. A more detailed description of the model, the
numerical schemes used and the numerical issues arising
from isopycnic modelling can be found elsewhere (see
Bleck et al 1989 Bleck and Smith, 1990; Smith et al |
0990; Bleck et al 1992; Chassignet and Rleck 1993]

3. Modd set-up
3.1. Model geometry and density profile

A model resolution of 0.25° longitude x 0.25° cos ¢
| atitude was chosen for the horizontal plane and all datafiles
were interpolated to the model grid. Although the full
resolution of meso-scale eddy activity is not expected with
this relatively coarse horizontal grid, simulation of larger
(meso- to large) scales should be possible. The model
includes a surface mixed layer and fourteen potential
density layers in the vertical. In order to achieve the sharp
vertical dtratification found in the basin, average salinity
values were specified for each layer. These salinities were
calculated by linear interpolation from |Altman’s data sel

, which consists of CTD and Nansen bottle measure-
ments made over 70 years. The data comprises monthly
averages of temperature and salinity at 22 vertical levels
with a resolution of 1° longitude and 0.5° latitude.

Particular effort has been made to choose densities
corresponding to the minimum temperature in the CIL
(14.450,) and its upper and lower bounding layers
(14.15 0,4 and 15.65 o). The potential densities of suboxic

1 contour from 200 to 2000 by 200

A Crimea
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Fig. 1. Model topography (depths are in meters). The straight lines ABC and DEF give the position of the vertical cross sections shown in Fig. 13.
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Fig. 2. Layer interfaces in the initiaisation along the longitude 34° for the upper 200 m.
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Fig. 3. Basin averaged density profile for September climatology.

layer base (16.72 0,) and bottom mixed layer (17.23 o)
were also specified. The chosen layer densities and corre-
sponding salinity fields are shown in Table 1.

The bottom topography of the basin was interpolated to
fit the model grid from the Scri ppstopography dataset This
was subsequently checked with

. The resultant model bathym-
etry is shown in Fig. 1. The model was initiaised using
September climatology with transverse-basin meridional
density profiles interpolated from the data set of [artmad
@i In Fig. 2 we show layer interfaces in the initialisa-
tion aong the longitude 34° for the upper 200 m. The
dome-shaped isopycnals are relatively suppressed in this
month due to reduced river inflow and summer stratifica-
tion. A basin-averaged density profile for this month is
shown in Fig. 3. Both Kraus-Turner and Gaspar types of
mixed layer formulations are available in the model and the
latter was chosen with the minimum thickness of the mixed
layer specified as 5 m.

3.2. Model forcing and parameterisation

The model is forced by mechanical (wind stress), ther-
modynamic and relaxation functions. Wind stress data is
derived from the Hellermann and Rosenstein (1983)
monthly climatologies and interpolated to the model grid.

report that wind stresses in this set are
insufficiently strong but well documented reflecting the
main features of the Black Sea winds in space and in time.
They aso note that Hellermann and Rosenstein fields are
2-3 times weaker compared with measured values from
meteorological stations. These comments lead usto increase
our Hellermann and Rosenstein data values by a mean
factor of 2.5. Fig. 4 shows the wind stress in January and
July to represent the change of seasonal wind pattern over
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Fig. 4. Model wind stress distribution in January and July.

the basin. Winds are usually strongest in winter. In the
western part of the sea, winds from between NE and NW are
dominant, while in the west they are usually northwesterly
and much lighter. In summer, however, winds are much less
strong but in the southeast winds from the west are frequent.

Thermodynamic forcing is based on the cal culation of the
thermal balance (B):

B=R+H+¢ @

where, R is the balance of incident solar radiation and
radiation emitted by the sea surface, ¢ is the latent heat
transfer due to evaporation and H is the sensible heat
transfer, which is established by convection when thereis a
considerable difference between sea surface temperature
and air temperature. These components are calculated from
precipitation, wind speed, effective air temperature, net
radiation at the sea surface and the atmospheric water
vapour mixing ratio. Precipitation and wind speed datawere
compiled and interpolated from Meteoralagical Qffice
m. The net radiation at surface is taken as the
difference between the incoming short-wave radiation and
outgoing long-wave radiation. If t is length of day in hours
and A, is noon altitude of the sun in degrees, then the
short-wave radiation input in the absence of clouds (Qg,;
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W m—) and allowing for the average atmospheric loss is

Q. = 04A t, ®

The rate at which the radiant energy arrives at the sea
surface (QL; W m) after allowing reduction by the ratio of
cloud cover (C) is:

Q.=Q, (1-0.0012C%) (9)

The amount of short-wave radiation reflected from the
sea surface (Q,):

Q, =0.15Q; - (0.01Q’S)2 (10)
Finally:

Q. (Wnf)=Q.-Q =0.85Q.-10 “Q. (11

where Q. is the actual short-wave radiation penetrating into
the sea . The net rate of heat loss by the

sea as long-wave radiation to the atmosphere was taken as
the world average value of 50 W m— m The

atmospheric water vapour mixing ratio, g; is found using

_0.622e

“p-¢e (12)
where e is the pressure of water vapour in the atmosphere
and p is the atmospheric pressure. The values for e and p
were interpolated from the charts of the Meteorological
Office and Hydrographer of the Nayy (1990).

Fig. 5 shows that the model-derived annual basin aver-
aged net heat flux (positive upward from sea to air), ranges
from =125 W m in summer to 130 W m~2 in winter. The
data are comparable to those used by Dguz and Malanattel
m%. The annual mean value implies a loss of
3.5 W m2, which is balanced by the heat gained from the
Bosporus.

Since river runoff is expected to have a crucia effect in
determining the physical processesin the basin, runoff input
from three major rivers, namely the Danube, Dniester and
Dnieper, was added to the precipitation data in the corre-
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Fig. 5. Basin averaged monthly variation of the net heat flux (positive
upward from sea to air).

sponding grid cells on the northwestern shelf. The flow rates
used are 219, 48 and 48 km® year respectively. As for the
precipitation data, the seasonal variation of the river flow
rates was considered, the extent of this variation was up
to + 30% of the annual mean.

The Bosporus Strait, which is the only source for high
saline waters from the Mediterranean was included in the
domain as an open boundary where relaxation is applied.
Although the relatively coarse resolution of the present
model does not give a redistic smulation of the strait, its
inclusion helps to reveal the significance of its contribution.
Seasonal data for the Bosporus Strait were specified b

interpolation from surveys conducted during 1986
m. Fig. 6 shows the year-averaged profiles of
salinity in the region corresponding to the density structure
of the model. The salinity values of the bottom layers of the
basin are located at much shallower depths in the Bosporus
to be able to simulate the Mediterranean influx. The excess
of precipitation and river runoff over evaporation amounts
to 296 km®year™ in the model, and the overall water
budget is balanced by the Bosporus flows. In a similar
manner, the salt budget of the model basin is closed by the
salt influx from the Mediterranean through the Bosporus.
Seasonal variation of sat flux varies between
5x107kgm?s? and 2x10°kgm2s™ in the model
depending on the seasonal balance of evaporation and
precipitation.

In accordance with the suggestions by the Miami group
aratio of 20:1 between the baroclinic and barotropic time
steps is chosen and these were set correspondingly at 400 s
and 20 s after successively reducing the parameters control
ling vertical mixing (e.g. diffusion velocity across mixed
layer base was maintained as 1 x 10°cms™, while the
number of time steps between diapycnal mixing calcula-
tions was 1080) to attain sharp stratification. Initial oscilla-
tions in the sea surface height were not observed. The
maximum difference between two successive years is found
to be 0.07 cm in November. It was concluded that the model

Salinity

16 17 18 19 20 21 22 23 24
0 . .

20

Pressure (dbar)

25

30

35 4

40

Fig. 6. Year averaged salinity profile of the model at the Bosporus exit
region.
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Fig. 7. Basin-averaged layer thickness anomaliesin m (differences from the
initia state of the total layer volume divided by the basin area) for model
layers over two years run (SML represents surface mixed layer, see Table
1 for the rest of layer densities).

was stable and hereafter the results for the second year are
presented.

4. Results and discussion

In Fig. 7 we show the time series of the basin-averaged
layer thickness anomalies over two years to illustrate the
water mass changes in the model layers. The surface mixed
layer and the underlying five layers, including the core of
CIL (layer 6) appear to have a seasonal signal and interac-
tions with one another. While layer 7 (15.050,) has
detrained =11 m of water by the end of the two year period,
the SOL (layer 9) is quite stable, neither gaining or losing
water. In contrast, the bottom mixed layer rises by =4 m;
possibly as a result of the influx of saltier water from the
Mediterranean.

Before proceeding with a description of the subsurface
dynamics we first present the general characteristics of
surface circulation revealed by the present model in order to
understand the extent of its influence on the subsurface
layers. In Fig. 8 and Fig. 9 we show the circulation in the
surface mixed layer in January and July taking these to be
representative of winter and summer patterns respectively.
The well-known cyclonic rim current flowing aong the
steep coastline can be clearly observed in winter. It consists
of four to six cyclonic gyres extending from west to east
between 29° E and 40° E. Although they are not very
distinct due to the relatively coarse horizontal resolution of
the model, a few anti-cyclonic eddies are apparent. These
are confined between the coastline and the rim current and
are thought to be formed from the associated effects of bed
friction that results in the creation of a shear velocity
between the shelf break and the rim current. These eddies
are located in the proximity of the Bosporus, on the western
side of Crimean peninsula at 44.5° N 32.5° E, along the
Caucasian coast at 44° N 38° E and near the Cape Kaliakra
at 43.5° N 29° E. The so-called Batumi eddy was not visible
in our January model results in the easternmost part of the
basin. The existence of the various eddy structures is
reported by a number of authors using various sets of
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Fig. 8. January circulation in the surface mixed layer (maximum current speed was set to 10 cm s for clear presentation).
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Fig. 11. July temperature (°C) distribution in the surface mixed layer.

hydrographic observations (see[[rukchev et al _1985:; Titov]
0992 Oquz et al 1993 Oguz et al 1994: Qzsay and

. The distribution of surface layer sainity is
easily correlated with the circulation pattern in winter (see

Fig. 10). Highly saline waters are trapped in the rim current
and are surrounded by fresher waters resulting from river
runoff or heavy precipitation. Furthermore, the salinity
contrast between interior and coastal watersis sharper in the
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Fig. 12. January density (kg m3) distribution in the surface mixed layer.
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western part of the basin than in the eastern part due to
inputs from the Danube, Dniester and Dnieper in the NW
shelf. Very low salinity values, lessthan 17, are found in this
shallow region. Low salinity waters, starting from the
western side of the Crimean Peninsula, follows the coastal
topography and elongates until the Bosporus region with a
crescent-like shape. The typical salinity of this belt is
approximately 18.05. In the eastern part of the sea, lowest
salinity values are encountered around the northern Cauca-
sian coast as low as 18.10 at 44° N. The salinity increases
towards the interior of the basin. The highest salinities,
around 18.40, are observed in the centre of the western
cyclonic gyre.

The rim current changes its path with its eddies shifting
their centres in summer (see Fig. 9). The number of eddies
along the Anatolian coast substantially increases so that the
rim current can be hardly distinguished in the southern and
eastern Black Sea. For the north and west regions, on the
other hand, it is not difficult to track the rim current as it
persists along 44° N, although enlarging anti-cyclonic ed-
dies push it towards the interior part of the basin. It isworth

G. Karakas et al. / Oceanologica Acta 25 (2002) 101-116

noting that displacement of the rim current from its route in
summer brings about the formation of afew cyclonic eddies
in the eastern part outside the ring of the rim current.
Corresponding sea surface temperatures (see Fig. 11) in July
vary from 17.0 °C to 26.0 °C throughout the basin and in
general there is an increase from north to south. However,
water patches as cold as 17 °C are observed along the
Anatolian coast. It islikely that the colder patches are linked
to water upwelling along the coast and are a feature of the
anti-cyclonic eddies that occur here. Comparable, persistent
upwelling events have been reported near Cape Kaliakrain
the west and along the Anatolian coast. The latter events are
found to recur almost every summer even though the wind
patterns do not favour their formation (see Bur et a_(1994),
and 0zsoyand Unluata (1997)).

The January distribution of density in the surface mixed
layer allows us to infer that the wind system over the basin
and the topography are not the sole factors controlling the
upper layer cyclonic boundary current. As illustrated in
Fig. 12, the density distribution shows similarities with the
salinity distribution, in that density of the water masses
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14. Circulation on the CIL (maximum current speed was set to 4 cm s for clear presentation).
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increases towards the inner part of the basin giving rise to
dome-shaped isopycnals and suggesting that salinity is the
main control on baroclinic flow. The lowest densities over
the entire year are encountered in the far northwestern shelf
region of the seaat 45° N 31° E. The highest density, on the
other hand, is observed (14.50 kg m—) in the centre of the
western gyre of the rim current.

Fig. 13 depicts the vertical temperature distribution in
January for the upper 250 min avertical section through the
points ABC and DEF shown on Fig. 1. It is seen that river
runoff from the NW shelf and water exiting from the
Bosporus depress the isopycnals along the shelf and force
the high density waters towards the basin interior, intensi-
fying the pressure gradients driving the cyclonic flow. It is
also noticeable from this figure that the 8 °C isotherm
characterising the Cold intermediate layer follows the
dome-shaped depression of the isopycnals.

Adjacent subsurface layers have similar features of
circulation patterns as the surface layer, while showing less
complexity. Fig. 14 illustrates the circulation on the layer
with density 14.45 g,, which has been identified as the
density of the CIL core following the HydroBlack '91
surveys (Oguz et al 1994). In January the cyclonic rim
current is again found to be the dominant feature and in
addition, fewer secondary gyres are apparent. In contrast by
July the rim current has become less recognisable and the
circulation appears to comprise of independent cyclonic
gyres in the interior of the basin while anti-cyclonic eddies

are found along the coastal regions. Fig. 15 shows the
seasonal topography of the 8 °C isotherm at the base of the
CIL. The bottom boundary of the CIL, which is found
between 70 to 130 m below the sea surface throughout the
year, is not subject to mgor movement suggesting that
thickness of this layer is mainly dependent upon changesin
the dynamics of the upper layers. The seasonal response to
the upper layer dynamics is obvious in the July topography
of the base of the CIL, which is depressed in the south-
western part of the basin asaresult of the anti-cyclonic eddy
formed in that vicinity.

Although weaker, the main features of circulation in the
layer 16.20 o,, which defines the lower boundary of the
suboxic zone, are almost identical to those in the layer
discussed previoudly, as shown in Fig. 16. The major water
movements in this layer comprise the rim current, which
contains four main cyclonic gyres, and several anti-cyclonic
eddies that are confined between the coast and the rim
current. The latter are located near Crimean Peninsula,
along the Caucasian coast, near Cape Kaliakra and near
Batumi in January. The July circulation suggests that
following shifts in the centres of the anti-cyclonic gyres and
growth in the size of the anti-cyclonic eddies, the rim
current cannot be easily discerned in summer. Comparison
of Figs 17 and 18 suggests similarities between the 16.2 o,
potential density surface found in the HydroBlack '91

survey (Oguz et al  1994) and the comparable October

topography obtained from the present model (note that the
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Fig. 16. Circulation on the 16.2 o, potential density surface (lower interface of the SOL) (maximum current speed was set to 2 cm s for clear presentation).

layers are indexed with their upper interfaces in the model).
The density surface in both figures changes from =110 m
below the sea surface in the central region to =180 m along
the periphery of the basin confirming the notion that it is
shaped like a dome. However, the meandering of the
isopycnas cannot be fully determined, as the coarsely
resolved coastline of the model does not alow a more
precise representation to be presented. In addition, monthly
averaged forcing which overrides short-term atmospheric
dynamics could be another factor for the poor resolution.
Fig. 19 shows the depth of the 16.2 o, potentia density
surfacein January, April and July. In amanner similar to the
base of the CIL, the depth of the SOL interface does not
exhibit large seasonal variations. The SOL is located be-
tween 110 m and 170 m below the surface in the central and
coastal regions of the basin respectively throughout the year
and follows the dome-shaped isopycnal surfaces. Neverthe
less increasing eddy activity is linked to a shift in the
location of the deeper and shallower parts of the SOL
boundary during the spring and summer months.

Table 2 shows the maximum model velocities observed
in the surface layers. It is interesting to note that velocities
in the layers adjacent to the surface mixed layer are aways
higher than those found at the surface, and that higher
velocities are seen in the upper layers during the summer
and spring. Below this, there is a gradua decrease in
velocity with depth towards the intermediate layers. The
magnitudes of the velocities shown are in agreement with
reported ADCP measurements i
where velocities of up to 1ms™ are found in the upper
100 m of the water.

Results obtained from the present model suggest the
existence of a rim counter-current in the deeper layers
throughout the year. Fig. 20 shows the circulation in layers
16.72 5, 17.06 o, and 17.23 ¢, in January, July and Octo-
ber respectively. In particular, the 16.72 g, layer shows the
first deviations from those in the upper layers and represent
the transition between upper and lower water motions.
Although the cyclonic rim current can still be detected in the
interior of the basin, it is encircled by an opposing current
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Fig. 17. The topography of 16.2 ¢, potential density surface, defining lower boundary of the SOL in the HydroBlack' 91 survey (after Bguz et a_1004)

that flows along the coastal slope. The counter current has
strengthened by the 17.06 o, layer and in addition no major
seasonal changes in circulation can be detected, indicating
that the strong stratification of the Black Sea prevents the
effects of seasonal forcing from reaching to the lower layers.
A clearer representation of the anti-cyclonic rim current,
found in the bottom layers of the Black Sea, is shown in the
potential density layer corresponding to 17.23 o, which is
known as the upper interface of the bottom mixed layer. The
anti-cyclonic deep rim current in this layer comprises four
gyres.

The influx of saltier water from the Bosporus and fresh
water runoff from the NW shelf region appear to be the
underlying factors driving this deep anti-cyclonic boundary
current system. These fluxes generate density gradients,
which, together with the Coriolis force, encourage an
anti-cyclonic current regime in the deep layers of the basin.
In a previous study, m uses asimple model to
predict another cyclonic current at bottom depths below the
anticylonic counter current. In contrast with this author’s
work, the results obtained from the present model do not
show this large-scale feature and it is possible that the
formation of the additional feature is suppressed by effects
generated by the more realistic topography and forcing used
in the present work.

5. Conclusions

An ocean circulation model using isopycnic coordinates
has been used to examine the seasonal variation of subsur-
face water dynamics in relation to the surface layer. Par
ticular attention has been paid to the waters of the CIL, the
SOL and the deep layer circulation of the Black Sea. It is
shown that the interfacial region between the base of the
CIL and the SOL is unaffected by seasona change. How-
ever, the position of the deeper and shallower regions varies
with the seasonal upper layer dynamics of the basin. The
vertica movement of the upper interface of the CIL,
significantly determines the thickness of this layer.

The model results suggest that deep layer circulation in
the Black Seais characterised by the reversal of the cyclonic
rim current, which results from the density gradients created
by water influx from the Mediterranean and freshwater
runoff from the north-western shelf region. It is also notable
that the present model produces strong gyres in the western
part of the basin, in particular in the surface and subsurface
layers. Once again the strong density gradients and wind
fields found in the west account for this.

Neither the resolution of the model presented here, nor
the available data, are sufficient to give precise details of
finer aspects of circulation in the Black Sea basin (e.g.,
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Table 2

Maximum model velocities observed in the surface and intermediate layers (0 cm s velocities in the subsurface layers in October and January indicate

deepening mixed layer (entrainment)).

Potential density layer (o,)

Maximum model velocities (cm s™2)

October January April July

Surface mixed layer 39.89 33.67 48.86 49.64
13.10 0 0 97.29 7147
1359 55.32 0 95.01 62.57
13.85 32.92 0 45.41 62.33
14.15 3357 0 58.69 58.48
14.45 22.54 78.48 20.67 23.46
15.05 30.05 22.88 21.46 2571
15.65 28.48 29.45 36.29 25.05

meandering currents, meso-scale eddy activity and Rossby

waves). However, the relative success of the present ap-

J proach suggests that further development of isopynic mod-

a6-] 10 ems? els with higher resolution in both vertical and horizontal

1 coordinates together with the acquisition of improved fine

i resolution climatologies, will lead to better understanding

S 44 the dynamics of the basin. In particular, the exaggerated

e 1 influx of saltier water through the Bosporus can be avoided

2 ] N A Ry St p and the rise of the bottom mixed layer interface could be

5 Fhee ; : : )

42 S iymeaanns moderated in a long-term integration of the model. Finally,

] a more accurate portrayal of changes in the current regime

1 in the subsurface layers and the extent to which the seasonal

T T T T T T T e atmospheric forcing signals penetrate into intermediate and
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Fig. 20. Circulation in potential density layers 16.72 o, 17.06 ¢, and 17.23
0, (maximum current speed is set to 1 cm s for clear presentation).

deeper layers against the strong density stratification are of
fundamental importance to the improved understanding of
the biogeochemistry of the basin.
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