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Abstract

The Pacific Ocean shelf and continental slope off the Kamchatka Peninsula and the North-
ern Kuril Islands are the area of spawning and early stages of life for some commercial
fish species. However, it remains a poorly studied area with a limited set of observational
data. In this paper, we perform a comprehensive analysis of heterogeneous satellite obser-
vations and global tidal model results over March—August 2015-2021. The work aims
to obtain new information on the spatial and temporal variability of the characteristics
of different-scale eddy structures and to assess the influence of tidal dynamics on some
features of this variability. The following open data archives and atlases are used:
Mesoscale Eddy Trajectory Atlas Product Meta3.2 DT, Terra, Aqua/MODIS and
VIIRS/Suomi NPP (ocean surface temperature, chlorophyll a), Sentinel-1A/B radar images,
NASA SMAP wind, AVISO absolute dynamic topography, TPXO9 tidal currents, CMEMS
GLORYS12vl currents. The paper uses the analysis results to assess the interannual and
seasonal variability of the incidence and characteristics of mesoscale and submesoscale
eddies and its relation to variations in the East Kamchatka Current and wind regime.
The contribution of the tide to the eddy dynamics is shown. As an example, we consider
the case of manifestation of small eddies at the periphery of the mesoscale anticyclonic
eddy in Avacha Bay. It is shown that the interaction of this anticyclonic structure with tidal
currents can serve as an independent mechanism of submesoscale eddy generation.
This finding can be extended to the entire study region, which appears to be important
for understanding the factors affecting the survival of commercial fishes at early life stages.

Keywords: eddy, altimetry, radar, optical range, mesoscale eddies, submesoscale eddies,
tide, currents, vorticity, pollock, Pacific Ocean

Acknowledgements: This work has been supported by the grants of the Russian Science
Foundation Ne 23-17-00174, https://rscf.ru/project/23-17-00174/

© Zimin A. V., Romanenkov D. A., Konik A. A., Atadzhanova O. A.,
Svergun E. I., Varkentin A. 1., Tepnin O. B., 2024

This work is licensed under a Creative Commons Attribution-Non Commercial 4.0
International (CC BY-NC 4.0) License

16 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024



For citation: Zimin, A.V., Romanenkov, D.A., Konik, A.A., Atadzhanova, O.A., Svergun, E.I.,
Varkentin, A.I. and Tepnin, O.B., 2024. Multiscale Eddies Dynamics in the Pacific Ocean
Adjacent to the Kamchatka Peninsula and the Northern Kuril Islands. Ecological Safety of
Coastal and Shelf Zones of Sea, (3), pp. 16-35.

PaznomacmirabHasi BUXpeBasi JUHAMHKA
Ha akBaTopuu Tuxoro oxkeana,
npujieramoueii k moayocrposy Kamuarka
U ceBepHbIM Kypuibckum ocTpoBam

A.B.3umun ' *, JI. A. Pomanenkos !, A. A. Konuk !, O. A. Atamxkanopa 2,
E. . Ceepryn !, A. B. Bapkenrun '3, O. B. Tennun '3

' Uncmumym oxeanonoeuu um. ILI1. Hlupwoea PAH, Mockea, Poccus
2 Mopckoii 2udpousuueckuti uncmumym PAH, Cesacmononw, Poccus
3 Kamuamckuil Gunuan ®ITHBY « BHUPOy, Ilemponasnosck-Kamuamckuil, Poccus
* e-mail: zimin2@mail.ru

AHHOTAIHUSA

AxBartopust meinbha U MaTEpUKOBOTO CKJIoHa KaM4aTcKoro mosyocTpoBa M CEBEPHBIX
KypuiibCKkux ocTpoBOB €O CTOPOHBI THXOro OKeaHa SIBIISIeTCs 00J1acThi0 HEpecTa u 00uTa-
HUSI HEKOTOPBIX BHUJIOB MPOMBICJIOBBIX PBIO HAa paHHUX CTaIuAX pa3BuTHs. OJHAKO OHA
0CTaeTCsl HEJOCTATOYHO M3yYCHHBIM PAHOHOM OKEaHa ¢ OrpaHMYEHHBIM HaOOPOM JaHHBIX
HaOo1eHNH. BEIMOITHEH KOMIUIEKCHBIM aHaJIN3 Pa3HOPOIHBIX CITyTHUKOBBIX HAOIIOACHUN
U Pe3yJIbTaTOB PACYETOB I10 TIT00ATHHOM NPUITUBHOM MozeH 3a MapT — aBryct 2015-2021 rr.
Lens paboThI — MOJTydeHHE HOBBIX CBEACHUH O MTPOCTPAHCTBEHHO-BPEMEHHON M3MEHYHBO-
CTH XapaKTEPUCTHK Pa3sHOMACIITAOHBIX BUXPEBBIX CTPYKTYP M OLEHKA BIMSHUS HMPUIUB-
HOW TMHAMUKHA Ha HEKOTOPble 0COOEHHOCTH 3TOW M3MEHYHBOCTH. VICIONB3yrOTCA Creny-
IOIIMEe OTKPBIThIE apXMBHI JaHHBIX U aTiackl: Mesoscale Eddy Trajectory Atlas Product
Meta3.2 DT, MODIS-Terra/Aqua u VIIRS-Suomi NPP (Temmneparypa moBepXHOCTH OKeaHa,
KOHIICHTpAIHsl XJIOpohHIa @), pamarHoloKannoHHble m300paxenust Sentinel-1A/B, Betep
NASA SMAP, abcosmoTtrast quHamuyeckas tonorpagus AVISO, npunmsabie Tedenus TPXO09,
teuernnss CMEMS GLORYS12vl. 1o pe3ynbraTam aHajamu3a OILIEHEHbI MEXKIO/I0BAsi U CE30H-
Hasi I3MEHYMBOCTD YaCTOTH BCTPEUAEMOCTH M XapaKTEPUCTHK ME30MACIITA0HBIX U cyOMe-
30MacIuTaOHBIX BUXPEH U ee CBs3b ¢ BapHanusiMu Bocrouno-Kamuarckoro tedeHus u BeT-
poBoro pexuma. [lokasaH BkJaJ IpuiInBa B BUXPEBYIO JWHAMHUKY. B kadecTBe mpumepa
paccMOTpeH citydaid TIPOSIBICHHS MaJIbIX BUXpEH Ha mepudepur Me30MacIITaOHOTO aHTHU-
IIUKJIOHUYECKOTO BUXPSl B ABAUYMHCKOM 3aJIMBE. Y CTAHOBJICHO, YTO B3aMMO/ICHCTBHE aHTH-
UKJIOHUYECKON CTPYKTYPBI C NPUJIMBHBIMU TEUCHUSIMU MOXKET CIY)KHTh CaMOCTOSITEIb-
HBIM MEXaHH3MOM T'eHepaluu cyOMe30MacImTaOHBIX BUXPEH. DTOT BBIBOJ MOXET OBITh
pacmpocTpaHeH I BCEro PErHoHa WCCIEAOBAHUSA, YTO IPEICTABIACTCS BaXHBIM
B NIOHMMaHUU (DaKTOPOB, BIUSIONIMX HA BBDKHBAHUE IMPOMBICIOBBIX PBIO HAa paHHUX
CTaJUsIX Pa3BUTHS.

KuroueBble cjioBa: BUXph, aTbTUMETPHS, CIlyTHUKOBAS PaMOJIOKAIHs, ONITHYECKUI ana-
na3oH, Me3oMacIiTaOHble BUXpH, CyOMe3oMaciuTaOHble BUXpPH, NPUINB, TEUCHUsS, 3aBHX-
pEeHHOCTb, MUHTaH, Tuxuil okean

BaarogapHocTH: HCCIEIOBaHUE BBIMOJHEHO 3a CYET IpaHTa POCCHICKOro HaydyHOTO
¢donga Ne 23-17-00174, https://rscf.ru/project/23-17-00174/.
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Jas nutupoBaHusa: Pa3HoMacmiTabHas BUXpEBas NWHAMHKA Ha aKBaTOPUU THXOro
OKeaHa, MpuJerarInei k moayoctpoBy KamuaTtka u ceBepubiM KypuibckuM octpoBam /
A. B. BumuH [u 1p.] // Dxonoruueckas 6€30MacHOCTh MPUOPESIKHOMN U IIEIBPOBOM 30H MOPSI.
2024. Ne 3. C. 16-35. EDN VPBEOU.

Introduction

The shelf and continental slope area of the Kamchatka Peninsula and the North-
ern Kuril Islands on the Pacific Ocean side represents an area of mass spawning
and habitation of pollock (Gadus chalcogrammus Pallas) of the East Kamchatka
population in the early stages of development. The pollock spawning in the region
under consideration begins in March and ends in June [1]. Two types of spawning
are identified: deepwater and shelf [2—4]. The first type is characteristic of areas
with depths of 500600 m, occurring in the tops of deepwater submarine canyons
that extend into the shelves of Avacha and Kronotsky Gulfs. The second type is
observed in areas with depths of 50—170 m and is mainly characteristic of the south-
eastern tip of Kamchatka and the Northern Kuril Islands [1]. Juvenile fish aggrega-
tions are concentrated in spawning areas and are abundant in the southern parts of
the gulfs and shallow waters of the southeastern coast of Kamchatka [5]. Following
hatching, the larvae ascend to the subsurface [2], where they must undergo develop-
ment in the shelf zone in order to survive throughout the life cycle, from larvae
to juveniles to fingerlings [6, 7]. Consequently, the study of distinctive characteris-
tics of local water dynamics represents a priority task in elucidating the mecha-
nisms influencing the yield of generations of East Kamchatka pollock.

The cold East Kamchatka Current and the associated eddy structures exert
a considerable influence on the variability of the hydrological structure of the waters
of the region under consideration [8, 9]. On average, the prevailing direction of
water transport in the near-surface layer of the shelf and the continental slope of
the peninsula is southwesterly. During the pollock spawning season, the current
velocity varies from 5 to 45 cm/s [10]. At the same time, mesoscale eddies move
relatively fast (with a velocity of ~ 4-5 cm/s), predominantly moving in the same
direction [11]. Mesoscale structures of predominantly anticyclonic type, with a dia-
meter of 70—-150 km, are clearly discernible in the infrared and visible ranges and
according to satellite altimeter data [12, 13]. The formation of these structures is
attributed to the instability of the main current flow, with the generation areas in-
fluenced by the specific characteristics of the bottom topography and coastline,
including the presence of extensive bays and capes along the oceanic coastline of
the peninsula. Notable bays include Avacha Gulf, which is a primary pollock
spawning ground [3], and is predominantly characterised by background anticyc-
lonic circulation [14, 15] due to the influence of bottom relief and shoreline hetero-
geneities. Mesoscale eddies, determined from a variety of data sources, are often
observed in the gulf, affecting the variability of water mass characteristics and the
mixing of biologically productive coastal and oceanic waters [10, 16]. In particu-
lar, such formations may provide nutrients to the subsurface ocean and determine
the level of phytoplankton development.
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Note that at the periphery of mesoscale structures, according to satellite radar
observations in the bays of the Kamchatka Peninsula, groups of eddy structures
with sizes predominantly up to 5 km are recorded [17, 18]. Eddies of such sizes are
classified as submesoscale, with the upper boundary of this category determined
by the characteristic value of the internal Rossby radius. In the Pacific Ocean
waters adjacent to the Kamchatka Peninsula and the Northern Kurils, the value of
the baroclinic Rossby radius has been observed to vary from 4 to 15 km [19].
However, no systematic generalisation of data on the frequency of occurrence of
small (submesoscale) eddies and the peculiarities of their generation has been made
for this region. Submesoscale eddies are widespread in the World Ocean as a whole
[20] and can play a significant role in the intensification of mixing, horizontal and
vertical transport of heat and matter in local water areas [21]. The mechanisms
responsible for the generation of small eddies are quite diverse [22] and include
baroclinic-barotropic instability in the region of currents and frontal zones; topo-
graphic effects during the flow around seamounts, islands, and peninsulas; spatially
inhomogeneous wind effects; interaction of larger eddies and their dissipation;
water exchange through straits; and tidal dynamics. The role of these processes
in the development of submesoscale water dynamics in the study area has yet to be
evaluated. However, the importance of tidal processes, particularly those occurring
in a spring-neap cycle, has been highlighted by [23] for the Northern Kuril Islands.
It can be assumed that the intensive tidal dynamics observed in the water arca
under consideration, as evidenced in the Arctic seas [21, 24], can be a key factor
on scales ranging from hundreds of metres to tens of kilometres and time intervals
spanning minutes to days, corresponding to the submesoscale interval of
hydrological field variability. Accordingly, the role of tides in shaping the features
of submesoscale dynamics, which may have a significant impact on pollock sur-
vival at early developmental stages in the gulfs of the Kamchatka Peninsula and
the adjacent waters of the Northern Kuril Islands, remains an open question. This
motivates the present study.

The objective of this study is to obtain new data on the spatial and temporal
variability of the characteristics of multiscale eddy structures and to assess the influ-
ence of tidal dynamics on some of its features in the Pacific Ocean waters adjacent
to the Kamchatka Peninsula and the Northern Kurils from March to August (during
the spawning period and early stages of pollock development). This will be achie-
ved by generalising multi-year satellite data archives with the use of model calcula-
tions of tidal currents.

Materials and methods

The analysis of mesoscale eddies in the region adjacent to the Kamchatka
Peninsula and the Northern Kurils (Fig. 1) for the period from March to August
2015-2021 was based on daily information on the rotation type, centre position,
and radius of each eddy. The data were obtained from the Mesoscale Eddy Trajec-
tory Atlas Product Meta3.2 DT archive ", which is based on daily mean absolute

) Available at: https://doi.org/10.24400/527896/a01-2022.005.YYMMDD [Accessed: 25 August
2024]
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Fig. 1. Coverage of SAR images between March and
August for 2015-2021: KG — Kronotsky Gulf; AG — Ava-
cha Gulf; SEK — south-eastern Kamchatka; NK — north-
ern Kuril Islands. 1 — Cape Shipunsky, 2 — Avacha Bay,
3 — Paramushir Island, 4 — Fourth Kuril Strait, 5 — One-
kotan Island. The triangles indicate the Northern and Sou-
thern deepwater canyons in the Avacha Gulf. The white
arrows show the main flow of the East Kamchatka Cur-
rent. The inset shows an example of the manifestation of
a cyclonic eddy structure on a SAR-image on 16 July
2016 at 19:57 UTC+0. The dashed line denotes the eddy
boundary, the red lines are its large and small diameters

dynamic topography fields of the AVISO product with a spatial resolution of
0.25° x 0.25° in latitude and longitude.

Furthermore, instantaneous satellite fields of ocean surface temperature (OST)
and chlorophyll a concentration from MODIS-Aqua, MODIS-Terra, VIIRS-Suomi
NPP of L2 processing level with ~1 km resolution were additionally used (URL:
https://oceancolor.gsfc.nasa.gov). A total of 3,160 fields were used for the days
when mesoscale eddy manifestations were documented. The data that had quality
indices of 0 (excellent) and 1 (good) based on the Near-infrared (NIR) algorithm
evaluation [25] were selected. The fields were interpolated onto a grid correspond-
ing to the fields of the absolute dynamic topography of the AVISO product. Sub-
sequently, the temperature and chlorophyll a concentration at the centre and outer
boundary of the mesoscale eddy, along with the horizontal gradient between them,
were estimated.

A multi-year archive of Sentinel-1A/B high-resolution radar images (SAR)
in C-band and Interferometric Wide (IW) imaging modes with a resolution of 20 m
and a swath width of 250 km was used as initial data for recording surface
manifestations of submesoscale eddies (URL: https://search.asf.alaska.edu/).
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A total of 1,405 images covering the study region for the period from March to
August 2015-2021 were analysed. The SAR coverage map of the region is pre-
sented in Fig. 1. Extreme irregularity in coverage can be evident, but in each of
the selected areas, coverage varies from 50—-100 SAR images over deepwater areas
to 300350 SAR images in coastal areas. The mean number of images per area is
approximately 170.

As surface manifestations of submesoscale eddies, structures formed by thin
dark or, conversely, bright light bands twisted into spirals or arcs were recorded
on the SAR images (Fig. 1 inset). The structures observed in the images were pre-
dominantly the result of the film mechanism, while eddies caused by ice and shear
waves were noted on fewer occasions [26]. As in previous studies [24, 27], eddies
were detected visually from the manifestations described above, and their cha-
racteristics were determined based on the characteristics of the inscribed ellipse.
The following characteristics we ere identified: centre coordinates, diameter (cal-
culated as the mean between the large and small diameters) and type of rotation.
The counterclockwise spiral was taken as a manifestation of the eddy with the cyclo-
nic type of rotation and the clockwise spiral — with the anticyclonic type of rotation.

The analysis employed monthly average NASA SMAP 2 (Soil Moisture Active
Passive) scatterometer data with a spatial resolution of 0.25° in latitude and longi-
tude for the period March to August 2015-2021. These data were used to examine
the characteristics of the drive wind.

Surface currents were estimated using monthly mean zonal and meridional
component data from the GLOBAL OCEAN PHYSICS REANALYSIS product
(CMEMS GLORYS12v1) for 0—10 m horizons for March—August 2015-2021.
Additionally, geostrophic currents from the AVISO altimetry product were used
(URL: https://doi.org/10.48670/moi-00148). The background relative vorticity was
calculated according to the method described in [28].

The characteristics of tidal currents were estimated from TPXO9 atlas data
[29] at a resolution of 1/30° in latitude and longitude. Using TMD software (URL:
https://github.com/EarthAndSpaceResearch/ TMD_ Matlab Toolbox v2.5) for selec-
ted points in the four sub-areas shown in Fig. 1, the total tide was precalculated
for the eight main harmonic components (M2, S2, N2, K2, K1, O1, P1, Q1) for
the entire study period. Secondary (nonlinear and long-period) harmonics were not
taken into account, since special attention was paid to the variability of the charac-
teristics of currents within a spring-quadrature cycle equal to half a lunar month.
In order to obtain the results of the tidal current calculations for each of the four
sub-areas shown in Figure 1, the data was taken from a single point, which was
located above the sub-area signature. The tidal current field for the Avacha Gulf on
26.06.2018 was calculated using a 1/30° grid.

2 Available at: https://podaac.jpl.nasa.gov [Accessed: 25 August 2024].
3 Available at: https://doi.org/10.48670/moi-00021
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Results

Mesoscale eddies. In the Pacific Ocean water area adjacent to the Kamchatka
Peninsula and the Northern Kurils, 351 manifestations of mesoscale eddies with
an average diameter of 90 km were recorded from March to August 2015-2021.
Among the structures, the predominance of anticyclonic eddies (211) over cyclonic
eddies (140) was noted, with the diameters of cyclones being on average larger
than those of anticyclones.

Figure 2, a illustrates the spatial distribution of the trajectories of motion of
mesoscale eddies over the specified period. The majority of eddies exhibiting both
types of rotation (117 in total) were observed in the vicinity of the Kronotsky Gulf,
whereas the greatest number of anticyclonic eddies (60 in total) were noted in the
Avacha Gulf. The trajectories are presented in Fig. 2, b. Tt should be noted that
only the characteristics of eddies falling within the areas of satisfactory coverage
of the water area by SAR images were taken into account in the statistical analysis
(see Fig. 1). However, due to the inherent limitations of altimetric measurements,
the eddies in the immediate vicinity of the shoreline were not detected.
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Fig. 2. Trajectories of mesoscale eddy movement in the areas adjacent to the Kam-
chatka Peninsula and the Kuril Islands from March to August 2015-2021 (a): the black
lines indicate the cyclonic structure trajectories; the white lines indicate the anticyclonic
structure trajectories. The red broken line limits the coastal area corresponding to
the zone of satisfactory coverage of SAR images; tracks of anticyclonic mesoscale
eddies near the Avacha Gulf (b)
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In the study area, most of the mesoscale eddies move in a southwesterly direc-
tion, being formed as a result of the baroclinic instability [30] and interaction of
the main flow of the East Kamchatka Current with bottom topography and large-
scale irregularities of the coastline [9]. The known asymmetry in the distribution of
cyclones and anticyclones relative to the current jet is confirmed [9]. Anticyclonic
eddy structures tend to move closer to the coast and have an average lifetime of
21 days, while cyclonic structures tend to be more seaward and have a longer life-
time of 25 days. The main places of anticyclonic eddy formation are Kronotsky
and Avacha gulfs, and less frequently these eddies occur in the shelf areas near the
southern ends of capes jutting out into the sea, near Onekotan Island and the
Fourth Kuril Strait. Intense eddy motion in these areas can influence the position
and structure of cold and warm intermediate layers [31] and shape the distribution
of abiotic environmental factors that determine the development of pollock eggs
and larvae [3, 5].

On average, about 50 mesoscale eddy structures (Fig. 3, a) with a diameter of
90 km are observed in the study area from March to August each year. The inter-
annual variability of their number does not exceed +20 % and their mean diameter
+10 %. The year 2021 is anomalous in terms of the number of eddies. That year,
the Kamchatka Current, especially in the spring months, deflected significantly
to the southeast of the coast, forming a strong anticyclonic ring after passing Cape
Shipunsky at the crossing of Avacha Gulf [10]. In 2016 and 2017, when the
number of eddy structures was higher than the average, the East Kamchatka
Current was pushed towards the coast and its velocity was above or close to the
multi-year average.
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Fig. 3. Distribution of the number of mesoscale eddies and average velocity of
currents (gray line) in the upper layer based on CMEMS reanalysis data by years
(a) and months (b)
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Analysis of the intra-annual variability showed (Fig. 3, b) that the maximum
number of eddy structures (65) was recorded in March and the minimum (50) in July.
The observed maximum of manifestations is probably related to the weakening of
the East Kamchatka Current due to rearrangement of atmospheric processes deter-
mined by the shift in the position of the Aleutian minimum [32, 33]. This is also
confirmed by the seasonal change in surface current velocity from 21 cm/s in April
to 14 cm/s in August, as observed in the CMEMS GLORYS12vl reanalysis data.
There are no significant seasonal trends in the variability of mean eddy diameters
(diameters vary from 87 to 95 km for different months).

A generalisation of the OST data showed that the mean core temperature
of mesoscale anticyclones was 5.8 °C and that of cyclonic anticyclones — 6.7 °C.
This distribution is probably related to the peculiarities of the formation of mesoscale
structures. Anticyclones, formed mainly in the bays of the Kamchatka Peninsula,
trap and retain cold and dispersed shelf waters [11, 34]. Cyclones formed at the east-
ern edge of boundary currents, to which the East Kamchatka Current belongs, trap
and transport warm and saline water [35]. The calculated mean annual temperature
gradient between the centre and the periphery was 1.2 °C per 0.25° for anticyclones
and 0.7 °C per 0.25° for cyclones. The maximum surface temperature gradient
associated with eddies reaches 5 °C per 0.25°. These gradient values are quite signif-
icant and similar to estimates for frontal zones of climatic origin [36]. In addition,
the outer boundary of mesoscale anticyclonic eddies tends to exhibit significant

N Temperature, °C
I .
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Fig. 4. Manifestations of anticyclonic structures in fields of sea surface temperature
(a) and chlorophyll a (b) according to MODIS spectroradiometer data from the Aqua
satellite on April 26, 2017
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gradients in chlorophyll a concentration (Fig. 4, b), averaging about 1.5 mg/m® per
0.25°, potentially making them areas of rich food resources favourable for pollock
survival during early developmental stages [16].

Submesoscale eddies. In the study area during the warm period from 2015 to
2021, 559 surface manifestations of small (submesoscale) eddy structures were rec-
orded, with diameters ranging from 300 m to 22.5 km, with a mean value of 3.4 km.
In general, eddy structures are distributed over the whole area (Fig. 5, a), but they
are mainly concentrated in the shelf zone and its coastal part. The most frequent
manifestations are observed near the shores of the Kronotsky Gulf and near
Avacha Bay (more than in every fifth to sixth SAR image), and also southeast of
Paramushir Island (more than in every ninth to tenth SAR image). The dominance
of eddies of the cyclonic type (428) over eddies of the anticyclonic type (131) can
be seen. The mean diameter of eddies of both types was almost identical — 3.6 km
for cyclones and 3.4 km for anticyclones.

Cyclonic eddy manifestations were most common at 2 to 4 km (Fig. 5, b) —
about 40 % of all cyclones, and anticyclonic eddy manifestations — up to 2 km —
about 30 % of all anticyclones. At the same time, almost 3/4 of all eddy manifes-
tations had a diameter of up to 4 km, which corresponds to the minimum Rossby
radius in the area [19]. In general, eddies of this diameter were found predominant-
ly over the shelf or continental slope; large submesoscale eddies with a diameter of
10 km or more (about 5 %) were always found only over deep water.
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Fig. 5. Spatial distribution of centers of surface submesoscale eddy manifestations
between March and August 2015-2021 (the black and white points indicate cyclonic and
anticyclonic eddies, respectively) (a); the number of eddies depending on the diameter
and type of rotation (b)
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In 2015-2016, there were not many manifestations of submesoscale eddy struc-
tures (less than 10 % of the total number) due to low image availability in the area
(Fig. 6, @). In 2017 and 2020, almost the same number of manifestations was rec-
orded. As a rule, eddies were recorded on the shelf, most frequently in the
Kronotsky Gulf in 2017, in the Avacha Gulf and near Paramushir Island in 2020.
In 2018, eddies were most often observed in the form of groups. The maximum
number of small eddies was observed in 2019 — 28 % of the total number. They
were almost evenly distributed over the shelf, except for the area near Paramushir
Island. In 2021, despite good data availability, few submesoscale eddies were
detected. It is worth noting that the number of mesoscale eddy structures recorded
this year is at an absolute minimum.

Regarding the description of the intra-annual variability of submesoscale acti-
vity, it should be noted that the monthly data availability for the period under con-
sideration ranged from 221 to 240 SAR images. The minimum number of small
eddies was recorded in March (Fig. 6, b). They were observed only as single eddies.
In April, compared to March, the number of manifestations increased and they were
more frequent in the shelf areas, especially in the Kronotsky Gulf. In May, the
number of eddies increased, with the greatest increase recorded in the Avacha Gulf
and near Paramushir Island. In June, almost 30 % of the total number of eddies
were recorded. They were mainly recorded in groups. In July, the number of eddies
decreased and they were mainly recorded in the Avacha Gulf.
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Fig. 6. Distribution of the number of registered manifestations of sub-
mesoscale eddies (bars) and the number of radar images (gray line) by year
(a); intra-annual variability of the number of eddies (bars) and the average

monthly speed of the surface wind (gray line) (b)

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024



In August, the number of eddies increased again and they were observed more fre-
quently over the shelf. Note that the minimum number of eddies in March can be
explained by sufficiently high wind speeds (Fig. 6, b), which can lead to their
masking on SAR images [37]. In other months, the average wind speed decreases
to 5-6 m/s and does not prevent the manifestation of eddy structures on the SAR
images, although another minimum in the number of submesoscale eddies is noted
in July.

The obtained significant archive of one-time manifestations of submesoscale
and mesoscale eddy structures allowed us to consider them together. A preliminary
analysis of the coincident data showed that groups of small cyclonic eddies were
often observed at the periphery of mesoscale anticyclones. The causes of eddy for-
mation are quite diverse and typical for eddies of different scales [11, 26]. As noted
in [26], small-scale eddy structures can be caused by local wind effects, shear
instability of currents and frontal dynamics, plume propagation processes, and topo-
graphic effects when flowing around shoreline and bottom irregularities. The cluster-
ing of submesoscale eddies may indicate the transformation or even destruction of
larger eddies. The role of tidal dynamics in this process is a poorly understood
phenomenon.

Multiscale eddies and tidal dynamics. The cumulative analysis of satellite
imagery showed that intense flow friction at the outer boundary of large eddies re-
peatedly formed a large number of submesoscale eddies. A total of 76 mesoscale
eddies were identified based on the multi-year estimates obtained, with small eddies
recorded at the outer boundary of these eddies. It is worth noting that in most cases
such a situation occurred during the period of spring-like intensification of the tidal
currents. The results of such analyses taking into account the tidal dynamics are
presented in the table.

The table shows that the largest number of small eddies near mesoscale struc-
tures was observed in Avacha Gulf and the smallest — in the water area near
the southeastern tip of Kamchatka. Up to 60 % of the small eddies are generated
at the periphery of mesoscale structures during the spring tide. Typically, up to
10 small eddies per day were recorded at the periphery of mesoscale structures
at maximum tidal current velocities.

Considering the fisheries interest in the Avacha Gulf area, we have consid-
ered here the case of synchronous registration of eddies of different scales, dated
26 June 2018. First, we note that during the period of March—August 2015-2021,
62 mesoscale anticyclones with diameters between 60 and 156 km crossed the
Avacha Gulf (see Fig. 2, b). Most eddy structures are generated near Cape
Shipunsky, move chaotically over the eastern part of the Avacha Gulf, and then
dissipate south of 52° N with an average life of ~50 days. These eddies are often
‘delayed’ in the gulf, apparently falling into the area of weak velocities of the East
Kamchatka Current. The eddies are clearly visible in the field of geostrophic
velocities calculated from altimetric data (Fig. 7, @). Note also that the presence
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Occurrence of small eddies in the areas adjacent to the Kamchatka Peninsula
and the Kuril Islands from March to August 2015-2021

Including
Area Tot)afl élll\l/[néber of them durin
at the ME periphery the spring tideg
KG 189 80 40
AG 131 117 77
SEK 102 73 31
NK 137 94 63

Note: The occurrence was assessed if there were two or more eddies. SME — sub-
mesoscale eddies; ME — mesoscale eddies; KG — Kronotsky Gulf; AG — Avacha
Gulf; SEK — south-eastern Kamchatka; NK — the northern Kuril Islands (see Fig. 1)

of the mesoscale eddy in Fig. 7, a is not confirmed by the CMEMS GLORYS12vl
reanalysis data. On the same day, 26.06.2018, radar data on the periphery of the
mesoscale eddy, mainly in its northwestern part, revealed several submesoscale
eddies with an average diameter of 1.5 km, indicated by the points in Fig. 7, a. As
can be seen from Fig. 7, b, the observations fall within the period two days before
the maximum spring tide.

To illustrate the role of tidal dynamics, we consider the variability of the total
current vorticity in the tidal cycle. The eddy field corresponding to the geostrophic
currents in the mesoscale eddy of Fig. 7, a, is shown in Fig. 7, c. Having chosen
the closest moments of maximum tidal currents, we add them to the currents
in the mesoscale eddy (assuming they are background) and then recalculate
the eddy fields for these two moments. The difference between the two new vorti-
city fields is shown in Fig. 7, d, where it can be seen that the changes in total vorti-
city associated with the tidal influence are of the same order as its background
values. It is clear that in the northwestern and northeastern parts of the mesoscale
eddy there is a small-scale spatial inhomogeneity of the flow field when the tide is
taken into account, which can be a source of submesoscale eddy generation. This is

a manifestation of the known cascade process of vorticity transfer along the scale
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Fig. 7. Geostrophic circulation on 26.06.2018 with the position of the centers
submesoscale eddy manifestations from Sentinel-1 SAR data (the red star is the point
of tidal current calculation; the black and white points indicate cyclonic and anticyclon-
ic submesoscale eddy structures, respectively) (a); the magnitude of tidal currents for
11.06-10.07.2018 (the red line indicates the time when small eddies were recorded
on the SAR image) (b); the relative curl of the geostrophic circulation (C); the difference
of the fields of total curl at high tide (04:00) and low tide (16:00) in the Avacha Gulf
on 26.06.2018 (d). The geostrophic currents were interpolated onto the TPXO9 tidal
model grid
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spectrum from large to small scales [38]. The above considerations do not take
into account the nonlinear interaction between the mesoscale eddy and the tide,
baroclinic effects or other mechanisms of eddy formation are not considered.
Nevertheless, the analysis presented together with the results of the table gives
reason to consider the tidal factor in the occurrence of groups of small eddies
as quite plausible, especially since almost all of these eddies are observed far from
the coast at sufficiently large depths to exclude the influence of topographic
effects. During the neap phase of the tidal oscillations, the currents are at least
twice as weak here, and the tidal influence is reduced accordingly.

According to the OST data, the temperature of the core of the anticyclone
during this period is 7.8 °C, while at the outer boundary the surface temperature
reaches almost 9 °C. Thus, most of the small eddies are registered in the area of
the high-gradient thermal zone. It is believed that submesoscale eddies contribute
to more intensive vertical mixing and advection, which in turn may influence the
surface distribution of chlorophyll a concentration in this part of the Avacha Gulf,
which is favourable for biota development. Such a feature can be observed even in
the spring period, similar to the one shown in Fig. 4. To conclude the analysis of
the special case of 26.06.2018, we note another circumstance. The magnitude of
tidal currents in the Avacha Gulf varies within a wide range. South of Cape
Shipunsky they are comparable to the background currents and even exceed them.
However, on dates close to the example under discussion, small eddies were not
registered here due to the lack of radar coverage of this part of the Avacha Gulf.

Conclusion

This paper presents an analysis of heterogeneous satellite observations over
the Pacific Ocean water area adjacent to the Kamchatka Peninsula and the Northern
Kuril Islands. The comprehensive review of satellite data for a long period
(seven years) in the region represents a novel contribution to the existing literature.
The analysis demonstrated that eddy dynamics at different scales are subject to in-
terannual and intra-annual variability in the frequency and locations of occurrence
of eddy formations, as well as, to a lesser extent, in their size and type of rotation.
The peculiarities of variability of mesoscale eddies are related to the behaviour of
the East Kamchatka Current, which is largely determined by the atmospheric pro-
cesses on the interannual and synoptic scales. As evidenced by satellite observa-
tions and literature sources, the variability in the characteristics of water masses
and the dynamics of their boundaries observed in Avacha and Kronotsky Gulfs, as
well as on the shelf of southeast Kamchatka, affects the life cycles of a variety of
hydrobionts, including the early stages of pollock development.

The general trends in the interannual variability of submesoscale and mesoscale
eddies are revealed. The intra-annual variability of the characteristics of
multiscale eddies is demonstrated to depend on the peculiarities of seasonal
fluctuations of the East Kamchatka Current and the wind regime.
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The interconnection of eddies of varying scales provides an illustrative
example of a theoretically described direct cascade of energy transfer in the ocean.
The findings of our study indicate that the tidal factor can be a primary contributor
to the formation of groups of smaller eddies at the periphery of larger mesoscale
eddies, despite the absence of significant topographic effects. This phenomenon
can be attributed to unsteady current velocity shifts that occur as a result of tidal
currents. It can be hypothesised that such a process may result in the destruction of
the mesoscale eddy, as well as influencing the vertical and horizontal distribution
of pollock eggs and larvae. The specific example of the Avacha Gulf demonstrates
the formation of small eddies in the area of mass spawning and larval
development. The data on ocean surface temperature and chlorophyll concentration
in the same area indicate that small eddies can exert a significant influence on the
development of the prey base, which is of particular importance during the early
stages of fish development. It would be highly beneficial to conduct in situ
observations in order to describe these processes in greater detail.

It is noteworthy that the results of the global, widely used CMEMS ocean
reanalysis GLORYS12v1 do not reflect the observed pattern of mesoscale eddies
in the Avacha Gulf, which is indicative of multi-scale eddy dynamics in the region.
This confirms the need to develop and improve high-resolution models for this
region, which motivates further research.
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