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Abstract: The northeastern part of the cyclonic Rim Current, which encircles the entire basin of
the Black Sea, is named as the Northeast Caucasian Current. It periodically approaches the coast,
triggering the formation of topographic generated eddies, including long-living isolated anticyclonic
eddies and short-living multiple anticyclonic eddies, which group and merge into eddy chain
structures. Both types of eddies affect coastal dynamics and interact with multiple river plumes
formed in the study area. This interaction determines cross- and along-shelf transport of fluvial
water, enhancing the processes of self-cleaning of the coastal zone. In this study, we used a 3D
low-dissipation model, DieCAST, coupled with a Lagrangian particle tracking model, and supported
by analysis of satellite images, to study the generation and evolution of eddy chains and their
interaction with river plumes along the Caucasian coast. Using Fourier and wavelet analyses of
kinetic energy time series, we revealed that the occurrence of eddy chains ranges from 10 to 20 days,
predominantly in spring-summer season in the area between the Pitsunda and Iskuria capes. During
the period of eddy merging, the angular velocities of the orbiting eddies reach maximal values of
7 × 10−6 rad s−1, while after merging, the angular velocities of the resulting eddies decreased to
5 × 10−6 rad s−1. Numerical experiments with Lagrangian particle tracking showed that eddy chains
effectively capture water from river plumes localized along the coast and then eject it to the open
sea. This process provides an effective mechanism of cross-shelf transport of fluvial water, albeit less
intense than the influence of isolated anticyclonic eddies, which are typical for autumn-winter season.

Keywords: topographically generated eddies; eddy chains; merging eddies; relative vorticity; river
plume; eddy-plume interaction; DieCAST; Lagrangian modeling; wavelet analysis; Black Sea

1. Introduction
1.1. Mesoscale Eddies in the Black Sea

The Black Sea is an enclosed sea with very limited water exchange with the rest of
the World Ocean. Therefore, it could be regarded as a natural laboratory for investigat-
ing oceanographic processes in an isolated sea basin. An important challenge in coastal
oceanography during the last decades has been the study of coastal mesoscale eddies,
which play a significant role in many processes in the World Ocean. In this study, particular
attention is paid to near-shore anticyclonic eddies (NAEs) that may significantly affect trans-
port, accumulation, and dispersion of various pollutants [1–3], floating organisms [4–8],
and plankton [9] in the ocean.

NAEs are regularly observed in satellite imagery at many locations in the Black
Sea, mostly concentrated in coastal zones with abrupt changes in bottom topography
and shoreline morphology, e.g., along the coasts of Turkey, Georgia, Russia, Crimea, and
Bulgaria [10–12]. These eddies are formed as a result of instability of the cyclonic Rim
Current (RC) that encircles the entire basin of the Black Sea. Meandering of the RC and the
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resulting formation of instabilities manifested by mesoscale eddies, filaments, and dipole
structures could significantly enhance the cross-shelf exchange [13–15]. Meanders and
mesoscale anticyclonic eddies could arrest coastal waters, which are rich in contaminants
and nutrients, and drag them to the central part of the basin or along the coast [3,16–26].
Studies of these processes are very important for understanding the ability of the marine
environment to self-cleaning. However, nowadays, the related studies are focused mostly
on registering these eddies and calculating their general statistical characteristics, including
their velocity, size, and existence time [10–12,27,28]. In addition to studying properties
of NAEs, a very important issue for coastal oceanography is to predict periodicity of
appearance of specific types of NAEs, i.e., so-called topographically generated eddies
(TGEs). They are often observed in regions with topographic bottom and coastline features,
such as submarine ridges, islands, seamounts, capes, and peninsulas [29–31]. Various
types of current instabilities and occurrence of TGEs have been studied in [32] and were
confirmed by laboratory experiments [33–35] and numerical simulations [36–38]. The
present work is an extension of our recent study, which was focused on generation and
evolution of an isolated mesoscale anticyclone at the particular site off the Caucasian
coast [39].

Abrupt irregularities of bottom topography and coastline have been proven to be the
main causes of RC instabilities. As a result, they induce generation of coherent NAEs on
the leeward side of the streamlined obstacles. In the presence of local river discharges,
and in case of wide coastal areas with strong thermohaline gradients, this effect could be
boosted [39]. The role of eddies in transporting dissolved and suspended matter across the
shelf to the open part of the Black Sea is still poorly understood, particularly in relation to
river discharge and the related interaction between river plumes and eddies. To predict
the effect of mesoscale eddies on the transport of fluvial water and river-borne material
across the shelf, different techniques based on coupled Eulerian-Lagrangian approaches are
widely used. In our recent study [39], we applied the DieCAST hydrodynamic ocean model
and the Lagrangian particle tracking model (LPTM) to predict the influence of meandering
of RC, the generation and behavior of anticyclonic eddies on the spreading and mixing of
river plumes. The same approach is applied in the current work.

1.2. Manifestation of Eddy Chains and Their Behavior in the Black Sea

Eddy chain structures (ECs) are among the most interesting structures in circulation
of the Black Sea. Satellite observations with high spatial resolution allowed documenting
evidences of the evolution and decay of ECs during the last few decades [11,12]. Such as
other coastal mesoscale structures, such as NAEs and mushroom-like currents, ECs are
generated by RC. As was summarized in previous studies (see Figure 4.4 in [13]), ECs were
revealed in regions to the south of the Kerch Strait and southwest of the Crimea Peninsula
above the continental slope, as well as in the southwestern part of the Black Sea between
Kaliakra Cape and the Strait of Bosphorus. In the eastern part of the Black Sea, ECs were
revealed in areas along the Anatolian and Caucasian coasts. Eddies in these chains are
mostly anticyclonic and stretched over the continental slope along RC flow. The number
of eddies in ECs varied from two to four and their diameters ranged within 30–100 km. It
is remarkable that most of these chains were observed in spring, which is associated with
enhanced meandering of the RC.

Regular satellite observations of the Black Sea enable us to monitor local hydrophisical
fields of sea surface temperature and salinity, surface altimetry, and water quality. Figure 1
demonstrates the sea surface temperature, water-leaving radiance, and chlorophyll-a distri-
butions in the Black Sea provided by MODIS Aqua on 4 June 2017. These satellite products
(panels A–C) demonstrate a large anticyclonic eddy adjoining the Caucasian coast. Some
details surrounding this eddy (e.g., protuberances southeast from the eddy) are clearly
visible in the sea surface temperature, water-leaving radiance, and visible RGB composite
images (panels A, B, and D) but not in chlorophyll-a image (panel C). The higher spatial res-
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olution in the zoomed visible RGB composite (panel D) enables us to see detailed structures,
including a so-called a von Karman vortex street (KVS) (inset in panel D).
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are shed and then travel along the Caucasian coast, significantly affecting the local 
brackish waters. In addition, NAEs play an important role in the cross- and along-shelf 
energy and mass exchange. Thus, they can provide an effective mechanism of river-borne 
pollution transport towards the open sea areas. Bottom irregularities of submarine ridges 
near the Pitsunda and Iskuria capes create favorable conditions for eddy genesis. This 
mechanism of eddy generation in a case of the powerful jet stream of RC approaching the 
shore was investigated numerically in detail in our recent study [39]. It was revealed that 
isolated anticyclonic eddies are regularly formed and detached beyond the Pitsunda 
Cape when the RC position was close to the cape. The processes of eddy evolution con-
sisted of three stages, namely, developing, maturing, and decaying. All stages in total 
lasted 50–60 days, during which the eddy remained coherent for ~30 days. The process of 
eddy maturing lasted for the next ~20 days followed by the decaying regime, which 
lasted ~15 days. The decaying regime was accompanied by onshore intrusions and fila-
ments induced by upwelling and downwelling processes in the coastal zone. Such pro-
cesses enhance the water exchange between the shelf and open sea, which was confirmed 

Figure 1. MODIS Aqua satellite images of (A) sea surface temperature, (B) water-leaving radiance,
(C) chlorophyll−a, and (D) visible RGB composite on 4 June 2017. The red box in the panel (C) de-
lineates the Caucasian coast with the evidence of mesoscale and sub-mesoscale eddy activity. The
panel (D) shows magnified images of mesoscale anticyclonic eddy and sub-mesoscale eddy struc-
ture resembling a von Karman vortex street (KVS). Schematically, the KVS structure is depicted in
the insert (D1) and its characteristic parameters Ue, a, and b are explained in the text. AC denotes
anticyclonic eddy.

Topographically generated mesoscale NAEs periodically emerge in the Black Sea due
to the instability of RC impinging on submarine ridges. As was shown in [39], NAEs are
shed and then travel along the Caucasian coast, significantly affecting the local brackish
waters. In addition, NAEs play an important role in the cross- and along-shelf energy and
mass exchange. Thus, they can provide an effective mechanism of river-borne pollution
transport towards the open sea areas. Bottom irregularities of submarine ridges near the
Pitsunda and Iskuria capes create favorable conditions for eddy genesis. This mechanism
of eddy generation in a case of the powerful jet stream of RC approaching the shore was
investigated numerically in detail in our recent study [39]. It was revealed that isolated
anticyclonic eddies are regularly formed and detached beyond the Pitsunda Cape when
the RC position was close to the cape. The processes of eddy evolution consisted of three
stages, namely, developing, maturing, and decaying. All stages in total lasted 50–60 days,
during which the eddy remained coherent for ~30 days. The process of eddy maturing
lasted for the next ~20 days followed by the decaying regime, which lasted ~15 days.
The decaying regime was accompanied by onshore intrusions and filaments induced
by upwelling and downwelling processes in the coastal zone. Such processes enhance
the water exchange between the shelf and open sea, which was confirmed by satellite
observations and numerical modeling of particle transport at the zones of interaction
between river plumes and mesoscale eddies [11,12,17,21,24,27,28,40–48].
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Of particular interest among multiscale vortex structures emerging in the ocean are
those organizing behind islands or submarine ridges as a result of their interaction with
strong jet currents. Streamlines behind a topographic obstacle have a specific form called
a “wake”. Vortexes, which start from the surface of the obstacle, separate the fluid in the
wake from the main flow. Under favorable conditions, vortices in such wakes are arranged
in KVS, which consist of two rows of vortices with opposite rotation signs. The vortices are
staggered such that a vortex in one row lies opposite the center of the downstream spacing
between adjacent vortices in the other row. The probability of occurrence of KVS and the
evolution of vortices were investigated by [49] in the Luzon Strait in the lee of an isolated
island using satellite observations from January 2018 to August 2020. It was found that
KVS events occur only from May to July. Characteristic parameters for KVS were estimated
(see Figure 3 in [49]): horizontal velocity Ue, the longitudinal spacing in one row a, and
transverse spacing between two rows b. For different days, a varied from 6.918 to 9.568 km
and b varied from 1.059 to 2.687 km. The ratio b/a ranged from 0.963 to 2.442. Numerical
experiments with DieCAST ocean model revealed that for realistic velocities and eddy
viscosities of the flow, an isolated island sheds KVS vortices, the latter being shed with a
period of about 10 days [50]. Disturbances of the ambient flow by the presence of an island
are very extensive and remain downstream for a distance of up to nine diameters of the
island [50–52].

There are certain areas in the Black Sea, e.g., off the Caucasian coast, where high-
resolving satellite imagery detected evidence of KVS eddies [53]. We also found a number
of confirmations of such structures. One of them is shown in Figure 1D, which demonstrates
a KVS structure evolving off the Pitsunda Cape. The schematic diagram of the vortex street
with characteristic parameters is presented in the inset D1 in Figure 1. As was mentioned
above, the Caucasian coast is one of the Black Sea regions where EC formation frequently
occurs. Eddies forming a chain are both cyclonic and anticyclonic. Such EC structures
were detected in optical satellite images [11,12] along the Caucasian coast. ECs were
distributed in three clusters: (1) off the region of Iskuria Cape, (2) off the Pitsunda Cape,
and (3) along the strip from the eastern coast of Crimea to Tuapse. There are a particular
class of instabilities associated with topographical irregularities of the sea bottom and
shoreline leading to eddy-emerging processes. Regularity and frequency of these processes
can result in the formation of EC structures. To recognize the processes and mechanisms,
which cause the appearance of such structures, we used numerical modeling.

Figure 2 shows a series of MODIS Aqua satellite images of chlorophyll-a, indicating
the manifestation of ECs along the Caucasian coast in March and April of different years.
Chlorophyll-a, as a tracer, helps to visualize the effect of ECs on the distribution of fluvial
waters from numerous Caucasian rivers distributed along the coast. The quality of the
visualization of eddies strongly depends on clouds and the size of river plumes in the
local coastal zone. Within the band of fluvial waters of about 100 km in width, three to
eight eddies could be detected in the chains. The majority of eddies shown in Figure 2 are
anticyclonic with diameters from 30 to 80 km, whereas only one image (Figure 2F) indicates
that EC contains cyclonic eddies. Figure 2 shows that ECs are strictly attached to the RC
and are often stretched along the coast between the Iskuria Cape and Novorossiysk, i.e.,
for more than 400 km. We presume that some periodic mechanism of eddy generation
produces such long chains. As was shown in [39], approaching of RC to certain sites of the
Caucasian coast may trigger dynamic instability and eddy production; therefore, the period
of meandering of RC determines the generation of either isolated eddies or EC structures.
As mentioned above, predicting the periodicity of occurrence of specific types of near-shore
eddies is a very important issue for coastal oceanography. Among them, TGEs hold a
unique place since they are often observed in regions with topographic features such as
islands, submarine ridges and canyons, as well as coastline features such as peninsulas
and capes [29–31]. Different kinds of obstacles define various causes of hydrodynamic
instability and thus, the occurrence of TGEs and the frequency of their appearance.
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Figure 2. MODIS Aqua satellite images of chlorophyll−a exhibiting ECs along the Caucasian coast
during different days in March and April from 2014 to 2016 (A–F). Dates are shown at the top of each
snapshot, and the general cyclonic direction of RC is depicted by the red curve.

In the present study, as in [39], we focus on the northeastern part of the Black Sea, i.e.,
the Caucasian shelf and coastal zones. In this area, meandering of the Northeast Caucasian
Current (NCC) often approaches very closely to the coast [27,40]. The local bathymetry
map (Figure 3) demonstrates peculiarities of the bottom topography to northwest of the
Pitsunda Cape, characterizing a very narrow and steep slope that follows shallow shelf
offshore the Pitsunda and Iskuria capes. This feature, along with inflow of Caucasian
rivers and formation of river plumes along the coast, creates conditions favorable for TGE
generation. First, using spectral analyses, we assess the periodicity of TGE appearance and
study conditions of EC structure development as a result of the interaction of meandering
RC with bottom topography. Second, in order to understand the mechanisms enabling
eddies to efficiently transport coastal waters, we study a periodically emerging near-shore
anticyclonic eddies in NCC, leading to the assemblage of ECs. Combining a hydrodynamic
model with a Lagrangian particle-tracking model, we scrutinize the evolution of eddies
and gain new insights into the formation, development, advection, and dissipation of the
chain of anticyclonic eddies in the study area.

The paper is structured as follows. In Section 2, we introduce the area of interest.
The DieCAST hydrodynamic model, the Lagrangian particle-tracking model, and two
spectral methods (the Fourier and wavelet transforms), which are applied to identify eddy
generation and shedding are described in Section 3. In Section 4, the baseline experiments
and modeling results are presented, and the obtained features of topographically generated
ECs are analyzed in detail. Spectral methods are applied to numerical simulation outputs.
Section 5 is focused on features of the interaction between ECs and river plumes in the
study area, followed by conclusions in Section 6.
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Section 4.3. The red line D denotes the characteristic horizontal dimension of the submarine ridge for
estimation of the eddy shedding frequency.

2. Study Area

We focus on the northeastern part of the Black Sea, where TGEs are often generated
(Figure 3). Satellite observations indicate that the most frequently NAEs emerge in the area
between the Iskuria and Sochi capes [22,23,27,29,40]. After being shed, NAEs propagate
along the coast to Novorossiysk and even further up to the eastern Crimea with an average
translation velocity of about 4 km/day. The area between Tuapse and the Iskuria Cape
receives freshwater from multiple rivers that cause their interaction with NAEs. From time
to time, NAEs protrude through RC and move further across the shelf towards the open
part of the Black Sea as isolated eddies [3,23,28]. They carry trapped coastal water and
river-borne pollutants and thus enhance water exchange between the open sea and coastal
zone. We study the spectral structure of current velocity and peculiarities of TGE processes
and their shedding. In the study area, shedding of mesoscale NAEs is likely to be triggered
by the interaction of RC with abrupt bottom irregularities (ridges and canyons).

3. Data and Methods
3.1. Hydrodynamic and Lagrangian Particle-Tracking Models

The 3D, low dissipative, z-coordinate and 2 nautical-minute resolution ocean circula-
tion model, DieCAST [54], adapted for the Black Sea and referred to as Die2BS [54–56], was
used to study generation and shedding of mesoscale eddies and their progressing along
the Caucasian coast of the Black Sea, as well as the impacts of NAEs on river plumes. The
computational grid of the model covers the entire Black Sea basin from 27.2◦E to 42◦E and
from 40.9◦N to 46.6◦N and contains a total of 426 × 238 rectangular cells, so that square cell
dimensions varied from 2.6 to 2.8 km. The vertical step was uneven, with the grid condensa-
tion near the sea surface in order to enhance seasonal thermocline resolution. In this work,
we used unsmoothed bottom topography, ETOPO2, which is very important for adequately
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modeling mesoscale activity. Note that the first internal baroclinic deformation radius in
the Black Sea varies from 5 to 20 km, i.e., significantly less than the square cell, thus, the
model enables to adequate resolution of mesoscale and even sub-mesoscale structures. The
time step in simulation was 12 min. The model spin-up time to reach a quasiperiodic mode
of circulation was 39 years, although the main features of the Black Sea circulation (such
as RC and cyclonic gyres, Rossby waves, and coastally trapped waves) appeared after
five computation years. The physical boundary conditions, initial conditions, and surface
forcing used in this study were derived from monthly climatology [3,19,26,57].

Die2BS was initialized with monthly-averaged temperature and salinity data and
forced with climatological surface buoyancy fluxes, evaporation minus precipitation,
monthly winds, and river runoff from 31 largest rivers [58]. During model runs, a spe-
cial nudging data assimilation procedure was launched. The surface buoyancy flux was
computed by nudging both the temperature and the salinity toward monthly climatology
as in [19]. For determining vertical viscosity and diffusivity, a modified version of the
Gibson-Launder turbulence model was used [59,60]. The validation of DieCAST lying in
the base of Die2BS was performed based on altimetry data (joint TOPEX/Poseidon and
ERS-1/2 data with 0.25◦ spatial and 10 day temporal resolution), satellite images of the sea
surface temperature and surface current velocities obtained in observations and derived
from drifter experiments [3,26,39,55–57,61]. The interaction of eddies passing along the
coastal zone with river plumes was reproduced by coupling Die2BS with LPTM [3]. The
detailed description of numerical modeling is given in [39].

3.2. Spectral Methods

In the present paper, we focus on the formation of ECs and merging of eddies as they
move along the Caucasian coastal zone, especially in relation to the frequency of occurrence
of TGEs and their behavior. For this purpose, we used the Fourier transform (FT) and
wavelet transform (WT) spectral analysis of the kinetic energy fluctuations to identify
frequencies of the occurrence of mesoscale TGEs. These spectral techniques complement
each other in identifying coherent mesoscale eddies. One of the criteria used to distinguish
coherent structures (e.g., velocity fluctuations) from chaotic ones is a sign that the phase-
correlated vorticity derived from velocity gradients (see below in Section 4.2) covers the
entire space of the structure, e.g., mesoscale eddy structures. In this sense, the coherent
vorticity is the main characteristic identifier for coherent structures. Such mesoscale eddies
are the most frequent coherent structures in the World Ocean, and their emergence is a
result of dynamic instability of currents.

Mesoscale eddies are often generated in the study region, which was revealed by
satellite and in situ observations [16,22,23,26] and confirmed by numerical modeling [39].
peculiar type of mesoscale eddies are TGEs produced by interaction of RC with bottom
or coastline irregularities. In these cases, the generated lee eddies propagate behind
topographic features occupying the entire water column. The area between Sochi and the
Iskuria Cape with abrupt bottom relief could trigger the emerging of eddies, which are
later shed and progress along the Caucasian coast [22,23,62]. Sizes of these eddies are ~50
km in diameter, and sometimes they produce fine-scale sub-mesoscale (<10 km) eddies
sandwiched between the initial eddy and the shoreline [63].

Using FT and WT, we determine spectral content of current velocity fluctuations
within the frequency band associated with eddy effects to identify their frequency. In [39],
the frequency of the appearance of isolated anticyclonic TGE was successfully identified
for the same region. In this paper, similarly, we focus on the formation of ECs and their
progression along the Caucasian coast.

4. Results
4.1. Phenomenon and Origing of Eddy Chain Structures

Recently, in [39], we investigated the generation, progression, and dissipation of an
intense isolated TGE, which emerged when the RC very closely approached the coast in
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the region between Iskuria and Pitsunda capes. Modeling revealed that this kind of eddy
occurs during the fall-winter period when the RC is strong and is slowly meandering.
During this period, the Batumi anticyclonic eddy (BAE) is absent, and the strengthening
RC reaches the Pitsunda-Iskuria region. The latter appears to be the most favorable location
where eddy occurrences frequently happen because RC loses stability impinging on the
abrupt bottom irregularities.

As our modeling revealed, two types of mesoscale anticyclonic eddies appeared in
the NCC: (1) isolated eddies and (2) ECs with events of merging. The appearance of each
type of eddy depends on a season; the former occurred mostly in spring-summer when the
RC wanes, while the latter occurred mostly in autumn-winter when the RC waxes. The
Eulerian-Lagrangian experiment performed with the isolated Caucasian anticyclonic eddy
aimed to mimic the process of the involvement of river water into the eddy as it traveled
along the shore. It was shown that the anticyclonic eddy effectively trapped suspended
matter incoming with river water, transported it as the eddy moved along the coast and,
thus, facilitated the water exchange between coastal zone and open sea.

Another kind of interesting mesoscale structure occurring in NCC and affecting water
mass exchange are ECs, which are common in frontal zones, particularly, in those associated
with the influence of the RC [10–12,63]. The first manifestations of eddy structures in
the NCC visible in the distribution of chlorophyll-a are located between the Iskuria and
Pitsunda capes (Figure 2) due to the complex bottom topography with ridges and canyons
stretched offshore (Figure 3). Unlike isolated NAEs emerging along the Caucasian coast,
ECs mainly appear during the warm season (March–September) under the following
conditions: (1) BAE is suppressed, and (2) the RC stretches to the easternmost part of the
Black Sea (Figure 2) [10,11]. Examples provided in [63] confirm that ECs arise when the
meandering of RC increases, and it approaches very close to the Pitsunda Cape. Note that
an image acquired on 1 October 2003 in [63] demonstrates EC consisting of cyclonic eddies,
as in Figure 2F. Interestingly, KVSs mainly occur during warm periods with a maximal
frequency in April and May [49].

Complex mesoscale eddy dynamics with seasonal variability considerably affect
physical and biochemical processes along the Caucasian coast of the Black Sea. During the
warm season, the eastern part of the Black Sea is occupied by the evolving BAE, which
is the most pronounced feature of the Black Sea eddy dynamics. Growing BAE displaces
RC from the easternmost part of the Black Sea to the north, which considerably alters the
configuration of the current system in the vicinity of the Pitsunda and Iskuria capes. As
shown in the inset of Figure 4, the shoreward part of BAE meets the displaced cyclonic RC
jet that accelerates the latter. This process could trigger the formation of an isolated eddy
or EC. Previous studies assumed that eddies originated directly from BAE [16]. However,
numerous in situ and remote sensing data, particularly during summer period when BAE
is establishing, do not clarify the role of strong BAE in the genesis of eddies. Particularly, it
is unclear what causes an eddy (generated due to BAE activity) to pass over the submarine
Pitsunda-Kodor ridge and progress further along the Caucasian coast to Novorossiysk. To
elucidate these problems, we use the DieCAST/LPTM hybrid model to understand the
behavior of generated eddies and their impact on river plumes.

Figure 4A presents an example of modeled dynamic structures at sea surface that could
be compared with satellite images, e.g., chlorophyll-a or suspended matter concentrations.
The snapshot shows the bathymetry and the distribution of NAEs exhibited by velocity
streamlines, and NAEs are outlined by the sea surface height (SSH) obtained from the model
output. Figure 4B presents satellite-derived suspended matter concentration demonstrating
the capture of river plumes by each eddy of a chain structure. Both panels show the
presence of a large BAE attached to the Iskuria Cape. Importantly, there is no evidence of
connection of BAE with the EC structure stretched along the Caucasian shore. As modeling
revealed, the major part of eddy activity generated due to BAE rotation does not cross the
southern flank of the Pitsunda Ridge. Therefore, ECs north of the Pitsunda Cape are not
connected with mesoscale structures in the eastern part of the Black Sea.
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Figure 4. Snapshots of modeled ECs evolving in the sea surface layer and their effect on (A) streamline
structures and sea surface height (SSH) (results on Day 90 model year 39) and (B) satellite-derived
total suspended matter data provided by MERIS-Envisat on 1 July 2011. Panel A shows subsequently
merged eddies A2,3, A4,5 and isolated eddy A6 constituting EC stretched along the Caucasian coast.
Magenta lines show isobars of 100, 500, and 1000 m. Panel (B) demonstrates visualization of EC due
to the capturing of turbid river plume water. In the inset, the yellow ring shows the conventional
position of BAE during spring-summer period. The solid lines show the conventional positions of RC
at the eastern part of the Black Sea in summer (yellow) and winter (green).

The satellite image of suspended matter (Figure 4B) demonstrates numerous turbid
river plumes along the Caucasian coast, which are trapped by eddies. NAEs capture river
plume waters due to internal convergent circulation and shield them inside the eddy cores
from strong mixing with the surrounding sea. Thus, NAEs could transport the trapped
fluvial waters far from their sources in river mouths. Sequential satellite data images
(which depend on cloud conditions) are useful to track particular events associated with
the generation of NAEs and their evolution in the sea. Therefore, a joint analysis of satellite
imagery and numerical modeling allows the study of the 3D structure of eddies [64]. Below,
we use our hybrid model to scrutinize the processes of formation of EC structures, their fate,
and their merging while they travel along the Caucasian coast. We use relative vorticity
as the main modelling parameter to emphasize eddy structures. In addition, we compare
model results with satellite images.

4.2. Eddy Chain Formation and Eddy Merging

Vortices in the Black Sea have a long life cycle (from several weeks to several months)
and exhibit complex evolution involving perturbations due to wind forcing, instabilities in
vortex cores, and merging events. In this model study, we simulate and examine ECs. Being
generated and shed from the Pitsunda–Kodor area with bottom irregularities, ECs progress
along the Caucasian coast, periodically merge, and produce agglomerated eddy structures.
The eddy-train structures are often observed by satellites [10–12,19,22,23,47,65,66] during
the spring-summer period when the northward shift of RC occurs due to the development
and growth of BAE.

The relative vorticity (s−1) is expressed as ζ = dv
dx −

du
dy , where u and v are the mean

horizontal components of velocity. It is an extremely important characteristic for describing
the rate and sign of instantaneous fluid rotation. Counterclockwise rotation indicates
positive or cyclonic vorticity, while clockwise rotation indicates negative or anticyclonic
vorticity. When a sea current encounters irregular bathymetry, such as coastal canyon or
cape, it shifts to open sea or shallow shelf with varying relative vorticity while keeping
potential vorticity conservation [32]. Figure 5 (panel ‘Day 70’) shows the prehistory of
complex interaction between large scale cyclonic RC (red arrow) and rotating BAE (blue
arrow). This flow structure bifurcates near the coast between the Pitsunda and Iskuria
capes and creates a dipole structure directed toward the coast. Merging and splitting of two
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intense flows at this particular region of the Caucasian coast provide favorable conditions
for eddy formation. It was presumed by [40] that Caucasian NAEs are emitted directly
by BAE and then progress along the Caucasian coast in northwest direction. However,
high-resolution low-dissipative model used in the present work allowed for the clarification
of and scrutiny of the process of eddy shedding in this region. It was revealed that coherent
anticyclonic eddies appear near the Pitsunda and Iskuria capes with wide shelf and slope.
Isobaths turn offshore from the curving coastline, indicating the existence of submarine
ridges. Flowing over such irregularities, the strong cyclonic RC modifies its vorticity over
the seamounts. These peculiarities of horizontal vorticity distribution are critical for eddy
interactions and are important for the assessment of the total vorticity in eddies after their
merging or splitting.
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Figure 5. A sequence of normalized vertical vorticity ζ/ f0 at the depth of 50 m during transition of
circulation from winter to summer of simulated year 39. Julian days are shown at the top. Magenta
lines show isobars 500, 1000, and 1400 m. A1–A7 and F denote the sequence of anticyclonic eddies in
EC and cyclonic (upwelling) filament, respectively. A2, 3 denote eddy resulting from merging A2
and A3 similar to A4,5 and A4,5,6. Red and magenta stars indicate two sites of generation of TGE.
The insets at Day 70 and Day 105 show the positions of RC and BAE. The inset at Day 95 shows
a fragment of MODIS satellite chlorophyll-a distribution along the shore at the study area on 10
March 2016.

The vertical component of relative vorticity, ζ normalized by Coriolis parameter f0,
i.e., ζ/ f0, demonstrates the development and propagation of EC along the Caucasian coast
in spring (Figure 5). The red and magenta stars denote the locations of sites where TGE
are periodically formed. The insets in panels ‘Day 70’ and ‘Day 105’ show streamlines
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indicating the positions of RC and BAE, which significantly changed during this period.
On Day 70, RC expands to northeast and creates a loop. As shown by streamlines, RC
passes over both sites marked by the red and magenta stars. The evolving BAE shifted RC
to the northwest, and by Day 90, RC moved off the red-star site abeam of the Pitsunda Cape
but remained at the magenta-star site. Further development and penetration of BAE to the
northwest resulted in the shifting of RC offshore by Day 105. The band of vertical vorticity
at both sites was significantly weakened and completely disappeared by Day 110. The
observed evolution of the complex system RC-BAE significantly affects the eddy genesis,
which is worth focusing on.

As seen in the panel ‘Day 70’ (Figure 5), at the beginning, the anticyclonic vorticity
(blue colors) is confined within a narrow band stretched along the Caucasian coast between
the Pitsunda Cape and Novorossiysk. This discrete anticyclonic vorticity strip consists of
the chain of elongated anticyclonic eddies A1, A2 and A3 separated by a cyclonic filament
F (red colors) resembling upwelling cross-shelf intrusion. Values of ζ/ f0 in A1, A2, and
A3 eddy cores were about −0.6, −0.6, and −0.8, respectively. At the eddy generating
sites marked by the magenta and red stars, the value of ζ/ f0 was equal to −0.8 and −1.0,
respectively, while the maximum of negative ζ/ f0 in BAE (blue colors) was −0.4.

The intrusion F gradually extended and, by Day 75, surrounded two recently merged
eddies A2 and A3 (resulted in eddy A2,3). Intrusion F separated A2,3 from the eddy A1 to
the north and from a recently formed eddy A4 to the south. By this day, the extended BAE
reached the northeastern coast near the Pitsunda and Iskuria capes. As the model revealed,
the values of ζ/ f0 in eddy cores of A1, A2,3 and A4 were equal to about −0.8, −1.0, and
−1.0, respectively. At the eddy generating sites marked by magenta and red stars, the value
of ζ/ f0 reached −1.0 and −1.2, respectively. The latter indicates a significant contribution
from non-geostrophic processes. The minimum of ζ/ f0 in BAE (blue colors) was equal to
−0.4 and was shifted to the north. The computations revealed that as the merging of A2 and
A3 was completed, the resulting eddy A2,3 increased in size and kept moving northwest
with a translation velocity of about 3 km day−1. During the merging event (Days 71–73),
the translation velocity of A3 increased to about 5 km day−1. The angular velocity of A2,3,
during the period of merging, reached a maximum of about 7 × 10−6 rad s−1, while, after
merging, the angular velocity decreased to about 5 × 10−6 rad s−1.

The panel labeled ‘Day 80’ shows the result of the transformation of the EC structure,
which includes: (1) complete dissipation of the eddy A1, (2) progressing of all eddies to
the northwest and merging of A2 with A3, and (3) formation of a dipole pair A2,3 + C1
abeam of Tuapse with ζ/ f0 equal to −0.8 and +0.4, respectively. Afterward, a new eddy A4
evolved offshore Sochi. The dipole pair A2,3+C1 was unstable, possibly due to repulsion
between vortices of opposite signs. As a result, by Day 85, C1 squeezed to the filament
separating A2,3 from A4. A new vortex A5 started developing offshore Sochi, and its
merging with A4 provided an additional element (A4 + A5) to EC. On Day 85, the minimal
values of ζ/ f0 in A2,3 A4, and A5 eddy cores were about−0.8,−1.0, and−0.8, respectively.
At the eddy generating sites marked by the magenta and red stars, the value of ζ/ f0
decreased to about −0.9 and −0.6, respectively. The minimum value of ζ/ f0 in BAE (blue
colors) remained the same (−0.4), albeit shifted eastward.

The panel labeled ‘Day 90′ shows eddies A2,3 and A4,5 formed at the final stage of
merging, as well as the occurrence of a new anticyclonic eddy (A6) at the northwestern
flank of the vorticity band stretched from the eddy generation site. The minimum of ζ/ f0
in the cores of eddy A2,3 remained the same as at Day 85, while those of A4,5 and A6 were
about −1.0. At the eddy generation cites marked by the magenta and red stars, the value
of ζ/ f0 increased to about −0.8 and −0.3, respectively. The minimum ζ/ f0 in BAE (blue
colors) remained the same (−0.4) but shifted southward. On Day 95, three well-pronounced
anticyclonic eddies located offshore Novorossiysk (A2,3 with diameter ~35 km), Tuapse
(A4,5 with diameter ~45 km), and between Tuapse and Sochi (A6 with diameter ~30 km)
were completely developed. They created a classical EC embedded in the coastal frontal
zone of RC. On Day 105, the fully developed eddy A6 was involved in a merging process
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with the complex eddy A4,5. Note that the inset on Day 95 presents a satellite-derived
chlorophyll-a distribution at the study area on 10 March 2016 [63]. It clearly demonstrates
the presence of an EC system along the coast.

Panel ‘Day 110’ shows details of the transformation of eddies A4, A5, and A6 at
the intermediate stage of eddy merging. The merging process of A4 and A5 preceded
formation of an anticyclonic meander and then was followed by the merging of eddies
A4, 5 and A6. A younger eddy, A6, reached the merging eddies A4 and A5, as shown
in Figure 5 (Day 110). The merging eddy A4,5, along with eddy A6, crossed the cyclonic
filament separating these eddies. It resulted in blocking of the onshore part of the filament
and and causing its quick growth to a double-core cyclonic eddy (C2) embedded between
A4,5 + A6 and the coastline. By Day 110, the minimum of ζ/ f0 in cores of eddies A4,5 and
A6 were −0.8, −0.6, respectively, while the vorticity at both sites marked by the magenta
and red stars increased to about −0.2. This value, as evidenced by Figure 5 (Day 110),
was associated with intrusion of BAE, which had a ζ/ f0 of up to −0.4. The modeling
revealed that the occurrence of instability and, thus, generation of anticyclonic vorticity
occurred to the northwest abeam of Sochi. Two days later (on Day 112—not shown in
Figure 5), the conjunction of the cyclonic eddy C2 with the merged eddy A4,5,6 creates
a dipole structure A4,5,6 + C2. The cyclonic eddy C2 proved to be unstable and, being
squeezed between A4,5,6 and the newborn eddy A7, by Day 120, spread and surrounded,
as a cyclonic filament, the eddy A4,5,6.

By Day 120, when the merging of A4,5 and A6 finished, the joint elongated eddy A4,5,6
increased its size and continued to move northwestward towards Novorossiysk. By Day
130 (not shown in Figure 5), the eddy A4,5,6 reached Novorossiysk. The value of ζ/ f0 in
the core of A4,5,6 increased to −0.7, whereas the translation velocity of A4,5,6 decreased to
2 km day−1. The cyclonic filament stretching between C2 and A7 (Day 110) and isolating
the latter from A4,5,6 led to the degradation of C2. At the final stage (Day 160 not shown in
Figure 5), eddy A4,5,6 reached the shelf break of eastern Crimea (44.5◦N, 36.8◦E), and the
minimum of ζ/ f0 in its core increased to −0.2. Interestingly, during the development of
EC, the average eddy translation velocity was non-homogenously distributed along the
eddy track and ranged from 2 to 5 km day−1 reaching maximal values during the eddy
merging events. As simulations revealed, eddy shedding events occur every ~13 days
during the development of EC. Once an eddy was shed, it propagated along the Caucasian
coast from the Pitsunda-Kodor area to Novorossiysk and merged with other eddies. Note
that merging events lasted for ~7 days, reflecting the changes in eddy translation velocity
before and after shedding.

The performed numerical simulations demonstrated the formation of ECs in NCC
and reveal their extremely complex structure and evolution. We showed that EC has a
quasi-seasonal variability derived by meandering of RC because its interaction with the
submarine ridge located offshore the Pitsunda Cape induces generation of TGEs. Intense
meandering of RC usually occurs in early spring but could last till mid-summer. This
EC experiences abrupt and quick changes that could be observed in satellite imagery,
which supports the numerical modeling results. Figure 6 presents cloud-free MODIS
Aqua satellite images of the study area from May to July 2017. The images illustrate the
capture of turbid river plume waters by TGEs generated over the submarine ridge offshore
Pitsunda. This process first visualizes eddies at satellite images and second demonstrates
their interaction with river plumes. Satellite images demonstrate advection of individual
eddies and their merging within EC. The first eddy (red dashed ellipse on 12 May 2017 in
Figure 6) was generated near the Pitsunda Cape (red arrow in Figure 6). It moved along
the coast and increased in size, while generation of eddies continued near the Pitsunda
Cape. By 4 June 2017, three eddies (red, magenta, and white ellipses) were formed. On
13 June 2017 the second and third eddies merged near Sochi, while the fourth eddy (orange
ellipse) was generated near the Pitsunda Cape. The first eddy and the merged second and
third eddies continued to move in a northwestward direction and left the study region by
1 July 2017. By this time, the fourth and fifth eddies merged (orange and yellow ellipses),
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while the sixth eddy (green ellipse) was generated near the Pitsunda Cape. Both eddies
were visible until 15 July; however, new eddies did not appear at the generation site. The
interruption of eddy formation is presumed to be caused by deflection of RC from the coast.
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Figure 6. MODIS Aqua optical satellite images of the study area taken from May to July 2017,
representing the development of EC structure along the Caucasian coast. The red arrow in the panel
dated 12 May 2017 indicates the eddy generation cite near the Pitsunda Cape. Dashed colored ellipses
are used to denote different eddies and illustrate their advection and merging.

Tracing the advection and merging of eddies at satellite imagery (Figure 6) demon-
strates that eddies were generated on 12, 26, and 29 May and on 13 and 21 June and 1 July
2017, with uneven but with time spans of less than 15 days. Generation of new eddies was
interrupted after 1 July 2017, while the two remaining eddies continued moving along the
Caucasian coast and extending in diameter. During the formation of EC structure, two
merging events occurred on 13 May and 1 July 2017. The time periods from eddy generation
till its merging was equal to 10 and 15 days. In summary, both numerical simulations
(Figure 5) and satellite imagery (Figure 6) demonstrate that newly formed eddy emerged
near the Pitsunda Cape as a result of RC instability over a submarine ridge. Formation of
eddies occurs every ~10 days in spring, while merging of eddies occurs 10–15 days after
their formation, although not for every eddy.

4.3. Spectral Analysis of Eddy Chains

The Fourier Transform (FT) and Wavelet (WT) methods allow for understanding the
spatial and temporal variability of ECs and examining their internal structure. Note that,
unlike the FT, the WT technique is based on the concept of time-frequency localization,
and, thus, enables us to localize the signals not only in frequency but in the time domains,
preserving the temporal characteristics. To examine the eddy kinetic energy, we examined
the series of current velocity retrieved from the Die2BS model at the stations abeam of
Tuapse (Section S1 in Figure 3) and northwest of Sochi (Section S2 in Figure 3). Velocity
data for statistical analysis were obtained from the model output for the model year 39
with temporal discreteness of 4 h (a total of 2160 row data). To avoid dependence of
characteristics on direction, we calculate invariant kinetic energy (KE) instead of two
horizontal velocity components. Figures 7 and 8 demonstrate the ability of the FT and
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WT in allocating frequencies of velocity fluctuations associated with the occurrence and
progression of mesoscale eddies in the sea. Both techniques are complementary, enabling
the extraction of appropriate frequencies. Despite the FT is an efficient method in revealing
determined harmonics in the energy spectrum, its temporal uncertainty, inherent to this
method, does not allow clarifying when a certain event happened. Figure 7 shows a wavelet
diagram of the kinetic energy density (KE) and the wavelet density (WD) computed for
sites one and three at the depths of 2 m. In WD diagrams (panels B and F), the left axis
shows pseudo-periods of the wavelet transform, making it possible to compare the integral
wavelet density (see white curves) with the Fourier spectra.
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Figure 7. Temporal variations of KE (A,E) and corresponding WD (B,F) for 1–200 days during the
model year 39 over the shelf slope at section S1 (Tuapse) at Site one (A,B) and Site three (E,F). The
white curves show time-integrated WD spectra. At the right side of each wavelet diagram, the color
scale indicates the intensity of the square of the KE. Time axis of WD is represented in row points
numbers of time series with sampling interval of 4 h, the same units are for “Scales a”—wavelet
shifts. KE is presented in nominal calendar units time axis for convenience, and the right panels
show spectra of KE in log-log coordinates (C,G) and variance-preserving spectra (D,H). Thick cyan
curves denote time-integrated WD spectra; the blue and red curves show KE spectra of the total and
mesoscale components of the field velocity, respectively. The amplitudes “ampl” are in units of J/m3

(×10).

We examined KE at section S1 at the depths of 2 m at onshore Site one (panel A)
and offshore Site three (panel E) (Figure 7). This allows comparing the change of energy
characteristics with distance. The plots of KE in the upper panels indicate that temporal
variations of kinetic energy reveal periodic bursts, the latter being reflected in the clear
seasonal trend for the onshore site near Tuapse. The burst is clearly seen from March to
April. Offshore (Site three), the energy peak is narrower and shifted to April. Figure 7
shows that at the onshore Site one by Tuapse, the time-integrated WD spectra (white
curve) reached local maximums at the periods of 10 and 30 days, while at the offshore Site
three, they reached local maximums at the periods of 20 and 40 days. They seem to be
associated with mesoscale eddy activity that is well pronounced in spring, exactly when
the formation of ECs occurs. Interestingly, near the coast (panel B), the WD diagram shows
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long-periodic oscillations (>100 days) that are suppressed at the offshore Site three (panel F).
Figure 7 show the kinetic energy density (panels C and D) and variance-preserving spectra
(panels D and H), the latter being used to improve emphasizing spectral components.
Variance-preserving spectra reveal spectral peaks that are not clearly detected by standard
FT method. Both panels D and H distinctively show peaks at ~0.1 cpd.
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20–30 days periodicity in kinetic energy bursts associated with eddy appearances.

Figure 8 (panels A and B) presents temporal variations of KE and WD in the range of
1–100 days during model year 39 over the shelf slope at Section S2 at Site four, at the depth of
167 m. The shaded area of the KE (panel A) denotes high frequency oscillation that echoing
in WD light spots delineated by the red square (panel B). The period is close to 20 days,
which corresponds to previous estimates derived from theory and experiments [33–38].
The right flank of Figure 8 presents spectra of kinetic energy density in log-log coordinates
(panel C) and variance-preserving spectra (panel D). Both spectra indicate frequency ranged
of 0.05–0.1 cpd marked by the shade. Our numerical experiments show that mesoscale
eddies periodically (every 10–30 days) appear in the area of the Caucasus coast and then
move along the coast, which is clearly seen in KE oscillations and WD diagrams. ECs
are manifested by a series of color spots extended vertically, indicating multi-periodic
components in the variability of WD with periods of 10–30 h (panels B and F in Figure 7,
panel B in Figure 8). The cluster of spots located in the range from 360 to 660 row points
corresponds to the March-April period. During this period, both WD and KE exhibit a
synchronous increase in kinetic energy throughout the water column, likely associated
with periodic passing of mesoscale eddies though the Sections S1 and S2.

5. Discussion

In this paper, we focused on the NCC current system, and a particular goal of this
section is to show important details of the interaction of river plumes with EC structure
during its evolution along the Caucasian shore. Recent in situ studies [47] and modeling [39]
have revealed that coastal eddies can entrain coastal water masses, which are manifested
by high turbidity. Spreading and mixing of river plumes could be considerably changed as
a result of their interaction with EC structures passing through the plumes, which has not
been well studied yet. To analyze this interaction, we used the Lagrangian method [39] and
daily tracing of water properties and particle distribution along the shore. To track river
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plume waters captured by eddies and assess the degree of their leakiness, we performed an
experiment with Lagrangian particles initialized in river estuaries. River plumes adjacent
to the corresponding river estuaries were modeled by continuous releases of particles
with specific discharge rates. We installed discharges of five major Caucasian rivers: the
Kodor, Bzyb, Mzymta, Ashe, and Tuapse rivers (numbered from one to five in Figure 9).
Discharge rates by each river, as in [39], were chosen to release 200 particles hourly. In total,
480,000 particles were released during the experiment from Day 60 till Day 160. It allowed
us to cover all phases of EC evolving and decaying, including each eddy occurrence,
progression, and merge.
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Figure 9. A sequence of streamlines and distributions of the surface particle concentration (log10(C))
illustrating the effect of EC developing and traveling along the Caucasian coast on the particle
transport simulating river plumes. The Kodor, Bzyb, Mzymta, Ashe, and Tuapse river mouths are
marked by numbers 1, 2, 3, 4, and 5, respectively. Magenta lines show isobaths of 500, 1000, and
1400 m.

Figure 9 shows the sequential plots of the phases of anticyclonic eddy and the integral
particle concentrations (log10(C)), as well as surface streamlines during the experiment. The
integral concentration presented in Figure 9 and marked by the frames ‘Day 70’–‘Day 120’
was defined as the number of particles, N, within the layer 0–50 m, i.e., C(x, y, z, t) = N(x, y,
z, t)/VO(x, y, z, t), where VO is the unit cell (∆x × ∆y × ∆z) determined by the horizontal,
x, y, and vertical, z, steps of the model grid cells. Visual analysis of the particle distributions
revealed that at the beginning of the particle experiment, all released particles followed
the RC, and as shown on panel ‘Day 70,’ were stretched along the Caucasian coast. All
particles were pressed against the shore in a narrow band directed along the shore, except
those involved in small-scale anticyclonic eddies A1, A2, and A3. Within this band, all river
plumes were clearly pronounced by red strips directed southward from river mouths. This
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pattern remained stable until the new eddy emerging event formed by a cyclonic meander
of RC that closely approached the coastal zone between the Pitsunda Cape and Tuapse
(see the red arrow in panel ‘Day 70’). Once the generation of new eddies occurred, their
growing and propagation started forming the EC structure containing from eddies A1, A2,
A3, and A4, along with that resulting from the merging of eddies A2 and A3 (Figure 5, ‘Day
75’). The latter led to the spread of particles by A2 and A3. Note that they merged with
some gap between them (panel ‘Day 75’ in Figure 5).

As EC was formed and propagated to the northwest (Figure 9, ‘Day 80’), the width
of the zone occupied by particles widened, particularly between the Mzymta and Tuapse
river mouths (Figure 9, ‘Day 80’), where the dipole structure consisting of the merged
anticyclonic eddy A2,3 and cyclonic C1 was established (Figure 5, ‘Day 80’). By Day 80,
anticyclonic eddy A1 had already dissipated. Note the effect of widening of the streamlines
under the impact of the series of eddies traveling along the coast and perturbing the
coastal zone. To the south, the narrow band of anticyclonic eddies, including A4 and those
stretched along the shore down to Pitsunda Cape, created a narrow zone occupied by
particles. Largely owing to the bifurcation of currents offshore the Kodor river mouth,
some portions of particles were involved in BAE and infiltrated to southward.

On Day 85, a further accumulation of particles continued with further expansion of
the zone occupied by particles. Particles were still strictly bound by RC dynamics and
the structure of streamlines. However, by Day 90, a leakage of particles occurred exactly
after merging of eddies A4 and A5. The particles longitudinally crossed the streamlines
at ~38.5◦E and approached the double-core cyclonic eddy centered at 42.5◦N, 38.7◦E.
However, by Day 95, the dynamic situation sharply changed, so the particle zone shrunk
back and was pressed to the shore. On Day 105, the gap between southeastern part and
northwestern parts of the particle zone was extending, so that the northwestern part moved
further northward and steadily disappeared (see Days 105, 110, and 120). On Day 110, EC
transformed as a result of merging of complex eddy A4,5 and eddy A6. It caused swift
dispersion of particles and their concentration in the head of the particle zone progressing
northwestward. A small number of particles also propagated southwestward crossing
the streamlines. Mostly, by Day 120, all particles were concentrated within a narrow
band stretched along the shore. At the head of this band, the particles were retained and
accumulated by the merged eddy A4, 5, and 6.

We compared the present numerical experiment conducted with EC structure with
a similar one conducted with an isolated NAE described in our companion paper [39].
Unlike experiment performed in [39], the interaction of river plumes with EC resulted in
considerably narrower spreading of fluvial water. This feature is associated with lower
coastal current velocity due to the meandering and waning of RC during spring-summer
period compared to the enhanced RC during autumn-winter period. Second, this feature
is associated with much weaker and smaller (in energy and size) eddies combining EC
compared to isolated NAE. The comparison of Figures 5 and 9 indicates a well-pronounced
difference between a compact eddy shape in EC and particle concentration distribution in
the core flanked by wide filaments. Both satellite observations (Figure 6) and numerical
simulations (Figure 5) revealed that the process of eddy merging occurred when a newborn
eddy moved faster than the eddy at the mature stage.

Summarizing the results of our numerical experiment, we have established that the
spring-summer season is more favorable for occurrence of ECs in the NCC. However,
the effectiveness of ECs in water exchange processes between the coastal zone and open
sea is less compared to the autumn-winter season when the generation of isolated eddies
prevails [39]. During the warm period, the Black Sea circulation weakens and TGEs born in
the area of the Pitsunda Cape are not strong enough to involve large water masses in the
exchange process. This difference keeps the fluvial water mostly in the coastal zone during
spring-summer period compared to the autumn-winter period. More details are presented
in the video file provided in the Supplementary Materials Video S1, which describes the
evolution of relative vorticity normalized by the Coriolis parameter and illustrates the
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processes of generating, growing, maturing, and decaying of TGEs within EC system and
its progressing along the Caucasian coast.

6. Conclusions

This study is focused on mesoscale eddy activity in the northeastern part of the Black
Sea, particularly on EC structures. These structures consist of eddies periodically formed in
particular areas offshore the Caucasian coast, which further progress along the coast. We
considered the coast between the Iskuria and Pitsunda capes, which is the most favorable
location at the Caucasian coast where TGEs frequently occur. As found by numerical
modeling in our companion paper [39], once RC closely approaches the coast and impinges
on abrupt submarine ridges, it could lose stability and trigger the formation of TGEs. The
periodicity of such events was found to be from 2.3 to 23.3 days, depending on the strength
of RC. To estimate it, we used results obtained by Magaldi et al. [38], who investigated the
roles of stratification and topographic slope in the generation of coherent structures in the
lee of capes.

To study mesoscale activity, we used the 2-nautical mile horizontal resolution Die2BS
model [26,39] adopted for the Black Sea [55]. Since the first internal baroclinic deformation
radius in the study area (5–20 km) [58] is significantly less than the model square cell, it
allowed us to adequately resolve mesoscale structures such as eddies, meanders, dipoles,
and filaments [26]. Events of eddy generation and formation of ECs are well pronounced in
fluctuations of velocity and thus in kinetic energy. We analyzed kinetic energy and vertical
relative vorticity as highly informative parameters for ECs. To identify the EC effect on
the fluctuation of KE and their frequency ranges, we used the FT and WT techniques that
complement each other. For spectral analyses, we made eight time series of outputs of
modeled current velocity at two sections: S1 (off Tuapse) and S2 (off Sochi) at four sites at
distances of 4 and 60 km from the shore at the depths of 2 m and 167 m (Figure 3).

The FT analysis revealed that the spectral characteristics depend on the depths and
distance from the shore and identified the presence of high-frequency fluctuations in KE
within the 0.05 to 0.1 cpd. The WT analysis revealed the temporal location and periodicity
of intense KE fluctuations, as well as indicating that the variability of KE had periods
ranged from 10 to 20 days (Figures 7 and 8). Following this analysis, we determined the
time period in order to clarify the sources of KE disturbances that occurred in spring. We
reveal that they penetrate deep layers and therefore relate to coherent eddy structures in
ECs. We examined time segments to clarify the nature of KE variability in order to reveal
which time segments of the latter may belong to coherent eddy structures. A combination
of the FT and WT methods along with numerical modeling considerably extends the scope
of problems to be solved. These methods allow understanding general reasons for spatial
and temporal variability of ECs and examining their internal structure and seasons, which
led to such disturbances.

Our simulations revealed that two types of anticyclonic structures could appear at
the Caucasus coast: (1) isolated eddies described in [39] and (2) ECs with merging eddies
(Figure 5). The occurrence of these structures is seasonally dependent, i.e., the former
occurs mostly during autumn-winter when RC waxes, while the latter appears mostly
during spring-summer, when RC wanes and is meandering. Interestingly, eddy merging
(that often occurred in the case of EC development) resulted in an increase in eddy sizes.
During the merging event, the translation velocity of eddies increased from ~3 to ~5
km day−1. The angular velocity of the resulting eddy during the period of merging
reached maximum values of ~7 × 10−6 rad s−1 while, after merging, the angular velocity
decreased to ~5 × 10−6 rad s−1. Examination of satellite imagery illustrating interaction
of EC structure with river plumes indicated main features of this process. Plumes are
differently influenced by eddies at different stages of their evolution. Similarly to [39],
we performed an Eulerian-Lagrangian experiment with EC interacting with Lagrangian
particles simulating the process of the involvement of river plumes into EC as it traveled
along the shore. Note that, unlike cyclonic eddies that spread materials captured at the
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coast to the open sea, anticyclonic eddies accumulated dissolved and suspended riverine
matter, as shown in Figure 9. Successive phases of distribution of particles, which simulate
river plumes, revealed important details of their displacement in the presence of ECs: (1)
at the stage of development of EC, the anticyclonic eddies trap plume waters and keep
them inside their cores, (2) the major leakage of plume waters occurred at mature stage and
during merging events, and (3) as the eddy was decaying, the majority of plume waters left
the eddy (Figure 9). This estimation showed that by the end of the experiment, only ~10%
of particles left the coastal zone towards the open sea, which evidences low self-cleaning
effect of EC in the coastal zone. Lateral transport in the coastal zone intensifies as several
subsequent ECs pass over river plumes.

Applied in this work, the Eulerian-Lagrangian method combined with satellite ob-
servations is a very useful toolset for performing multidisciplinary studies in the Black
Sea [44,48,56,57], as well as in other areas in the World Ocean where coastal mesoscale
eddies interact with river plumes [67–72]. Future research will be focused on the study of
3D structures of mesoscale eddies and their effects on riverine matter transport in coastal
zones and exchange processes between coastal and open sea areas.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15061606/s1, Video S1. Behavior of an eddy chain along the
Caucasian coast: developing and merging of eddies.
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