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Abstract. Using an eddy-resolving ocean circulation model endowed with active
thermodynamics and a turbulence closure parameterization, a hierarchy of numerical
experiments is carried out to investigate the relative contributions of the wind forcing,
the surface thermohaline fluxes, the river runoff, and the Bosphorus inflow/outflow in
driving the yearly mean circulation in the Black Sea. The model accommodates a
topographic and boundary-fitted curvilinear coordinate system and resolves steep
topographical changes around the periphery of the basin using O(10 km) grid spacing
and 18 stretched vertical levels. Model experiments show that topography, wind
forcing, and buoyancy forcing are all first-order contributors to the primary circulation
of the Black Sea. If any of these features are neglected, significant elements of the
model circulation do not reproduce observations. Subbasin scale gyres are caused by

both wind and thermohaline forcing. Annual mean win

d stress is sufficient to produce

the major interior cyclonic gyres. Stronger winds produce more defined interior flow
than the weaker winds of the Hellermann and Rosenstein (1983) fields. Heat flux is an
important contributor to subbasin scale cyclonic circulation. However, the annual
mean heat flux with spatial structure given by the climatology produces unrealistic
features in the interior circulation. The latter ones disappear when including the

seasonal heat flux variability. This results strongly sug

gests that the seasonal cycle of

the wind stress is much less crucial than the heat flux seasonal cycle in producing a
realistic basin circulation. The Rim Current is locked to the steep topographic shelf
slope, regardless of the forcing mechanism. Without including the strong topography
the Rim Current is absent for all forcings. Mesoscale variability arises from the
dynamic evolution of the Rim Current. This variability is enhanced by the Danube
inflow and the Bosphorus inflow/outflow, demonstrating the importance of these
buoyancy sources in enhancing the mesoscale. The deep-layer circulation is controlled
by the barotropic pressure gradient and is insensitive to the magnitude, seasonality, or
strength of the surface forcing. A transition zone separates the surface and deep-layer
circulation patterns. Its circulation is mainly driven by the slope of the pycnocline

developed as a response to the surface forcing.

1. Introduction

The Black Sea, located between latitudes of 41° to 46°N
and longitudes of 28° to 41.5°E, is an anoxic marginal sea
having limited interaction with the Mediterranean and Azov
Seas through the Turkish straits system and the Kerch

Ipermanently at Institute of Marine Sciences, Middle East Tech-
nical University, Icel, Turkey.

Copyright 1995 by the American Geophysical Union.

Paper number 95JC00022.
0148-0227/95/95JC-00022$05.00

Strait, respectively. It is an elongated, elliptic-shaped basin
distorted by the Crimean peninsula on the north and the
curvature of the Turkish coastline on the south. A large
triangular shelf region, constituting about 20% of the area of
whole sea, covers the northwest part. From here the shelf
gradually narrows toward the southwest and terminates to
the east of the Bosphorus. Only the upper 100 to 150 m of the
total 2200-m water depth possesses measurable oxygen; the
rest of the water mass is anoxic.

The Black Sea is intrinsically interesting to oceanogra-
phers for numerous scientific reasons. First, it is a nearly
enclosed marginal sea, small enough to be logistically easily
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Figure 1. The 5-dbar density distribution in the western
Black Sea during September 1991.

accessible but large enough for the circulation to obey
vorticity dynamics. In it, important processes occur, such as
water mass formation, that are common to major oceanic
basins, but can be much more easily studied observationally.
Notable features of this basin include the lack of open
boundaries and the equal importance of the wind stress field
and surface thermohaline fluxes in driving the complex flow
system. The circulation is modified regionally by inflow/
outflow from the straits and freshwater discharges from
major rivers on the continental shelf. A bottom relief char-
acterized by steep slopes exerts an important control on the
circulation.

The Black Sea is a dilution basin with a positive water
balance resulting from excess precipitation (~300 km?3/yr)
and runoff (~350 km?3/yr) over evaporation (~353 km?/yr).
A surface flow of ~610 km?/yr of less saline (~18 parts per
thousand (ppt)) and lighter water exits from the Black Sea
into the Aegean Sea. In return the saltier (>22 ppt) and
denser Mediterranean water of ~313 km?/yr flows into the
Black Sea as an underflow. The continuous influx of saline
water from the Turkish straits maintains the salinity of
intermediate and deep water masses of the Black Sea at a
constant value, resulting in the formation of a permanent
halocline at depths of 100-150 m. This two-layer hydrologi-
cal structure has evolved within the last 7000-9000 years,
after the Black Sea established connection with the Mediter-
ranean Sea [Boudreau and Leblond, 1989].

The volume fluxes given above are based on two-layer
budget calculations of the coupled system comprising the
Turkish straits and the Black Sea [Unluata et al., 1989]. The
general TS characteristics of the Black Sea are described by
Murray et al. [1991] and Oguz et al. [1992, 1993, 1994]. A
review of the oceanography of the northwestern shelf is
given by Tolmazin [1985a]. Observational studies of the
mixing, spreading, and sinking characteristics of the dense
Mediterranean underflow are reported by Tolmazin [1985b],
Yuce [1990], Latif et al. [1991], Oguz and Rozman [1991],
and Ozsoy et al. [1993]. Studies on the biogeochemistry of
the sea, in general, and of the oxic/anoxic interface zone, in

particular, are presented in a series of papers by Murray
[1991] and Izdar and Murray [1992].

The freshwater discharge into the northwest shelf is cru-
cial in making the sea a dilution basin. The major outflows
are from the following three rivers: the Danube, the Dniepr,
and the Dniestr. The Danube provides the major input of
fresh water (~250 km?/yr), influencing the circulation, mix-
ing properties, and the entire ecosystem of the shelf region.
The Danube plume forms an anticyclonic buige confined
within the upper 25-m layer. The leading edge of this plume
protrudes southward (i.e., downstream) as a thin baroclinic
boundary current along the western coastline. The coastal
jet is separated from the interior waters by a well-defined
salinity front (Figure 1).

Wintertime cooling is another important process leading to
cold water formation and subsequent regeneration and re-
plenishment of the Cold Intermediate Layer (CIL) [Filippov,
1965; Tolmazin, 1985a; Ovchinnikov and Popov, 1987]. The
relative importance of these processes in driving both the
shelf and the interior circulations is not yet understood. Also
not understood are the interaction mechanisms between the
interior and the shelf flows.

The Black Sea is characterized by a predominantly cy-
clonic basin-wide circulation. The building blocks of the
general circulation (Figure 2a) are the Rim Current flowing
along the abruptly varying continental slope and margin
topography all around the basin, a multicentered cyclonic
cell occupying the interior of the sea, and a series of
anticyclonic eddies confined inshore of the Rim Current
[Oguz et al., 1993; Eremeev et al., 1992]. This pattern,

providing an improvement to the classical twin-gyre cyclonic

circulation concept, is further revised by the recent findings
of the Cooperative Marine Science Program for the Black
Sea (CoMSBlack) hydrographic surveys [Oguz et al., 1994,
1995] and satellite imagery [Sur et al., 1995]. The new
findings reveal a complex, eddy-dominated circulation. The
Rim Current exhibits large meanders, offshore filaments, and
dipole eddy structure (Figure 2b). The interior circulation is
composed of an interconnecting series of cyclonic eddies
and subbasin scale gyres, varying in size and shape across
the basin and with depth. They evolve continuously by
interactions among each other, as well as with the Rim
Current. The circulation is strongest in the upper layer,
where the geostrophic currents have speeds of typically 25
cm/s along the axis of the Rim Current (Figure 2b). Recent
acoustic Doppler current profiler (ADCP) measurements
[Oguz et al., 1995], on the other hand, indicated stronger
Rim Current structure, typically >50 cm/s within the upper
layer and ~20 cm/s within the 200- to 400-m depth range.

Contrary to the upper layer circulation, knowledge of the
flow field below ~300 m is limited and generally unreliable.
Recent hydrographic observations [Oguz et al., 1993, 1994}
indicate considerable structural variability of the circulation
at depths below 300 m.

Modeling efforts of the Black Sea circulation have been
rather limited. A common feature of the majority of existing
models is their coarse horizontal resolution and relatively,
strong dissipation necessary for numerical stability. Th
models thus do not resolve the mesoscale eddy field and can
only reproduce the coarse, large-scale features of the genera
circulation in response to the seasonal wind and thermo:
haline forcing. :

The most simplistic and earliest models are based of
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Figure 2a.

Schematic diagram of the upper layer circulation in the Black Sea. Reprinted from Oguz et al.

[1993], with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OXS5S

1GB, United Kingdom.

Sarkisyan’s diagnostic modeling approach [Dzhioev and
Sarkisyan, 1976; Gamsakhurdiya and Sarkisyan, 1976;

Moskalenko, 1976]. These models noted the importance of

the “‘jebar’’ effect in driving the wind-driven circulation. The
interannual variability of currents in the Black Sea has been
studied more recently using ‘‘semidiagnostic’’ models
[Stanev et al., 1988; Eremeev et al., 1992; Demyshev, 1992;
Trukhchev and Demin, 1992; Klimok and Makeshov, 1993].
The success of these models in predicting mesoscale features
of the circulation has been limited by the resolution of the
climatological data. With coarse resolution (typically 40 x 60
arc min) data sets, smoothed circulation patterns were
obtained consisting of only the largest-scale features. When
the climatological fields were interpolated on a finer grid
(e.g., 21 x 28 arc min), some smaller-scale features of the
general circulation were reproduced. These efforts focused
mostly on the wind-driven component of the circulation. The
role of buoyancy fluxes to the generation of upper layer
currents comparable to those generated by the wind stress
was noted by Marchuk et al. [1975], Stanev [1990], and S. N.
Bulgakov et al. (unpublished manuscript, 1995).

Using a fully eddy-resolving ocean circulation model, we

carry out a systematic series of numerical experiments to
address the following fundamental questions: (1) what is the
relative importance of the wind stress, air-sea thermohaline
fluxes, and lateral buoyancy fluxes in driving the general
circulation on the yearly timescale; (2) what is the spatial
variability of the general circulation due to the regional
variability of these forcing agents; and (3) how is the yearly
general circulation modulated by the mesoscale variability
generated by the currents in response to the internal dynam-
ical processes.

Sections 2 and 3 present the model formulation and initial
and boundary conditions, respectively. The results of the
numerical experiments designed to study the effect of each
forcing mechanism are given in section 4. A summary and
discussion of these results are provided in section 5, as well
as the directions for future research.

2. Model Description

The model implemented for this study is the Princeton
ocean model (POM) described by Blumberg and Mellor
[1987] and Blumberg and Herring [1987]. It is a free-surface
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Figure 2b. The 5-dbar geostrophic circulation during September 1991. Reprinted from Oguz et al. [1994],
with kind permission from Elsevier Science Ltd., The Boulevard, Langford Lane, Kidlington OX5 1GB,

United Kingdom.
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-

Figure 3. Model curvilinear grid.

primitive equation model for an incompressible, Boussinesq,
and hydrostatic fiuid employing bottom-following o coordi-
nate in the vertical and a coast-following orthogonal curvi-
linear coordinate system in the horizontal. It incorporates
active thermodynamics, and the Mellor-Yamada level 2.5
turbulence closure scheme [Mellor and Yamada, 1982] for
the parameterization of vertical mixing. It has been applied
to nuinerous oceanic problems including estuarine and shelf
circulation studies [Blumberg and Mellor; 1983; Oey et al.,
1985], data assimilation studies in the Gulf Stream [Mellor
and Ezer, 1991], and general circulation studies in the
Mediterranean Sea [Zavatarelli and Mellor, 1995]. A brief
description of the model and of the grid configuration, as
well as a short summary of the numerical schemes used,
described in detail by Mellor {1991}, are given in the appen-
dix.

The model domain covers the entire sea including the
shallow northwestern and western shelf regions and is
shown in Figure 3 with the curvilinear grid. It has a resolu-
tion of ~5 km along most of the southern coast, where the
topography undergoes its most drastic variations. In the
interior of the basin, where the topography is almost fiat, the
grid spacing increases maximally to ~15 km. The average
grid spacings of ~8.5 and ~11.5 km in the meridional and
zonal directions, respectively, are less than half the first
barcclinic radius of deformation of 20-30 km.

Table 1. Position of o Levels for Different Water Depths

Level Position 100 m 500 m 2000 m
1 0.000 0.0 0.0 0.0
2 —0.004 -0.4 2.2 —8.8
3 —0.007 -0.7 -3.4 —13.5
4 -0.010 -1.0 =5.2 -20.8
5 —0.016 -1.6 —8.0 -32.1
6 —0.025 -2.5 —-12.4 —49.6
7 —0.038 -3.8 —-19.1 -76.4
8 -0.059 -5.9 -29.5 —-117.9
9 —0.091 -9.1 —45.4 —181.8

10 —0.140 —14.0 -70.1 —280.3
i1 —0.167 -16.7 —83.3 -333.3
12 -0.333 -333 —166.7 —666.7
13 —0.500 -50.0 -250.0 —1000.0
14 —0.667 —66.7 —333.3 —1333.3
15 -0.827 —82.7 —413.3 -1653.1
16 -0.910 -91.0 —454.9 —1819.5
17 —0.953 -95.3 —476.5 —1906.0
18 —1.000 -100.0 -500.0 —2000.0

Bottom Topography

CONTOUR FROM 50 TO 2050 BY 100

Figure 4. Smoothed model topography (depths are in
met_ers).

Eighteen vertical levels are used. These levels are
stretched exponentially toward the free surface to achieve a
better resolution of the upper layer stratification. Accord-
ingly, the upper 200-m layer, where the density changes are
about 4-5 kg/m3 (see Figure 6), is resolved by at least nine
vertical levels. This resolution becomes finer as the water
depth becomes shallower (Table 1).

3. Initial and Boundary Data
3.1. Bottom Topography

The bottom topography is interpolated to the model grid
from the 5 X 5 arc min world ocean topographic data set. A
fourth-order Shapiro filter is applied twice to smooth out
steep topographic features which are expected to introduce
some errors in the velocity and density fields due to the
application of the o coordinate system (see appendix). The
resultant bathymetry (Figure 4) exhibits a narrow shelf O(50
km) and steep slope all around the basin. Toward the
interior, this steep topographic slope joins an almost flat
abyssal basin with a depth of ~2200 m. In the western basin
the northwestern shelf region is coupled to the interior
through a relatively wide and smooth topographic slope. The
minimum depth of the shelf is set to 50 m.

3.2. Wind Stress

The yearly mean wind stress field is derived from the
Hellermann and Rosenstein [1983] monthly climatologies.
The eastward and northward components of the wind stress
field are first interpolated onto the model grid and then
rotated onto the curvilinear coordinate system. The field
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Figure 5. Climatological yearly mean Hellermann and
Rosenstein [1983] wind stress field (in dynes per square
centimeter).
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Figure 6. Climatological mean vertical (left) temperature and (right) salinity profiles used in the model

initialization.

(Figure 5) is dominated by northerlies having a magnitude of
<0.2 dyn/cm?. The dominant direction of the winds is from
the northeast, the north, and the northwest in the western,
central, and eastern basins, respectively.

The Hellermann and Rosenstein [1983] climatology is a
relatively weak and smoothed wind stress field. The direc-
tions are generally in agreement with those of other data sets
used in different studies [e.g., Stanev et al., 1995; S. P.
Meacham, On the circulation of the Black Sea at the basin
scale and the mesoscale, submitted to Deep-Sea Research,
hereinafter referred to as submitted manuscript, 1994], but
the magnitudes seem to be rather smaller, with a maximum
intensity not exceeding 0.5 dyn/cm? throughout the climato-
logical year. The curl of wind stress field has typical magni-
tudes of 10~10 dyn/cm?, an order of magnitude smaller than
the basin average value reported by Stanev et al. [1995].
Although the Hellermann and Rosenstein [1983] winds are
known to be weak, these are used in this study because they
are the best documented, available wind stress fields for this
region.

3.3. Stratification

The annual mean temperature and salinity fields are re-
constructed from the monthly fields based on the Russian
climatology of ~25,000 conductivity-temperature-depth
(CTD) and Nansen bottle casts collected within the last 70
years [Altman et al., 1987). The data were made available to
us by I. Gertman and have a spatial resolution of 1° longitude
and 0.5° latitude comprising 97 grid boxes over the entire
sea. The data set consists of the monthly averages of
temperature and salinity fields at 22 vertical levels.

In all experiments the model is initialized with horizontally
uniform, one-dimensional stratification (Figure 6). The pro-
files are obtained by averaging their climatological fields
horizontally at each standard depth level and then by inter-

polating to the sigma surfaces at each grid point. These mean
profiles show the main observed stratification characteristics
for most of the year, except during winter cold intermediate
water formation. The upper layer consists of two distinct
water masses. A thin (~25 m) surface layer is characterized
by less saline (~18 ppt) and warm water. Below it the cold
intermediate water mass is found, identified in this climato-
logical profile by the temperature of ~8.0°C. At the depth of
200 m, corresponding to the base of the pycnocline, the
mean values of temperature and salinity are 8.7°C, 21.4 ppt,
corresponding to a density of 16.5 kg/m>. The TS character-
istics of the water masses in the lower layers are rather
uniform. The mean temperature and salinity values of 8.9°C
and 22.0 ppt at 500 m increase only to 9.0°C and 22.30 ppt at
1500 m, below which they remain constant within the
convectively mixed bottom layer.

3.4. Surface Fluxes

The surface thermohaline fluxes are specified from the
climatological maps of evaporation, precipitation, and total
heat fluxes [Simonov and Altman, 1991]. The annual mean
heat flux has a zonally uniform distribution but significant
north-to-south variability. The northern parts of the basin
are characterized by net heat loss to the atmosphere in
excess of 50 W/m? along the Caucasian coast and to the west
of the Crimean peninsula. The heat flux changes sign approx-
imately at 43°N, and the southern basin gains heat from the
atmosphere, with a maximum mean value of ~30 W/m?2
along the Turkish coast. When integrated over the basin,
there is a net excess of 7.7 W/m? annual heat influx into the
sea. Since the experiments driven by surface flux alone
(section 4.2) are carried out in the closed basin configuration,
the basin-integrated heat flux is made zero by subtracting
this excess heat flux uniformly from the warming part of the
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Figure 7a. Yearly mean climatological heat flux distribu-
tion (in watts per square meter).

basin. The resulting ‘‘modified”’ heat flux distribution is
similar to the original one (Figure 7a).

The climatological data yield a total annual evaporation of
384 km>/yr and a precipitation rate of 227 km3/yr. The
precipitation is generally greater along the Turkish and
Caucasian coast (~700-1000 mm/yr), with maximum values
of ~2000 mm/yr near the southeastern end of the basin. It
decreases diagonally toward the northwestern shallow part
of the basin where it attains its lowest values of ~250 mm/yr.
The evaporation tends to have an almost opposite spatial
distribution, with values in excess of 1000 mm/yr in the
northern-northwestern sector decreasing to ~750 mm/yr
near the southeastern corner where the precipitation has its
maximum intensity. Therefore the evaporation (E) and pre-
cipitation (P) rates are comparable over most of the basin,
and the E minus P (E — P) distribution has distinct regional
characteristics. Generally, it is dominated by the excess of
evaporation for most of the sea. It decreases gradually
toward the south and the central part of the eastern basin and
then changes sign, implying excess of precipitation near the
southeastern corner. Considering the basin to be completely
closed with no additional source/sink of freshwater flux, the
excess of the basin-integrated evaporation (384 — 227 = 157
km?3/yr) is removed uniformly from the evaporation distri-
bution. The total annual evaporation is thus reduced to 227
km?/yr which leads to zero net E — P flux within the basin.
The resulting modified distribution of E — P, given in terms
of millimeters per day (Figure 7b), is similar to the original
one.

3.5. Lateral Fluxes

A total transport of 10,000 m> s ! is prescribed as the total
freshwater input into the basin at two grid points approxi-
mating the Danube estuary. Smaller contributions of Dniepr
and Dniestr Rivers (<3000 m? s ) are thus combined with
the Danube forcing, which has a long-term average value of
~7000 m> s~!. Since the three river estuaries are indeed
quite near one another, the response of the circulation would
be substantially the same if these local sources were sepa-
rated. The important quantity is the total volume of fresh-
water outflow over the shelf.

The temperature and salinity of the inflow are kept fixed in
time and assumed to be vertically uniform with values of
So = 5.0 ppt and Ty = 13.0°C. The temperature of the
inflow is thus similar to the ambient conditions, whereas the
salinity is much lower. The inflow may therefore be traced
by the low salinity of the discharge inside the basin.

Imposing a Danube influx also requires opening the
Bosphorus Strait to balance the freshwater inflow with the
outflow from the strait. The Bosphorus Strait is modeled as
a two grid point opening where the climatological profiles
prescribed initially are similar to those shown in Figure 6,
except that they are set to the boundary values of S = 23
ppt and Tp = 12°C within the last 10 m depth of the 50-m

thick water column. During the model integration the bound-
ary values of the temperature and salinity are determined
according to the direction of the flow (see appendix). Thus,
in addition to the Danube inflow, the model incorporates
inflow of dense Mediterranean underflow into the sea at the
Bosphorus.

4. Results of Numerical Experiments

An extensive series of numerical experiments has been
carried out to study systematically the response of the
circulation to each of the three forcing mechanisms (wind
stress, surface thermohaline fluxes, and river runoff and
Bosphorus inflow/outflow), first in isolation from each other
and then in various combinations. Table 2 summarizes the
numerical experiments we describe here. In Table 2 the
experiment numbers, shown in the first column, are followed
by columns showing the types of forcing used in each
experiment. The last three columns provide information on
the type of topography, stratification, and geometry used.

Experiments 1 to 3 investigate the purely wind-driven
circulation, with or without topography in the barotropic
(experiment 1) and baroclinic oceans (experiment 2 and 3).
Experiments 4 and § investigate the roles first of the precip-
itation and evaporation fluxes alone (experiment 4), then
together with the total heat flux (experiment 5). Experiments
4 and 5 are motivated by the fact that the annual mean
thermohaline fluxes (Figures 7a and b) reveal distinct spatial
structural variability. We wish to find out how this variability
is reflected by the annual mean circulation of the Black Sea.
All of these experiments are carried out with a closed
geometry. In experiment 6, on the other hand, we consider
the large-scale circulation driven only by coastal freshwater
discharge and the source/sink flow through the Bosphorus
Strait. Therefore we switch off both the wind and surface
thermohaline forcings and consider only the volume and
buoyancy fluxes from a point source along the coast. We
also replace the stair-step representation of the coastal wall
in the vicinity of the freshwater source with a smoother
coastal configuration to avoid the noisiness, numerically

(E-P) in mm/day

et
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Figure 7b. Yearly mean climatological evaporation minus
precipitation (E — P) distribution (millimeters per day).
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Table 2. List of Numerical Experiments

Types of Forcing

Experiment Wind Thermal Salt Runoff Topography Stratification Geometry
1 on off off off on off C
2 on off off off off on C
3 on off off off on on C
4 off off E-P off on on C
S off o E-P off on on C
6 off off off on on on (6]
7 on Q E-P on on on (6]
8a on o E-P off on on C
8b on* Q E-P off on on C
8c on o) E-P off on on C

On indicates forcing is on; off indicates forcing is off. E — Pis the yearly mean evaporation minus precipitation rate, is the yearly mean
total heat flux, and Q(¢) is the seasonally varying but horizontally homogeneous total heat flux. C denotes the basin is closed, O denotes

it is open.
*Stronger wind stress forcing is present.

generated in the vicinity of stair-step corners during spin-up
(Figure 13). Experiments 7 and 8a—8c have multiple forcings.
We refer to experiment 7 as the ‘‘central experiment’’ which
describes the annual mean circulation driven by all the three
major driving mechanisms. The central experiment is com-
plemented by three additional experiments (experiments
8a—-8c) which investigate the response of the sea to different
combinations of the wind stress and surface fluxes in a
closed geometry.

Starting from an initial state of rest, the model is integrated
until statistically steady state is reached. The time evolution
of the solution is examined by monitoring the total Kinetic
energy, as well as some other basin-integrated quantities.
The spin-up timescale is generally short, on the order of 1-2
years, depending on the experiments. The time integration,
however, is continued at least for another year after spin-up.
Analysis of the model results is based on the daily mean
fields to remove all high-frequency variability introduced by
the free-surface and internal gravity waves.

Some experiments were initially carried out to test the
performance of the model and to assess its sensitivity to
some model parameters. The overall, basin-wide circulation
is not affected by the planetary beta, as the Black Sea is a
zonal channel with relatively small north-south extension.
However, in all the experiments the actual latitude-
dependent Coriolis parameter was retained as the mesoscale
activity, and the Rim Current meandering and instabilities
are governed by vorticity dynamics; hence on the eddy scale

%\_/,,

CONTOUR FROM -.425 TO .875 BY .05
Figure 8. Surface elevation pattern (in centimeters) for the
wind-driven circulation in barotropic ocean (day 600, exper-
iment 1).

the beta effect is important. The horizontal eddy viscosity
and diffusivity are taken as 100 m?/s values or calculated by
the Smagorinsky formulation. For values <100 m?/s, either
constant or calculated by the Smagorinsky formulation, the
circulation is not sensitive to their choice. The vertical eddy
coefficients are computed by the Mellor and Yamada [1982]
turbulence closure parameterization (appendix). Their back-
ground value is chosen as 2.0 X 107> m%/s.

The o coordinate approach is known to introduce some
errors in the velocity and density fields in regions of steep
topographical changes [Haney, 1991]. As reported by
Gerdes [1993], z-level models have similar errors for sharp
topographies. In the appendix we summarize results relevant
to the performance of the o-coordinate approach and the
measures used in this study to reduce the pressure gradient
errors associated with the steep topography and strong
stratification of the Black Sea.

4.1. Circulation Driven by Wind Stress Alone

In this section we investigate the driving of the circulation
by the wind stress excluding all other forcing mechanisms.
Experiments with the baroclinic ocean are carried out first
over a flat bottom and then including the topography. Using
basin-averaged values of the temperature and salinity (9.0°C
and 21.6 ppt), the barotropic wind-driven circulation (Figure
8) has a basin scale cyclonic cell and a small anticyclonic
gyre on the shallowest part of the northwestern shelf region.
The center of the cyclonic cell is situated within the eastern
basin where it reaches its maximum intensity. This interior
cell, in fact, will emerge as one of the robust subbasin scale
features, in addition to the outer cell around the periphery,
of the wind-driven baroclinic experiments described below.
The surface currents are dominated by local Ekman trans-
port and are, at most, 5 cm/s along the periphery of the
anticyclone and ~2 cm/s within the cyclonic cell. The
contribution from the barotropic geostrophic currents due to
the sea surface height effectively vanishes at the surface. In
the lower layers, where the Ekman transport is gradually
weakened, the circulation pattern becomes similar to the
depth-averaged circulation inferred from the surface eleva-
tion field (Figure 8). Unrealistically weak depth-averaged
currents are always a result of the use of a purely barotropic
model [Malanotte-Rizzoli and Bergamasco, 1989, 1991],
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Figure 9. Surface elevation pattern (in centimeters) for the
wind-driven circulation in flat bottom, baroclinic ocean (day
720, experiment 2).

apart from the noted weakness of the Hellermann and
Rosenstein [1983] winds.

Stratification, in a mean basin depth of 1400 m, produces
a fourfold increase in the strength of the circulation and
enhanced structural variability. The major features of the
depth-averaged circulation (Figure 9) are the basin-wide
cyclonic cell and the adjacent anticyclonic northwestern
region. An offshore jet protrudes in a southeasterly direction
from the anticyclonic shelf gyre and breaks the interior
cyclonic cell into two parts, giving rise to an isolated
cyclonic gyre in the southwestern part of the basin. Consis-
tent with the complex pattern of surface elevation, a highly
meandering boundary current system is evident in the sur-
face circulation map.

The surface circulation pattern does not change much
within the upper 150 m. In the lower layer (not shown) the
closed circulation cell disintegrates into two pairs of cyclonic
and anticyclonic multilobed subbasin scale gyres intercon-
nected by meandering midbasin currents. This flow structure
resembiles the intermediate-depth circulations deduced from
the dynamic height computations [Oguz et al., 1993, 1994].
An implication of this similarity is that the observed inter-
mediate-depth circulations computed from hydrographic
data would be altered significantly if the contributions from
the jebar effect would be included. This would lead to
stronger and possibly more organized circulation patterns,
which is implied independently from the ADCP measure-
ments [Oguz et al., 1995].

Considerable modification in the flow structure takes place
when topography is added to the previous experiment (Fig-

Figure 10a. Surface elevation pattern (in centimeters) for
the wind-driven circulation with topography in baroclinic
ocean (day 1080, experiment 3).
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Figure 10b. The 5-m wind-driven circulation pattern with
topography in baroclinic ocean (day 1080, experiment 3).
Maximum current speed is set to 10 cm/s for clarity of
presentation of the circulation.

ures 10a and 10b). The currents become even stronger,
reaching a maximum intensity of 20 cm/s. This strengthening
of the circulation is the typical result of the jebar effect due
to the interaction between topography and stratification
[Holland, 1973]. In contrast to Figure 9, the flow now has a

“well-defined boundary current system confined along the

steepest topographic slope of the basin. Inside the overall
cyclonic circulation whose structure is controlled by the
topography, there is another cell situated over the flat
interior of the eastern basin. This elongated cell, as indicated
before in the barotropic experiment, is a robust feature and
a direct consequence of the wind forcing. Compared with
Figure 9 of the flat bottom baroclinic experiment, the circu-
lation within the northwestern shelf region is less structured,
with only a smaller anticyclonic eddy occupying the north-
ern part of the shelf. It is separated from the circulation in
the deep interior through a broad current system locked to
the relatively wide topographic slope region. The large
meander and the associated anticyclonic eddy, which was
present along the western coast in the previous experiment,
is now replaced by a narrow, elongated jet extending about
100 km offshore from the shelf break, coupled to a smaller
anticyclonic eddy near the coast.

Some of the features of Figures 10a and 10b are quite
realistic and have their counterpart in the observational
fields. Comparing with Figures 2a and 2b, important realistic
features produced by the inclusion of the topography are the
Batumi eddy near the southeastern corner, as well as the
Sevastopol and the Crimean anticyclones located on both
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Figure 10c. Same as in Figure 10b, but at 300 m depth.
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SURFACE ELEVATION

Figure 11. Surface elevation pattern generated by the an-
nual mean E — P flux alone (day 720, experiment 4).

sides of the Crimean peninsula. The two filaments along the
Turkish coast are also the type of features frequently seen in
the satellite imagery. Needless to say, Figures 10a and 10b
show one instantaneous snapshot of the temporally evolving
structure of these filaments. The comparison of Figure 9 (flat
bottom) and Figures 10a and 10b (actual topography) shows
the crucial importance of the relief in controlling the overall
circulation in a basin like the Black Sea, characterized by
steep slopes all around the periphery.

The surface circulation (Figure 10b) extends uniformly
within the upper layer of ~150 m. Below the pycnocline, two
important modifications take place in the flow structure. As
shown in the 300-m circulation pattern (Figure 10c), the
basin-wide cyclonic circulation is characterized by only its
inner cell. The outer cell around the periphery is now
replaced with an anticyclonic recirculation zone. Along the
Turkish coast the eastward flow splits into two branches to
the right of the Bosphorus. In addition to the inner branch
which constitutes the main interior current system, there is a
second branch following closely over the margin topogra-
phy. These two branches join again later near the eastern
end of the basin. The interior cyclonic cell has now a
meandering structure, coupled with a succession of intercon-
necting cyclonic eddies. The coastal recirculation zone con-
sists of a series of distinct anticyclonic eddies, having
comparable sizes with the cyclones of the basin’s interior.
This structure persists within the entire lower layer, with a
narrowing anticyclonic zone in the deeper levels.

SURFACE ELEVATION

CONTOUR FROM -4.2 TO 5 BY .4

Figure 12a. Surface elevation pattern generated by the
combination of annual mean heat flux and the E — P flux
(day 1080, experiment 5).

Depth=5

0.100E+00
MAXIm’ECTOR
Figure 12b. The 5-m circulation pattern driven by the
combination of annual mean heat flux and the E — P flux
(day 1080, experiment 5). Maximum current speed is set to
10 cm/s for clarity of presentation of the circulation.

4.2. Circulation Driven by Surface Fluxes Alone

The circulation driven only by the net annual mean E — P
flux (Figure 11) is a mirror image of the E — P distribution
given in Figure 7b. It is characterized by a broad anticy-
clonic region near the southeastern corner, also extending
farther west along the Turkish coast. A similar anticyclonic
circulation is present in the northwestern shelf and the
southwestern region. This latter anticyclone is of thermo-
haline origin, whereas the former located on the shallow
shelf is due to anticyclonic relative vorticity generated by the
shallowing topography to the right of the flow. The interior
of the basin is governed by a cyclonic circulation cell. The
strongest currents of ~10 cm/s are observed along the
Caucasian and Crimean coasts over the steep topographic
slope, as well as on the wide continental slope region
connecting the northwestern shelf to the interior. These
regions of stronger currents are associated with two elon-
gated cyclonic eddies corresponding to the cores of two
positive maxima in the E — P flux (Figure 7b); the western
eddy is further modified by the regional topography. The
surface salinity field is consistent with the circulation pattern
of Figure 11. The southeastern part having negative E — P
fluxes attains the lowest salinity values (=18.0 ppt), whereas
the cyclonic eddies correlated with the maxima of E — P
fluxes are characterized by greater salinities (=18.8 ppt).

When the surface heat flux is added to the E — P flux in the
buoyancy forcing, the circulation changes in response to the
prescribed heat flux distribution (Figures 12a and 12b). The
southern part of the sea, which is characterized by positive
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Figure 12c. Same as in Figure 12b, but at 300 m depth.
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Figure 13a. Surface elevation pattern generated by the
freshwater inflow from the Danube alone (day 1080, exper-
iment 6).

yearly mean total heat flux Q (i.e., warming), as well as
smaller net positive E — P flux (i.e., weaker evaporation), is
dominated by an anticyclonic circulation. An anticyclonic
cell occupies almost entirely the western basin and replaces
the cyclonic western cell of Figure 11. On the other hand, the
northwestern shelf, subject to the strongest cooling, has a
cyclonic circulation with typical currents of ~10-15 cm/s,

i.e., a pattern reversed with respect to the anticyclonic shelf-

gyre of Figure 11. The Caucasian coast, which is also
affected by strong cooling, is also characterized by a cy-
clonic circulation. The latter cell extends toward the interior
of the eastern basin due to the additional contribution of the
evaporation that favors a cyclonic circulation. On the other
hand, the southern part of the eastern basin is still (weakly)
anticyclonic due to the warming and precipitation excess
over this region.

The considerable north-south variability of the heat flux is
also reflected in the temperature distribution. The northern
part of the basin has temperatures <10.0°C, reducing to
~3°C over the shallower northwestern shelf. The anticy-
clonic regions tend to be much warmer, having temperatures
greater than ~15°C, that reach a maximum of 18.0°C within
the centers of the anticyclones. A strong thermal front
extends throughout the basin almost diagonally in the north-
west-southeast direction.

The differences between the circulation patterns of Fig-
ures 12a and 12b and Figure 11 are quite substantial and
striking. These experiments clearly indicate that the surface
heat fluxes are a stronger forcing function than the surface
water fluxes and hence drive the thermohaline circulation.
As we shall see in experiments 7 and 8a, this thermohaline
circulation dominates its wind-driven counterpart.

The circulation, however, is substantially different in the
lower layer. The anticyclonic loop weakens gradually with
depth within the upper 200 m and then changes sign at
deeper levels. The circulation at 300 m (Figure 12¢) is now
cyclonic and strikingly similar to the wind-driven pattern of
Figure 10c. Once again, the Rim Current forms one mean-
dering cyclonic cell, with a series of cyclonic and anticy-
clonic eddies on its interior and coastal sides, respectively.

4.3. Circulation Driven by Freshwater Inflow Alone

In this section we discuss an experiment designed to
investigate the contribution of lateral buoyancy flux due to
river outflow on the northwestern shelf switching off both
the wind and the surface thermohaline forcings simulta-
neously. We open the Bosphorus Strait in the southwestern
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Figure 13b. The 5-m circulation pattern driven by the
freshwater inflow from the Danube alone (day 1080, exper-
iment 6). Maximum current speed is set to 10 cm/s for clarity
of presentation of the circulation.

corner, allowing for inflow/outflow forcing. The dramatic
effect of the Danube inflow on the large-scale circulation of
the Black Sea is shown in Figures 13a-13c. Although the
freshwater input is only 10,000 m? s ~!, the buoyancy source
introduces strong baroclinic pressure gradients, which then
generate a strong depth-integrated flow along the coast,
following isobaths (Figure 13a) under the action of the jebar
effect (bottom pressure torque) [Hendershott and Malan-
otte-Rizzoli, 1976; Shaw and Csanady, 1983; Vennell and
Malanortte-Rizzoli, 1990]. This process, first effective in the
vicinity of the source region, spreads in time over the entire
basin and then ultimately gives rise to a well-developed,
strongly meandering Rim Current all around the periphery of
the sea. This branch of the current system has the form of a
narrow coastal jet of width comparable to the baroclinic
radius of deformation of ~20 km and a typical speed of 15
cm/s at the surface. The meanderings are particularly pro-
nounced along the southern boundary and often accompa-
nied by the formation of a series of anticyclonic centers that
are well-observed features of the surface circulation [Oguz et
al., 1993, 1994; Sur et al., 1995]. The amplitude of the
meanders along the Caucasian coast is smaller, and the Rim
Current is narrower and more attached to the coastline. The
interior circulation is characterized by one elongated cy-
clonic cell that gradually weakens westward by filament
intrusions from both the southern and northern coasts of the
western basin.

Locally, the Danube inflow drives a strong anticyclonic
circulation over the northwestern shelf having maximum
speed of ~30 cm/s. It extends to the western coast of the
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Figure 13c. Same as in Figure 13b, but at 300 m depth.




Crimean Peninsula and contributes to the Sevastopol anti-
cyclonic eddy. The anticyclonic circulation cell is closed by
a southwestward current flowing along the topographic slope
separating the deeper interior from the shelf. This slope
current is essentially of shelf origin and contributes only
slightly to the basin’s jetlike peripheral circulation system.

The features and processes taking place on the shelf
constitute a typical example of buoyant outflows, whose
dynamics were studied theoretically by Gill [1976], in labo-
ratory experiments by Whitehead and Miller [1979] and
Whitehead [1985], and in numerical model studies by Chao
and Boicourt [1986] and Wang [1987]. The latter calculations
explained the formation mechanism as a result of potential
vorticity conservation.

The circulation system induced by the lateral buoyancy
source is accompanied by considerable temperature and
salinity variability throughout the basin (Figures 14a and
14b). A major thermohaline feature of the system is the sharp
frontal structure established along the coast, as well as along
the topographic slope between the northwestern shelf and
the interior of the western basin. The 5-m temperature
distribution (Figure 14a) clearly displays this frontal zone
between relatively colder, upwelled interior waters and the
warmer coastal waters, with a temperature contrast of nearly
3°C. On the other hand, the shelf interior has a more
homogeneous vertical structure (Figure 15, top), character-
ized by relatively uniform temperatures of ~12°C, except in
the close vicinity of the source region. This is due to the
small temperature difference between the source itself and
ambient waters. For the same reason, the temperature
contrast between the shelf and deep basin is also relatively
weak. Contrary to the stronger shelf break salinity front
(Figure 15, bottom), the cross-frontal temperature gradient is
only ~1°C.

The surface horizontal salinity distribution (Figure 14b)
evidences more clearly than temperature the overwhelming
influence of the river discharge in the northwestern shelf, as
well as its extensions along the Bulgarian and Turkish
coasts. The most dramatic variations take place within the
core of the shelf anticyclone characterized by a strong inner
shelf salinity front along its rim (Figure 15, bottom). The
bulge has a thickness of 30 m, with more than 8 ppt salinity
difference over a distance of ~50 km (Figure 15, bottom).
The outer shelf has comparatively weaker salinity varia-
tions, and a second front is evident at the shelf break. The
combined frontal structure extends all along the west coast

TEMPERATURE

Depth=5 m.

Figure 14a. The 5-m temperature distribution for the cir-
culation driven by the freshwater inflow from the Danube
alone (day 1080, experiment 6).
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Figure 14b. The 5-m salinity distribution for the circulation
driven by the freshwater inflow from the Danube alone (day
1080, experiment 6) showing (top) interior distribution and
(bottom) northwest corner with the distribution on the shelf.

up to the Bosphorus Strait region, where it is terminated
abruptly by the inflow/outflow conditions specified at the
Bosphorus opening. Farther in the interior and eastward, the
salinity signature of the inflow gradually weakens, and thus
the salinity contrast between the Rim Current and the
interior water mass becomes less pronounced (<0.3 ppt).

The two-way exchange taking place within the Bosphorus
Strait modifies locally the freshwater-driven upper layer
circulation. As shown in Figures 13a and 13b, the surface
flow bifurcates immediately outside the Bosphorus. The
main flow proceeds in an eastward direction but also par-
tially leaves the basin from the Bosphorus opening. An
implication of this flow divergence is an upward vertical
motion near the opening, with subsequent generation of a
cyclonic eddy (see Figure 14a) through the cooling of surface
waters produced by the upwelling of colder subsurface
waters. Beneath the cyclonic eddy the Mediterranean water
flows into the basin near the bottom and spreads into the
southwestern basin.

The lower layer circulation developed in response to the
combination of the Danube inflow and Bosphorus inflow/
outflow is again overall very similar to those of the wind and
thermally driven experiments shown earlier in Figures 10c
and 12c, respectively. As shown in the 300-m pattern (Figure
13¢), it comprises the elongated cyclonic cell of the Rim
Current, surrounded by an anticyclonic region formed by a
series of anticyclonic eddies along the entire coast. The
interior circulation, however, now has a slightly different
meandering pattern characterized by smaller-sized eddies
and slightly shorter waves.

Even though the model handles quite successfully the
two-way interactions at the Bosphorus opening, it has limi-
tations in resolving complex mixing processes taking place in
a relatively short distance of ~40 km across the shelf [Latif
et al., 1991; Oguz and Rozman, 1991; Ozsoy et al., 1994].
Unless this general circulation model is coupled with a fine
resolution regional model of the Bosphorus exit region
incorporating the relevant dynamics of complex mixing
processes, the evolutionary characteristics of the Mediterra-
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Figure 15. (top) Temperature and (bottom) salinity transects across the middle of northwestern shelf for
the circulation driven by the freshwater inflow from the Danube alone (day 1080, experiment 6).

nean underflow in the Black Sea will remain unexplored. In
the present model the Bosphorus opening serves basically to
satisfy continuity requirements. In spite of this limitation,
this experiment clearly demonstrates that the buoyancy
source forcing on the shelf and the inflow/outflow forcing at
the Bosphorus are responsible for the development of the
intense jetlike meandering Rim Current and of the sharp
temperature and salinity fronts on the inner shelf and the
shelf break.

4.4. Multiple Forcing Experiments

4.4.1. Central experiment. The circulation and TS sur-
face distributions of the central experiment (Figures 16a,
16b, 17a, and 17b) clearly reflect the superposition of the
separate effects generated independently by the three forcing
mechanisms discussed in detail in the previous sections. The
weakest signal in Figures 16a—17b is the wind-driven com-
ponent, as demonstrated by the marked differences between
Figures 16a and 16b and Figures 10a and 10b. The most
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Figure 16a. Surface elevation pattern generated by the
combination of all the three forcings (day 1050, experiment
7.

pronounced signal, on the other hand, comes from the
surface heat flux, as evident from the cooling and associated
cyclonic circulation in the northwestern shelf, the warming
and associated anticyclonic circulation in the southern part
of the western basin.

4.4.1.1. Upper layer circulation: The circulation on the
northwestern shelf region is the result of the opposing effects
of surface thermal forcing and the lateral buoyancy input.
The cooling of the shelf waters tends to generate a cyclonic
circulation (Figure 12a) and reverses the anticyclonic cell
due to the Danube forcing (Figure 13a). The bulge that
develops near the Danube outflow has a smaller size, and the
related frontal structure is weaker. The effect of the fresh
water is mainly confined to the inner shelf region. The shelf
break front developed in the freshwater-driven circulation
(Figures 13a and 13b) now shifts into the shelf interior and
strengthens the inner shelf front. The outer edge of this
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Figure 16b. The 5-m circulation pattern driven by the
combination of all the three forcings (day 1050, experiment
7). Maximum current speed is set to 10 cm/s for clarity of
presentation of the circulation.
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strong front is marked by the 18 ppt isoline in the salinity
distribution of Figure 17b. Even though restricted to the
coastal region, the currents generated from the freshwater
inflow still form an anticyclonic loop and penetrate to the tip
of the Crimean peninsula. Together with the Rim Current,
they contribute to the formation of the Sevastopol eddy.

The lack of the shelf break front allows interaction of outer
shelf waters with the interior of the basin. The large-scale
cyclonic circulation now extends into the outer shelf where
it forms a broad midbasin current, after combining with the
branch of the anticyclonic cell. In the temperature distribu-
tion of Figure 17a the protrusion of the cyclonic circulation
into the shelf is reflected by the sharp temperature contrasts
of >2°C, both on the inner shelf and the anticyclonic gyre
sides. This experiment indicates that a possible mechanism
for the destruction of the shelf break front is a prolonged
cooling of the region, with north to south variability in the
heat flux. As demonstrated in section 4.4.3, a horizontally
uniform seasonal cooling, even though stronger during the
winter period, does not lead to destruction of the shelf break
front with consequently no shelf-deep basin exchange.

The presence of the anticyclonic cell also alters, to some
extent, the features of the wind-driven and the buoyancy-
driven circulations along the west coast of the basin. The
boundary current due to the Danube inflow and the two
separate currents flowing southwestward over the topo-
graphic slope (the first associated with the inner shelf front,
the second a part of the cyclonic circulation cell) converge
with the oppositely flowing currents of the anticyclonic cell
near Cape Kaliakra. There the current southward flowing
over the topographic slope along the Bulgarian coast is
considerably weakened when compared with Figures 13a
and 13b and is replaced by an elongated cyclonic eddy. Near
the southwestern corner a small anticyclonic eddy fre-
quently observed at this location [cf. Oguz et al., 1993] is
developed.

The eastern half of the Turkish coast has a meandering
Rim Current and three coastal anticyclonic eddies, followed
by the subbasin scale Batumi anticyclone. The present
structure of the Batumi anticyclone is due to the combined
effects of the wind stress and surface thermohaline fluxes.
This implies that the eddy has a quasi-permanent character,
although its size and intensity undergo seasonal variations
depending on the relative contributions of the two individual
forcings.

The annual mean cooling enhances the cyclonic tendency
induced by the annual mean wind stress and generates a

Figure 17a. The 5-m temperature distribution for the cir-
culation driven by the combination of all the three forcings
(day 1050, experiment 7.
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Figure 17b. The 5-m salinity distribution for the circulation
driven by the combination of all the three forcings (day 1050,
experinfent 7).

cyclonic gyre in the eastern basin which has a much larger
meridional size than in the purely wind-driven pattern (Fig-
ures 10a and 10b). The Rim Current is now attached to the
coast with a distinct meandering structure over the topo-
graphic slope along the Caucasian coast. The jetlike behav-
ior of the current continues along the Crimean coast, where
it tends to split into several branches. The branch that joins
the interior circulation is different in each of the individual
experiments. But there is always a branch locked to the local
continental slope, flowing southwestward adjacent to the
northwestern shelf.

The cyclonic cell of the central basin has a salinity >18.5
ppt. The anticyclonically dominated regions are identified on
its sides with values of 18.2-18.4 ppt. The temperature front
between the two cells with ~5°C change over a distance of
~50 km forms one of the strongest thermohaline features of
the system. The similar frontal structure with ~1.5°C tem-
perature contrast, observed in the September 1990 hydro-
graphic survey [see Oguz et al., 1993, Figure 4], might be
associated with the signature of the heat flux component of
the circulation.

The most unrealistic feature of the central experiment
circulation is the formation of the anticyclonic gyre in the
western basin and the subsequent breaking of the Rim
Current. An anticyclone formation of this size has never
been observed either in the climatological maps or in our few
medium-resolution (~36 km) hydrographic surveys. This
might be due to the compensation of the heat flux forcing by
a stronger wind-driven component on the yearly average.
Alternatively, the annual mean of the circulation generated
by the seasonally varying heat flux might be different from
that induced by the annual mean of the heat flux. These two
possibilities are explored by two numerical experiments with
stronger wind stress forcing and a seasonally varying heat
flux.

4.4.1.2. Lower layer circulation: As in previous sec-
tions, the structure of the lower layer circulation remains the
same, irrespective of the type of the forcing. The three
forcing mechanisms examined here tend to affect the upper
layer of, at most, ~200 m. The strong pycnocline then
isolates their effects on deeper levels. We show now circu-
lation patterns to display how the structure of the surface
circulation of the central experiment is modified with depth.
A discussion on the sensitivity of the relatively weak deep
circulation to the pressure gradient approximations across
the topographic slope is given in the appendix.

The main features of the circulation at 100 and 300 m
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Figure 18a. The 100-m circulation pattern driven by the
combination of all the three forcings (day 1050, experiment
7). Maximum current speed is set to 10 cm/s for clarity of
presentation of the circulation.

(Figures 18a and 18b) are similar to those of the surface
pattern (Figure 16b). However, some features undergo some
changes with depth. The most noticeable modification is the
gradual shrinking of the western anticyclonic cell, as its
northern branch shifts farther south toward the Turkish
coast. As it thins, it also extends farther eastward, and the
basin circulation is now composed of two zonally elongated,
oppositely flowing cells. The meanders of the coastal current
also become wider. This is noticeable, in particular, for the
westward flow along the northern coast whose main axis
shifts slightly to the south, giving rise to a local anticyclonic
eddy off the Azov Sea.

At a depth of 300 m the eastward flowing midbasin current
system shifts even farther south (Figure 18b). Consequently,
the southern anticyclonic cell reduces to a narrow anticy-
clonic coastal zone along the Turkish coast. A similar
anticyclonic recirculation zone also begins to develop along
the northern coast of the basin. The only major signature left
from the surface subbasin scale anticyclonic gyre is the
detached anticyclonic eddy that disappears at deeper levels.
The implication is that the circulation below ~300 m is
basically barotropic, driven by the surface elevation (Figures
10a, 12a, 13a, and 16a) whose patterns are similar for all the
forcings investigated here. Hence the baroclinic component
of the circulation generated in response to the deformation of
the pycnocline is only limited to a transitional layer imme-
diately below the pycnocline. In the numerical experiments
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Figure 18b. The 300-m circulation pattern driven by the
combination of all the three forcings (day 1050, experiment
7). Maximum current speed is set to 5 cm/s for clarity of
presentation of the circulation.

described here this transition zone is identified between the
depths of 150 and 300 m. It might, however, extend slightly
deeper if the observed spatial variability of the density at
depths between 200 and 400 m were incorporated initially in
the model.

4.4.2. Strong wind forcing case. One rather unrealistic
result of these simulations is the weak circulation driven by
the Hellermann and Rosenstein [1983] climatology, as com-
pared to that reproduced by the prognostic calculations that
use different wind stress fields [e.g., Stanev et al., 1995;
Meacham, submitted manuscript, 1994]. We therefore inves-
tigate the response of the general circulation pattern under
stronger wind forcing, assuming that the surface thermo-
haline fluxes used reflect the realistic climatological yearly
mean conditions. To understand which is the mechanism
responsible for the unrealistic anticyclone, we first cut off
the Danube discharge and inflow/outflow at the Bosphorus.
In experiment 8a, carried out with a combination of wind
stress and surface fluxes irra closed basin, the circulation is
similar to that obtained in the central experiment including
the anticyclonic gyre in the southwestern basin. Thus the
freshwater discharge of the Danube does not induce this
unrealistic feature of the circulation, as evident also from

‘Figures 13a and 13b, and is excluded from the successive

experiments 8b and 8c. In experiment 8b the same annual
surface thermohaline fluxes are used, as well as the same
spatial distribution of the wind stress, but with an intensity 5
times stronger. This increases the maximum strength of the
wind stress to ~1 dyn/cm?, with typical magnitudes of ~0.5
dyn/cm?. Winds with such intensity are rather common
during winter [Staneva, 19931, even though they may be too
strong on the climatological basis.

With this strong wind climatology the maximum currents
reach ~60 cm/s, with typical values of ~25 cm/s. The
stronger cyclonic tendency induced by the wind in the basin
interior overcomes the anticyclonic circulation generated by
the heat flux in the central part of the western basin (Figure
19). The cyclonic circulation of the northwestern shelf
(NWS) is also reversed to anticyclonic. There is now a
continuity of the Rim Current all around the basin. The
circulation pattern is similar to that obtained in the purely
wind-driven experiment (Figure 10a). Common features are
the meandering Rim Current, an anticyclonic eddy at the
southeastern corner, a cyclonic gyre at the southwestern
end, and an elongated cyclonic cell occupying the rest of the
basin’s interior. The Bosphorus, Kizilirmak, Crimean, and
Sevastopol anticyclonic coastal eddies are also present in the

CONTOUR FROM -19.5 TO 10.5 BY 1

Figure 19. Surface elevation pattern generated by the com-
bination of the strong wind stress and surface flux forcings
(day 1080, experiment 8b).



circulation pattern, as well as the small, elongated anticy-
clonic eddy centered at 33°E longitude offshore of the
Turkish coast. The latter one is an eddy pinched off from the
locally growing meander of the Rim Current. The Kaliakra
eddy, which was small and confined to the Bulgarian coast,
emerges here as a well-developed structure located farther
from the coast.

4.4.3. Seasonally varying heat flux forcing case. In ex-
periment 8c, the second possibility causing unrealistic anti-
cyclone is studied. Even though the north-to-south variabil-
ity of the yearly climatological heat flux pattern may be
similar to the one shown in Figure 7a, this spatial variability
may be dynamically less important than the time variability.
We thus keep the weak Hellermann and Rosenstein [1983]
winds but apply a horizontally uniform heat flux with a
seasonal cycle, representing approximately the basin-
averaged seasonal heat flux variations [Staneva, 1993].

With the yearly cycle of heat flux prescribed the depth-
averaged circulation for the end of February and end of
August (Figures 20a and 20b) consists of a well-defined
meandering Rim Current along the boundary of the basin, as
well as an elongated cyclonic cell centered in the eastern
basin, as in experiment 8b. This pattern is much more

realistic and qualitatively similar to the patterns obtained -

from climatological data, as well as recent hydrographies
(Figures 1, 2a, and 2b).

The NWS circulation is now anticyclonic throughout the
year, even in the period of maximum cooling rate during the
winter months. As expected, the anticyclonic tendency of
the shelf is stronger during the summer months, correspond-
ing to the increase in heat flux. This anticyclonic pattern
would be reinforced by the Danube freshwater inflow (Fig-
ure 13a).

5. Conclusions

In the present work, numerical experiments were carried
out to identify the relative contributions of the three primary
forcing mechanisms in driving the large and mesoscale
components of the Black Sea circulation, depending on their
intensity and spatial distributions. Using standard climato-
logical data sets (wind stress of Hellermann and Rosenstein
[1983] and surface fluxes of Altman et al. [1987]), the three
dominant driving mechanisms (the wind stress, the surface
thermohaline fluxes, and lateral buoyancy fluxes from the

CONTOUR FROM -4.2 TO 4.6 BY .4

Figure 20a. Surface elevation pattern generated by the
combination of the wind stress and temporally varying but
horizontally uniform heat flux forcings for the end of Febru-
ary (day 1250, experiment 8c).
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n3 ;,;f' SURFACE ELEVATION

Figure 20b. Surface elevation pattern generated by the
combination of the wind stress and temporally varying but
horizontally uniform heat flux forcings for the end of August
(day 1430, experiment 8c).

Danube and the Bosphorus) were studied first in isolation
and then in their various combinations.

The comparison of experiments with a flat bottom and
with realistic relief shows the crucial importance of topog-
raphy in controlling the overall circulation. In the upper
layer of ~150 m the topography controls the well-defined
narrow band of the boundary current system (the Rim
Current) confined over the steepest topographic slope.

Of the three forcing mechanisms studied the weakest
signal in the yearly mean circulation comes from the wind-
driven component due to the well-known weakness of the
Hellermann and Rosenstein [1983] winds for the Black Sea.
Winds contribute more strongly to the mean circulation
when they are scaled to approximate more closely the
observations. The lateral buoyancy forcings from the
Danube and the Bosphorus develop an intense, meandering
Rim Current with temperature and salinity fronts along the
periphery, as well as the associated mesoscale eddy field.
The Danube inflow drives a strong anticyclonic circulation
on the northwestern shelf between two well-pronounced
salinity fronts. The outer front separates the shelf from the
basin’s interior across the shelf break, whereas the inner
front decouples the shelf from the local influence of the
freshwater discharge near the source region.

The annual mean surface heat flux constitutes a stronger
forcing than both the surface water fluxes and the modeled
wind stress and is the major agent driving the thermohaline
circulation. The north-to-south variability of the heat flux
results in a circulation pattern formed by a cyclonic cell in
the northern half and an unrealistic anticyclonic gyre in the
southwestern part of the basin. Stronger wind forcing,
however, eliminates the anticyclonic gyre, as the wind stress
tends to enhance a cyclonic circulation. The anticyclonic
gyre is also eliminated when a horizontally uniform but
seasonally varying surface heat flux is used together with
annual climatological wind stress. This result strongly sug-
gests that the seasonal cycle of the wind stress is much less
crucial than the heat flux seasonal cycle in producing a
realistic basin circulation.

The model circulation has a basic two-layer structure,
with vertical homogeneity within each layer. In the upper
layer many of the known features of the circulation are
realistically reproduced, especially in the experiment with
the heat flux seasonal cycle. The Rim Current and the
interior cyclonic cell are the building blocks of the basin
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scale circulation. The anticyclonic gyres on the northwest-
ern shelf and the southeastern corner, as well as the cyclonic
gyres within the interior, are the main subbasin scale fea-
tures. The series of anticyclonic eddies confined between the
coast and the meandering Rim Current constitutes part of the
mesoscale variability. Other mesoscale features originate
from the evolution of propagating meanders that give rise to
intense offshore filaments and detached eddies.

The circulation in the lower layer (below 300 m) is
separated from that of the upper layer by a transition zone
and is independent of the type of forcing specified at the
surface and/or lateral boundaries. The lower layer circula-
tion intensifies, but the structure remains unchanged in the
experiment with strong wind stress forcing. Obviously, the
duration of the numerical experiments, even though suffi-
cient to spin-up the wind-driven component, is not long
enough to allow for full adjustment of the deep thermohaline
circulation. The abyssal layers circulation obtained cannot,
however, be the memory of the initial conditions as we start
from horizontal homogeneity of the temperature and salinity
fields. Therefore the uniqueness of the deep circulation
pattern is a response to the barotropic pressure gradient that
develops in models allowing for a free surface, irrespective
of the type of surface forcing. The deep pattern may not
correspond to the actual Black Sea thermohaline circulation,
even though the observational evidence of vertical homoge-
neity below ~300 m suggests that this thermohaline compo-
nent may be very weak. The deep pattern consists of an
elongated meandering cyclonic cell over the flat interior and
an anticyclonic recirculation zone over the topographic
slope between the inner cyclonic cell and the coast. The
transition zone reflects essentially the motion induced by the
horizontal variability of the pycnocline and varies depending
on the intensity and horizontal structure of the surface
fluxes, as well as the form of the initial stratification.

Appendix: Model Formulation
Al. Governing Equations

The sigma transformation is defined by o = (z — 9)/(h +
{). The free surface z = ¢ is then represented by o = 0
surface, whereas o = —1 corresponds to the seafloor at 7z =
—h(x, y). The orthogonal horizontal curvilinear coordinates
&x, y) and n(x, y) are related to the Cartesian coordinates
by (ds); = md¢, and (ds),, = ndn, where m(¢, n) and n(¢,
m) represent the metric coefficients of the transformation.
Defining new variables H = h + ¢, (i, 7, C) = Hmn(u, v,
C), the set of equations governing the motion is expressed in
their flux form as

Da Hnop 1 & o
= —— & K,—|+F,

po 96 HZ?ao do
(Ala)
D17+ r Hmadp 1 3 & 07 .
_ -Di=———+— — —1 4+
Dt (f-Da po 0m H?30 \" " oo v
(Alb)
DC 1 3 X aC F i
= =|x
Dt H? 3o hao ¢ (Ale)
ofac 1 o [a a (v
w=| {=+—|=|=|+— -]t do (Ald)
s (0t mn |d& \m an \n

where

D¥ 3F (u\l7) ] <v\7) 1 o -
—=—+t+—=|—]|+—|—]|+=— (0F) (A22)
m ain \ n Hoio

1 am on
F=—[u——v—} (A2b)
mn an aé

I is the curvature term arising from application of the
coordinate transformation to the advective terms; ¥ denotes
u, vorC;and u, v, w are the velocity components in the £,
m, o directions, respectively. C denotes either the tempera-
ture or the salinity, p, is the reference density, f = 2Q sin 6
is the Coriolis parameter, with Q denoting the Earth’s
angular speed of rotation and 6 the latitude; K, and K, are
the vertical eddy viscosity and diffusion coefficient, respec-
tively. The horizontal diffusion terms, F,, F,, and F,, are
approximated in the Laplacian form as

_ a [n -=Ha¢ 3 [m Hﬁé "
F¢—mna§ ’;Ad, E +£ nA¢ g (A3)

where A, represents the horizontal mixing coefficients for
momentum and tracer.

The density is expressed as a function of the potential
temperature, salinity, and pressure, p = p(T, S, p), using a
computationally simpler form of the UNESCO formula of
the nonlinear equation of state devised by Mellor [1991].

In (Ala) and (A1b) the horizontal pressure gradient terms
are given as

1 gH (o
—Vp=gvz+—J V(o — (p)) dor
Po P

0 Jos

% vy
Po

do (A4)

Jo

fo 3(p —<{p))
o S

where V represents the horizontal gradient operator in the
curvilinear orthogonal coordinate system, g is the gravita-
tional acceleration, p is the density, and {(p) = (p(z)) is the
horizontally averaged initial density field given at z levels.
The barotropic component of the pressure gradient term is
evaluated from the vertically integrated form of (Ala),
(Alb), and (A1d).

A2. Turbulence Closure Parameterization

The vertical viscosity and diffusion coefficients K,, and
K, are parameterized using the Mellor and Yamada [1982]
order 2.5 turbulence closure model wherein

(Km’ Kh) = lq(Sm’ Sh) (AS)

where [ is the turbulence length scale; %qz is the turbulent
kinetic energy; and S,,, §, are stability factors. The turbu-
lent closure is achieved by a simultaneous solution of the
transport equations for the turbulent kinetic energy %qz and

the turbulent macroscale g%/ expressed in the form

DB . 1 9 X oB F A6
—_—= + = — — +
Dt Bkl H do 990 % (A6)

where B = HmnB. The [®] takes the either form of [®] =
[P, + P, — €] or [®] = IE,[P, + P, — W] for the
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turbulent kinetic energy and macroscale equations, respec-
tively. The shear production P, the buoyancy production
P, and the dissipation ¢ rates of the turbulent kinetic energy
are defined by

P, = K, /H}(3uldc)? + (9v/9a)?], (A7a)
9 ap
Py=—K, —, ATb
b= Hpo X 56 (A7b)
3
q
=— A7
® T b ATe)

and the wall proximity function is W = 1 + E,(I/Lx)? with
(L)'= -27"+ (h + 2)7'. The « (the von Karman
constant) and b, E,, and E, are empirical constants having
values of 0.4, 16.6, 1.8, and 1.33, respectively.

The stability factors are expressed algebraically as a
function of the stability parameter Gy = —(I 2/qz)(g/

po)(8plaz) by
SH=CI/(1_CZGH) (A8a)
SMZ(C3+C4GHSH)/(1_C5GH) (ASb)

where ¢;—cs are constants. As shown by Mellor and Ya-
mada [1982], the stability functions S(Gy) and Sz(Gg)
limit to infinity as Gy approaches the value 0.0288.

A3. Boundary Conditions

At the sea surface, o = 0:

poK, [Ou v
—, — | =(75¢ 7T
H do Jdo (7s¢ s

K, [dT aS On
— |, —]= , S(E-P)|i A%b
H \do 60’) [pocp ( )| ( )

(A9%a)

w=0, gil=0, gl= beufs (A9c¢)
where 7, 7, are the wind stress components, Q is the net
surface heat flux, and E — P represents the evaporation
minus precipitation rate.

At the bottom the boundary conditions are similar to those
at the surface, except 07/00 = dS/600 = 0, and the bottom
stress components, (Tpg, Tp,) = poCp|V,|(up, vp), replace
the wind stress components. The drag coefficient Cj, takes
the larger of the two values given by Cp = 0.0025 or Cp =
«2[ln (b + zb)/zo]“z, depending on the resolution of the
bottom boundary layer. The z, is the depth of the grid point
nearest the bottom, and V, is the velocity vector at this
point. The z,, defines the bottom roughness parameter taken
to be 1 cm in the present work. The u,, and u,, are the
friction velocities [u, = (v} + 72)"2] associated with the
surface wind and bottom frictional stresses, respectively.

A4. Numerical Procedure

The method of solution of the model equations is de-
scribed in detail by Mellor [1991]. The finite difference
discretization of the equations is done on the Arakawa-C
grid. Leapfrog time stepping is employed for both the
barotropic and baroclinic modes. The barotropic mode time
step is 15 s. The baroclinic mode has a much longer time step
of 15 min. The solutions of both modes are filtered by
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Asselin time filtering at the end of each time step to avoid
time splitting of the solutions.

The usual free-slip and no-flux conditions are applied at
lateral boundaries. When there is freshwater input into the
basin, the depth-averaged normal velocity associated with
the freshwater inflow is prescribed as the external open
boundary condition, whereas the internal normal velocities
are computed from the Sommerfeld radiation condition. In
the Bosphorus Strait both internal and external mode veloc-
ities obey the radiation condition. During the outflow condi-
tions the temperature and salinity are calculated from their
upstream values. During the inflow conditions they are
relaxed to their observed climatologies using a relaxation
timescale of 2 days. This approach was found useful in
avoidifig the generation of transient sharp frontal features if
the flow reverses its direction for short periods of time.

AS5. Curvilinear Grid

The curvilinear horizontal grid is generated using the grid
generation package provided by the semispectral primitive
equation model [Haidvogel et al., 1991}. The sea is projected
onto a horizontal grid domain using the Lambert Conformal
Conic projection of the National Center for Atmospheric
Research (NCAR) Graphics EZMAP utility [NCAR, 1987].
The grid consists of 98 and 50 grid points in the zonal and
meridional directions, respectively.

A6. Model’s Sensitivity to o Coordinates
Over Steep Topography

Beckmann and Haidvogel [1993] discussed the perfor-
mance of the o coordinate approach for flow around a tall,
isolated seamount and errors arising from the pressure
gradient formulation in the steep topography/strong stratifi-
cation limit. In a parallel study, McCalpin [1994] introduced
a fourth-order accurate pressure gradient formulation which
apparently led to a tenfold reduction in errors over a wide
range of parameter space. Mellor et al.’s [1994] North
Atlantic experiments with POM-indicated minor differences
in the resulting circulation fields when compared with calcu-
lations where horizontal pressure gradients are computed on
z-level coordinates. The error was advectively eliminated
after a few years time integration, when an area-averaged
density gradient was subtracted from the density field before
evaluation of the density gradient on the o coordinate grid
(see (A4)). This numerical manipulation has also been used
by Haidvogel et al. [1991].

On the basis of experience gained by previous studies, we
have undertaken several measures to reduce the pressure
gradient errors associated with steep topography and strong
stratification. The topography is smoothed so that the slope
factor (AH/H) is kept below a certain limit (~0.02). Since
the error is proportional to both (Ao)? and (AH/H)? but is
much more sensitive to (AH/H) [Mellor et al., 1994], it may
be reduced with increased horizontal resolution. An impor-
tant feature of the boundary-fitted coordinate system em-
ployed here is a finer grid resolution (~5 km) in the regions
of sharp topographic variations over most of the Turkish and
Caucasian coasts. Another measure adopted to reduce the
error is to neglect the narrow shelf regions around the basin
and take the coastal boundary along ~500-m isobath in
certain critical regions with slope factor exceeding 0.02. This
approximation reduces the slope of the sigma surfaces and
values of (Ap/Ac). Under these approximations a 2-year time
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integration of the model without any forcing, initialized with
the T(z) and S(z) profiles shown in Figure 6, produces
currents of maximum intensity of 2 cm/s within the upper
100-m layer where the density variations are strongest. As
the upper layer currents developed in response to the wind
and thermohaline forcings are an order of magnitude stron-
ger, we believe this effect does not cause serious concern.
More importantly, as the stratification varies linearly below
the pycnocline and because the pressure gradient errors
vanish for linear stratification [Mellor et al., 1994], the
spurious currents become much weaker in the deeper levels.
For example, in the layer between 200 and 500 m these
currents are <1 cm/s.
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