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Different types of mesoscale eddy dynamics are considered in the paper from the viewpoint of their
effect on the plankton (mainly phytoplankton) amount and its taxonomic structure. The eddy
structures of all types, including cyclonic, anticyclonic, water-body anticyclonic and frontal ones, as
well as the dipole structures, actively affect plankton. Theoretical schemes of the influencing
mechanisms, which are illustrated by the examples of such an impact on the plankton in the Black
Sea, are examined. The analyzed responses of the marine plankton ecosystems to the eddy dynamics
and the scientific literature review unambiguously testify the important role of these processes in
formation of biological productivity in the seas and oceans. A cyclonic eddy forms the isopycnals rise
(a dome-like bend) in its core both in the thermocline and in the pycno-halocline that elevates
nitrocline; it promotes bioproductivity increase. In the center of the anticyclonic eddy,
the thermocline and pycno-halocline deepen (deflection) which negatively affects bioproductivity.
At the same time, the rise of the isopycnals occurs at the eddy periphery that, on the contrary,
contributes to increase in primary production. In contrast to a regular anticyclone, a water-body
(or lens-like) eddy induces the water rise in a layer above the depth of the maximum orbital velocity
of the eddy, in other words, in its upper part it often acts like a cyclone. Thus, in any eddy there are
the areas where the thermocline rises to the surface and, therefore, the prerequisites for
the bioproductivity increase are formed. Strong winds not only enhance the effect of the eddies on
biota, but can completely change the nature of this impact. When exposed to wind, the intensity of the
biogenic elements transport to the photic layer in the cyclones can decrease, whereas in the lens-like
anticyclones it can increase. The important point is that the long-living eddies change the influencing
mechanisms depending on the stage of their evolution. At last, the eddy structures often promote
changing in the dominant phytoplankton species that can significantly alter the flow of organic matter
to the bottom and affect the global carbon cycle.
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1. Introduction
Numerous studies considering the effects of physical processes on
phytoplankton at the mesoscale and sub-mesoscale levels and on the synoptic time
scale in a first approximation can be divided into several directions. Most of
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the works are devoted to the influence of mesoscale cyclonic and anticyclonic
eddies. Canonical theory assumes vertical rise of isopycnals in cyclonic eddies
(the so-called eddy pumping), leading to an increase in the nutrient flow into
the photic zone [1]. In dipole structures, the rise of deep waters in a cyclonic eddy
is accompanied by the sinking of waters in the adjacent anticyclonic eddy [2].
Accordingly, in the first case, there is an increase in biological production and in
the second one — a decrease.

Except the aforementioned ones, there are many features of the effect of eddies
on the ecosystem, associated with specific types of eddies and their parameters, as
well as their interaction with other dynamic structures and the presence of
atmospheric effects. So, among anticyclonic eddies, there is a special type —
a mode-water or lens-shaped eddy. The orbital speed in it is maximum at a certain
depth, leading to the formation of an intra-water anticyclonic lens and the rise of
isopycnals to the surface [3].

Frontal eddies, i.e. eddies located on the border with another water mass,
should be distinguished. These eddies, formed in the baroclinic flow meanders,
have a complex constitution and often represent a dipole structure. Theoretical
scheme of such a structure has recently been demonstrated on the example of
a coastal frontal current in the Western Mediterranean [4]. If the geostrophic
velocity of water rise in a cyclonic eddy was about 1 m-day', then in
the frontal zone between the cyclonic and anticyclonic eddies it was estimated at
10-100 m-day ' from the anticyclonic eddy side.

In the shelf and slope zones, sub-mesoscale processes are of great importance.
Their dynamics is determined by strong vorticity and high deformation rates that
occur on a scale of 0.1-10.0 km [5-7]. They can generate vertical velocities up to
100 m-day™' and play a decisive role in the transport of biogenic elements to
the photic zone.

Three main mechanisms of eddy impact on phytoplankton and primary
production are considered in the literature: transport of biogenic elements into
the photic zone [4], the entry of a part of the depth maximum of biogenic elements
into the photic zone due to the rise of isopycnals to the surface [8], and horizontal
advection of shelf waters richer in phytoplankton (biogenic elements) in
anticyclonic eddies [9-11]. The phytoplankton biomass increase in a separate
cyclonic eddy is described in several works. The development of diatoms and
ashift in the phytoplankton composition size towards a larger fraction can be
observed both in the upper layer due to an increase in the flow of biogenic
elements, and at depth, at the photic zone boundary, as a result of the rise of
nitrocline to the surface [8, 12, 13]. The eddies generated by the meandering flow
and/or interacting with each other are complex systems with a great heterogeneity
of hydrophysical and hydrochemical conditions. In the case of the shelf-slope sea
area, they can also be accompanied by local upwellings [14, 15].

In addition, the impact of eddies on the phytoplankton development is largely
determined by the wind regime [5]. Under the Ekman pumping effect, water
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upwelling and phytoplankton growth can occur on one side of the anticyclonic
eddy, while on the other hand, water sinking and zooplankton accumulation can
take place [3]. The formation of water upwelling zones at the anticyclonic eddy
periphery in combination with the wind effect leads to an increase in the nutrient
flux into the photic layer, resulting in phytoplankton development along the eddy
perimeter [16].

Finally, the eddy lifetime is of fundamental importance. In short-lived eddies
(with a lifetime of a few weeks), the species structure of phytoplankton does not
change, only its amount varies [17]. In long-lived (months) eddies, the species
structure and biodiversity of phyto- and zooplankton change [18-20].

All these processes can act both separately from each other and
simultaneously, generating different environmental conditions and in each specific
case, accordingly, a different response of plankton. To understand which of these
processes is responsible for the planktonic algae development, in what situations
and how it affects the heterotrophic components of plankton is an urgent task of
contemporary research in this field.

The importance of the scientific task is determined by the large role of
mesoscale and submesoscale dynamics in the creation of primary production.
About half of the primary production on Earth is created in the surface ocean layer
(mainly by phytoplankton) [21]. Field studies and model calculations indicate that,
in many cases, the intensity of this process is determined by physical impact
precisely at the mesoscale level. Despite the relatively low values of the vertical
velocity, the annual flux of biogenic elements in mesoscale eddies can be quite
significant, especially in the oligotrophic areas of the World Ocean. For example,
in the northern part of the Sargasso Sea, their total flux into the upper photic layer
during winter convection is comparable to the total flux created by mesoscale
eddies during the rest of the year [22].

In the present paper various types of mesoscale dynamics and their impact on
plankton in the Black Sea are considered. The long history of studies of the Black
Sea mesoscale eddies (see, for example, [23-27]), a large array of field data
available and remote sensing allow example-illustration of various options for
the effects of eddies that similarly “operate” throughout the World Ocean. It should
also be noted that there is a tendency for the intensification of large-scale and
weakening of synoptic dynamics of waters in the area [28]. Therefore, studies of
the influence of dynamic processes on the sea ecosystem are necessary, including
for predicting the ecosystem response to long-term climate change.

2. Various types of eddy dynamics and their effects on marine plankton

Among the variety of physical mechanisms of eddy impact on marine
plankton, several of the most common ones can be distinguished. One of the most
widespread methods for studying these mechanisms is the analysis of bio-optical
parameters using satellite measurements [9, 11, 29-32].
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For figures in this article, MODIS-Aqua satellite scanner images (L2, 1 km
resolution) were used, showing the distribution of chlorophyll a (Chl)
concentration in the surface layer. In addition, images of the remote sensing
reflectance at a wavelength of 555 nm (RRS) were analyzed. A sharp increase in
RRS in the central sea part is a good indicator of a high concentration of
coccolithophores [33, 34]. The data was downloaded from the archives of
https://oceancolor.gsfc.nasa.gov/.

To describe the dynamic characteristics of eddies, a daily array of mapped
altimetry data on geostrophic current velocities with 0.125° resolution was used.
The array was obtained on the basis of the regional array of Black Sea level
anomalies (from the Copernicus Marine Environment Monitoring Service archive)
and the average dynamic topography [35]. A detailed description and validation of
the array were made earlier in [11].

Mesoscale baroclinic eddies and eddy structures, discussed in this paper, can
be divided into several types according to their effect on bioproductivity. First,
there are classical cyclonic and anticyclonic quasi-isolated eddies with a diameter
of 40-100 km and having a maximum orbital velocity on the sea surface.
Their sizes are comparable to the Rossby baroclinic deformation radius, which is
15-25 km [36, 37]. The main mechanism for the formation of these eddies is
apparently the baroclinic instability of the Black Sea Rim Current [38, 39].
The concentration of eddy energy is maximum in the Rim Current action area [27]
with the core located above the continental slope of the Black Sea [36]. The largest,
or recurrent, anticyclones — the Batumi and Sevastopol ones — can be formed under
the influence of direct anticyclonic vorticity of wind stress friction [26, 40].
In addition, an important source of potential eddy energy is the desalinated shelf
waters, entering the central part of the basin when the Ekman pumping is
weakened. Shear, or barotropic, instability of current (especially in the cold season)
can make a significant contribution to the cyclonic eddies’ formation [38, 39].

Eddy motion, as a rule, penetrates to a depth up to 200 m, and in large eddies —
up to 500-1000 m [23, 32, 41-43]. The eddy lifetimes range from several weeks to
one year. Anticyclonic eddies are on average larger than cyclonic ones and exist for
a longer time [27]. In the warm period of the year, more anticyclonic eddies are
observed, in the cold — more cyclonic ones [38, 39].

In addition to classical anticyclones in the Black Sea, there are many
anticyclonic eddies, having their maximum orbital velocity not on the sea surface,
but in the cold intermediate layer, at a depth of 30-60 m [38]. Such eddies are
called lens-like. In contrast to eddy lenses [44], which are located in the main
pycnocline area, the maximum orbital velocity of lens-like eddies is located above
it, in the intermediate water layer formed during winter convective mixing [45].
Eddies of this kind are found in various regions of the World Ocean, in particular,
in the Sargasso Sea [46].
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Fig. 1. Scheme of vertical deformations of the seasonal thermocline and the main pycno-halocline
under the influence of eddies of various types: a — cyclone, b — anticyclone, ¢ — lens-like anticyclone.
Black arrows show the direction of water movement in different layers under the influence of poloidal
circulation in the eddy; hollow arrows — direction of movement of the gradient layers. The upper part
of the scheme shows direction of the currents on the surface. The diagram is valid for the intensifying
eddies. For the weakening eddies, the movement direction is reversed

It is difficult to say whether the formation mechanisms of anticyclonic lens-
like eddies and classical anticyclones in the Black Sea differ. Most likely, both
types of anticyclones, as a rule, are formed from the Rim Current meanders during
the current instability development. Obviously, in the winter and early spring
seasons, when there is no thermocline and the Rim Current is well developed [47],
classical anticyclones should form. In the summer and autumn seasons, when there
is a thermocline separating the upper layer from the cold intermediate layer (CIL),
wind action and thermohaline gradients can weaken the water dynamics in
the upper mixed layer (UML), but in CIL it does not experience such influences.
Perhaps that is why most anticyclones in the summer-autumn period are lens-like
eddies. This hypothesis needs to be tested.

Eddies of various types cause different deformations of the thermocline and
the main pycno-halocline (Fig. 1). The cyclonic eddy creates a rise (dome-like
bend) of the isopyclinals in its core in both the thermocline and the pycno-halocline
(Fig. 1, a). As a result, nitrocline, associated with the density structure of
the waters in the Black Sea, rises in cyclones closer to the sea surface, which can
contribute to an increase in bioproductivity. In turn, there is a lowering (deflection)
of the thermocline and pycno-halocline (Fig. 1, b) in the anticyclonic eddy core,
which, as a rule, negatively affects the bioproductivity. In this case, the rise of
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isopycnals occurs at the eddy periphery (Fig. 1, b), on the contrary, contributing to
an increase in the primary production in the UML. In contrast to a standard
anticyclone, a lens-like eddy creates the water upwelling above the depth of
maximum velocity of water flow and its downwelling below this depth (Fig. 1, c).
Accordingly, the thermocline in a lens-like eddy rises as in a cyclonic eddy, and
a pycno-halocline deepens as in an anticyclonic eddy [46]. Thus, in any eddy there
are areas where the thermocline rises to the surface (Fig. 1) and, therefore,
the prerequisites are created for bioproductivity increase. Note that in the Black
Sea, the vertical displacements of the pycno-halocline in eddies can reach several
tens of meters [23, 24, 32], and the thermocline — several times smaller values due
to the fact that the density gradient in a developed thermocline is several times
greater than in pycno-halocline, and it is more difficult to “bend” it [38]. All three
types of eddies are characterized by different directions of currents in the surface
layer (Fig. 1), which theoretically makes it possible to identify them on satellite
images using tracers.

Cyclones and anticyclones in the Black Sea are often found not in a quasi-
isolated form, but in the form of eddy dipoles (eddy pairs) or multipoles [48].
In this case, anticyclones in an eddy pair can be classical or lens-like. As a result,
in some eddy dipoles, a lowering of the thermocline in the anticyclone and its rise
in the cyclone are observed, and in others, the rise of the thermocline in both
eddies.

a)

F i g. 2. Scheme of the eddy dipole and direction of its movement depending on location of
the eddies of different signs in it: movement of the eddy dipole from the coast (a), to the coast (b).
Black straight line — the coastline, gray curved line — the front between the coastal and the open
waters; colored arrows — the direction of water rotation in the dipole eddies; gray arrows —
the direction of the eddy dipole motion; white arrows — the inflow of surrounding water to the eddy
dipole leg; A —the anticyclonic eddy; C — the cyclonic eddy in the dipole

Dipole eddy structures are capable to move rapidly horizontally due to the fact
that each eddy "drags" its partner in its rotation direction in the area of the "eddy
leg" of the dipole (Fig. 2). As a result, the eddy dipole formed in the Rim Current
area can move to the deep-water sea part [38, 49] if the cyclone is located to
the left and the anticyclone to the right in relation to the observer contemplating
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the sea from the coast (Fig. 2, a). With the opposite arrangement of the eddies in
the pair, it will move towards the coast, pressing against the upper part of
the continental slope (Fig. 2, b). In dipoles and multipoles, eddies can exchange
both substance and momentum with each other. In addition, water adjacent to them
can enter these eddies through the "eddy legs", increasing the water exchange of
dipoles and multipoles with the environment compared to quasi-isolated eddies
separated from the adjacent waters by frontal sections.

An important property of all eddies is the ability to involve the surrounding
waters in their movement and "wind them on themselves"” on the eddy periphery.
This greatly contributes to horizontal water exchange, the transfer of waters from
the shelf to the open sea and vice versa [9, 11, 25, 30, 49 and 50]. Eddy water
exchange associated with both orbital and translational motion produces cross-shelf
exchange in the basin and promotes the homogenization of the Black Sea waters in
the upper layer and along the isopycnals [37].

In the following sections below, the examples of various types of eddies and
eddy structures, their influence on the distribution of chlorophyll a and suspended
matter of a different nature in the Black Sea will be considered, and a literature
review of their effect on biota in the World Ocean will be presented.

2. 1. Open sea eddies
Cyclonic eddies

In closed seas, such as the Black Sea, cyclonic eddies not associated with
alongshore currents are rare. Being in relatively poor waters, the cyclonic eddy
significantly increases biological productivity. In October 2017, such an eddy
caused an increase of Chl in the surface layer (Fig. 3). Field observations showed
that this was associated with the development of the large diatom Pseudosolenia
calcar-avis [17]. It should be noted that the mechanisms of the cyclonic eddy effect
on the biota can be different in the surface and deep layers. In the given example,
the increased inflow of nutrients into the UML led to the development of large
diatoms. At the same time, the rise of the upper part of the CIL above the level
of 1 % of photosynthetic active radiation from the surface one led to the formation
of apowerful depth Chl maximum, formed by small nanoflagellates and
cyanobacteria.

Latitude, °N
N
Py

34 36 38
Longitude, “E Longitude, °E

Fig. 3. Influence of the cyclone on phytoplankton on October 27, 2017: a — the geostrophic field of
the surface current velocity (V), and b — distribution of the chlorophyll a concentration (Chl).
The circle indicates the cyclonic circulation location
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Examples of the positive impact of cyclonic eddies on the level of quantitative
development of phytoplankton are numerous throughout the World Ocean.
Increased Chl values in such eddies were recorded in the South China
Sea [51]. In the same area, Chl and the primary production in a cyclonic eddy were
3-35times higher than those in the surrounding waters [52]. The eddy was
dominated by diatoms and unicellular cyanobacteria, while filamentous
cyanobacteria, typical of oligotrophic waters, predominated in the surrounding
waters. In the subtropical Pacific, cyclonic eddies markedly increased the primary
production [1]. In subtropical waters off the Hawaiian Islands, increased Chl and
the growth rate of algae were observed in the cyclone, and the share of production
created due to the inflow of new nutrients increased from 0.2 to 0.8 [53]. In another
cyclone in the same area, not only increased Chl values, but also differences in
the taxonomic composition of phytoplankton were observed [54]. In the eddy,
the depth maximum of Chl was more powerful and located shallower than in
the surrounding waters. Small eukaryotes developed inside the eddy, and
prokaryotic picophytoplankton predominated in the surrounding waters. In
the subtropical waters of the North Atlantic, a cyclonic eddy caused the unicellular
cyanobacteria development at a depth [55]. In 2005, a powerful cyclonic eddy
developed in the area of the Hawaiian Islands, but in this case, the rise of the deep
Chl maximum led to the bloom of large diatoms Rhizosolenia and Chaetoceros
instead of cyanobacteria dominating in the surrounding waters [56]. In the same
area of the oligotrophic Pacific, the rise of isopycnals in the cyclonic eddy led to
the appearance of a Chl maximum at a depth of 30 m, formed by prochlorophytes ,
chrysophytesand small green algae [57]. The reasons for such a different response
of the taxonomic structure of phytoplankton to the impact of cyclonic eddies in
the same ocean region are unclear [2].

The factors determining the dominance of species as a result of eddy action
have poorly been studied. Here work [58] is to be referred. It shows that
the reaction of diatoms to eddy upwelling in subtropical regions depends on
the ratio of nitrate and silicate in water. In the Pacific Ocean (Hawaii), in
the intermediate layer, a relatively high concentration of silicate led to
the development of diatoms, while in the subtropical Sargasso Sea, against
the background of the rise of silicate-poor water, picophytoplankton developed.

Anticyclonic and lens-like eddies

Classical influence on the distribution of biological objects was demonstrated
by three anticyclonic gyres AC1, AC2 and AC3, which were simultaneously
present in the Black Sea in June 2003 (Fig. 4). In their nuclei, Chl was lower than
in the periphery. In anticyclones, the vertical velocity is directed downward, which
leads to the lowering of the nitrocline and prevents the flow of nutrients into
the photic layer. Therefore, the cores of anticyclones should have lower primary
production and lower Chl, which is often observed in reality.
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F i g. 4. Series of anticyclones on June 17, 2003: a — the geostrophic field of the surface current
velocity (V); b — Chl distribution under the influence of a cyclonic eddy (C1) and anticyclonic eddies
(AC1, AC2 and AC3). The circles indicate locations of the eddies

The largest and longest-lived anticyclone in the Black Sea is the so-called
Batumi eddy. It strongly deepens the isopycnals in its core, which leads to
a decrease in the flow of new nutrients into the photic layer. At the same time,
the increased UML thickness leads to a decrease in the average irradiance in this
layer. This is especially important for such a group of algae as coccolithophores,
which usually develop at high light level. As a result, during the period of
dominance of these algae in phytoplankton (May - June), the growth of
phytoplankton in the eddy significantly slows down and biological production
inside it turns out to be much lower than in the surrounding waters (Fig. 5). Note
that this process is characteristic of a certain stage of the eddy development, which
will be considered in more detail below.

N

V, m/s

Latitude,
Rrs 555

28 30 32 34 36 38 40 28 30 32 34 36 38 40
Longitude, °E Longitude, “E

Fig. 5. The Batumi eddy on June 6, 2008: a — geostrophic field of the surface current velocity (V); b
— spatial distribution of RRS at the wavelength 555 nm (reflectance indicates intensity of
coccolithophore bloom)

However, based on the example above (Fig. 5) it cannot be concluded that
regular anticyclones "work" only for Chl lowering in the near-surface layer. Fig. 4
shows that increased Chl is manifested at the periphery of all three anticyclonic
gyres — AC1, AC2 and AC3. At the same time, AC3 clearly involves and extends
along its periphery the chlorophyll-rich waters of the northwestern shelf of
the Black Sea. This mechanism, described earlier in [9, 11, 30, 49, 59 and 60], is
very important for water exchange between the shelf and the deep sea and will be
separately considered below.
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According to hydrological survey data, many mesoscale anticyclonic eddies in
the Black Sea have a lens-like structure [24, 59]. In these eddies, the orbital
velocity reaches a maximum in the CIL at a depth of 25-50 m, as a result of which
the seasonal thermocline rises upward and the main pycno-halocline descends
downward (see diagram in Fig. 1, b). Thermocline rise is accompanied by the sea
temperature decrease in the near-surface layer.

An example of the surface manifestation of such a lens-like anticyclonic eddy
is shown in Fig. 6, a. It shows a satellite image of the surface temperature field
from October 25, 1999, with the route of R/V Akvanavt and the position of
the stations with CTD-soundings plotted on it. The eddy core appears in this image
as a dark spot of low temperature. According to the measurements with a towed
thermal sensor (Fig. 6, b), it was lower 13 °C, while outside the anticyclone in
the north — over 14 °C and in the southwest — over 15 °C. The cold core of the eddy
was separated from the surrounding waters by sharp fronts. In this case,
the maximum of the orbital velocity in the eddy was located directly under
the seasonal thermocline at a depth of 30 m.

NORA-1H Stations

25 Oct 19939
1417 GHT 4 6 7 8 9 10 11 12 13 14 15 16

20

e 1enamnax

18

Temperature, °C

l
b) ! :

18:00  0:00 6:00 12:00 18:00 0:00
Time from 25.10 to 27.10

Distance from the shore, miles Distance from the shore, miles

F ig. 6. The example of a lens-like anticyclone: a — surface temperature field including the plotted
route of the R/V “Akvanavt” in October, 1999 (red arrow indicates the cold spot above the eddy
dome); b — change of surface temperature based on the data of the towed thermal sensor (thick line),
and from the satellite night-time (thin line) and day-time (thin dashed line) observations at the section
across the eddy; ¢ — vertical distribution of the geostrophic current velocity (m/s); d — water densities
(sigma-t) at the transect across the anticyclonic lens-like eddy. Dash lines on panels c) and d) indicate
a front between the cyclone and anticyclone
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The temperature decrease in the anticyclone center was caused by the rise of
isotherms (isohalines, isopycnals) in the upper, approximately 20-m layer and their
pinching out on the surface when lowering in the underlying layer (Fig. 6, c, 6, d).
Obviously, in the autumn season, the most rapid cooling and destruction of
the seasonal thermocline occurs above the upper domes of the lens-like
anticyclones. This process should be accompanied by an increase in the flow of
nutrients into the upper layer and an increase in biomass, which was confirmed in
the case of Al [18, 19].

It should be noted that eddy of this type affects the biota in different ways,
depending on the stage of development [3]. At the stage of activation, it acts like
a cyclonic eddy and at the stage of relaxation — like an ordinary anticyclonic eddy.
Therefore, sometimes in the centers of lens-like anticyclonic eddies, increased
concentrations of phytoplankton are recorded, and sometimes, on the contrary,
oligotrophic conditions are formed [61]. In the example shown in Fig. 7 in
the center of the quasi-stationary Batumi anticyclonic eddy in August 2008,
a bloom of coccolithophores was observed. This phenomenon is well explained by
the assumption about the lens-like structure of this eddy. In this case, the rise of
isopycnals in its center reduces the UML thickness, which leads to the increase of
an average irradiance in this layer, being in turn a powerful stimulating factor for
the development and predominance of coccolithophores in phytoplankton, having
a competitive advantage at high light conditions [17]. However, this impact is
temporary. Nutrients are depleted, causing a decrease in the rate of algae growth
and biological production.During attenuation stage, the effect of the eddy is
the same as that of a conventional anticyclone. The temporal dynamics of
coccolithophore bloom in the Batumi eddy, associated with a change in its activity,
will be considered in more detail below.

47 %1072
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451
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43 |
42t
41}

Latitude, °N
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28 30 32 34 36 38 40
Longitude, °E

F i g. 7. Coccolithophore bloom (image of RRS) in the center of the Batumi anticyclonic eddy on
July 9, 2008

The impact of lens-like eddies can be very powerful and even exceed
the impact of cyclonic ones. In the Subtropical Atlantic in the center of such
an anticyclone, a powerful deep bloom of diatoms Chaetoceros spp. [55] was
formed. Chl reached a record value for this region of 1.4 pg-I™* and significantly
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exceeded the slightly increased Chl in the neighboring cyclonic eddy. In the Bay of
Biscay, in the lens-like eddy center, Chl was twice as high as at the edges of
the eddy and in the surrounding waters [62]. In the similar eddy, which separated
from the East Australian Current, Chl in the center exceeded the values at its
periphery by 1.5-2 times [63]. In the eddy center, the phytoplankton biomass was
based on the diatom Nitzschia seriata, and on the periphery, dinoflagellates and
nanophytoplankton were found.

It should be noted that, in lens-like eddies, significant differences in
the taxonomic structure of plankton in the upper layer and in the lens can be
expected, since at the top the water flow is directed to the eddy periphery, and in
the lens, on the contrary, to the center (see Fig. 1, b). This can lead to mechanical
accumulation of certain zooplankton species in the lens. For example, in such
an anticyclonic eddy in the Black Sea, the composition and amount of zooplankton
at the depth of the lens location was clearly different from those in the surrounding
waters [18].

There is another mechanism for increasing biological productivity inherent in
conventional anticyclones. The high Chl at the periphery of the anticyclonic eddies
AC1 and AC2 (see Fig. 4, a), apparently, can be partially associated with the rise
of the nitrocline near the outer boundaries of the anticyclones and the increased
influx of biogenic elements into the photic layer. The same can be said about
the seaward periphery of the Batumi eddy (see Fig. 5, a). In fact, the periphery of
the anticyclone is a frontal zone characterized by pinching out of isopycnals to
the sea surface and the presence of an intense shear current, where submesoscale
cyclonic eddies are formed. In such structures the vertical velocity directed to
the surface reaches very high values [7, 64]. Sometimes this leads to an annular
distribution of Chl on the eddy surface. For example, in the anticyclonic eddy to
the west of the Brazilian Current, Chl was increased at the periphery in comparison
with the core and surrounding waters [65]. The same situations were observed in
other areas of the World Ocean [3], including Antarctica [16].

Since in the center of a common anticyclonic eddy the vertical flux into
the photic zone is minimal, it is most likely that the plankton is in the last stages of
succession with a predominance of the heterotrophic component. For example, in
the area of the Canary Current a higher biomass and activity of heterotrophic
bacterioplankton were noted in anticyclones in comparison with cyclones and
surrounding waters [66].

Eddy dipoles and multipoles

Cyclonic eddies in the Black Sea often (especially in the warm season) occur
in dipole or multipole structures where they are adjacent to an anticyclonic eddy
[38, 48]. An example of such a dipole eddy structure can be seen in Fig. 4. Here
the cyclonic mesoscale eddy C1 is adjacent to the anticyclonic mesoscale eddy
ACL. This eddy pair, possessing the property of self-propulsion [38, 48], moves
from the coast to the open sea, clearly demonstrating the different effects of eddy
dynamics on the Chl distribution in the near-surface layer. In the C1 cyclone, Chl is

higher than in the surrounding waters, and in the AC1 anticyclone, it is less. In this
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case, Chl in the cyclone is more than twice as high as Chl in the anticyclone.
The obvious reason is the multidirectional vertical movements of water in cyclones
and anticyclones (Fig. 1), which causes differences in the power of nutrient fluxes
into the photic layer and in the level of primary production.

In theory, dipoles suggest pronounced differences in the structure and biomass
of plankton in its eddies (with a higher productivity in a cyclone). However, in
the case of a lens-like anticyclonic eddy, the opposite picture can also be observed.
It is not excluded that the atypical distribution of plankton in the dipole in
the eastern part of the Indian Ocean may be related precisely to the lens-like
anticyclone. [67]. Inthe anticyclone center diatoms prevailed in the deep
phytoplankton maximum. Their growth was inhibited by heterotrophic
dinoflagellates. At the same time, in the cyclonic eddy, the deep maximum was
formed by picoplankton typical for oligotrophic waters, consumed mainly by
ciliates. However, there are also directly opposite observations. For example, in
the Black Sea in October 1999, in the eddy pair, neither the phytoplankton biomass
nor its taxonomic composition differed in dipole eddies, but sharply contrasted
with the surrounding waters [19].

2. 2. Eddies of meandering current or fronts

Eddies formed at the boundary of two aquatic environments with different
plankton content affect the biota through two mechanisms, conventionally
designated as mixing [68] and capture. In the first case, an eddy carries part of
the rich waters into the poor ones and vice versa [3]. In the second case, an eddy,
having formed, for example, in waters rich in plankton, penetrates into poor waters.
Of course, in any case, there is a mixing of waters. Anticyclonic eddies often
detached from the front have a spiral shape and appear on the surface by alternating
bands with high and low Chl (Fig. 8). This is typical for such eddies throughout
the World Ocean, for example, in the Mediterranean [69].

The Chl distribution in such eddies shows a decreasing trend as we move from
the periphery to the center. However, it is significant that although Chl in these
anticyclones is lower than on their periphery, it is higher than in the surrounding
waters and the central part of the basin (Fig. 8). This particularly is associated with
the ability of anticyclones to accumulate both the shelf water plankton and
nutrients, since their amount usually is significantly higher on the shelf. As a result,
biological dynamics prevails over mechanical processes [70].

For example, in the Black Sea in summer at the fronts of eddy structures,
according to optical data, an increased concentration of coccolithophores can be
observed (Fig. 9). Moreover, the blooming area often occupies an intermediate
position between the shelf zone and the central part of the sea. One of the possible
mechanisms of this phenomenon is an increase in the stability of waters in
the shelf-open sea junction zone, associated with the inflow of fresh waters of
the shelf onto the saline waters of the central part. As a result, the UML decreases
and the average irradiance in it increases, favoring the development of
coccolithophores. Subsequently, the UML in the centers of eddies deepens, and
the bloom is declining.
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Fig. 9. RRS map for April, 2016 showing the features of the coccolithophore spatial distribution
resulted from the affect of the anticyclonic frontal eddies

The impact of frontal eddies on the biota largely depends on their origin and
age. The species structure of phytoplankton can persist for a long time in
anticyclonic eddies separated from another water mass. In the South China Sea,
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cyanobacteria predominated in the anticyclonic eddy separated from the Kuroshio
Current, while coccolithophores dominated in the eddy that formed in the north of
the South China Sea [71]. Off the coast of Western Australia, the species structure
of phytoplankton in the long-lived (five months) anticyclonic eddy corresponded to
the coastal structure [10]. In the Gulf of Alaska, anticyclonic eddies formed on
the shelf carried shelf phytoplankton and zooplankton into deep-sea waters [72]. At
the same time, neritic and shelf phytoplankton species formed the basis of
the community for several months. The trace amounts of shelf zooplankton species
were observed even after a year of the eddy existence [73].

2. 3. Eddies under the wind impact

In the surface layers of the Black Sea, in the warm season, a relatively thin
UML is formed. It has few nutrients and Chl.. Satellite measurements record
a seasonal Chl minimum at this period. This is partly due to the low nutrient
content and partly to photoacclimation processes, as a result of which the cellular
content of chlorophyll a is minimal. In this regard, the effect of eddy dynamics on
biota is weakly manifested on the sea surface.

At the same time, a relatively high concentration of nutrients remains in
the seasonal thermocline and below it. This allows deep phytoplankton to develop
which is often manifested in the deep maximum of Chl. Because of these features
of the vertical distribution, the effect of eddy dynamics is manifested on the surface
after intense storms or abrupt cooling. These processes deepen the UML and lead
to the involvement of nutrients and algae in it, in its turn, leading to an increase in
Chl and to irregularities in its distribution, which can be seen on satellite images.
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Fig. 10. Impact of strong wind on phytoplankton in the eastern Black Sea in September, 2009: a —
the wind speed map (W, m/s); b — the area of high chlorophyll a concentration (Chl, pg/l) in
the cyclonic eddy (indicated by a circle)

The wind impact is most clearly manifested in the case of cyclonic eddies.
In September 2007, a strong northwest wind was operating in the central Black
Sea. As a result of wind mixing and seasonal thermocline exposure, an area with
very high Chl values (more than 1.5 mg/m?®) appeared in the basin center (red circle
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in Fig. 10, b). The spatial distribution of Chl indicates that this region corresponds
to the cyclonic eddy position. The thermocline and nitrocline rise in the cyclone
and their erosion under the action of the storm led to an increase in Chl by more
than two times in comparison with the surrounding waters.

Absence of such an effect and even the opposite decrease in Chl is shown in
satellite images in anticyclones after partial destruction of the thermocline and
upper layer homogenization. A striking manifestation of this effect was observed in
August 2015. The action of four strong storms led to a powerful bloom of
phytoplankton in the eastern Black Sea [60]. The maximum Chl was observed in
the center of the eastern cyclonic gyre in the area of the nitrocline rise (Fig. 11).
Repeated wind impact led to an intensification of cyclonic gyre and mixing, which
caused further growth of algae in this area. At the same time, this effect could not
stimulate the growth of algae in the Al anticyclone, located near the southern coast
of Crimea. This was probably due to the low content of phytoplankton and
nutrients in it, which spread to great depths. In addition, nitrocline in anticyclones
can descend by more than 50 m [32], which suppresses the vertical flow of
nutrients. As a result, even with strong mixing of the UML, erosion of the deeply
located nitrocline and phytoplankton bloom does not occur.

0.15 46

45

N

44

43

Latitude,

31 Aug 2015

28 30 32 34 36 38 40 28 30 32 34 36 38 40
Longitude, °E Longitude, °E

F i g. 11. Phytoplankton bloom after a series of storms in summer, 2015: a — active cyclone in
the center of the eastern part of the sea based on the altimetry data (H, m); b — increased chlorophyll a
concentration (Chl, pg/l) in the cyclone zone after a week. Red contour indicates the region of
the maximum Ekman pumping (Wek); black one — the location of the eastern cyclonic circulation
(EC); circles — the Crimean (A1) and the Batumi (A2) anticyclones

A similar effect of bloom suppression in anticyclonic eddies can be observed
in winter with characteristic strong winds. In January 2005, the winter bloom of
coccolithophores developed in the eastern and western central parts of the sea
(Fig. 12). However, there was no bloom to south of Crimea and the RRS values
were five times lower than in the sea center. Altimetry data show that at that time
there was a fairly intense anticyclone. Its round shape is clearly visible from optical
data. The bloom suppression in it can be associated, as in the previous case, with

PHYSICAL OCEANOGRAPHY VOL. 27 1SS.6 (2020) 605



the nitrocline lowering. Thermal convection does not reach it in winter and
the flow of nutrients into the photic zone is minimal. Another additional reason
may be deep UML. In winter, its formation in anticyclones is associated with
the pycnocline deepening and the convergence of homogeneous waters in their
cores [74]. As a result, the average irradiance in such the UML decreases and may
be insufficient to compensate for cell losses for respiration, which almost stops
the phytoplankton growth [75].
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F i g. 12. Suppression of the coccolithophore bloom after the storms in January, 2005: a —
the anticyclone nearby the Crimea coast based on the altimetry data (H, m); b — decrease in
the coccolithophore concentration in the anticyclone (red oval) based on the RRS measurements

Strong winds not only enhance the effect of eddies on the biota, but can
completely change its nature [3]. For example, in the Subtropical Atlantic, long-
term measurements showed diatom blooms to be regularly observed in lens-like
eddies [55]. A hypothesis was put forward, according to which, under the wind
impact, in cyclones the rate of entry of nutrients into the photic layer decreases, and
in lens-like anticyclones it increases. Model calculations and experiments with
the SFs tracer demonstrated that under wind action, the vertical velocities in
the anticyclones were significantly higher than in the cyclones. This is particularly
consistent with the development of diatoms in the center of an anticyclonic eddy
(probably lens-like), separated from the Gulf Stream after the impact of the storm
[76]. Presumably, anomalous phytoplankton bloom in the lens-like anticyclonic
eddy in the North Atlantic was also a consequence of powerful Ekman pumping
[77]. In the southern Indian Ocean, long-term satellite observations showed that in
winter with characteristic strong winds the increased Chl was observed precisely in
anticyclonic eddies [78].

2. 4. Long-living eddies and their impact on temporal dynamics

of phytoplankton (by the example of the Batumi anticyclone)

The temporal evolution of eddy and the change in the mechanisms of its impact
on the biota are the key regulators of the biogeochemical processes [55]. In

the Black Sea, temporal changes in the effect of the eddy on bioproductivity can be
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traced using the example of the quasi-stationary Batumi anticyclonic eddy [36]. This
structure has a diameter often exceeding 100 km and an orbital rotation velocity of
up to 0.8 m/s and even higher. Apparently, it can be both a classical anticyclone
with a maximum velocity on the sea surface and a lens-like eddy with a maximum
velocity below the seasonal thermocline. The main pycno-halocline in the core of
this eddy descends by several tens of meters in comparison with the surrounding
waters, and the CIL has the greatest thickness in the entire Black Sea [36].
The seasonal thermocline in this eddy can be deepened relative to the surrounding
waters, if it has a classic appearance for an anticyclone, or raised if it has a lens-like
structure.

On the basis of numerical modeling of the Black Sea circulation, it was shown
that the baroclinic instability processes are very active in the area of the Batumi
anticyclone [79]. These processes can lead to the loss of their axisymmetric shape
and to the formation of attached cyclonic eddies, i.e, to the eddy transformation into
a multipole eddy structure and even to the breaking up of an eddy into two or three
smaller anticyclones [80]. Since the baroclinic instability of eddies is accompanied
by the consumption of the potential energy of the eddy, the thermocline and pycno-
halocline in this case can rise upward, thereby changing the conditions for the biota
existence.

As the factors determining the Batumi anticyclone formation, various authors
considered the anticyclonic vorticity of the wind field, the excess of precipitation
over evaporation, the deceleration of topographic waves propagating along the sea
perimeter in this area and the merging of several eddies (see review [81] and also
[82]). According to the assimilation results of altimetric measurements in the Black
Sea circulation model [83], the anticyclonic eddy here is formed mainly in March
and exists until the end of October — beginning of November. However, as
the analysis of IR-images and visible spectral ranges shows, various eddies (one or
several) are observed here in all seasons [84]. The Batumi anticyclone is not
stationary. Based on the satellite data analysis, including altimetry, it was found that
after formation in the coastal southeastern Black Sea, it moves to the northwest at
a velocity of 1-5 cm/s, sometimes reaching the northeastern part of the basin [39].
In this case, the eddy lifetime can reach one year.

The algae development within the Batumi eddy can proceed according to
different scenarios, depending on the eddy evolution stage. In the above example,
in mid-April — early May 2008, the growth of coccolithophores began in the eddy
center (Fig. 13, April 11). In early May, the anticyclone began to expand and
capture a large amount of shelf waters in its core (Fig. 13, May 5).
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F i g. 13. Evolution of the coccolithophore bloom in the region of the Batumi anticyclone in April —
August, 2008 based on the RRS measurements

In this area, several rivers flow into the sea, carrying a notable amount of
phosphates and nitrates to the shelf [85]. It is possible that the involvement of these
fresh waters in the anticyclone leads to an increase in the haline stratification and
the formation of a thin UML quickly warmed in the spring with an increased
content of nutrients. Note that in the basin southeast during this period the winds
are minimal due to the wind shadow of the Caucasus Mountains and the water
temperature on the surface reaches the highest values for the sea. It can also be
assumed that in this case the anticyclonic circulation was of a lens-like type and
was in the stage of water rise in the center, where the UML thickness was minimal.
As noted above, this is especially important for the development of such a group of
algae as coccolithophores, which have a competitive advantage at high light

conditions in this layer [86].
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As a result, favorable conditions for the coccolithophore bloom appeared in
the anticyclone center. At the beginning of May 2008, there was a zone of
maximum RRS values — over 0.012. At the same time, the bloom in the
surrounding waters had not begun yet and values were less than 0.005. Much later,
in two weeks, by May 21, the RRS in the sea center reached high values as in the
Batumi anticyclone (0.009). At the end of May, the bloom of coccolithophores
already occupied the central part of the basin, but was absent on the continental
slope.

In the anticyclone itself, the bloom began to fade, in June the values decreased
and were much lower than outside the eddy. In addition, in late May — early June,
the eddy involved in its orbital movements the continental slope waters poor in
coccolithophores. As a result, the RRS at the northern periphery of the eddy
decreased to background values (Fig. 13, May 29 and June 6). Further, on
the entire periphery of the anticyclone, a zone with a minimum RRS was formed,
which surrounded the core of the eddy, where the development of coccolithophores
was still observed. Note that in the surrounding waters, the strongest bloom is often
observed at the eddy front, which is possibly associated with frontal processes (see
Section 2.1). By early June, the bloom in the anticyclone center had almost
disappeared. At the same time, it continued to develop in the surrounding waters
and reached its maximum by the end of June (Fig. 13, June 22). At this time,
the Batumi eddy looked like an oval area with the lowest RRS values.

It is characteristic that an area with an increased number of coccolithophores
was almost constantly present in the anticyclone core. The question of the reasons
for such a long development of these algae remains open. Perhaps this is due to
the eddy lens-likeness and the shallow UML in its center. It is the eddy center
where nutrients could most actively penetrate into the UML during wind mixing. It
is possible that the constant involvement of shelf waters (mainly in the thermocline
layer) also played a role, replenishing the supply of nutrients in the eddy center.

As a result, in the second half of July, when the bloom of coccolithophores
began to wane in the rest of the sea, the RRS values in the eddy became
comparable again to those in the bloom area to the north of it (Fig. 13, July 16).
In August, the bloom of coccolithophores was observed only in the core of
the Batumi eddy, as in April (Fig. 13, August 9). Thus, in the example above,
the bloom of coccolithophores in the Batumi anticyclone began a month earlier
than in the surrounding waters, and ended also a month earlier, and then developed
again and lasted until the latest time.

It is generally clear that the effect of eddies on the biota largely depends on
the time of their existence and on the stage of development. From theoretical
concepts it follows that, for example, a cyclonic eddy in the stage of active
development increases biological productivity, and at the stage of attenuation, on
the contrary, contributes to its decrease [3]. A conceptual model was proposed to
describe the fundamental effect of cyclonic and lens-like anticyclonic eddies on
plankton [46]. It consisted of seven stages in the eddy’s life, including periods of
formation, intensification of the vertical flow of nutrients, an increase in primary
PHYSICAL OCEANOGRAPHY VOL.27 ISS.6 (2020) 609



production, export of organic matter from the photic zone, attenuation and
disappearance.

Sometimes the dynamics of the eddy's impact is more complex. Thus, 12-year
satellite observations of Chl inside 4,564 anticyclonic eddies and 3,675 cyclonic
eddies near Eastern Australia at different stages of development showed that
the lowest Chl level was observed in the last stage of destruction of anticyclonic
eddies [61]. At the same time, Chl near the center of cyclonic eddies decreased
from the first to the middle stage, and then increased to a maximum at the last
stage. A similar pattern was observed in the anticyclonic eddy near the Gulf Stream
[76]. At the initial stage, diatoms dominated in the eddy center, then small
phytoflagellates, then again diatoms, but represented by other species.

The influence of duration of the eddy impact on the species composition of
planktonic organisms, in contrast to the quantitative level of phytoplankton
development, has been very poorly studied. For example, analysis of six different
anticyclonic and cyclonic eddies in the Sargasso Sea showed that
the phytoplankton structure depended on the eddy age [46]. In young lens-like
eddies, phytoplankton consisted of a combination of diatoms, dinoflagellates,
prasinophytes and pelagophytes. The older cyclonic eddies were dominated by
cyanobacteria.

A few studies on this topic were carried out in the Black Sea. It was shown
that short-lived (2—-3 weeks) cyclonic eddies increase the phytoplankton biomass,
but do not change either the species composition or the dominant species [17]. At
the same time, long-lived (several months) eddies fundamentally change the set of
dominant species [19]. Moreover, even such long-lived eddies do not have
an unambiguous effect on the zooplankton composition [18]. In the southern
Atlantic Ocean, the taxonomic composition of phytoplankton in anticyclonic eddies
differed depending on their development stage [87]. Small flagellate algae (mainly
pelagophytes) dominated in the young eddy; cyanobacteria developed in older
anticyclones. To the west of Australia, on the contrary, in the old anticyclonic eddy
(78 days), the coccolithophore Emiliania huxleyi prevailed, and in the younger
(43 days) cyanobacteria [71]. In the Bay of Biscay, in the center of an anticyclonic
lens-like eddy, existing for several months, the diatom Pseudo-nitzschia
delicatissima developed in mass at depth, while cyanobacteria dominated in
the surrounding waters [62]. Perhaps, the impact of different stages of eddy
formations on the species structure of plankton remains the least understood and
poorly studied issue.

3. Conclusion

The above review of the main mechanisms of the eddy dynamics impact on
the planktonic component of marine ecosystems, first of all, shows that these
mechanisms are extremely diverse. Moreover, they are not always obvious,
especially in the case of anticyclonic eddies, and even more so if a wind or frontal
action is superimposed on the eddy dynamics. In addition, long-lived eddies are
capable of changing the mechanisms of action on biological organisms as they go
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through different stages of their evolution. At the same time, almost all options for
impact in various areas of the World Ocean in one way or another significantly
change the biological productivity — as a rule, in a larger direction compared to
the surrounding waters.

It should be recognized that, at the level of general indicators of plankton
biomass, such as Chl, quite numerous studies generally covered all possible
physical mechanisms of action. However, the effect of submesoscale structures
generated by mesoscale formations on the biota remains almost unexplored.
Another weak point in modern knowledge about the impact of eddy dynamics is
the response of the species structure of planktonic communities. As the above
review of publications has shown, this reaction is well expressed, but extremely
diverse, often contradictory and difficult to analyze. There are almost no studies
devoted to the analysis of the factors responsible for the development of certain
species. In particular, studies of the role of light in the formation of the species
composition of phytoplankton in eddies are completely absent. Note that
the species structure is an important link in such a process as the global carbon
cycle on the planet. For example, under the dinoflagellates, pico- and
nanophytoplankton dominance, carbon is almost not exported from the photic zone.
Conversely, the development of diatoms (and especially coccolithophores) in
eddies increases the carbon flux to the bottom by orders of magnitude.

An analysis of the research carried out in the world unambiguously confirms
the importance of mesoscale eddy processes in the primary production formation in
the seas and oceans. This is especially true for such closed seas as the Black Sea,
where the eddy dynamics cover a significant water area throughout almost the
entire year. It can be clearly stated that, for example, mathematical modeling that
do not take into account eddy effects on the biota are doomed to reproduce only
extremely generalized models of the functioning of marine ecosystems, which
hardly make it possible to study and correctly predict their response to
anthropogenic stress and climatic changes. However, the current level of
knowledge does not allow full parametrization of even the simplest single eddy
impact on plankton. Consequently, studies of the impact of eddy dynamics on biota
can and should become part of the global strategy for ocean research in the coming
years, announced by the UN as the Decade of Ocean Sciences.
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