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Purpose. The aim of the work is to assess the role of the basic forces in formation of the dynamic
structures of the upper layer in the Marmara Sea in different hydrological seasons.

Methods and Results. The numerical model developed in Marine Hydrophysical Institute, Russian
Academy of Sciences, was used to calculate the hydrodynamic and energy characteristics of the sea
circulation. The horizontal spatial resolution was 1.22 x 0.83 km, 18 horizons were used vertically,
and the time step was 0.5 min. The characteristics of the waters inflowing through the Bosporus and
Dardanelles straits corresponded to the available observational data. On the sea surface, the daily
average fields of tangential wind stress, heat fluxes, precipitation and evaporation for 2008 were
preset; these parameters were calculated using the regional atmospheric model MMS5. Spatial
distributions of the vortex structures and the corresponding energy flows in the upper sea layer for
different seasons were considered. Having been analyzed, the average seasonal spatial distributions of
the current velocity fields and the components of the kinetic energy budget showed that during
the year, the vortices in the upper sea layer were formed mainly by two mechanisms. In the central
part of the sea, generation of a large-scale anticyclone and its seasonal variability are basically
conditioned by the wind forcing, whereas formation and evolution of coastal cyclonic eddies are
caused by the buoyancy force. In the fields where the buoyancy, pressure and friction forcing takes
place, the zones of local extremes are distinguished. Two of them are the areas of water inflow
through the Bosphorus and Dardanelles straits. The strongest variability is observed in the Bosporus
region that is certainly conditioned by the fact that the inflowing Black Sea waters have a decisive
influence on seasonal nature of the Marmara Sea circulation. The extreme values in the other zones
are the result of the coastline structure heterogeneities, that leads to formation of the coastal eddies,
the energy source for which is the available potential energy.

Conclusions. Analysis of the results of the performed numerical experiment makes it possible to
conclude that in the upper layer of the Marmara Sea, formation and variability of the central
anticyclone are conditioned by the wind forcing, while those of the coastal cyclones — by
the buoyancy effect.
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Introduction

The dynamics of the waters of the Black and Aegean Seas is significantly
influenced by the Marmara Sea, which is a part of the water connecting system
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between them. The first results on numerical modeling of vertical hydrodynamic
processes in the Marmara Sea using a simplified box model are given in [1].

Using a numerical nonlinear three-dimensional model of Marine
Hydrophysical Institute (MHI) in [2], the characteristic features of the dynamics of
the basin waters under effect of flows of the impulse through the Bosphorus and
Dardanelles straits and without taking into account the effect of atmospheric flows
were calculated. A series of the sea circulation features have been obtained,
namely: the formation of S-shaped jet stream directed from the Bosphorus to
the Dardanelles in the sea upper layer, with the maximum velocities of up to
60 cm/s, periodic formation near the northern boundary of a cyclonic vortex.
Numerical solutions that reproduce the general circulation in the sea in
September — December 2008 and February — March 2009 using the ROMS model
and real experimental data are presented in [3]. It is shown that the wind and water
flows through the straits affect the strength and location of the main mesoscale
features of the sea circulation.

The hydrophysical fields of the waters of the Marmara Sea for September and
December 2013 in [4] were constructed on the basis of the method of
the multicomponent splitting for a modified model with artificial compressibility
for solving three-dimensional equations of ocean hydrodynamics without
the hydrostatic approximation. It is indicated that the effects of non-hydrostatic
dynamics are manifested on the bottom slopes, where the current intensifies and its
temporal variability is manifested.

Using the general circulation model of the Massachusetts Institute of
Technology (MITgcm), the work [5] studies a mixed baroclinic-barotropic response
in the Turkish Strait System (TSS), including the Bosphorus, the Marmara Sea and
the Dardanelles, in the absence of atmospheric and tidal effects. The types of water
circulation in the sea surface layer have been obtained for a two-layer exchange
through the Bosphorus Strait and for blocking the flow through its lower layer.

Numerical modeling of the Marmara Sea circulation as part of the Azov —
Black — Marmara — Mediterranean Seas cascade system using a model with
an unstructured SCHISM grid was carried out in [6]. Correlation analysis of
the numerical results showed that the transfer process between the Black and
Marmara Seas is influenced not only by the difference in the sea levels on the both
sides of the Bosphorus, but also by the circulation characteristics of these seas,
which make a significant contribution to the water transport in this region.

In the work [7], for 2008—2013 period the circulation in the TSS was simulated
using an unstructured grid under real atmospheric forcing. It was found that, depending
on the maximum wind stress localization, two different average annual types of
circulation of the Marmara Sea surface waters arise. When the maximum wind stress is
localized in the central basin, the Bosporus jet flows southward and turns westward
after reaching the Bozburun Peninsula. On the contrary, when the area of the maximum
wind stress increases and expands in the north — south direction, the jet deviates to
the west and, reaching the southern coast, forms a cyclonic gyre in the central basin.

An experiment on modeling of the OSSE (Observing System Simulation
Experiment) in the considered basin is presented in [8]. The work uses a high-
resolution ocean circulation model (FESOM) with the data assimilation of
the observational ensemble (DART) along the route of passenger ferries in the Marmara
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Sea eastern part. The results of the work show that the use of measurement data along
the route of ferry traffic can significantly reduce the errors in determining the salinity
and temperature fields in the upper layer of the sea. The influence of data assimilation
on the description of processes in the lower layer is insignificant due to strong
stratification.

In order to understand the physical causes for the formation of hydrodynamic
features of circulation in sea basins, including the Marmara Sea, an analysis of
the energy balance is important. It allows one to assess the role of the main forces
in the formation and evolution of currents and density field. In [9], discrete
equations for change rate of kinetic and potential energy that correspond to
the finite-difference equations of MHI numerical hydrodynamic model were
received, and the features of the climatic circulation energy cycles of the Black Sea
waters were studied. This paper studies the spatial distributions of energy
characteristics of the water dynamics in the Marmara Sea upper layer for 2008 and
the role of the main forces in the formation and evolution of eddy structures of
various spatial-temporal scales.

Model parameters

The topographic peculiarities of the Marmara Sea basin are represented in
Fig. 1. The system of equations of the Marmara Sea model in the Boussinesq
approximations, hydrostatics and sea water incompressibility and the applied
parameters are given in [10, 11]. Now we recall the values of these parameters:
the calculation was carried out at 18 horizons by vertical; 1.22 km and 0.83 km
are the model resolution along x and y axes, respectively; 0.5 min is a time step.
In the Bosphorus Strait, the flow velocities were calculated from the discharges
in the upper layer equal to 650 km®/year, in the lower layer — 350 km®/year. In
order to calculate current velocities in the Dardanelles Strait, the flow velocities
830 and 530 km?®year, respectively were used [1, 12]. According to [13],
the water coming from the Bosphorus Strait had a temperature that varied with
depth and time within the range of 8-23.5 °C, the salinity varied from 21 to 30 %o
depending on the depth. Water masses inflowing through the Dardanelles Strait
had 14.6 °C temperature, salinity varied along the horizons from 34.5 to 38.68 %o
[14, 15].

Fig. 1. Schematic topographic map of the Marmara Sea basin
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The calculation results for the regional atmospheric model Fifth-Generation
Penn State/NCAR Mesoscale Model version 3.7 (MM5)
(URL.: http://www.ucar.edu/mm5/mm4/home.html) were used for definition
the average daily fields of tangential wind stress friction, heat fluxes, precipitation
and evaporation on the sea surface for 2008.

As the initial fields for level, temperature, salinity, current velocity horizontal
components, we took the fields obtained as a result of a numerical calculation using
the same model with similar parameters, but without taking into account
the influence of the atmosphere [2] and corresponded to August 28 (6620™ day of
counting).

Analysis of numerical experiment results

We consider the spatial distributions of eddy structures and the corresponding
energy fluxes in the sea upper layer for different seasons. Winter, spring, summer
and autumn hydrological seasons are the three-month intervals starting from
January 1, April 1, July 1 and October 1, respectively.

In differential form, we recall the represent of the equation for the change rate
of kinetic energy (KE) and its components [11]. Since in the quasi-static
approximation KE is expressed in the form E = po(u?® + v?)/2, the symbolic
representation of KE budget equation will be as follows

E¢ + Adv(P + E) = BFW + Fgg, (E) — Dissy/er (E) — Disspor (E). 1)

In this case, the work of the pressure forces and KE advection are expressed by
the equation

z

Adv(P + E):(u(gc+ E+ P'))X +(v(gc+ E+ P'))y +(w(gg+ E+ P')) -

The work of buoyancy force, the energy inflow from the wind and its loss due
to friction against the bottom, KE dissipation due to vertical and horizontal internal
friction are expressed as follows, respectively:

BFW = gpw,
Fafr () =w (uuz +w; ),

Disser (E) =w (uf +VZ).

DisSHor (E) = VH ((Vzu)Z s (Vzv)2j.
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Integration (1) by volume provides:

<E; >y +<Adv(E) >, + < Adv(P) >, =<BFW >, +<t—>E >g — @)

— < Dissysgr (E) >y — < Dissyor (E) >y -

In equation (2), for the convenience of the analysis, the term <t —>E >3,
which describes the KE inflow from the wind action, is separated and

the contribution from Fgg, (E) due to the friction against the bottom is included to

< DiSSVer(E) > .

We assume that mesoscale quasi-geostrophic eddies are those the radii of
which are greater than the baroclinic Rossby deformation radius (Rg) and
the Rossby number (Ro) for which is much less than unity [16]:

R, = \JgH (Ap/p) ' (3)

f

Ro= -,
Rf

where g is a gravitational acceleration; H is an upper layer depth; p is a seawater
density at the surface; Ap is a seawater density variation with depth; f is
the Coriolis parameter; U is an orbital velocity of eddy; R is an eddy radius.
Following the formula (3), for the Marmara Sea at the values of parameters
g=9.8m/s?, H=25m, Ap/p =107, f=9.53.10" 1/s we obtain that Rq = 17 km.

Winter season. Averaging over the winter hydrological season (as for all
seasons) of current velocity fields, wind force work, buoyancy, pressure, KE
advection, horizontal dissipation, vertical dissipation in the upper layer (Fig. 2) was
carried out according to the formula

1 H
=" |pdz,
Q H~£¢
where H<20 m.

A mesoscale anticyclone (Fig. 2, a) with a diameter of about 38 km and
Ro =0.017 was formed in the northwestern part of the basin in the upper layer
during the movement of waters from the Bosphorus to the Dardanelles.
In the northern and northeastern parts of the sea, a system of two anticyclones with
circulation radii of 10 km (Ro = 0.042) and 8 km (Ro = 0.053), respectively, exists.
In the southern part of the sea, the movement of waters with cyclonic vorticity
prevails. The radii of the gyres are 20 and 12 km (Rossby numbers are 0.021 and
0.041, respectively). Comparison of Fig. 2, a and 2, b allows us to conclude about
their correspondence, which indicates the predominant effect of wind action on
the formation of eddies.
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Fig. 2. Maps of the current velocity (vectors) (a), wind force (b), buoyancy (c), pressure (d), kinetic
energy advection (e), horizontal dissipation (f) and vertical dissipation (g) (isolines) average fields in
the upper 20-meter water layer of the Marmara Sea during the winter hydrological season
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An important energy characteristic is the work of the buoyancy force [9],
which provides an exchange between kinetic and available potential energy. On
the map of the current velocity distribution (Fig. 2, a), in the vicinity of
the entrance of water inflow from the Bosporus and Dardanelles straits,
the cyclones with the centers at the points with 29.1° E, 40.7° N; 28.8° E, 40.9° N
and 26.9°E, 40.4° N coordinates and a circulation radius from 3 to 3.5 km are
located. For these gyres, the Rossby numbers are 0.12; 0.09 and 0.10, respectively.

In Fig. 2, c it can be seen that in the coastal areas corresponding to the location
of cyclones, a negative buoyancy force work is observed (here and below, on
the presented maps, the thick isoline corresponds to a zero value and separates
positive and negative values). Large vertical gradients in the density field in these
sea areas, caused by the inflow of waters of different density, indicate at
an increase in the available potential energy reserve in these eddies and, thus, about
their baroclinic structure.

In Fig. 2, d a map of the pressure force work distribution for the winter season,
on which the areas of positive contribution to the KE budget are highlighted in
pink, is given. In the cyclonic circulation area this work is negative, in the area of
the anticyclone it is positive. This indicates at its contribution to the KE variation
rate in these eddies. In the coastal part of the sea, the pressure forces work is
positive. Thus, the formation of eddies along the basin periphery is accompanied
by the replenishment of KE due to the work of pressure forces. Apparently, this is
due to the combined effect of baroclinicity and bottom topography [17, 18].
The influence of the advection on the budget of the KE in space (Fig. 2, e) is of
an irregular nature and is several orders of magnitude less than the work of
the pressure force. The extrema in its distribution correspond to the zones of flow
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running on the coastline inhomogeneity (Cape Bozburun, Cape Fanerbakhche,
Cape Ferner, Cape Kodzhaburun in Fig. 1).

The map of horizontal dissipation distribution (Fig. 2, f) demonstrates
an increase in dissipation along the periphery of the region, which is natural due to
the conditions of adhesion of normal velocity component. The KE variation rate
due to vertical friction is more complex (Fig. 2, g). Its extreme values are observed
in the area of the Bosphorus and Marmara Island. These features correspond to
the structure of the wind field; this suggests that contribution of mixing processes
in this zone is predominant.

Spring season. In spring, an extensive anticyclonic gyre in the Marmara Sea
upper layer (Fig. 3, a) with the maximum velocities up to 13.02 cm/s and R equal to
38 km (Ro = 0.028 << 1) was formed. Eddies with smaller horizontal dimensions are
located between the anticyclone and the coast. In the near-Bosporus part of the basin
centered at a point with 29.00° E, 40.75° N coordinates an anticyclone with
R=15km and Ro = 0.032 was formed. At the points with 26.91° E, 40.40° N;
27.40° E, 40.35° N and 28.85° E, 40.91° N coordinates the centers of cyclones,
the radii of which are within the range from 4 to 6 km, are located.
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Fig. 3. Maps of the current velocity (vectors) (a), wind force (b), buoyancy (c), pressure (d), kinetic
energy advection (e), horizontal dissipation (f) and vertical dissipation (g) (isolines) average fields in
the upper 20-meter water layer of the Marmara Sea during the spring hydrological season
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Continuation of Fig. 3
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If for the central anticyclone the wind is the predominant factor of its
formation (Fig. 3, b), then for cyclonic eddies its work is negative, which indicates
the prevailing influence of other forces on their formation. Indeed, the buoyancy
force work in these areas has local negative extrema (Fig. 3, c); therefore,
the available potential energy serves as a reservoir for maintaining the intensity of
cyclonic eddies, which is indirect evidence of the influence of baroclinic instability
on the coastal circulation.

As in the winter season, the pressure force work in the sea coastal area has
a positive value (Fig. 3, d), therefore it increases the eddy energy. KE advection is
still of an irregular alternating character (Fig. 3, €) on irregularities of the coastal
orography in the vicinity of the Fanerbahce, Baba, Ferner, Korjaburun capes and at
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the eastern edge of the Bandirma Peninsula (Fig. 1), where areas of extreme values
are observed. As a result of the coastal currents strengthening, the extremes have
increased, which can have a significant local effect in the energy balance.

The KE change rate due to horizontal and vertical dissipation in the spring
season (Fig. 3, f, g) qualitatively corresponds to the winter period. There are
quantitative differences in the magnitude of vertical dissipation, which are possibly
associated with the warming up of surface waters and, therefore, with more stable
vertical stratification.

Summer season. In summer period, as a result wind strengthening, the orbital
velocity of the central anticyclonic gyre increased several times and reached
~29 cm/s (Fig. 4 a, b). Smaller cyclonic eddies are still observed; an anticyclone
located in the northwestern region merged with the central eddy, what influenced its
power. The role of the buoyancy force work, which qualitatively corresponds to
the spring season, increased, wherein its absolute values along the basin periphery
increased (Fig. 4, c). Apparently, due to this, the eddies have become more regular.
As well as for the spring season, the work of the pressure force is positive in almost
the entire coastal area (Fig. 4, d) and therefore increases the KE of dynamic
structures in these areas. The role of KE advection has increased (Fig. 4, €). The KE
advection field has a more regular structure, different from the structure of
the pressure force work field. The role of advection in the local KE increase in
the area eastwards of Marmara Island and in the KE decrease in the zones of coastal
inhomogeneities effect on coastal currents has significantly increased. The loss of
energy due to horizontal dissipation in the regions of local extrema increased by
about two times, which indicates the strengthening of coastal currents (Fig. 4, f). At
the same time, the energy loss due to vertical friction accelerated, as shown in Fig. 4, g.
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Fig. 4. Maps of the current velocity (vectors) (a), wind force (b), buoyancy (c), pressure (d), kinetic
energy advection (e), horizontal dissipation (f) and vertical dissipation (g) (isolines) average fields in
the upper 20-meter water layer of the Marmara Sea during the summer hydrological season
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Autumn season. In the autumn period, the central anticyclone is significantly
deformed, the main part of the basin is occupied by a chain of three large-scale
eddies: anticyclone — cyclone — anticyclone. The area occupied by the anticyclone in
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the center of the basin has decreased, and the maximum current velocity in this case
has decreased to 12.75 cm/s (Fig. 5, a). At the same time, the cyclone area in
the southeastern region of the sea increases, and its radius is now about 22 km.
The eddy structure of velocity field corresponds to the distribution of the wind force
work (Fig. 5, b), wherein the number of areas of negative values in it increased
(compared to the summer season). The existence of these areas indicates that in
the autumn season the role of factors other than the work of the wind force increases.

As before, the spatial distribution of the Archimedean force work has
a characteristic structure — positive values in the central part of the sea and negative
values on its periphery (Fig. 5, c). Unlike previous seasons, the Archimedean force
work is increasing. Apparently, the cooling of waters in the coastal strip by autumn
leads to an increase in the heterogeneity of the density field vertically.

Unlike the summer season, in the structure of the field of the buoyancy force
work an extremum is observed in the Izmit Bay area. Quantitative changes in
the spatial distribution of the work of the forcies pressure and the KE advection
(Fig. 5, d, e) are also observed. Compared to the summer period, the energy loss
due to horizontal friction has decreased (Fig. 5, f). Qualitatively the structure of
the friction field remains the same —the homogeneous field in the central region of
the sea with local extrema along the periphery. In contrast to the summer period, in
the distribution of energy loss due to dissipation along the vertical, one extremum
remained in the area of the Bosphorus waters inflow (Fig. 5, g).
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Fig. 5. Maps of the current velocity (vectors) (a), wind force (b), buoyancy (c), pressure (d), kinetic
energy advection (e), horizontal dissipation (f) and vertical dissipation (g) (isolines) average fields in
the upper 20-meter water layer of the Marmara Sea during the autumn hydrological season
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Continuation of Fig. 5
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Conclusion

On the basis of the carried out numerical experiment on modeling
the Marmara Sea circulation, the fields of hydrodynamic and energy
characteristics averaged over the hydrological seasons of 2008 were obtained.
The analysis average for the seasons spatial distributions of the current velocity
fields and the components of the KE budget showed that eddies in the upper sea
layer during the year are formed mainly by two mechanisms. In the central part
of the sea, the generation of a large-scale anticyclone and its seasonal variability
are mainly determined by the wind force work, and the formation and evolution
of coastal cyclonic gyres are caused by the buoyancy force work.

The seasonal evolution of these mechanisms, which is most intense in the sea
coastal area, is rather in their quantitative changes. The analysis of the energy
characteristics showed that there are zones of the local extrema in the structure of

PHYSICAL OCEANOGRAPHY VOL.28 ISS.5 (2021) 483



the fields of the main forces (buoyancy, pressure and friction). Two of them are
areas of water inflow from the Bosporus and Dardanelles straits, in which
the processes of the eddy formations with horizontal scales from 3 to 15 km are
observed. The greatest variability is observed in the Bosporus region, what is
explained by the determining influence of the inflowing Black Sea waters on
the seasonal nature of the Marmara Sea circulation. Other zones of extreme
values are caused by inhomogeneities of the coastline, which leads to
the formation of coastal eddies, the source of energy for which, along with shear
instability, can be the available potential energy. The analysis of the buoyancy
force work fields confirms that the alongshore zone is the source of the baroclinic
instability.
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