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Purpose. The study represents analysis of the features of the Black Sea ecosystem components
transfer from the northwestern shelf to the deep-sea part and its dependence on circulation in the sea
upper layer.

Methods and Results. The fluxes of water mass, nutrients and bioproduction from the shelf zone to
the deep part of the sea were calculated using the current fields and biogeochemical ones resulted
from the reanalysis, which, in its turn, was carried out due to the Black Sea ecosystem model
including assimilation of remote sensing data both in the numerical circulation model and in
the biogeochemical block. Numerical modeling permitted to calculate the fluxes through three
sections that bound the shelf zone (by the capes Kaliakra and Chersonesus, and along the 200 m
isobath). Behavior of the RIM Current jet and, consequently, direction and magnitude of the flows
through the boundaries of the northwestern shelf depend on the wind stress vorticity over the western
part of the Black Sea. The type of circulation with the intense RIM Current jet pressed to the shelf
edge, is characterized by the pattern of distribution of the inorganic nitrogen and phytoplankton
surface concentration as a narrow strip of its high values along the Black Sea western and partially
southern coasts. When the RIM Current jet is weak or moves from the shelf edge (that corresponds
to the low values of the wind stress vorticity) the increased concentration values are located on
the northwestern shelf.

Conclusions. Direction, magnitude and character of horizontal distribution of the nutrient and
bioproduction fluxes are determined mainly by circulation in the sea upper layer. The magnitude of
these flows is significantly affected by difference between the nutrient and bioproduction
concentrations in the shelf zone and in the deep part of the Black Sea.
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Introduction

Understanding of the marine ecosystem functioning and variability regularities
provides the forecasting and tracking the scenarios hazardous to the environment.
The state of the Black Sea ecosystem is largely determined by the amount of
nutrients in the upper layer of the sea, supplied mainly with river flows.
The contribution of such large rivers as the Danube, Dnieper, Dniester
and Southern Bug, flowing into the sea in the Northwestern Shelf (NWS) area,
is ~ 65 % of all river flows into the Black Sea basin. This explains the increased
content of nutrients and, as a consequence, bioproduction in the waters of the shelf,
which occupies only 16 % of the sea area. The penetration of nutrients and
bioproducts from the NWS into the deep-water part of the Black Sea basin takes
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place due to the water exchange caused by currents in the surface layer of the sea,
which is confirmed by the images obtained by satellite color scanners. From
satellite maps of sea surface temperature (SST), one can also observe
the penetration of cold water masses formed at the NWS in winter into the deep-
water part. Due to the currents in the Black Sea upper layer, nutrient-rich waters
from the NWS penetrate into the deep-water part of the sea, thus increasing
the content of the marine ecosystem components in this part of the basin.

The circulation of surface waters in the NWS area has been studied in
a number of works both on the basis of field measurements (for example, [1]) and
using numerical modeling [2, 3]. The features of the marine ecosystem behavior at
the NWS of the Black Sea were studied, for example, in [4] based on measurement
data, as well as on the basis of the ecosystem models [5, 6]. In [7], the results of
the studies aimed at improving the understanding of fundamental exchange
processes at the boundary of the shelf and the Black Sea deep-water part are
presented, and a quantitative assessment of exchange processes is given. Using
a tracer carried out by river runoff, the penetration of waters from the shelf into
the area of the Bosphorus Strait and along the Black Sea southern coast is shown.
Part of the river water penetrates into the intermediate layers at the shelf boundary
in the northwestern part of the Black Sea. On the basis of satellite measurements,
the mechanisms of water exchange between the NWS and the deep-water part of
the basin, caused by individual synoptic eddies, were considered [8, 9].

The purpose of this work is to study the features of the transfer from the NWS
to the deep-water part of some components of the Black Sea ecosystem (considered
in the model of producers — two groups of phytoplankton and inorganic nitrogen)
and their dependence on the nature of circulation in the upper sea layer.

The study is carried out using the results of the previously performed
reanalysis (sets of hydrodynamic and biogeochemical fields on a regular grid),
which makes it possible to quantify the exchange between the shelf and deep-water
parts of the basin.

Research method

The study of the features of nutrients and bioproduction transfer from
the Black Sea NWS was carried out on the basis of numerical modeling results
using the Black Sea ecosystem model. The interdisciplinary model of the Black
Sea ecosystem consists of a circulation model and a biogeochemical block that
describes the interactions between various components of the marine ecosystem.

The fields of the Black Sea currents used in this study are the result of
areanalysis of physical parameters for a twenty-four year period (from 1992
to 2016) [10, 11]. The reanalysis is based on a z-level model based on
the approximation of a system of ocean dynamics primitive equations [12].
The applied version of the model has a horizontal spatial grid step of 4.8 km and 35
vertical grid levels. This spatial resolution provided adequate description, in
addition to large-scale, of synoptic processes in the Black Sea.

As the boundary conditions on the free sea surface for the circulation model
equations, we used the parameters of atmospheric forcing obtained from the results
of the ERA-Interim (ECMWF) atmospheric reanalysis [13]: surface wind, heat and
fresh water fluxes, solar radiation. The fields of these parameters for the Black Sea
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region, obtained from the official ECMWF website, were then interpolated to
the model grid.

The Black Sea circulation model used the assimilation of data from satellite
temperature measurements (STM), level anomalies and mean annual profiles of
temperature and salinity. The sea surface temperature and the data on the sea level
anomaly were taken from the archive of the Black Sea Center for Marine Forecasts
of MHI. Temperature and salinity mean annual profiles were prepared based on all
data from hydrographic surveys and floats for the period under consideration.

The biogeochemical block of the Black Sea ecosystem model includes 15 state
variables and describes biogeochemical processes in the upper 200 m layer of
the sea. State variables include two groups of phytoplankton (diatoms and
flagellates), two size groups of zooplankton (microzooplankton (< 0.2 mm) and
mesozooplankton (0.2-3.0 mm)), the jellyfish Aurelia aurita and the ctenophore
Mnemiopsis leidyi. The food web structure also includes non-photosynthesizing
bacterioplankton, dissolved and suspended organic matter and the omnivorous
dinoflagellate Noctiluca scintillans. In this model nitrogen is considered as the only
biogenic element limiting phytoplankton growth. The nitrogen cycle includes three
inorganic compounds: ammonium, nitrates and nitrites. All the listed ecosystem
components have a unit of measurement in the model mmoIN-m=. Dissolved
oxygen and hydrogen sulfide are also included in the model as separate state
variables. The spatial step and computational horizons correspond to the circulation
model. The temporal evolution of ecosystem components is described by
the transport — diffusion equations, which include on the right side the terms of
the type of sources — sinks, describing the interaction between the components of
the ecosystem:

L o(uF) + o(vF) + ol(w+w,)F) =K, V?F +8[KV 8Fj+ R(F),
ot OX oy 0z 0z

where R(F) describes biogeochemical interactions between state variables
F; w,is a sedimentation rate of diatoms and suspended organic matter (for other
components it is equal to zero); u, v, w are the components of the current velocity;
K, K, are the coefficients of horizontal and vertical turbulent diffusion,

respectively. At the mouths of large rivers nutrient fluxes proportional to their
concentration and river runoff intensity were set [14]. An important feature of
the biological part of reanalysis is the assimilation of measurement data from
satellite color scanners. These data represent two-week fields of the chlorophyll a
surface concentration, prepared on the basis of SeaWiFS, MODIS, and MERIS
products (URL: http://blackseacolor.com/index.htm) according to an algorithm
developed specifically for the Black Sea [15]. To check the quality of
the reanalysis results, their validation was carried out. It showed that the obtained
fields describe quite well the real thermohaline and biogeochemical structure of
the sea [10, 16].

The assessment of exchange parameters between the NWS and the deep-water
part of the Black Sea was carried out using biogeochemical fields and current fields
on a regular grid, obtained as a result of the physical reanalysis described above.
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The study period was 19 years (1998-2016). The shelf area was bounded by
a curve consisting of three parts: zonal sections in the area of the Cape Chersonesus
and the Cape Kaliakra (from the coast to 200 m depth) and a curve between them
along the 200 m isobath. Through these sections of the NWS boundary the flows of
water, inorganic nitrogen and phytoplankton in the upper 50-meter layer were
calculated.

Results
The amount of nutrient flux from the shelf depends directly on water
exchange. We are to consider the values of water mass fluxes through the surfaces
bounding the NWS area in the upper 50-meter layer (Fig. 1, a). The curves shown
in the graphs represent averaged by moving average mean monthly values.
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Fig. 1. Fluxes of water mass from the northwestern shelf through three surfaces: zonal section by
the Cape Kaliakra (black solid line), along the 200 m isobath (grey line) and zonal section by
the Cape Chersonesus (dotted line) (a); density of the currents’ kinetic energy in the upper 50 m layer
in the western deep-sea part of the basin (black line), average value of the wind stress vorticity for
the same water area (grey line) (b)

The water flux through the zonal section at the Cape Kaliakra is almost always
directed from the NWS (positive values of the flux on the graph), while the liquid
mass flux through the surface formed by the 200 m isobath (lateral section) is
directed mainly to the shelf. A good correlation between the maximums of the first
flux and the minimums of the second one takes place. The average values of mass
fluxes for the entire considered period through each of the three sections are equal
to 1.2.10* —1.16-10"* and 1.5-10° km?3s™ for the Cape Kaliakra, lateral surface and
the Cape Chersonesus, respectively. The value of the average flux through
the section at the Cape Chersonesus is an order of magnitude less than through
the other two sections. The fluxes through the lateral section and the zonal section
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at the Cape Kaliakra approximately compensate each other. Water from the deep-
water part of the basin enters the NWS through the lateral surface and leaves
the shelf in the area of Cape Kaliakra.

The main element of circulation in the Black Sea upper layer is the intense
RIM Current, localized in the continental slope area, which can weaken, meander,
break into separate gyres and filaments. As shown in a number of works (for
example, [10]), the Rim Current intensity is directly related to the vorticity of
the wind field over the Black Sea. In Fig. 1, b a graph of the time dependence of
the area-averaged value of the wind stress eddy, as well as the density of the kinetic
energy of currents averaged over 50 m depth in the upper sea layer for the western
deep-water part of the basin, is shown. It should be noted that the same fields were
used to calculate the wind stress vortex as in the reanalysis. The kinetic energy
density of the currents was obtained from the results of the reanalysis. As can be
seen in this figure, the maxima of the kinetic energy density of the currents and
the wind field vorticity correlate well. If we compare the graphs of the behavior of
the kinetic energy density of currents and mass fluxes, we can see that high energy
values correspond to the cases when maxima are observed in the mass fluxes
through the section near the Cape Kaliakra and, accordingly, minima of fluxes
through the lateral section. Thus, the high values of water mass fluxes on the NWS
through the lateral section, as well as from the shelf through the section near
the Cape Kaliakra, coincide with the Rim Current intensification, which is caused
by high values of the wind field vorticity.

In Fig. 2 the examples of mean for the season currents in the upper 50-meter
layer of the western part of the Black Sea at high and low values of the Kinetic
energy density are given.

At high values of the kinetic energy density of currents in the deep-water part
of the Black Sea, a clearly pronounced RIM Current jet, which in the NWS eastern
edge region partially enters the shelf (Fig. 2, a), is observed. In this case, the liquid
mass flux through the surface bounded by 200 m isobath is directed from the deep-
water part of the sea to the shelf and has maximum absolute values, while
the liquid mass flux through the zonal section near Cape Kaliakra, on the contrary,
is directed from the shelf and also has the maximum values (Fig. 1, a). It is
important to note that the currents on the shelf itself in this case are directed to
the south, which leads to the formation of a liquid flux directed from the NWS
through the section near the Cape Kaliakra. Thus, the inflow of water through
the eastern edge of the shelf due to the RIM Current jet is compensated by
the water flux from the shelf zone to the south.

In examples with low values of the kinetic energy density (and, accordingly,
low water fluxes from the shelf near Cape Kaliakra), the RIM Current jet manifests
itself only fragmentarily (Fig. 2, b) or moves away from the shelf edge. It should be
emphasized that in the latter case the flux center is displaced southward of
the NWS and its effect on the water exchange with the shelf is small. At the same
time, the nature of the currents in the upper layer of the sea manifests itself as
disordered due to the large influence of eddy structures on the fluxes of the liquid
mass. A distinctive feature of currents on the NWS itself (in cases of the kinetic
energy density low values) is their direction along the coast to the north with
the lowest absolute values of water mass fluxes across the boundaries of the NWS.
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Fig. 2. Fragments of the maps of the season-average currents in the upper 50 m layer: a — cases with
high values of kinetic energy density for the western deep-sea part of the basin, b — cases with low
values
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The direction and magnitude of the fluxes of nutrients and ecosystem
components from the shelf zone to the Black Sea deep-water part depend primarily
on the direction and magnitude of the water mass fluxes carrying the impurity.
The difference in impurity concentrations on the shelf and in the deep-water part
also has a significant effect on the magnitude of these fluxes. As shown above,
the concentration of nutrients in the surface layer of the Black Sea at the NWS,
supplied mainly with river flows, is significantly higher than in the deep-water part
of the sea. Satellite maps of the distribution of chlorophyll a concentration show
an increased content of bioproduction in shelf waters. Due to the high
concentration of nutrients in the NWS, their flux into the deep-water part is
generally positive. In Fig. 3 the fluxes of inorganic nitrogen (the main biogenic
element in the Black Sea) and phytoplankton (one of the marine ecosystem
components) through zonal sections near the Cape Kaliakra and the the Cape
Chersonesus, as well as along the shelf boundary along the 200 m isobaths, are
shown.
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F i g. 3. Innorganic nitrogen fluxes from the northwestern shelf through three sections (a) and
phytoplankton fluxes (b) (line indication is the same as in Fig. 1, a)

The flow of inorganic nitrogen flux (Fig. 3, a) in the Cape Kaliakra area is
almost always positive and its maxima in time coincide with the maxima of
the mass flux through this section. At the same time, the maxima of the nutrient
flux are more pronounced than the maxima of the liquid flux due to high
concentration of inorganic nitrogen compounds in the NWS waters. The nitrogen
flux through the surface along 200 m isobath has both positive and negative values,
in contrast to the liquid mass flux of liquid through this surface, which has mostly
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negative values. The maximum values of nitrogen fluxes directed from the deep-
water part to the shelf (negative values on the graph) correlate with the maxima of
fluxes through the zonal section at Cape Kaliakra. The nitrogen flux through
the section near the Cape Chersonesus is significantly less than the flux through
the other two boundaries of the shelf. At the same time, the nitrogen flux through
the section near the Cape Chersonesus is almost always positive, and its average
value for the entire period under consideration (0.056 kmolIN-s?) is greater than
through the surface along 200 m isobath (0.018 kmoIN-s?). The largest average
flux of inorganic nitrogen from the shelf falls on the zonal section near the Cape
Kaliakra — 0.314 kmolIN-s?. In contrast to the liquid mass flux, the inorganic
nitrogen fluxes through all three surfaces are on average positive, and their
total flux (0.39 kmolIN-s?) is ~ 25% of the amount that get to the NWS with
river runoffs.

The graphs of temporal evolution of phytoplankton fluxes (Fig. 3, b) and
inorganic nitrogen are qualitatively similar. The difference is that the maxima of
phytoplankton fluxes through the section at the Cape Kaliakra are less than
the maxima of inorganic nitrogen fluxes and more than the ones through the lateral
section. On the whole, this behavior agrees well with how the fluxes of the liquid
mass vary with time: the maxima of fluxes through the section near the Cape
Kaliakra are observed mainly in winter and correlate well with the minima of
fluxes through the lateral section. At the same time, the values of the maxima of
inorganic nitrogen flux near the Cape Kaliakra noticeably exceed the values of
the minima of this flux through the lateral section in absolute value, which can be
explained as follows: the concentration of inorganic nitrogen on the shelf, caused
by the outflow of rivers, is always higher than in the deep-water part of the sea.
As for phytoplankton, during winter bloom its concentration in the deep-water part
of the sea is high, and in some cases it can exceed the values on the shelf near its
boundary. As a consequence, the amount of phytoplankton flux to the shelf through
the lateral surface sometimes exceeds the flux directed from the shelf near the Cape
Kaliakra.

The abovementioned differences in the fluxes of nutrients from the NWS to
the deep-water part of the sea determine the nature of their spatial distribution.
In Fig. 4 the examples of monthly average maps of inorganic nitrogen and
phytoplankton distribution in the Black Sea surface layer for the type of circulation
in which there is an intense RIM Current entering the NWS (see Fig. 2, a), are
given. A powerful RIM Current jet along the NWS continental slope prevents
the transfer of impurities across the isobaths. At the same time, the surface currents
on the shelf are directed mainly to the west, as shown by the current maps. In order
to compensate for this flux, an intense southward current near the western coast is
formed. This current carries the most concentrated part of nutrients and bioproducts
to the southern boundary of the NWS, where the RIM Current flow picks up and
carries water with a high concentration of nutrients up to the Anatolian coast.
The presented maps of the distribution of inorganic nitrogen and phytoplankton
surface concentration demonstrate narrow bands of increased concentration,
stretched rather far along the western and southern coasts. The waters with
the maximum concentration of nutrients and phytoplankton in the NWS are pressed
against the western coast.

PHYSICAL OCEANOGRAPHY VOL. 27 1SS.5 (2020) 467



C, mmolN-m*

30

"1 November, 2000 March, 2003 March, 2010 March, 2012 December, 2014

-

3
%
=
w
2
b3
=
=
s
a3
b3
=4
=
e}
3
o
=]
¥
£
ey
=

320

a 5
C, mmolN-m™

March, 2003

March, 2010

March, 2012 1 December, 2014

Fig. 4. Fragments of the maps of the monthly-average distribution of the inorganic nitrogen (a) and
phytoplankton (b) surface concentrations (circulation is of the same type as in Fig. 2, @)

The scheme of nutrient distribution from the NWS described above is not
always observed with the NWS. In Fig. 5 the examples of the surface distribution of
inorganic nitrogen and phytoplankton, which qualitatively differ from that considered
earlier. A characteristic feature of circulation in these cases (see Fig. 2, b) is
the absence of a clearly pronounced RIM Current jet, with the exception of the spring
of 2004 and 2005, when the RIM Current is observed but its core in the northwestern
part passes rather far from the shelf edge. The currents in the NWS are directed to
the north and do not transfer the impurity to the deep-water part of the basin. This is
an important feature of circulation for all cases shown in Fig. 2, b. As a consequence,
the increased concentration of nutrients and bioproduction (Fig. 5) is concentrated in
a relatively small area at river mouths.

Thus, the nature of circulation in the Black Sea upper layer, in particular,
the intensity and position of the RIM Current jet, makes the main contribution to
the distribution of ecosystem components and exchange between the shelf and
the deep-water part of the basin. In this case, currents are important not only in
the deep-water part of the sea, but also on the shelf. The cases when nutrients and
bioproducts spread far along the coast correspond to circulation with a pronounced
RIM Current jet pressed against the shelf edge and the western coast of the Black
Sea. With this type of circulation on the NWS, the surface currents directed to
the west are formed. As a result of this fact an alongshore current develops,
transporting the admixture to the south, where it is picked up by the RIM Current
jet. An increased concentration of ecosystem components is observed only on
the shelf in the case when the RIM Current jet moves away from the shelf edge, or
appears fragmentarily. In this case, the liquid mass flux through the surface along
the 200 m isobath is directed mainly from the NWS. For compensating this flux,
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a northward current appears on the shelf (see Fig. 2, b), blocking the impurity and
preventing it from spreading along the western and then southern shores of
the Black Sea.
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Fig. 5. Fragments of the maps of the monthly-average distribution of the inorganic nitrogen (a) and
phytoplankton (b) surface concentrations (for the circulation type as in Fig. 2, b)

Conclusion

The paper analyzes the features of the ecosystem components transfer from
the NWS to the Black Sea deep-water part. The fluxes of nutrients and bioproducts
were calculated using the Black Sea hydrophysical and biogeochemical fields on
a regular grid. These fields were obtained as a result of a reanalysis carried out on
the basis of the Black Sea ecosystem model with the assimilation of remote sensing
data both in the numerical circulation model and in the biogeochemical block.

Since the direction and magnitude of nutrient and bioproduction fluxes are
mainly determined by the circulation in the upper sea layer, the water mass fluxes
were also calculated. The greatest value of the liquid mass flux from the shelf is
observed through the zonal section at the southern boundary of the NWS (the Cape
Kaliakra), and the smallest — through the section near the Cape Chersonesus.
The mass flux through the surface along the 200 m isobath is on average directed
to the NWS and compensates for the mass flux near the Cape Kaliakra. This
character of fluxes is mainly determined by the location of the RIM Current jet.
When it is pressed against the edge of the NWS, it partially enters the shelf, as
a result of which the mass flux is directed towards the shelf. To compensate for
the influx of liquid, a southward current appears on the shelf, as a result of which
water flows out of the shelf near the Cape Kaliakra. When the RIM Current jet is
weak or passes far from the shelf edge, the water flux across the surface along
the 200 m isobath is close to zero or even directed from the shelf into the deep sea.
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In this case, a northward current is formed on the shelf, the flux near the Cape
Kaliakra has minimal values and occasionally it is directed toward the shelf.
The analysis showed that the behavior of the RIM Current jet, and, consequently,
the direction and magnitude of fluxes through the NWS boundaries depend on
the wind stress vorticity over the western part of the Black Sea. The higher
the value of the wind field vorticity (the maximum values are observed mainly in
the winter season), the more intense the RIM Current jet and, accordingly,
the higher the values of fluxes through the surface along the 200 m isobath
(towards the shelf) and through the zonal section near the Cape Kaliakra (from
the shelf).

The nature of nutrients and bioproduction distribution from the NWS is also
determined to a large extent by the direction and magnitude of the fluxes of the liquid
mass. The fluxes of inorganic nitrogen and phytoplankton are qualitatively consistent
with the fluxes of the liquid mass. The difference in the concentration of this
impurity in the shelf zone and in the deep-water part of the Black Sea has
a significant effect on the magnitude of the impurity fluxes. Since the concentration
of inorganic nitrogen on the shelf is, as a rule, higher than in the deep-water part of
the sea due to the river outflow, the maxima of fluxes through the section near
the Cape Kaliakra increase and the minima of fluxes through the lateral section
decrease. For phytoplankton fluxes, the opposite picture can be traced, which can be
explained by the fact that in the winter season (when mainly the maxima of these
fluxes are observed) the phytoplankton concentration in the deep-water part of
the sea is high due to the supply of nutrients to the surface layer from deeper layers.

The nature of circulation in the upper layer also affects the distribution pattern
of the phytoplankton and inorganic nitrogen surface concentration. The circulation
with an intense jet of the RIM Current, pressed against the shelf edge, corresponds
to the distribution pattern of surface concentration in the form of a narrow strip of
high values along the western and partly southern coasts of the Black Sea. When
the RIM Current jet is weak or moves away from the shelf edge, which is observed
at low values of the wind field vorticity, the increased concentration values are
concentrated at the NWS.
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