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Hydrological Water Structure
and Distribution of Total Suspended Matter
off the Coast of Crimea in Spring 2021

Yu. V. Artamonov, E. A. Skripaleva *, A. A. Latushkin,
A. V. Fedirko, D. A. Ryabokon

Marine Hydrophysical Institute of RAS, Sevastopol, Russia

* e-mail: sea-ant@yandex.ru

Abstract

The paper analyzes features of the hydrological structure of waters and the distribution of
total suspended matter off the coast of Crimea within the economic zone of Russia between
the Heraclea Peninsula and Cape Opuk in April-May 2021 according to field measurements
carried out during the 116™ cruise of the R/V Professor Vodyanitsky. It is shown that
the Rim Current formed anticyclonic eddies to the south of the Heraclea and Kerch Penin-
sulas, to the east and south of Cape Meganom. Cyclonic eddies and meanders were ob-
served near the southwestern and southeast boundaries of the polygon. A decrease in sea
surface temperature east of Cape Meganom and in Feodosiya Bay associated with coastal
upwelling was revealed. It is shown that intense freshening of surface waters was observed
in the coastal northeastern part of the polygon. The mixing of the Azov Sea waters propa-
gating from the Kerch Strait and the waters of Feodosiya Bay led to the formation of
a tongue of freshened waters spreading to the south of the Kerch Peninsula. It is shown that
water freshening in the northeast part of the polygon was not accompanied by an increase in
the total suspended matter concentration, and its minimum was revealed in Feodosiya Bay.
The transport of these transparent waters along the periphery of the anticyclonic eddy led to
the formation of a tongue of waters of increased transparency south of the Kerch Peninsula,
which coincides in position with the tongues of waters of low temperature and salinity.
Waters of maximum turbidity were traced on the shelf between Cape Ayu-Dag and Cape
Sarych and to the west of the Heraclea Peninsula. It is shown that the highest content of
suspended matter was observed either within the upper quasi-homogeneous layer or in the
layer of the lower seasonal thermocline and pycnocline. The turbidity deeper than the
seasonal thermocline, halocline and pycnocline, was lower than that in the surface layer.
A low level of consistency was revealed between the horizontal fields of the total suspended
matter concentration and thermohaline parameters in the upper 30—40-meter layer. Deeper,
the consistency level increased to a significant level, and colder, saltier, and denser waters
were characterized by increased transparency.

Keywords: Black Sea, water circulation, Rim Current, temperature, salinity, density,
upper quasi-homogeneous layer, cold intermediate layer, thermocline, pycnocline, halocline,
total suspended matter
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I'uaposioruyeckasi CTpyKTypa BoJ
U pacrpeesieHne 00111ero B3BellieHHOT0 BelllecTBa
y 0eperoB Kpbima Becnoii 2021 roxa

1O. B. Apramonos, E. A. Ckpunanesa *, A. A. JIaTylmikuH,
A. B. ®eanpko, /1. A. P16okoHb

Mopcxoti cudpoghusuueckuii uncmumym PAH, Cesacmonons, Poccus
* e-mail: sea-ant@yandex.ru

AHHOTaUHUA

enpto maHHOW pabOTHI SABISACTCS aHAIM3 THIPOJOTHYECKOW CTPYKTYPHI BOJ Yy Oeperon
Kpeima BecHoit 2021 T. 1 OlleHKa ee CBSI3U C paclpeeliecHHeM B3BEIIICHHOTO BENIeCTBa IO
JAHHBIM KOMITJIEKCHBIX THAPOJIOTO-THAPOONTHYECKUX U3MEPEHUH, BHITIOHEHHBIX B PAMKaXx
MPOTPaMMBbl AKCTIEAUIMOHHBIX HccienoBanuii MM PAH B xome 116-ro petica HUC
«ITpodeccop BoasHumkuit». PaboTs! mpoBoauiKch B Ipenesiax 3JKOHOMHYECKOH 30HbI Poc-
cuu Mexay I'epakneiickuM m-oBoM u M. Onyk. ITokasano, uro k rory ot I'epaxneiickoro
u KepueHckoro n-oBoB, K BOCTOKY U 10ory oT M. Meranom OcHoBHOe UepHOMOpPCKOe Teue-
HHUEe (OPMHUPOBAJTIO AHTHLIUKIOHUYECKHE KPYTOBOPOTHI. Y 10T0-3aIlaTHOM U I0r0-BOCTOYHOM
TpaHUI] MOJWIOHA HAOJIONANNCH IUKIOHHMYECKHE KPYrOBOPOTHI M MeaHIpHl. BEIIBIEHO
MIOHMKEHUE TEMIIEPaTypsl OBEPXHOCTH MOPSA K BOCTOKY OT M. MeranoMm u B deomocuii-
CKOM 3aJIMBE, CBSI3aHHOE C NPUOPEKHBIM amnBeIIMHTOM. [loka3aHo, 9TO B MPHOpPEXKHOU
CEBEPO-BOCTOYHON YacTH MOJINIOHA HAOIIOJAIOCh MHTEHCUBHOE PACIPECHEHHE MOBEPXHO-
cTHBIX BoA. CMerieHWe a30BOMOPCKHX BOJ, HOCTymaromux u3 KepueHckoro mposnBsa,
n Box Peomocuiickoro 3anmBa NPHUBEIO K (POPMHUPOBAHMIO A3BIKA PACHPECHEHHBIX BOI,
pacmpocTtpansonierocst Ha 1or or Kepuenckoro m-oa. IIokazaHo, 94T0 pacnpecHEHHE BOJ
B CEBEPO-BOCTOYHOI 4YacTH IOJWTOHA HE CONPOBOXKAAIOCH ITOBBIIMICHUEM KOHICHTPALMH
00I1ero B3BEIIEHHOrO BellecTBa, B PeomocuiickoM 3aiiBe ObUT BBISBICH €€ MHHUMYM.
[lepeHoc >TuX MpO3pavyHBIX BOJ BIOJIb NMEpUPEPHH AHTHLIUKIOHUYECKOIO KPYroBOPOTa
npuBel K GopmupoBaHuio rokHee KepueHcKoro m-oBa s3bIKa BOJ MOBBIILIEHHON Mpo3pady-
HOCTH, COBIIAJIAIOIIET0 MO MOJIOKEHUIO C A3bIKaMH BOJ MOHWKEHHOH TeMIepaTypsl U coje-
HOCTH. Bonbl MakcHMaibHOM MYTHOCTH NPOCJIEKHMBAINCH Ha MIenbhe Mexny M. Aro-Jlar
u M. Capsru u k 3anaany ot I'epakielickoro m-opa. [Tokasano, 4to HanbobIIEE CONIEPIKAHIE
B3BEIICHHBIX BEIIECTB HAOIIOMANIOCh MO0 B IpeiesiaX BEPXHET0 KBa3HOJHOPOJHOTO CIIOs,
100 B CJI0OE HIDKHETO CE30HHOTO TEPMOKIHMHA M IMHUKHOKIMHA. MYyTHOCTH BOJ TTy0Oxe
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CC30HHBIX TCPMOKJIMHA, T'aJIOKJIMHA W IMHUKHOKJIMHA ObLIa HUKE, YCM B IOBCPXHOCTHOM
cioe. BersiBiieH HU3KU YPOBCHb COTJIACOBAHHOCTH I'OPU30HTAJIBHBIX moJie KOHICHTpAIHH
O6H.I€FO B3BCHICHHOI'O BCHICCTBA U TCPMOXAJIMHHBIX NAPAMETPOB B BEPXHEM 30—40-Me’I‘p0BOM
CJIo¢€. Fny6>i<e YPOBCHb COTIJIACOBAHHOCTHU TOBBIIIAJICA A0 3HAYUMOI'O U Ooiee XOJIOOHEIC,
COJICHBIC U MJIOTHBIC BOJAbI XapAKTCPU30BAJINCH MIOBBIIICHHOM IPO3pavYHOCTBIO.

Knwuessie caoBa: UepHoe Mope, nupKyJius Boa, OcHoBHOe UepHOMOPCKOE TeUEHHE,
TEMIIepaTypa, COJIEHOCTb, IIJIOTHOCTh, BEPXHUM KBa3UOJHOPOJHBIN CIIOW, XOJOAHBIN IIpOMe-
MKYTOUYHBII CIIOH, TEPMOKIIMH, NMKHOKJINH, TaJIOKJINH, 00IIiee B3BEIEHHOE BEIIECTBO

BaaroxapHocTH: padora BhIIONHEHa B paMKax rocyaapcrsennoro 3aganus ®T'BYH
OUIL MI'U mo temam Ne 0555-2021-0003 «Pa3BuTHe METOIOB OTIEPATUBHOM OKEAHOJIOTHUH
Ha OCHOBE MEXIUCIHILIMHAPHBIX HUCCIIEIOBAHUN MTPOLECCOB (OPMHUPOBAHUS M IBOIIO-
LMY MOPCKOH cpeapl M MAaTeMaTH4eCKOI'0 MOJEIMPOBAHHS C NPHUBJICUCHUEM JIaHHBIX
JUCTAHIIMOHHBIX M KOHTAKTHBIX HM3MepeHuil» (mupp «OmepatuBHAs OKEAHOIOTHS)
u Ne 0555-2021-0004 «D@yHHaMeHTaIbHBIE MCCIEIOBAHUS OKEAHOJIOTHYECKHX IIPOIIECCOB,
OIIPEAEIAIONINX COCTOSIHAE W 3BOJIIOIMIO MOPCKOW Cpellbl IO/ BJIMSHHEM €CTECTBEHHBIX
1 aHTPOIIOTCHHBIX (JAKTOPOB, HA OCHOBE METOAOB HAOJIIOACHHS U MOJCIMPOBaHUD) (IUU(P
«OKeaHOJIOTHYECKHE TIPOIECCH»). ABTOPHI BRIPAXAIOT 01arogapHOCTh WICHAM OTpsiia THI-
ponoruu u Teuenui C. A. llytosy, 1. B. [epromkuny u P. O. lllanoBanoBy 3a nposeneHue
THAPOJIOTHYecKuX u3MepeHuit B xozne 116-ro peiica HUC «IIpodeccop Bonsaumxmii.

Jdasa nuutupoBaHusa: ['maporormdeckas CTpyKTypa BOJ M pacrpeesieHne 00IIero B3Be-
IEeHHOTO BemecTBa y OeperoB Kpeima BecHoit 2021 rona / 1O. B. Apramonos [u ap.] // Dxo-
Jornyueckasi 06e3onacHOCTh NMpUOpekHOM ¥ menbdoBoit 30H mops. 2022. Ne 4. C. 6-24.
doi:10.22449/2413-5577-2022-4-6-24

Introduction

Under the conditions of ongoing climate change and increasing anthropogenic
impact on the water area of the Black Sea, monitoring the state of the marine eco-
system and studying the processes that determine its evolution at various spatio-
temporal scales are becoming increasingly important [1, 2]. Hydrological processes
in the upper layer of the Black Sea are the main factors influencing ecosystem
changes and determining the development of water bioproductivity. The most im-
portant ecosystem component, reflecting the state of the aquatic environment, is
the total suspended matter (TSM). The light beam attenuation coefficient (BAC)
serves as an indicator of the content of TSM " [3—6]. The study of the content va-
riability of suspended particles and its relationship with the features of the hydro-
logical structure of waters is an important element of environmental monitoring.
The development of remote sensing methods made it possible to obtain new data
on the variability of hydrological and hydrooptical structure of waters on the sea
surface [7—14]. At the same time, only contact methods can provide information
about the structure of waters in the deep layers of the sea, therefore, the Marine
Hydrophysical Institute (MHI) RAS regularly conducts expeditionary studies
in the Black Sea [15-17]. Carrying out instrumental measurements of currents

Y Mankovsky, V.I., Solov'iev, M.V. and Mankovskaya, E.V., 2009. [Hydrooptical Properties of
the Black Sea]. A reference book. Sevastopol: MGI NAN Ukrainy, pp. 20-21.
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that are quasi-synchronous with hydrological and hydrooptical observations signif-
icantly expands the possibilities for interpreting the features of the thermohaline
and hydrooptical structure of waters [18-22].

The purpose of this work is to analyse the hydrological structure of waters off
the coast of Crimea in the spring of 2021 and evaluate its relationship with the dis-
tribution of suspended matter according to the complex hydrological and hydroop-
tical measurements carried out as part of the MHI RAS expeditionary research pro-
gram during the 116™ cruise of the R/V Professor Vodyanitsky.

Materials and methods

The work used data from hydrological and hydrooptical measurements
at 99 stations performed off the coast of Crimea in the period from 22.04.2021
to 8.05.2021 (Fig. 1). At each station, temperature, electrical conductivity, and hy-
drostatic pressure were measured in the depth range from the surface to 500 m us-
ing the IDRONAUT OCEAN SEVEN 320PlusM sounding CTD complex, and
the speed and direction of currents in the upper 200-meter layer were determined
using the WORKHORSE ADCP acoustic doppler profiler 300 kHz.

Simultaneously with hydrological measurements at each station, measurements
of the directional light beam attenuation coefficient were carried out, for which
the SIPO4 probing spectral meter of BAC, developed in the Department of
Optics and Biophysics of the Sea of MGI RAS, was used . BAC measurements

||1"|"||||

43.5°

43°
32° 33° 34° 35° 36°E

Fig. 1. Layout of stations measured near Crimean coasts during
the 116" cruise of the R/V Professor Vodyanitsky

? Latushkin, A.A. and Martynov, O.V., 2016. [Method for in situ Determination of Spectral Index of
Spotlight Attenuation in Sea Water]. Russia. No. 2605640.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2022 9



were carried out in the red region of the spectrum at a wavelength of 625 nm
with a vertical resolution of 0.1 m from the surface to the limiting depth, which,
depending on the time allotted for hydrooptical measurements and weather
conditions, varied from 50 to 130 m. Based on the BAC measurements,
the concentration of the total suspended matter (Crsy) was calculated based
on the empirical ratio Crsy = 1.514-BAC(625) — 0.23. This ratio was obtained
earlier for the northern part of the Black Sea based on the measurement data of
BAC and the determination of TSM concentration by the gravimetric method
from water samples, which were additionally taken at the stations together with
the BAC measurements [23]. The concentration of total suspended matter was
understood as the concentration of all suspended particles that remained
on the filter.

For a quantitative assessment of the consistency of the spatial distributions of
Crsm and thermohaline parameters at each horizon with a discreteness of 1 m up to
the limiting depth of hydrooptical measurements, series of Crgy values, tempera-
ture, salinity, and density were formed for the totality of all stations, between
which the linear correlation coefficients R were calculated.

Main results

Water circulation. The distributions of dynamic heights (Fig. 2, a), geostrophic
vectors (Fig. 2, b) and instrumentally measured currents (Fig. 2, ¢ — f) show that dur-
ing the measurement period western flows corresponding to the Rim Current (RC)
prevailed on the polygon.

The maximum RC velocities reached 50-55 cm/s according to geostrophic
calculations (Fig. 2, ) and 40—45 cm/s according to instrumental measurements
(Fig. 2, ¢ — f). The results obtained by the dynamic method differ somewhat from
the results of direct current measurements. According to geostrophic calculations,
one can note a weakening of the RC velocity (up to 25-35 cm/s) over the continental
slope between Cape Sarych and Cape Ai-Todor (Fig. 2, b). According to instrumen-
tal measurements, the RC velocity in the surface layer in this region was higher and
reached 35-45 cm/s (Fig. 2, ¢).

The time of the survey (end of April — beginning of May) fell on the beginning
of the weakening of the RC velocity in the climatic seasonal cycle [24, 25].
According to [19, 25-27], the RC meandering intensifies during this period and
synoptic eddies are formed (cyclonic to the left of the RC core and anticyclonic
to the right). According to geostrophic calculations based on the survey data, a cyc-
lonic meander was observed near the southwestern boundary of the polygon,
and the southern periphery of the anticyclonic meander was traced above the conti-
nental slope in the northwestern part of the polygon (Fig. 2, ). Geostrophic calcu-
lations do not make it possible to assess the features of circulation in shallow shelf
areas, therefore a more complete picture of the meanders and eddies formed
by the RC is provided by the data of instrumental measurements of currents.
Thus, anticyclonic eddies were traced over the coastal shelf south of the Heraclea
Peninsula in the upper 50-m layer (Fig. 2, ¢, d) and east of Cape Meganom
at depths of 10-25 m (Fig. 2, ¢). Two more eddies were recorded above the conti-
nental slope in the entire measurement layer south of Cape Meganom and south
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of the Kerch Peninsula (Fig. 2, ¢ — f). In the field of dynamic heights, these eddies
manifested themselves only in the form of an anticyclonic bend in isodynams
(Fig. 2, a).

At the southwestern boundary of the polygon, a cyclonic eddy was traced
throughout the measurement layer, most clearly expressed at the horizons of
75-125 m (Fig. 2, e, f). At the southeastern boundary of the survey, an intense cyc-
lonic meander was traced, which at depths of 25-50 m was transformed into
an eddy (Fig. 2, d).

V., cm/s

1525 35 15 25 35 45
S LA
s 35° 36°E 32° 33° 34° 35° 36°E

Fig. 2. Dynamic topography relative to reference level 300 dbar (a), geostrophic
current vectors at 2 m horizon (b), vectors of instrumentally measured currents
at 10 m (¢), 50 m (d), 75 m (e), 100 m (f) horizons. Ellipses show anticyclonic (red)
and cyclonic (blue) eddies
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Thermohaline structure of waters. The sea surface temperature distribution
(SST) was formed as a result of intensive spring warming of surface waters and wa-
ter circulation features. The temperature minimum (10-10.5 °C) was observed near
the southwestern boundary of the polygon in the area of a cyclonic eddy, which is
associated with the rise of colder subsurface waters (Fig. 3, a). In general, the water
temperature in the surface layer in the eastern part of the polygon (approximately
cast of 34.5°E) was higher (13-15 °C) than in the western part (10-12 °C)
(Fig. 3, a). On the one hand, higher temperatures in the east of the polygon can be
explained by the peculiarities of water circulation — advection of the RC warm wa-
ters along the Caucasian and Crimean coasts. This advection is also observed
on the climatic scale according to satellite SST measurements [24]. On the other
hand, an increase in SST values in the eastern part of the polygon may be asso-
ciated with a longer period of spring warming of surface waters in this area, since
the measurements were carried out as the vessel moved from west to east. The dif-
ference between the time of measurements at the western and eastern boundaries of
the polygon was almost half a month. During the survey period, warmer waters
penetrated into the western part of the water area in the zone of the RC main jet,
reaching 34° E according to the position of the 12 °C isotherm. Despite higher
temperature in the eastern part of the polygon, near the coast east of Cape Mega-
nom and in Feodosiya Bay, the SST values decreased to 12—-12.5 °C (Fig. 3, a),
a possible reason for which was coastal upwelling caused by the southwest wind.
At the same time, the tongue of waters of low temperature (up to 13 °C) spread
to the south from Cape Chauda to about 44.5° N (Fig. 3, a). According to the dis-
tribution of current vectors, the reason for the appearance of such a tongue is
the transfer of colder waters from Feodosiya Bay by the alongshore flow, first
castward and then southward along the periphery of the anticyclonic eddy
(Fig. 2, ¢).

The distribution of the sea surface salinity (SSS) showed that along the entire
Crimean coast above the shelf and the slope of the depths there were freshened wa-
ters with a salinity below 18.4%o (Fig. 3, ). The minimum salinity (18.1-18.2 %o)
was observed off the coast of the Kerch Peninsula and in the eastern part of
Feodosiya Bay. The tongue of freshened waters along the isohaline of 18.25 %o

5] kb
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332 34° 35° 36°E

T T
32° 33° 34°

Fig. 3. Distribution of temperature (a) and salinity () in the surface layer
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spread to the south from the Kerch Peninsula, reaching almost 44.5° N. This ton-
gue was formed as a result of the mixing of the Sea of Azov waters coming from
the Kerch Strait and the waters of Feodosiya Gulf, transported eastward and then
southward along the periphery of the anticyclonic eddy (Fig. 2, ¢). Further above
the slope of the depths, these low-salinity waters were captured by the RC flow,
and as they were transferred to the west, their salinity gradually increased. Never-
theless, judging by the configuration of the 18.5 %o isohaline, the Kerch—Feodosiya
freshening reached the western boundary of the polygon. An increase in salinity
(up to 18.7 %0) was observed in the southern part of the polygon, where the cyclon-
ic direction of flows prevailed. As a result of the rise of more saline deep waters
to the surface, the salinity reached its maximum values (18.8—18.85 %eo)
in the zones of cyclonic meanders and eddies (Fig. 3, b).

Typical distributions of thermohaline characteristics on vertical profiles are
shown in Fig. 4, a. At most stations, an upper thin layer of relatively warm waters,
i.e., an upper quasi-homogeneous layer (UQHL), was observed. The formation of
this layer was associated with spring warming. The UQHL thickness in the water
area was 2—17 m in the western part of the polygon and 2—10 m in the eastern part
(Fig. 5, a).

Under the upper UQHL-1, in the temperature field, the second lower UQHL-2
remained, which formed in the previous winter period (Fig. 4, a). The depth
of the lower boundary of UQHL-2 varied from 18 to 45 m in the western part
of the polygon and from 10 to 30 m in the eastern part.

In the conditional density field, as well as in the temperature field, UQHL at
most stations was characterized by a stepped structure (stations 19, 61, and 63
in Fig. 4, a), while the depths of the lower boundaries of UQHL-1 and UQHL-2
in the density field almost coincided with the depths of the lower boundaries of
UQHL-1 and UQHL-2 in the temperature field.

In the salinity field, in contrast to the fields of temperature and density, pre-
dominantly one UQHL was traced, a two-step structure was observed only at some
stations (station 61 in Fig. 4, a). The vertical thickness of UQHL was 10-25 m
in the western part of the polygon (stations 15 and 19 in Fig. 4, a), in the eastern
part of the polygon it decreased to 5—17 m (stations 61 and 63 on Fig. 4, a).

Under UQHL, there was a layer of maximum vertical gradients of temperature
(VGT), salinity (VGS), and conditional density (VGo,) — seasonal thermocline,
halocline, and pycnocline (Fig. 4, b). The two-layer UQHL structure in the fields of
temperature and density caused the formation of two maxima (in absolute value) of
the VGT and VGo,, which were recorded at most stations (Fig. 4, »). The upper
maximum of the VGT and VGo; was located in the depth range of 5-20 m
(Fig. 4, b). The spatial distribution of the depth of the lower maximum of VGT
showed that in the western part of the polygon it was 21-47 m, and in the eastern
part it noticeably decreased and amounted to 13-35 m (Fig. 5, b). In the salinity
field, predominantly one VGS maximum was observed, located in the depth range
of 10-30 m (Fig. 4, b).

Deeper than the seasonal thermocline, pycnocline, and halocline, the cold
intermediate layer (CIL), the main pycnocline, and halocline were well traced
on the VGT, VGS, and VGo, profiles. The position of the CIL core is characterized
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Fig. 4. Vertical distributions of temperature (T), salinity (S), conditional density
(0y) (a), their vertical gradients and TSM concentration (b) at individual stations.
Lower boundaries of the upper quasi-homogeneous layer (UQHL) steps are shown
in the fields of temperature (red line segments), salinity (green line segments), den-
sity (blue line segments)
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Fig. 5. Distributions of occurrence depths (m) of the lower boundary of the upper
UQHL-1 in the temperature field (@), lower maximum of the vertical gradient of tem-
perature (VGT) (b), core of the cold intermediate layer (CIL) (c), and temperature dis-
tribution in the CIL core (d)

by a change in the sign of the VGT values. The main pycnocline and halocline are
traced on the profiles by the maximum positive values of VGS and VGa:. It should
be noted that in the spring of 2021, the distribution of the depths of the main pyc-
nocline, halocline, and CIL core clearly showed the features of water circulation
and synoptic eddy formations. Thus, the depth of the main pycnocline and haloc-
line decreased noticeably (to 45—55 m) in the southern deep-water part of the poly-
gon (station 63 in Fig. 4, b) and was minimal (40-45 m) in the southwest of
the polygon in the area of cyclonic eddy (station 15 in Fig. 4, b). Closer to the con-
tinental slope and in the zones of anticyclonic meanders and eddies, it noticeably
increased (up to 90-125 m) (stations 19 and 61 in Fig. 4, b). The depth of occur-
rence of the CIL core (Fig. 5, ¢) was also minimal (35—40 m) in the area of cyclon-
ic eddy in the southwest of the polygon and increased to 100—130 m in the zones of
anticyclonic formations located south of the Heraclea and Kerch Peninsulas.
The maximum deepening of the CIL core (up to 150-180 m) was traced in the area
of the anticyclonic eddy south of Cape Meganom. The temperature in the CIL core
(Fig. 5, d) varied from 8.3-8.4 °C in the zone of cyclonic eddy in the southwest of
the polygon to 8.7-8.8 °C in the areas of anticyclonic formations near the continen-
tal slope.
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200 m (b, d) horizons

In general, synoptic eddies in the horizontal temperature distributions above
and below the CIL manifested themselves differently (Fig. 6). At depths above
the CIL, in the zones of anticyclonic meanders and eddies in the north of the poly-
gon, elevated temperatures were noted due to the subsidence of warmer surface
waters (Fig. 6, a). At depths below the CIL, due to the subsidence of its waters,
the temperature in the zones of these eddies was lower than that of the surrounding
waters (Fig. 6, b). In the areas of cyclonic eddies and meanders in the southern part
of the polygon, due to the rise of water, a decrease in temperature above the CIL
(Fig. 6, @) and its increase below the CIL (Fig. 6, b) were observed. In the field of
salinity in the entire measurement layer, a decrease was noted in anticyclonic for-
mations, and an increase in salinity — in cyclonic formations (Fig. 6, ¢, d). These
features of manifestation of eddy formations in thermohaline fields, depending
on the depth, are fairly stable patterns and were observed from the results of hydro-
logical measurements performed earlier [19].

Distribution of total suspended matter concentration. A feature of the TSM
concentration distribution on the surface in the spring of 2021 was that in the nor-
theastern part of the polygon, intense water freshening was not accompanied
by an increase in turbidity, in contrast to other surveys [21, 23] and satellite
observations [11]. Along the coast, from Cape Meganom to the Kerch Strait, the TSM
concentration did not exceed 1.1 mg/L, and its minimum (0.55-0.9 mg/L) was
detected in the Feodosiya Bay (Fig. 7, a). This Crsy minimum, as well as
the decrease in temperature in this region, is associated with the rise of colder
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and clearer waters in the upwelling zone. The transport of clear waters
by the alongshore flow, first in an eastward and then in the southward direction
along the periphery of the anticyclonic eddy (Fig. 2, ¢), led to the appearance of
waters of increased transparency south of the Kerch Peninsula tongue. The Crgym
values in it did not exceed 1 mg/L (Fig. 7, a). The position of this tongue coincided
with the position of the tongues of low temperature waters (Fig. 3, a) and low sa-
linity waters (Fig. 3, b).

An increase in TSM concentration (up to 1.2-1.3 mg/L) was observed
in the form of individual spots that were traced in the Rim Current zone, above
the continental slope and on the shelf. TSM concentration maxima (1.35-1.4 mg/L)
were traced in the shelf zone between Cape Ayu-Dag and Cape Sarych and
to the west of the Heraclea Peninsula (Fig. 7, a).

The vertical structure of the TSM concentration field, in contrast to the struc-
ture of the temperature and density fields, was characterized by the presence of one
upper quasi-homogeneous layer (UQHLtsy). The thickness of UQHLrgy exceeded
the thickness of the upper UQHL-1 in the fields of temperature and density and
approximately coincided with the thickness of the UQHL in the salinity field.
The lower boundary of the UQHL~sy was located in the layer of the upper seasonal
thermocline and pycnocline and varied on the polygon in the depth range of
7-25 m (Fig. 4, b). A more developed UQHLsy can be associated with different
adaptation times for the temperature and density fields and the TSM concentration
field to changes in synoptic conditions during the period of intense spring warm-
ing. The same reason can explain noticeable differences in the depth of the maxi-
mum TSM concentration at different stations. At some stations, the maximum con-
centration of TSM was observed below the UQHLsy in the layer of the lower sea-
sonal thermocline and pycnocline (stations 15 and 63 in Fig. 4, b). At other sta-
tions, on the contrary, there was no subsurface maximum of TSM concentration,
and the highest content of suspended matter was observed within the UQHL gy,
deeper than which, in the layer of the lower seasonal thermocline and pycnocline,
there was a sharp decrease in the TSM concentration (stations 19 and 61
in Fig. 4, b).
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In general, at all stations deeper than the seasonal thermocline, halocline,
and pycnocline, the TSM concentration markedly decreased compared to its values
in the surface layer. Thus, already at the 50-m horizon (Fig. 7, b), in most
of the polygon, the values of Crgy did not exceed 0.35-0.55 mg/L. At the same
time, due to the subsidence of more turbid waters from the overlying layers of
the sea in the areas of anticyclonic eddies to the south of Cape Meganom and
the Kerch Peninsula, the Crgy values increased to 0.6-0.7 mg/L, and to the south-
west of the Heraclea Peninsula, to 0.9-1 mg/L (Fig. 7, b).

It should be noted that, in the depth range of 85-115 m, one more relatively
weak maximum of TSM concentration (0.33-0.89 mg/L) was observed at a number
of stations (stations 61, 63 in Fig. 4, ). A similar TSM maximum was revealed
according to the data of the spring survey in 2019, in which the depth of hydroopti-
cal measurements reached 200 m, i.e., the depth of the hydrogen sulphide zone
[22]. In the spring of 2019, this Crsy maximum was located under the main pyc-
nocline and halocline in the depth range of 80-170 m, which corresponded
to a layer of occurrence of isopycnal surfaces of 15.9-16.3 c. u. According to [28],
this layer covers the lower boundary of the suboxygen redox zone and the upper
layer of the hydrogen sulfide zone, the upper boundary of which is conventionally
determined by the position of the isopycna 16.2 c. u. Unfortunately, in the analyzed
survey, the depth of hydrooptical soundings did not exceed 130 m, therefore,
at many stations, the maximum TSM concentration in the suboxygen and hydrogen
sulfide layers could not be recorded. In general, an increase in the TSM content
in the boundary layer of the transition of the oxygen zone into the hydrogen sulfide
zone, observed according to the survey data of 2019 and 2021, was also noted ear-
lier in the work ". According to the authors of this work, the main reason for such
an increase in turbidity is oxidation of manganese and iron entering the suboxygen
zone and formation of a suspension of their oxides.

An analysis of the linear relationship between the series of Crgy values, tem-
perature, salinity, and density for the totality of all stations at each horizon
with a discreteness of 1 m showed that the level of consistency between horizontal
distributions of Crsy and thermohaline parameters noticeably changes with depth
(Fig. 8, a — ¢). In the upper 30—40 m layer, which covers the UQHL in the fields of
temperature, salinity, and density and the layer of seasonal thermocline, halocline,
and pycnocline, an insignificant level of linear correlation was revealed (Fig. 8).
The low agreement between the horizontal fields of Crsy and the thermohaline pa-
rameters in the upper layer is associated with different rates of adaptation of these
fields to changes in synoptic conditions. As a result, at a number of stations
in the layer of the lower seasonal thermocline and pycnocline, the TSM maximum
was observed, and at other stations, a sharp decrease in the content of suspended
matter occurred in this layer.

Deeper than the seasonal thermocline, halocline, and pycnocline, the connec-
tion level increased and the values of the linear correlation coefficients R were
0.5-0.6; at the same time, a positive correlation was revealed between the values of
Crsm and temperature (Fig. 8, a), and a negative correlation between the values of
Crsm and salinity and density (Fig. 8, b, ¢). The maximum level of linear corre-
lation with R values reaching 0.67 in absolute value was found between the dis-
tributions of Crsy and temperature at the 48 m horizon (Fig. 8, d), between
the distributions of Crsy and salinity and density at the 120 m horizon (Fig. 8, e, f).
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A higher than in the upper 40-m layer, the level of agreement between the horizon-
tal distributions of TSM and thermohaline parameters below the seasonal thermo-
cline, halocline, and pycnocline is due to a decrease with depth in the level of syn-
optic variability in thermohaline fields [25]. In general, a significant level of
agreement between the horizontal distributions of TSM and thermohaline parame-
ters indicates that at these depths, colder, saline, and denser waters were character-
ized by increased transparency, and the rise and fall of certain isosurfaces in ther-
mohaline fields were accompanied by a similar behaviour of isosurfaces in the field
of Crsm concentration.
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Conclusions

According to the data of hydrological and hydrooptical measurements per-
formed during the 116™ cruise of the R/V Professor Vodyanitsky in April-May
2021, it was shown that the Rim Current formed anticyclonic eddies located above
the coastal shelf to the south of the Heraclea Peninsula in the upper 50 m layer,
to the east of Cape Meganom at depths of 10-25 m, above the continental slope
in the entire measurement layer south of Cape Meganom and south of the Kerch
Peninsula. At the southwestern boundary of the polygon, a cyclonic eddy was
traced throughout the measurement layer, most clearly expressed at the horizons of
75-125 m. At the southeastern boundary, an intense cyclonic meander was ob-
served, which manifested itself as a closed eddy at depths of 25-50 m.

It was revealed that the water temperature in the surface layer in the east-
ern part of the polygon (to the east of 34.5° E) was higher (13—15 °C) than
in the western part (10—12 °C), which is due, on the one hand, with the Rim Cur-
rent advection of warm waters along the Caucasian and Crimean coasts, on the oth-
er hand, with longer spring warming of surface waters in this area. A decrease
in SST (to 12-12.5 °C), associated with coastal upwelling, was noted near the coast
east of Cape Meganom and in Feodosiya Bay. The temperature minimum
(10-10.5 °C), caused by the rise of colder deep waters, was observed in the area of
the cyclonic eddy near the southwestern boundary of the polygon.

It is shown that the minimum salinity (18.1-18.2 %) was observed off
the coast of the Kerch Peninsula and in the eastern part of Feodosiya Bay, while
the tongue of desalinated waters along the isohaline of 18.25 %o extended to
the south from the Kerch Peninsula. This tongue was formed as a result of mixing
of freshened Azov-sea waters coming from the Kerch Strait and the waters of Feo-
dosiya Bay, carried along the periphery of the anticyclonic eddy. The maximum
salinity values (18.8-18.85 %o) due to the rise of more saline deep waters to
the surface were noted in the zones of cyclonic meanders and eddies.

It was revealed that in the spring of 2021, UQHL of relatively warm waters
was observed at most stations, due to spring heating, under which the second lower
quasi-homogeneous layer, which formed in the previous winter period, remained.
In the conditional density field, the UQHL at most stations was also characterized
by a two-step structure. In the field of salinity, in contrast to the fields of tempera-
ture and density, one UQHL was predominantly traced. The two-layer UQHL
structure caused the formation of two maxima (in absolute value) of the vertical
temperature and density gradients.

It was shown that the features of water circulation were well manifested
in the distribution of the depths of occurrence of the main pycnocline, halocline,
and CIL core. The depth of the main pycnocline and halocline decreased markedly
(to 45-55 m) in the southern deep part of the polygon and was minimal (40—45 m)
in the southwest of the polygon in the area of the cyclonic eddy. Closer to
the slope of the depths and in the zones of anticyclonic meanders and eddies,
it noticeably increased (up to 90—125 m). The depth of the CIL core occurrence
was also minimal (35-40 m) in the area of cyclonic eddy in the southwest of
the polygon and increased to 100—-130 m in the zones of anticyclonic formations

20 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2022



south of the Heraclea and Kerch Peninsulas. The maximum deepening of the CIL
core (up to 150-180 m) was traced in the area of the anticyclonic eddy south of
Cape Meganom.

It is shown that in the spring of 2021, intense water freshening in the north-
eastern part of the polygon was not accompanied, as usual, by an increase in TSM
concentration. In Feodosiya Bay, a minimum TSM concentration (0.55-0.9 mg/L)
was revealed, and to the south of the Kerch Peninsula, a tongue of waters of in-
creased transparency, coinciding in position with the tongues of waters of low tem-
perature and salinity was revealed. An increase in TSM concentration (up to 1.2—
1.3 mg/L) was observed in the form of individual spots in the Rim Current zone,
above the continental slope and on the shelf, and its maxima (1.35-1.4 mg/L) were
traced on the shelf between Cape Ayu-Dag and Cape Sarych and to the west of
the Heraclea Peninsula.

The vertical structure of the TSM field was characterized by the presence of
one UQHL, the lower boundary of which was located in the layer of the upper sea-
sonal thermocline and pycnocline. The highest content of suspended matter was
observed either in the upper layer, coinciding in thickness with the UQHL
in thermohaline fields, or in the layer of the lower seasonal thermocline and pyc-
nocline. In general, deeper than the seasonal thermocline, halocline, and pycno-
cline, the TSM concentration markedly decreased compared to its values in the sur-
face layer. In the areas of anticyclonic eddies at these depths, an increase in TSM
concentration was observed due to the subsidence of more turbid waters
from the overlying layers of the sea.

It was found that the level of consistency between the horizontal distributions
of TSM concentration and thermohaline parameters changed markedly with depth.
In the upper 30—40 m layer, a low agreement between the horizontal fields of Crsy
and the thermohaline parameters was revealed. Deeper than the seasonal thermoc-
line, halocline, and pycnocline, the level of correlation between Crsy and thermo-
haline parameters increased to a significant level. The values of the linear correla-
tion coefficients R were 0.5-0.6, while a positive correlation was revealed between
the values of Crgy and temperature, and a negative correlation between the values
of Crgyv and salinity and density, i.e., colder, saline and denser waters were charac-
terized by increased transparency.
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Vertical Mixing in the Black Sea Active Layer
from Small-Scale Measurement Data

A. N. Morozov *, E. V. Mankovskaya
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*e-mail: anmorozov@mbhi-ras.ru

Abstract

The paper considers the methodological issues of using the G03 parameterization to esti-
mate the vertical turbulent diffusion coefficient from current velocity and density stratifica-
tion data collected with a depth increment of 4 m. Based on the expedition materials ob-
tained during the 87" cruise of the R/V Professor Vodyanitsky (30 June to 18 July 2016)
in the central sector of the northern Black Sea, this coefficient was estimated at the upper
boundary of the cold intermediate layer and the depth layer of 350-390 m. The results of
measurements in the acoustic Doppler current profiler exposure mode near the sea surface
and at the lower sounding point were used as input data on the current velocity. In the upper
sea layer at a potential density of 14.2 kg/m’, the coefficient value was 7.26-10° m?s,
which is close to its value of 6-10° m*/s in the core of the cold intermediate layer estimated
from the thermal conductivity equation from the 2017 expedition measurements. The cor-
responding heat flux into the cold intermediate layer is 1.79 W/m®. An indirect estimate of
the coefficient in the seasonal thermocline was 2.26-10”7 m*/s. This value is comparable to
the molecular heat diffusion coefficient. Salt flux at a potential density value of 14.2 kg/m’
is 2,977 g/(m*.year), the corresponding salt transport through the isopycnal surface is
1.1-10" g/year, or about 22 % of the mass of salt brought into the Black Sea by the lower
Bosphorus current per year. In the layer of 350-390 m depth at a potential density value of
about 16.9 kg/m’, the estimated vertical turbulent diffusion coefficient was 2.66-10° m%s.
The corresponding heat flux was 3.9-10° W/m? or about 10 % of the geothermal flux.
Salt flux of 4.110°° g/(m?/s) corresponds to its transport of 3.9-10" g/year through the iso-
pycnal surface and represents 0.75 % of the mass of salt brought by the lower Bosphorus
current per year. The ratio of the kinetic energy of small-scale processes to their potential
energy was found to be 1.53 for the near-surface layer and 11 for the lower sounding point.
This variability determines an almost threefold enhancement of vertical mixing at the upper
measurement point according to the GO3 parameterization
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BepTI/IKaJIl)HOQ nmepeMemmuBaHuE B 1€ATCILHOM CJ10€
‘Iepnoro MOPHA MO JaHHBIM MeJIKOMACIITAOHBIX I/I3MepeHI/II7[

A. H. Mopo3os *, E. B. ManbkoBcKast

Mopcxou eudpogpusuueckuti uncmumym PAH, Cesacmononw, Poccus

*e-mail: anmorozov@mbhi-ras.ru

AHHOTaANHUA

PaccMoTpensl MeToanYecKre BONPOCH! HCHONIB30BaHus napaMmerpusannd G03 aist oLeHKH
kod(punrenTa BepTUKaIbHOU TypOyIeHTHOW AUQY3UH 10 JTaHHBIM O CKOPOCTH TCUEHHS
1 IUIOTHOCTHOM cTpatuduKanuy, COOpaHHBIM C paspemeHueM 4 M mo rimyoune. Ha ocrHoBe
SKCTICAMIIMOHHBIX MaTepHasoB, moaydeHHbIX B 87-M peiice HUC «IIpodeccop Bonsuun-
kuity, npoxoausiieMm ¢ 30 utoHsa mo 18 uronst 2016 T. B IEHTPaJIbHOM CEKTOPE CEBEPHOMN
gacTi YepHOTro MOpsi, BBHIOJIHEHA OIIEHKA 3HAYEHWH 3TOro KO3 QUIlMeHTa Ha BEpXHEH
TpaHMIe XOJOJHOTO MPOMEXKYTOUYHOTO cliost U cioe riayoun 350-390 m. B kauectBe wmc-
XOIHBIX JaHHBIX O CKOPOCTH TEUEHHsI OBUIM MCIIONIB30BAHBI PE3YJIbTaThl H3MEPEHUH B pe-
JKFME BBIIEPKKH aKyCTHIECKOTO JOIUIEPOBCKOTO MPOGMIOMETPa TCUCHUH Y TIOBEPXHOCTH
MOpsI M B HIDKHEH TOYKE 30HJMPOBaHMA. B BepXHEM cioe MOps P MOTEHINAIBHOH IIIOT-
Hoctn 14.2 kr/m° 3uauenne xodddumuenta cocramio 7.26-10° m*/c, aro 6im3ko K ero
3Hauenmo 6-10°° M%/c B sPe XOMOAHOTO MPOMEKYTOUHOTO CIIOS, OLICHEHHOMY H3 ypaBHe-
HUS TEIUIONIPOBOJHOCTH TI0 pe3yibTaTtaM n3MepeHuit skcreaunuii 2017 r. CooTBeTCTBYIO-
LK1 IOTOK TEIUIa B XONOXHBII POMEKYTOUHBI clioii paser 1.79 Br/m”. KocBeHHas oueH-
Kka k0> (HUIMCHTA B CE30HHOM TepMOKIHHE cocTaBiia 2.26-107 M*/c — 3HadeHHe, cOMOC-
TaBUMOE ¢ KOAPPHUITUEHTOM MOJIEKYJIIpHOH Auddy3un Termia. [IoTok colu mpy 3HAYCHUH
MOTEHIMAIBHOI IoTHOCTH 14.2 Kr/M° paBer 2977 r/(M>T0), COOTBETCTBYIOLIHIT IEPEHOC
COJIM Yepe3 U30MMKHUYECKYIO IOBEPXHOCTD — 1.1-10"° r/roa, wiu oxomno 22 % Maccel COIIH,
npuHocuMoill B UepHoe Mope HIKHeOoc(hOpckuM TeueHneM 3a roj. B cmoe rimyoun 350—
390 M mpu 3HAYEHHUHU MOTEHIMAIBLHOM IIOTHOCTH 0KoJIo 16.9 Kr/m® oreHka ko3 dunueHTa
BepTHKANbHOH TypOynenTHo# auddysuu coctaBmia 2.66-10° m*/c. CooTBeTcTByOMMiIt
noToK Terma pasen 3.9-107 Br/m’, miu okono 10 % reotepmansHOro notoka. [IoTok commu
4.1-10"® r/(M*-c) COOTBETCTBYET €€ MepeHOCY uepe3 M30MMKHUUYECKYI TIOBEPXHOCTh B Pas3-
mepe 3.9-10" r/rox u cocrasster 0.75 % OT MAcChl COIH, TIPHHOCHMON HIKHEG0CHOPCKIM
TEUCHHWEM 3a TOA. YCTAHOBJIEHO OTHOILICHHE KWHETHYECKOI PHEPrHMH MEIKOMAaCIITaOHbBIX
MIPOLECCOB K UX MOTCHLUAIBHOW JHEPruH, KOoTopoe paBHO 1.53 mis BepxHeEro cios u
11 1 HYUOKHEH TOYKM 30HAMPOBaHMs. Takas M3MEHUYMBOCTDH ONpPENEISeT MOYTH TPEXKPaT-
HOE yCWJICHHE BEPTHKAJIBHOTO MEPEMENINBAHNS B BEPXHEH TOUKE M3MEPEHUH B COOTBETCT-
BHU C mapameTpusanuein GO3.

KiawuyeBble ciaoBa: I{epﬂoe MOp€, BCPTUKAJIBHOC NEPEMCIIMBAHUEC, CABUI' CKOPOCTHU
TE€YCHUA CKOPOCTH TEUCHUS, IIOTOK TEIJIA, IIOTOK COJIN

BaaronapuocTH: padora BHIIOJHEHA B paMKaxX TOCYAapCTBEHHOTO 3aJlaHus 110 TeMaM
Ne 0555-2021-0003 «OmeparuBnasi okeanosorusi», Ne 0555-2021-0005 «IIpubpexHsie
HCCIIETOBaHUS.

Jdas uurtupoBanusa: Moposzos A. H., Mauvkoeckas E. B. BepTukanbHoe nepeMelnBa-
HUE B JIEATEILHOM ci1oe UepHOro MOpst 10 JaHHBIM MEJIKOMACIITA0HBIX U3MepeHHi // JKo-
JIornyeckas 0e30MmacHOCTh NPUOPEXHOW M 1enbPoBoi 30H Mopsi. 2022. Ne 4. C. 25-38.
EDN TRZMDQ. doi:10.22449/2413-5577-2022-4-25-38
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Introduction

Vertical fluxes of heat, salt, nutrients and other substances in the Black Sea
water column have a significant impact on the functioning of the ecosystem of
the upper active layer and partly determine the efficiency of reproduction of its re-
sources used in the national economy (fishing, mussel farms, oyster plantations,
etc.). Basically, vertical exchange is carried out by means of turbulent mixing.
As aresult, the estimation of the vertical turbulent diffusion coefficient in the Black
Sea has been an urgent task of oceanology for many years " [1-7].

The range of coefficient values given in the literature for the Black Sea ex-
tends from values close to the molecular heat diffusion coefficient of ~10~" m*/s [3]
to the maximum value of 3-10> m*/s (in the work "). Such a large range of coeffi-
cient values is determined both by the difference in methods for its assessment, and
by the spatio-temporal difference in hydrophysical conditions and atmospheric
effects. At present, it is generally accepted that the value of the vertical turbulent
diffusion coefficient obtained from microstructural data is the most reliable [4].
However, the sources only state two cases of using microstructural probes
in the deep part of the Black Sea [3, 4], which give the values of the coefficient
in the upper stratified layer of the sea at the level of O(10™°) m*/s. A small number
of this kind of data is due to the high cost of equipment, technological difficulties
in carrying out measurements and data processing. At the same time, synchronous
measurements of density and current velocity profiles performed with a small-scale
resolution are currently widespread and are often used to estimate the vertical tur-
bulent diffusion coefficient [6, 8—12].

From the summer of 2016 to the present day, the Marine Hydrophysical Insti-
tute has carried out more than 20 expeditions in the central sector of the northern
part of the Black Sea [13, 14], where both CTD measurements and measurements
of current velocity profiles using the Acoustic Doppler Current Profilers (ADCP)
were taken. The purpose of this work is to study the characteristics of small-scale
processes in the active layer of the Black Sea. The article discusses methodological
issues of applying the G03 parameterization [10, 11] for estimating the vertical tur-
bulent diffusion coefficient based on the data obtained as a result of ADCP expo-
sure near the sea surface and at the bottom of sounding. The measurement data are
used to estimate the heat and salt fluxes at the upper boundary of the cold interme-
diate layer [13] and at the lower boundary of the upper layer of shear baroclinic
currents [6, 15]. It is expected that the proposed approach to estimating the ver-
tical turbulent diffusion coefficient, applied to the entire array of data collected
during expeditions of recent years, will make it possible to assess the seasonal
variability of the intensity of vertical mixing at different depths in the active layer
of the Black Sea.

D Blatov, A.S., Bulgakov, N.P., Ivanov, V.A., Kosarev, A.N. and Tuzhilkin, V.S., 1984. Variability of
Hydrophysical Fields of the Black Sea. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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Data, instruments and methods

The expedition materials obtained during the 87™ cruise of the R/V Professor
Vodyanitsky, which took place from 30.06.2016 to 8.07.2016 in the central sector
of the northern part of the Black Sea (31°-36.5°E, 43°-45°N), were used
in the article [16]. CTD measurements were performed using the SBE 911plus
probe, the results were interpolated to a grid with a step of 1 m. The current veloci-
ty profiles were measured using a lowered ADCP based on WHM300 manufac-
tured by RDI, depth resolution (») 4 m [17]. The total number of stations was 106.
The work used data from 65 stations taken at a sea depth of more than 400 m.
The current velocity vectors in the 30-60 m layer at these stations are shown
in Fig. 1. The stations were evenly located in the area of the Rim Current and out-
side it closer to the center of the sea. The sequence of measuring the current veloci-
ty profile included 3—5 min exposures of the instrument near the sea surface and
at the lower sounding point [14]. It is the data obtained during ADCP exposures
at these horizons that are analyzed in this work.

Density profiles (p = 1000 + o,, where oy is the potential density, kg/m’) were
previously subjected to low-frequency depth filtering using a triangular filter corre-
sponding to ADCP spatial averaging, transfer function H,pcx(k) = (sin(rnbk)/(nbk))*
(k is the vertical wave number) [17]. Further, using linear interpolation, the density
values were determined at the horizons for measuring the current velocity.

Fig. 2 shows the initial data in the form of a scattering diagram: the buoyancy
frequency square is plotted along the abscissa (NV* = (g/p)(Acy/Az), where g is the acce-
leration of gravity; Az is the depth increment (here — 4 m)); along the y-axis,
the squared shear of the current velocity according to the data ADCP
(SH 4pcp = (AUIAZ)” + (AVIAz), where U, V are the eastern and northern components

45°
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wi Ty e 4 e
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¥ C X
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31° 32° 33° 34° 35° 36° E 37°

Fig. 1. Schematic station layout in the 87th cruise of the R/V Professor
Vodyanitsky (arrows show current velocity vectors at the layer of 30-60 m)
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of the current velocity vector). Transfer function of differentiation at a finite depth
increment Hpi(k) = (sin(nAzk)/(nAzk))* [18]. Gray diamonds correspond to
the data obtained in the vicinity of the upper boundary of the cold intermediate
layer (density 14.2 + 0.15 kg/m®) when the device is exposed near the sea surface.
The number of readings is 256, the average depth of the isopycna with a potential
density of 14.2 kg/m’ is 44 m. The grey triangles correspond to the data collected
when the instrument was exposed at the lower probing point. The number of read-
ings is 566, the average density value is 16.9 kg/m’, the average depth is 369 m.
Black markers are average values (N°) and (Sh*), where (...) is the operator of av-
eraging over all samples.

The solid black line corresponds to the critical value of the gradient Richard-
son number (Ri = N*/Sh*), which is 0.25 [19]. At values of the Richardson number
less than the critical one, a linear instability of the shear flow can occur, leading to
the development of turbulence. It can be seen from the figure that in the initial data
set, all values of the Richardson number at the lower sounding point are greater
than the critical one, which can be perceived as the absence of turbulent mixing,
since the necessary condition for shear flow instability is not met. This is due to
the fact that the measurements were carried out with the spatial depth resolution
inherent in ADCP and, in addition, the derivatives were calculated at finite depth
increments. The vertical resolution of the shear measurement process, determined
by the weakening of the transfer function H,pcp' Hpir to a level of 3 dB, was about
12 m. It was shown in [20] that the enhancement of turbulence dissipation should
be associated with small values of the Richardson number obtained at vertical in-
crements of 3 m. At the same time, estimates of the value of the Richardson num-
ber on a 10-meter scale have little in common with the microstructure. In essence,
this means that turbulence is mainly generated at vertical scales that are smaller
than the vertical resolution with which our measurements were made.

The black dashed line represents the results of the ratio

1
Shé*me = IFGM76 (N,k)-H 4pcp(k) - Hpie (k) - dk , where Feye(N, k) — shear spectral
0
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density for the canonical spectrum of internal waves GM76 [21, 22], as given
in [23]. At the upper boundary of the cold intermediate layer { Sh2,,)=3.7-107 s %

ShZ: .« = 6.2-107 s7°. This confirms the fact that the intensity of internal waves

in the Black Sea is weaker than in oceanic conditions, for which the canonical
spectrum of GM76 was determined. For the ocean, there are two sources of
internal waves approximately equal in power: tides and wind [24], while
in the Black tide-free sea, the only source of internal waves is the wind [25].
At the lower point of the sounding, the average value of the squared measured shear

( Sh2pep) = 5.5-107° s7%) slightly (10 %) exceeds the value of ShZ,,, = 5107 57,
which is a less expected result. Early parameterizations for estimating the vertical

turbulent diffusion coefficient from the data collected at fine-scale resolution
were based either on the Richardson number [26] or on the relationship

Kyoo((Sh2pep )/ Shdasas )’ [8], or on a more complex dependence on the Richardson

number and the probability of observing its value less than the critical one [27, 28].

Results and discussion

In the framework of this article, to estimate the coefficient of vertical turbulent
diffusion (Ky), the parameterization GO3 [10] was used, which takes into account
the deviation of the spectrum of internal waves from the canonical form [9] and
the geographical location of the measurement area. The applied formulas for calcu-
lations are borrowed from [11]:

2

el L)
=Ko G By )
)
h(R,)= 2N2R, R, -1’
' farccosh(N/ 1)
N — b
J(fIN) fyoarccos i(Ny/ f30)

where K, = 5-10° m?/s; f'is the local inertial frequency at 44° N; f3, is the inertial
frequency at 30° N; N, = 5.24-10 rad/s. The ratio of flow velocity shear to strain
variations (R, — the shear/strain variance ratio), or the ratio of kinetic and potential
energy of small-scale processes, is defined as

_ <SthCP>

L NEY

where (£2) = (SUN? = (N> — N2,)YKN?)* is the mean square strain; Ngy is
the dependence characterizing stable features of density stratification.
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Lower boundary of the upper layer of shear baroclinic currents. Fig. 3 shows
some graphical material explaining the procedure for estimating the coefficient of
vertical turbulent diffusion and calculating the heat and salt fluxes based on
the data obtained at the lower point of sounding. Fig. 3, a shows the dependence of
the buoyancy frequency square on the difference between the measurement
depth and the isopycnal depth 4 = 16.9 kg/m® (Dy,).The linear dependence

N}, on distance was drawn by the least squares method (black line) and cha-

racterizes the stable state of density stratification. The normalized value of
deformation at Dis9 = 0 (ShZ; ) = (E2)-(N*) = 5-107" rad?/s’, while the mean
value of the square of the measured shear of the current velocity at Digo = 0
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Fig. 3. Dependences of buoyancy frequency square (a); square of ADCP
shear (b); temperature (c); salinity (d) on the distance to isopicna 6y = 16.9 kg/m3
in the range of £20 m. Crosses are for input data, black lines are for dependences
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(Shpcp) = 5.5-10°° s7* (Fig. 3, b). The ratio of kinetic horizontal energy to poten-

tial energy R, = 11, which is close to the estimate of this parameter for the 250—
500 m layer in the Black Sea given in [5]. For spectrum GM76 R, = 3. A signifi-
cant difference in the values of the parameter is caused by the dominance of inter-
nal waves in the deep layers of the Black Sea near the inertial range [14, 29-31],
which are more pronounced in the horizontal current velocity than in the deforma-
tion of isopycnal surfaces. Values of the parameter R,,, which is in the range of §-14,
are also characteristic of the northern seas [32], and in some arecas of the Atlan-
tic Ocean, R, reaches 100 [12]. The value of the function /;(R,) = 0.37, which is
~ 2.5 times less than that for the canonical spectrum GM76. The calculated value
of the coefficient Ky = 2.66-10°° m?/s, which is only ~ 2 times less than modern
theoretical predictions [7], and ~ 60 times less than that given in earlier works [1, 2].

The salt flux was calculated from the ratio Fg,, = p-K;-Sz, where S = 0S5/0z =
= 1.5-10" psu/m is the salinity derivative (S) with respect to depth (Fig. 3, d).
The corresponding value Fsy = 4.1:10° g/(m*s). Assuming that the area of
the horizontal section of the sea at a depth of 370 m is equal to 3-10° km® [33],
we find that the salt flux amounting to 3.9-10" g/year rises through it. The lower
Bosphorus current brings an average of 150 km® (V) of Marble Sea water
with a salinity of about 34 psu [33] to the Black Sea, or about 5.1-10" g/year of
salt. Thus, through the isopycnal surface oy = 16.9 kg/m’, the amount of salt, which
is 0.75 % of its inflow through the Bosphorus Strait against 35 % given in [3] rises.
In other words, to maintain the salt balance, it is necessary that less than one per-
cent of the salt brought by the lower Bosphorus current penetrate into the depth
layer of more than 350 m.

The heat flux was calculated from the relation Fyey = p-Cy-K;-0,, where
Cy-=4.2-10° J/(°C-kg) is the heat capacity of water; 0. = 30/0z = 3.4-10* °C/m
is the derivative of potential temperature (0) with respect to depth (Fig. 3, ¢).
The corresponding value Fleq = 3.9-10° W/m?, which is about 10 % of the geo-
thermal heat flux (Fyeageo = 40 mW/m? [34, 35]). At an average water tem-
perature of the lower Bosphorus current of 14 °C, the Black Sea receives
Fiteasosph = P-Cir-(Tor — To)-V = 9-10" J/year, at Ty = 0 °C. Fyyeani0 = 3.7-10' J/year and
is transferred through the isopycnal surface with a potential density of 16.9 kg/m’,
which is about 0.41 % of the heat supplied with the lower Bosphorus current.

The almost twofold excess of the share of the salt flux (0.75 %) over the share of
the heat flux (0.41 %) can be explained by the difference in the processes of ex-
change of substances with the environment when the waters of the Marble Sea are
submerged to depths of more than 370 m. In particular, heat exchange occurs not
only with the surrounding aquatic environment, but also through the bottom surface.

Upper boundary of the cold intermediate layer. Calculation of the vertic-
al turbulent diffusion coefficient from the data obtained during ADCP exposure
near the sea surface was carried out according to a complicated procedure.
This is due to the fact that the characteristic scales of stable stratification
variability are close to the wvertical resolution of the measurements.
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The temperature and salinity profiles (Fig. 4, a) were obtained as a result of low-
frequency filtering of the initial data and were subsequently used to determine
the corresponding vertical derivatives. The largest number of measurements N
is observed in the vicinity of the local minimum of the buoyancy frequency
between the seasonal and permanent pycnocline at potential density values of
142 +0.15 kg/m® (256 readings in Fig. 4, a and b) [13]. In order to minimize
the influence of the final resolution of measurements on the determination of para-
meters (82) and (Nz), their calculation was made for several samples of initial data
falling into windows of different widths (Acy) with symmetrical boundaries rela-
tive to the value of potential density cg = 14.2 kg/m3. In the calculation of (82>,
stable stratification was represented by a second-order polynomial (dashed line
in Fig. 4, b). The results of the determinations were well represented by linear de-
pendences obtained by the least squares method with a decrease in the sampling
window width from 0.35 to 0.15 kg/m’ (corresponding dashed lines in Fig. 4, c).
The lower threshold of the window width was determined from the condition
that the amount of initial data should be at least 100. Further in the calculations,
we used the values 8°(0) and N*(0) obtained from the linear dependences
at Acy = 0. The average value of the squared shear did not show any dependence
on the width of the sampling window. The measured value of the squared norma-
lized deformation was about 1.2 of its value for the spectrum of GM?76.
On the contrary, the measured value of the squared shear of the current velocity
(Fig. 4, d) is only about 0.6 of its value for the spectrum of GM76. The correspond-
ing ratio of the kinetic and potential energies of small-scale processes R, = 1.53,
which is almost two times less than its value for the spectrum of GM76. This can
be caused by the interaction of internal waves with vertical inhomogeneities of sta-
ble density stratification, which have characteristic scales close to the lengths of
internal waves. The function value 4;(R,) = 2.53 versus units for GM76 spectrum.
Geographic correction j = 1.55. Vertical turbulent diffusion coefficient
Ky =7.26-10° m%/s, which is quite close to its value (~ 6:10° m*/s) in the core of
the cold intermediate layer at o = 14.5 kg/m’, calculated from the heat conduction
equation [13].

The heat flux through the isopycnal surface with a potential density of
14.2 kg/rn3 (FHeat14.2) Was 1.79 W/m?, which significantly exceeds the value of
the geothermal flux. At a qualitative level, it is obvious that the seasonal pyc-
nocline in the Black Sea weakens the exchange processes between the upper
homogeneous mixed layer and the water column, but quantitative estimates are
rarely given in the literature [36]. By equating the heat fluxes at the upper
boundary of the cold intermediate layer and in the seasonal pycnocline, we can
estimate the vertical turbulent mixing coefficient in the seasonal pycnocline
itself from the relation K(12) ~ T.(14.2)/T.(12)-K(14.2) = 2.26-10"7 m?/s.
The obtained value is close to the value of the heat molecular diffusion coeffi-
cient (k; = 1.4-107 m?s). In essence, this means that in summer the heat flux
from the upper homogeneous mixed layer into the water column through
the seasonal thermocline is largely determined by molecular diffusion.
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Fig. 4. Averaged profiles of temperature (red line), salinity (green line), and
buoyancy frequency square (black line, crosses are for input data) (a); depen-
dence of buoyancy frequency square on density in the neighbourhood of value
14.2 kg/m’ (crosses are for input data, dashed line is for quadratic polynomial
approximant) (b); dependences of buoyancy frequency square (red dots) and
mean squared deviation from the mean (blue dots) on the sampling window
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for approximating linear dependences) (c); dependence of squared shear on den-
sity (dashed line is for the mean) (d)
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The microstructural measurements taken in the Yellow Sea with similar parameters
of the pycnocline also showed values of the vertical turbulent diffusion coefficient
comparable to the molecular heat diffusion coefficient [37].

The salt flux through the isopycnal surface at the value of potential density
Go = 14.2 kg/m’ is equal to 2977 g/(m*year), which gives a salt transfer of
1.1-10" g/year. This is about 22 % of the salt flow brought into the Black Sea
by the lower Bosphorus current. A significant violation of the salt balance can be
explained by the seasonal variability of both the exchange through the Bosphorus
Strait [34] and the vertical turbulent diffusion coefficient [6].

Conclusion

The methodological issues of applying the GO3 parametrization for estimating
the vertical turbulent diffusion coefficient from the current velocity and stratifica-
tion data collected near the sea surface and at the lower point of sounding with
a small-scale resolution are considered.

For the upper boundary of the cold intermediate layer at a potential density of
14.2 kg/m’, the corresponding estimate of the coefficient was 7.26-10"° m*/s. This
is close to its value in the core of the cold intermediate layer (6-107° m?/s) obtained
from the heat transfer equation based on the results of several expeditions in 2017.
The corresponding vertical heat flux was 1.79 W/m®”. The salt transfer through the
isopycnal surface with a potential density of 14.2 kg/m’ is 1.1-10"° g/year, or about
22 % of the mass of salt (5.1-10" g/year) brought into the Black Sea by the lower
Bosphorus current. An indirect estimate of the coefficient in the seasonal pycnoc-
line amounts to 2.26-10"" m*/s and shows its comparability with the heat molecular
diffusion coefficient, which is in good agreement with the results of microstructural
measurements for similar conditions.

For the lower boundary of shear baroclinic flows at a potential density of
16.9 kg/m’, the estimate of the vertical turbulent diffusion coefficient was
2.66-10°° m%/s, which is almost half the size of the theoretical estimate. The corres-
ponding heat flux is 3.9-107° W/m?>, or ~10 % of the geothermal heat flux. A salt
flux of 4.1-10°° g/(m>s) corresponds to its transport through the isopycnal surface
in the amount of 3.9-10" g/year and is 0.75% of the mass of salt brought by
the lower Bosphorus current per year.

One of the results of the presented work is the establishment of the ratio of
kinetic and potential energy of small-scale processes. Near the surface in the vicini-
ty of the isopycna with a potential density of 14.2 kg/m’, its value amounted
to 1.53 and 11 for the lower sounding point at a potential density of 16.9 kg/m’.
As a result, the value of the vertical turbulent diffusion coefficient at the surface
turned out to be three times higher than at the lower point of sounding, despite
the fact that the ratio of the buoyancy frequency square to the squared shear
in the lower layer is almost half the size.

The given estimates of the parameters are conditional, but nevertheless they
can be useful in discussing their values obtained by other methods, in particular,
from the results of numerical experiments.
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Abstract

For the Black Sea, there are visible discrepancies between remote estimates of the optical
characteristics of sea water and contact measurements. Despite the fact that modern
atmospheric correction algorithms take into account non-zero brightness in the long-
wavelength region, they do not completely solve the problem and require additional
analysis. In this paper, we compare remote sensing data and data from simultaneous field
measurements of the sea reflectance and atmospheric transparency in order to further
improve the standard methods of atmospheric correction, taking into account the real
aerosol optical depth. In this paper, we consider the measurement data of the spectral
reflectance of the water column and the optical characteristics of the atmosphere, obtained
during the cruises of the R/V Professor Vodyanitsky in the spring of 2019 and 2021
in the north-eastern part of the Black Sea. As a result of comparison with satellite data,
it was found that satellite reflectance data in the Black Sea in spring are on average
underestimated compared to contact measurements. The average values of the Angstrom
parameter and the aerosol optical depth according to satellite data are twice as high as field
measurements. The values of the Angstrom exponent, which are greatly overestimated
compared to field measurements, lead to an excessive allowance for the influence of
the atmosphere and, as a result, to an underestimation of the reflectance values.
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AHHOTAN KA

Jnst YepHoro Mops MeXIy IUCTAaHIMOHHBIMH OLIGHKAMH ONTHYECKHX XapaKTEPHCTHK
MOPCKOI BOJBI M KOHTAKTHBIMM H3MEPEHUSMU HAOJIOAAIOTCS BUANMBIE PAaCXOXKIACHHUS.
HecMoTps Ha TO 4YTO COBpPEMEHHBIC AJITOPUTMBI aTMOC(EPHONW KOPPEKIMH YUUTHIBAIOT
HEHYJIEBYIO SIPKOCTH B JJIMHHOBOJHOBOW OOJIACTH, OHH LEIMKOM HE DPEIIAI0T MPOOIEMBI
1 TpeOYIOT TOTONHUTENRHOTO aHamn3a. B paboTe comocTaBieHb! JaHHBIE JUCTAHIIMOHHOTO
30HAMPOBAHMS U OJHOBPEMEHHBIX IKCIEIUITHOHHBIX N3MEPEHUH KO PHUIHEHTa IPKOCTH U
MIPO3PAYHOCTH aTMOC(hEephI I JaTbHEHIIIEr0 YCOBEPIICHCTBOBAHUS CTAaHIAPTHBIX METOIOB
aTMoc(epHOH KOPPEKLUHH C Y4YEeTOM peajbHOH a’pO30JIbHOM ONTHYECKOH TOJIINHBI.
PaccmaTpuBaroTcs naHHbIE U3MEPEHUH CIIEKTPAIBHOTO KOA(QQHUIIEHTa IPKOCTH TOJIIH BOJ
U ONTHYECKHX XapaKTepUCTHUK aTMoc(epbl, MojydeHHble B xoxe skcrnemuumii HUC
«ITpodeccop Bomsuumxuii» Becoi 2019 n 2021 rr. no YepHomy mopro. B pesyibrare
COIIOCTABJICHUS! HATYPHBIX NAHHBIX CO CIyTHHUKOBBIMH YCTaHOBJIEHO, YTO CITyTHHKOBBIC
JaHHbIE Kod(dHuIueHTa spkocTH B UYUepHOM MOpe B BECEHHHH INEpPHOA B CPEIHEM
3aHMKEHBI 110 CPABHEHHIO ¢ KOHTAKTHBIMU M3MepeHHnsAMHU. CpefHue 3HAYCHHS MOKa3aTels
AHrcrpemMa ¥ a3po30JIbHOM ONTHYECKOH TOJIIWHBI IO CIYTHUKOBBIM IAaHHBIM BJIBOE
MPEBBIIAIOT HATypHble M3MepeHus. CHIPHO 3aBBIMICHHBIE TI0 CPaBHEHHIO C HATypHBIMU
N3MEpPEHUSIMH 3HAUCHHUS TI0Ka3aTens AHIcTpeMa MPUBOIAT K U30BITOYHOMY YUETY BIUSHHS
aTMoc(epsI U, KaK cIeJCTBUE, K 3aHIKEHHUIO 3HaUCHUH KOd(QHUIEeHTa IPKOCTH.

KnwueBsbie cioBa: kod3pdHUIHEHT IPKOCTH MOPsI, aTMOC(epHasi KOPPEKIIHs, a3p030JIbHast
ONTHYECKas! TOJIIIMHA, TapaMeTp AHrcTpeMa, CieKTpoQoToMeTp, CoNMHeuHbIH GotomeTp, SPM

BiaroxapHocTH: aBTOpPHl BBIpaXKAIOT OJAroJapHOCTh M. H. C. OT/eNa ONTHKH U
ounodusuku Mops J1. B. KanmHckoi 3a 00paboTKy JaHHBIX O XapaKTEPHUCTUKAaX aTMOChepsl.
PabGoTta BEIMONHEHa B paMKax TeMbl TrocyaapcTBeHHoro 3amanus FNNN-2021-0003
«OrnepaTuBHAsI OKEAHOJIOTHS».

Jas nurtupoBanus: Kopuemxuna E. H., Paiikuna A. O. VICTOYHUKH HOTPEIIHOCTU
CIIyTHUKOBBIX JJAHHBIX B BECEHHUII neproa B YepHoMm Mope // DKkosornueckas 6€301MacHOCTh
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Introduction

At present, satellite research methods are the most effective for global analysis
of the state of the marine environment. Data from space colour scanners make it
possible to obtain information about important optical parameters of the upper
water layer (chlorophyll concentration, suspended matter content, ocean water
transparency, etc.) in a wide range of spatial and temporal scales. These data are
indicators of the ecosystem and serve as input parameters for Earth’s climate
assessment models [1-4]. However, for the Black Sea, there are visible
discrepancies between the remote sensing data and the readings of contact
measurements, since the standard algorithm for processing satellite
observations has been developed for open ocean waters [5]. It is known that
optical properties of the waters in the Black Sea and the ocean differ, in particular,
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due to the increased absorption of light by yellow matter and the greater amount
of suspended matter, including the suspended matter of terrigenous origin [6].
According to the work ", in the study area of the Black Sea, the contribution of
yellow matter to the attenuation index reaches 28 % at a wavelength of 416 nm
(and decreases with wavelength), and the combined contribution of scattering
by coarse and fine suspension is 64 % at the same wavelength. For a wavelength of
506 nm, these contributions are 9 and 80 %, respectively.

The standard atmospheric correction algorithm assumes that in the long-
wavelength part the brightness of the radiation emerging from the water column is
zero (black pixel algorithm) [7]. This assumption is valid only for type 1 optically
deep waters with a chlorophyll concentration of 0.3 mg/m’ or less and is not
suitable for waters containing higher concentrations of chlorophyll or mineral
particles . Large errors are especially typical for coastal and river runoff areas
[8, 9], which differ from open areas of the sea in a twofold greater contribution of
inanimate suspension (20-30 %) to the total light absorption in the wavelength
range of 400—500 nm [10-12].

In this case, the use of the black pixel algorithm to correct the non-zero
contribution of water can lead to an overestimation of the optical depth of
the aerosol, i.e., to the subtraction of too large an aerosol reflectance value from
the reflectance at the upper boundary of the atmosphere. The resulting reflectance
of the water column will then be too small, and in the blue region of the spectrum
it may even turn out to be negative .

Despite the fact that the modern atmospheric correction algorithm uses
an iterative method for taking into account non-zero brightness [13], it does not
completely solve the problem and requires additional analysis.

Previously, regional algorithms for the seas of Russia, including the Black Sea,
have already been created based on in situ measurements [14, 15]. The paper [14]
considers ways to reduce the effect of atmospheric correction errors on
the accuracy of calculating the biooptical parameters of water. The method is based
on the simultaneous calculation of aerosol contribution p,(A;) and the spectral
coefficient of sea reflectance py(A;) from the measured values of reflectance py(\;)
of the ascending radiation at the upper boundary of the atmosphere. Atmospheric
correction errors are controlled by comparing the data obtained in situ and
the values calculated from satellite data.

In [15], it is proposed to correct the sea reflectance spectra using the data
on variability of the aerosol characteristics of the atmosphere, obtained on the basis
of in situ measurements of the atmospheric characteristics with a sun photometer.

) Mankovsky, V.I, Solov'iev, M.V. and Mankovskaya, E.V., 2009. [Hydrooptical Properties of
the Black Sea). A reference book. Sevastopol: MGI NAN Ukrainy, pp. 20-21.

2 Mobley, C.D., Werdell, J., Franz, B., Ahmad, Z. and Bailey, S., 2016. Atmospheric Correction for
Satellite Ocean Color Radiometry. Greenbelt, Maryland: Goddard Space Flight Center, 85 p.
doi:10.13140/RG.2.2.23016.78081
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The analysis is based on the use of the error spectrum of aerosol optical depth
(AOD) measurements with the SPM sun photometer. It is shown that the spectra
corrected on the basis of statistical data are in good agreement with the results of
direct measurements.

AOD is the main characteristic of aerosol, which determines the integral
(in the atmospheric column) attenuation of direct solar radiation. It has spectral
features that depend on the size and the refractive index of aerosol particles. AOD
is one of the main parameters affecting the scattering and absorption of sunlight
in the atmosphere. Comparison of AOD measured from the satellite and from
the surface can provide useful additional information for satellite data processing
and will enable to obtain more accurate reflectance spectra from remote estimates.

The purpose of this work is to compare remote sensing data and data of
expeditionary measurements of the reflectance in order to further improve
the standard methods for processing satellite measurements of the ascending water
reflectance, taking into account the real AOD.

Data and methods

The paper considers the measurement data of the spectral reflectance (R)
of the water column and the optical characteristics of the atmosphere obtained
during the Black Sea expeditions of R/V Professor Vodyanitsky in the spring
of 2019 and 2021. The measurements were carried out by the authors of
the paper. The survey was carried out in the northern and north-eastern parts
of the Black Sea (42.5°-45.8° N; 31.5-39.8° E) in the period from April 18 —
May 13, 2019 (cruise 106) and from April 22 — May 8, 2021 (cruise 116).
In 2019, the reflectance spectra of the water column were obtained at 89 sites,
in 2021 — at 68 sites (Fig. 1). The spectral reflectance measurements were
carried out from the shipboard with a spectrophotometer developed
in the Department of Marine Optics and Biophysics of MHI RAS [16].

N
@
46°| 4
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Fig. 1. Measurement sites during the two cruises
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The reflectance of the radiation rising from the sea at an angle of 30° to the nadir
and the reflectance of a reference white screen at the same angle were measured.
As a ratio of these quantities, the spectra of a dimensionless R were obtained
in the wavelength range of 390-750 nm with a step of 1 nm and an error of 3 %.

AOD and Angstrom parameters o and [ were determined from the data of
spectral measurements of atmospheric transparency taken with the SPM sun
photometer simultaneously with R measurements. The measurements were carried
out simultaneously in 12 spectral channels from near UV to mid-IR, channel
centres: 340, 379, 441, 501, 548, 675, 872, 940, 1020, 1244, 1556, and 2134 [17].
The Angstrom parameters were determined by approximating the obtained AOD
data with the dependence AOD(A) = B-A “in the wavelength range of 501-872 nm.
In this work, only the o parameter will be considered as an indicator of the AOD
spectral slope.

The work also uses the data of the second level of processing on the rising
radiation from the sea (Rj), on the aerosol optical depth (aod 869) and
the Angstrom index in the wavelength range of 550-869 nm (angstrom), obtained
using satellite scanners MODIS Aqua/Terra, Sentinel-3 A/B and VIIRS Suomi
NPP/JPSS-1. During the analysis, these data were compared with the indications of
in situ measurements. R, MODIS and VIIRS data are reduced to dimensionless
values by multiplying by m. For a correct comparison with in situ data, pixels were
selected without the Straylight, Cloud Margin, Cloud Ambiguous flags, coinciding
in coordinates with the in situ measurement point within 0.01° and in time —
within 3 h. In total, the study used data from 49 stations for cruise 106 and 39
for cruise 116 (for all satellites). The data obtained under conditions of a cloudless
or slightly cloudy sky at sun angles exceeding 30° were selected.

Results and discussion

The average R spectra plotted from the in situ measurements of 106 and 116
cruises are shown in Fig. 2. Judging by the standard deviation (SD) shown
on the graphs, the variability of the R spectra in the spring of 2019 was

0.03— ) 0.04— )

cruise 106 h cruise 116
0.03—
0.02— |
a - Q. 0.02—
0.01— ]
0.01—

S L A B ) B

400 500 600 700 400 500 600 700

A, NM A, nm

Fig. 2. Average reflectance spectra. Vertical bars show standard
deviation of all measurements
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Fig. 3. Spatial distribution of maximal values of reflectance

significantly higher than in the same period of 2021. A similar situation can be
observed in Fig. 3, which shows the spatial distribution of the maximum R
values. It shows a significant difference between the R values in the coastal and
deep-water areas of the sea during cruise 106, while in cruise 116, a more
uniform distribution of optical properties was observed. The differences are
most likely due to climatic and weather conditions (average temperature of
the previous winter, amount of precipitation in the winter-spring period, etc.).
In 2019, the lowest R values were observed on the northwestern shelf and
in the central deep-water part of the polygon. Increased values were observed
in the eastern part of the polygon and along the southern coast of Crimea.
All spectra have a similar characteristic shape, with the R maximum lying
near 480 nm in the eastern deep-sea part and near 490 nm in the coastal part.
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In the area of Sochi, a plume was observed due to the runoff of the Mzymty
River. Here, the shape of the spectrum and the reflectance values changed,
the maximum shifted towards long waves up to 497 nm, which can be explained
by the influence of an increased concentration of suspended matter and inanimate
organic matter coming with river runoff.

In 2021, the R variability in the study area was relatively low. There was
no difference between the deep-water and coastal parts both in the shape of
the spectra and in the values. The greatest variations were observed in the east of
the study area; the scatter in the values of the R maxima ranged from 0.02
on the shelf outside the Feodosiya Bay to 0.049 in the bay itself.

Fig. 4 compares reflectance with remote sensing data. Basically, there is
an underestimation of the satellite data compared to thein situ data, however,
in some cases, a good match is observed for the open sea, an example of
which dated 14.05.2021 is shown in Fig. 4, d. The underestimation is especially
pronounced in the short-wavelength region, which is the main type of error
introduced by incorrect selection of atmospheric correction parameters.
Extrapolation of atmospheric aerosol parameters found from measurements
in the near-IR range using an atmospheric model leads to the accumulation of
errors with decreasing wavelength. In the case when the ascending reflectance of
water in the near-IR region (for turbid waters) cannot be neglected, the ascending
reflectance of the atmosphere is overestimated and the reflectance values of
the water column are underestimated.

To analyze the AOD and the Angstrom parameter, their frequency histograms
were constructed. Fig. 5 shows that the scatter of the AOD values and
the Angstrom parameter according to satellite data is quite large, despite the fact
that during the expedition no extreme phenomena were observed in the atmosphere
(dust transport, fire smoke spread, etc.). Surface measurements show that
the distribution of values occupies a fairly narrow range. The characteristics of
the atmosphere according to satellite measurements are overestimated on average
by a factor of 2-3, which leads to a regular underestimation of the values of
the satellite reflectance, especially in short-wavelength channels.

Similar frequency distributions were constructed for the difference between
in situ and satellite data, which was calculated using the formulas

A(AOD) = AODin situ — AODsata
A(Q) = Qip situ —Clsat »
A(Rrs  412)=Rrs 412, gitu — Rrs412sat -

The obtained values of A(AOD), A(a), and A(Rrs_412) are shown in Fig. 6.
It can be seen that the dominant negative values of A for AOD and the Angstrom

parameter correspond mainly to positive values for the reflectance at a wavelength
of 412 nm.
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Fig. 4. Examples of comparison of satellite and in situ reflectances
(MA — MODIS Aqua, MT — MODIS Terra, S3A/B — Sentinel-3 A/B)

To consider the average error of the standard atmospheric correction, such
characteristics as the average error (bias) and the root mean square error of the
model (RMSE) are chosen:

bias = ]Zv:(Rsrl - Rsrisat),

1
N;

1 N
RMSE = ﬁg Rsr; — Rsrisat)z,
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which are a function of the difference between in sifu and satellite Rrs after

the correction by R, data and depend on the wavelength. Fig. 7 shows their
spectral dependences for the data from MODIS Aqua/Terra scanners. The data
from other scanners in this study were used in a relatively small amount, not

enough to build reliable RMSE and bias spectra.
The spectral bias values are positive for all wavelengths and decrease
with wavelength. This indicates an underestimation of satellite data compared to

in situ data on average over the entire spectral range (despite the fact that there are
some cases when satellite values are higher than in sifu data). At the same time,
the values in the short-wavelength region are also the most subject to atmospheric
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subtraction, crosses — after that) (b) for in situ and MODIS Aqua/Terra
reflectances

correction errors. The same is evidenced by the RMSE values, which also decrease
with the wavelength (shown by circles in Fig. 7, b).

The average bias spectrum approximated by a linear function (dashed line
in Fig. 7, a) can be used as a correction for satellite data added to compensate
for negative values in the shortwave region. If the bias value is added to
the satellite R spectra, then the correspondence between the satellite data and
in situ data becomes, on average, somewhat higher. This can be seen from
the RMSE values in Fig. 7, marked with crosses, and in some examples shown
in Fig. 8. However, this method will not completely eliminate individual cases
when underestimation of the satellite data is too strong or when the values,
on the contrary, are overestimated.

The presented bias values were obtained only from the data of the spring period
of 2019 and 2021 and represent an attempt to correct the reflectance satellite data.
Such model accuracy criterion as RMSE is reduced by 16 % for the wavelength of
412 nm, which shows a slight improvement in the accuracy of reconstructing
satellite reflectance spectra. For better results, it is necessary to process a larger
array of in situ data for different seasons and areas of the sea, which is not
currently available.

The study used a strict rejection of satellite data according to the criterion of
the possible presence of clouds, so the average correction value was calculated
without their influence. However, even in the presence of illumination from clouds,
the proposed approach will partially compensate for the contribution of additional
reflectance, since it is either spectrally nonselective or, like the correction term,
increases toward short waves.

48 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2022



0.014 0.06
0.012 0.05
0.01
0.008 0.04
o 0.006 2 0.03
0.004 0.02
0.002
0 0.01
-0.002 0
400 500 600 700 400 500 600 700
A, nm A, nm
22.04.2019 10.05.2019
in situ, 11:06, 33.107°E, 44.375°N in situ, 11:19, 39.789°E, 43.382°N
—®— MA, 13:20, 33.108°E, 44.368°N —®— MA, 13:05, 39.783°E, 43.375°N
—@— MT, 11:35, 33.104°E, 44.371°N —@— MT, 11:25, 39.779°E, 43.386°N
0.032 0.032
® C d
0.028 ﬂ\ 0.028
0.024 /AR 0.024
0.02 * % 0.02
a 0016 e 2 0.016
0.012 0.012
0.008 0.008
0.004 - 0.004 N
0 .-'.‘-\_h\ 0 .\\
400 500 600 700 400 500 600 700
A, nm A, Nm
26.04.2021 14.05.2021
in situ, 12:05, 33.554°E, 44.446°N in situ, 12:45, 38.387°E, 43.349°N
—@— MT, 10:50, 33.569°E, 44.449°N —®— MA, 14:00, 38.383°E, 43.346°N

Fig. 8. Examples of comparison of corrected satellite and in situ reflectances
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Conclusions

Comparison of the data of satellite color scanners with the results of in situ
measurements made it possible to make a conclusion about the influence of errors
in determining the parameters of aerosol over the Black Sea from satellite data on
the possibility of reconstructing the radiation ascending from the sea.

1. The satellite data on the reflectance in the Black Sea in the spring period are
on average underestimated compared to the contact measurements

2. The average values of the Angstrom and AOD values according to
the satellite data are twice as high as the in situ measurements. The values of

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2022 49



the Angstrom parameter, which are greatly overestimated compared to the in situ
measurements, lead to an excessive allowance for the influence of the atmosphere
and, as a result, to an underestimation of the reflectance values.

3. The use of bias values as a correction term makes it possible to reduce

the average error in calculating reflectance from satellite measurements.
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Abstract

In the area of the strait connecting the Vistula Lagoon with the Baltic Sea, the work was
carried out to refine the bottom topography, collect bottom sediments, measure currents
in different seasons, and install a set of sediment traps at 4 levels in the 2-meter bottom
layer. The sediment accumulation zones were identified on the basis of the bathymetric data
according to geomorphological features. On the basis of in situ data, we studied
the hydrolithodynamic conditions of suspended sediment movement through the strait and
the general nature of sediment exchange. The suspended material moves through the strait
both during inflows and outflows, while silt and fine sand are mainly transported from
the lagoon into the sea, while fine, medium and coarse sands, on the contrary, are brought
into the lagoon and feed the surge delta (a shallow area at the lagoonic end of the strait).
Surge delta sediments mainly consist of fine and medium sand. It was assumed that
the flow of sediments of sandy grain sizes does not reach the surge delta (the final deposi-
tion zone) in full, the part of the volume entering the strait is removed during regular main-
taining dredging in the strait. Consequently, the surge delta develops more slowly than it
could do naturally.
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AHHOTaNUA

B paiione nponusa, cBsasbiBaromero Kamuuunrpaackuil 3anuB ¢ baaruiickuM Mopem, Ip o-
BeJleHbl pabdOTHl MO YTOUHEHHIO pelibeda qHA, OTOOPY HOHHBIX OTJIOKECHUH, MU3MEPEHHUIO
Te4eHUH B pa3Hble CE30HBI U YyCTaHOBKE HaOOpa HAHOCOYJOBHUTENEH Ha UeThIpeX TOpH30 H-
TaX B NPUIOHHOM 2-MeTpoBoM cioe. Ilo reomopdosorndeckum mpu3HaAKaM BBIIEJICHBI
30HBI OcaJKOoHaKoIUieHns. Ha ocHOBe HATYpHBIX TaHHBIX U3yUYEHB! TMAPOIUTOJUHAMHY €-
CKHE YCJIOBHS JIBH)KEHHsI B3BEILICHHBIX HAHOCOB M OOIIMH XapaKTep CeAMMEHTOOOMEeHa
3aquBa ¢ MopeM. JIBM)KeHHe B3BELIEHHOTO MaTepuaja 4Yepe3 MPOJIMB OCYIIECTBISIETCS
Kak IIpH 3aTOKaX, TaKk ¥ MPHU OTTOKAaX, MPU STOM MIUCTas U MeJKas IecuaHasl B3BECh Mpe-
HUMYIIECTBEHHO BBIHOCATCS M3 3ajMBa B MOpE, a MelKas, CpelHAs U KpyMHas IecyaHble
¢dpakuun, HA0O0POT, 32HOCTCS B 3aJIMB U IOANUTHIBAIOT HATOHHYIO AEJILTY (MEJb CO CTO-
poHsl 3amiBa). OTIOKEHHsI HATOHHOW JENBTHI COCTOSIT B OCHOBHOM M3 MEJIKO- U CpeJiHe-
3epHHUCTOTO Tnecka. [Ipeanomnaraercs, 4TO MOTOK MECYAHBIX HAHOCOB JOCTUTAET HarOHHOMN
JenbThl (KaK KOHEUYHON 30HBI IETIOHUPOBAHMUS) HE B IIOJHOM 00BeMe, 4acTh 00beMa n3BIe-
KaeTcs B IIPOIIECCe PETYISIPHOTO THOYTTyOJIeHH B IpoymBe. B pesyibTaTe 3TOT0 HarOHHAS
JIeNIbTa Pa3BUBACTCS MEJICHHEE, YeM MOTJIa OBl B €CTCCTBEHHBIX YCIIOBH SIX.

KnawoueBble ciaoBa: IpoJiB, 30Tyapm71, HaroHHas Ac€JibTa, JaryHbl, JOHHBIC OCAaJKWH,
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1. Introduction

The Kaliningrad Bay/Vistula Lagoon (Fig. 1) is the second largest
transboundary lagoon-type water body [1] on the coast of the Baltic Sea. Although
the Russian part of the water area (56.2 %) is called the Kaliningrad Bay on official
maps, and the Polish part is called the Vistula Lagoon [2], in the article we shall use
the name Vistula Lagoon in accordance with [3]. The lagoon is separated from the
sea by a sandy Vistula Spit [2] and is freely connected to the sea by a natural chan-
nel, which has no official name, but in the scientific literature, starting from the
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classic publication [3], it is listed as the Strait of Baltiysk ¥ (hereinafter referred to
as the strait). Being the core of the natural and technical system [4] of the inlet sec-
tion of the Kaliningrad Seaway Canal?, the strait is an important link in the system
for ensuring the transport accessibility of Port of Kaliningrad. From autumn 2022,
it has been no longer the only connection between the lagoon and the sea — a new
artificially dug shipping canal has been opened in the southern part of the spit®,
equipped with a lock that blocks free water exchange between the lagoon and
the sea. The water area of the lagoon serves as a receiving reservoir for the rivers
Pregolya, Paslenka, Prokhladnaya, Elblag, Bauda, Mamonovka-Bonuvka, Nelma,
Nogat, etc., it receives both sea (17 km*/year) and river (3.5 km®jear) waters, and
together with them terrigenous and biogenic material [3, 5, 6].

After almost complete regulation of the Nogat River flow in 1916, the flow of
river waters and sediments into the lagoon water area sharply decreased and the
role of water exchange through the Strait of Baltiysk increased [3]. The sedimen-
tary balance of the lagoon water area was disturbed and, according to some as-
sumptions, has not yet reached equilibrium [6]. According to the estimates [5, 7, 8],
76,500 tons of sedimentary material (60 % — biogenic suspended matter) are
brought annually through the Strait of Baltiysk, and 348,400 tons per year are taken
out of the lagoon into the sea (70 % — biogenic suspended matter). These estimates
are based on short-term hydrological measurements of flows in the Strait of
Baltiysk obtained during field work in 1951-1965 [3], and the results of numerical
simulation [6, 8-10].

Based on the results of the bathymetric data analysis, we previously performed
a morphometric description of the sand bank at the lagoon-ward end of the strait
[11] and the erosional depression between the entrance pair breakwater piers of
the seaward end of the strait [12], and based on the results of hydrological meas-
urements, a relationship was revealed between the dynamics of the sea level and
water exchange between the lagoon and the sea [13]. It was established [12] that
the volume of erosion depression below the 12 m isobath is 1.13 mIn m>. In 2008—
2016 the depression increased its size at a rate of 2450 m®year. The sand bank
at the entrance to the Vistula Lagoon [11] has an annular shape with flush channels
cutting through it; the volume of the sand bank above the 2.5 m isobath is estimat-
ed at 6.5 min m®, the deformation (during the period 2012-2019) was noted over
its entire surface. The results obtained earlier testify to active
hydrolithodynamic processes at the inlet and outlet of the strait

Y The name “Baltic Strait” is absent in the Registry of Geographical Names of the K aliningrad
Oblast. In English-language literature (see Szydtowski, M., Artichowicz, W. and Zima, P., 2021.
Analysis of the Water Level Variation in the Polish Part of the Vistula Lagoon (Baltic Sea)
and Estimation of Water Inflow and Outflow Transport through the Strait of Baltiysk in the Years
2008-2017. Water, 13(10), 1328. doi:10.3390/w13101328), the name “Strait of Baltiysk” can be
found (due to location near the city of Baltiysk).

2 The Kaliningrad Seaway Canal is stretched along the north coast of Vistula Lagoon from the strait
to the mouth of the Pregolya River and is a navigable waterway connecting the port of Kaliningrad
with the Baltic Sea.

3 The canal on the Polish part of the Vistula Spit was formally opened for navigation on 17 Septem-
ber 2022.
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Fig. 1. Study area: Baltic Sea (a); Vistula Lagoon in the South-Eastern Baltic (b);
scheme of covering the study area with bathymetric data (c)

The flows over the sand bank [13] are subject to the regime features of the wa-
ter exchange between the lagoon and the sea, they are bidirectionally oriented
(toward the inflow of sea water and the outflow of water from the lagoon) and
characterized by a frequent change of sign. A linear relationship was revealed be-
tween the value of the cumulative water exchange between the lagoon and the sea,
as well as sea level fluctuations (regression coefficient r =0.84...0.98).

At present, sediment flows through the strait have not been sufficiently stud-
ied; the field measurement data of 1951-1965 [3], on which modern estimates of
suspended matter transport are based [6, 8], are already technically outdated and
require clarification. The problem of balance in sediment exchange must be solved
on the basis of data accumulation from the direct measurements of the suspended
material flows.

The purpose of the work is to identify zones of sedimentation based on geo-
morphological features and experimentally, based on in situ data, to study the
hydrolithodynamic conditions for the movement of suspended sediments in the ar-
ea of the strait, which provides a free connection between the Vistula Lagoon
and the Baltic Sea.

2. Research methodology

The paper implements a methodology for morphodynamic studies based on
field measurements, sampling, processing and analysis of geological and geomor-
phological information.

The digital topographic model is based on bathymetric data from various
sources: the single-beam echosounder measurements at the entrance to the Vistula La-
goon for 2012, the multibeam measurements at the offshore section of the Kaliningrad
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Seaway Canal for 2011. The bathymetric data for the rest of the Vistula Lagoon
and Gdansk Bay of the Baltic Sea were digitized using the library of SAS. Planet
open geoinformation system (available at: www.sasgis.org) (Fig. 1, c). The pro-
cessing and analysis of bathymetric data were performed using Esri ArcGIS 10.0
GIS software packages. A scheme of the bottom relief of the Strait of Baltiysk was
prepared using standard surface mapping methods. Then, the sedimentation zones
were identified based on morphological features, similarly to the sedimentation
environment of the wave estuary [14-17].

The sampling of bottom sediments (layer 0.1-0.15 m) was carried out
at three points (B1, B2, B3 in Fig. 2) using a Van Veen single-rope clamshell buck-
et. The sampling of suspended sediments was carried out in accordance with
methodological developments [18, 19]: a rigid pyramidal frame was installed
at the bottom of the lagoon, on which cassettes with sediment traps of horizontal
and vertical types were fixed at levels of 40, 100, 150, 200 cm from the bottom and
40, 100, 150, 200 cm from the bottom, respectively. The suspended sediments were
collected at two points in the period from 28.06.2020 to 02.08.2020: at point 2
for 35 days, at point 7 for 18 days. At point 2, only horizontal-type sediment traps
were installed; at point 7, both types of sediment traps were installed. Both hori-
zontal- and vertical-type traps accumulate material regardless of the flow direction
— the horizontal-type traps have side openings along the entire perimeter, the top
end of the vertical-type traps is completely open.

The granular composition of the selected suspended matter and bottom material
was determined by the mass content of particles of various sizes, expressed as a per-
centage relative to the weight of the dry sediment sample taken for analysis. The
granular analysis was performed by sieve (fractions greater than 0.04 mm) and water-
mechanical (fractions less than 0.04 mm) methods [20] by sifting a sandy sediment
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Fig. 2. Measurement and sampling map
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sample through a set of sieves of an AS 200 analytical sieving machine. Based on
the granular analysis results in accordance with the Wentworth classification [21],
the following fraction sizes were distinguished: coarse sand (1.0-0.5 mm), medium
sand (0.5-0.25 mm), fine sand (0.25-0.125 mm), very fine sand (0.125-0.063 mm),
silt (0.063-0.04 mm), clay (less than 0.04 mm).

The flow measurements were carried out in the water area of the Vistula La-
goon adjacent to the Strait of Baltiysk at seven points (points 1-7 in Fig. 2) by au-
tonomous current-meters — inclinometers. They were developed at the AB 10 RAS
by a group managed by V.T. Paka [22] to measure bottom flows in the velocity range
of 0.03-0.56 m/s (with a maximum relative error of 25 % for low velocities and
3-5% for high velocities). The measurements were carried out in the following pe-
riods: winter 24.12.2019 — 13.02.2020 (51 days), spring 17.03.2020 — 21.04.2020
(35 days), and summer 28.06.2020 — 02.08.2020 (35 days).

The measurement data were preliminarily reduced to the same step with a dis-
creteness of 1 measurement per 10 min, then the vector values of the flow veloci-
ties were converted into scalar ones: the vectors of the flow velocities (V,) were
projected onto the OX axis, whose orientation was determined based on the idea of
a bidirectional (outflow and inflow) nature of the flow in the water area close
to the strait [23, 24]. Rather high correlation values were obtained between the flow
velocities (V') at different measurement points (see Table 1).

Conditions of the suspended matter transport. The sediment movement pro-
cess can be represented as a sequence of three conditional phases — resuspension,
transport and sedimentation (Fig. 3). Conditional flow velocity thresholds at which
these phases arise can be obtained (Table 2) from the Hjulstrem diagram [25]. On
the basis of the obtained velocity ranges, according to the flow measurements,
the intervals of the phases of resuspension, transport, and sedimentation for the
grain size dimensions of sands, silt and clay (according to the Wentworth clas-
sification) were identified. Those phases of potential sedimentation and
transport that were not supported by the previous phases of resuspension were
not taken into account. The intervals obtained for the movement of suspended
sediments were converted into percentages of the total duration of measure-
ments separately for outflows and inflows. Their comparison makes it possible
to integrally estimate the conditions of suspended matter transport in the case of
reciprocating flows present in the study area.

Table 1. Correlation coefficients between flow veloci-

ties (V)
Measurement Measurement Correlation
period point number coefficient
24.12.19 - 13.02.20 1/2 0.99
17.03.20 — 21.04.20 5/6 0.99
28.06.20 — 02.08.20 1/2 0.94
28.06.20 — 02.08.20 3/4 0.92
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Table 2. Thresholds of the rate of resuspension and sedimentation according to
the Hjulstrom diagram [25] for various grain size dimensions

Sediment type Particle size. mm Resuspension Sedimentation
(by Wentwort) ' threshold, cm/s threshold, cm/s
Clay 0.040-0.063 25 0.5
Silt 0.063-0.125 20 0.9
Very fine sand 0.125-0.250 25 18
Fine sand 0.250-0.500 30 3.6
Medium sand 0.500-1.000 45 6.6
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3. Results and discussion

Sedimentary environment. To characterize the hydrolithodynamic system of
the strait, the classification widely used abroad [14-17] of sedimentary environ-
ments for estuaries was taken as a basis.

In the classification of sedimentary environments, a special type of estuaries is
distinguished — a tidal estuary with a predominantly wave water exchange regime
(wave estuary) [14, 17]. This type of estuaries is formed in the river—lagoon—strait—
sea systems; it is characterized by the presence of a sandy barrier between the la-
goon and the sea, channels (straits) through the barrier, a flooded tidal delta from
the lagoonal side of the barrier, the central part of the estuary and the inner river
delta.

The Vistula Lagoon is a lagoon-type tideless body of water where sea and
fresh waters mix; therefore, by definition [14], it can be attributed to an estuarine
system. In the Baltic Sea, the tidal movements are virtually absent, but surges of
various genesis are very developed, ensuring the inflow of sea water into the la-
goon and, accordingly, their outflow when surge conditions disappear [13].
Together with sea waters, marine sand is brought into the lagoon, it is deposited
in the immediate vicinity of the strait and forms a sand bank [5, 11].

Similarly to the conceptual model of sedimentary environments of the wave
estuary [14], and also by analogy with the identification of the “inner” delta in [26],
the following zones were distinguished based on morphological features in the area
of the Strait of Baltiysk (Fig. 4):

— Baltic Spitand the Strait of Baltiysk — the sand barrier and passage through it;

— sand bank at the lagoon-ward end of the strait — the surge delta (by analogy
with the tidal one);

— the Vistula Lagoon — the central part of the estuary.

The surge delta is a shallow, which is formed at the mouth of the strait (chan-
nel) on the side of the lagoon. According to [15, 26], such accumulative formations
are mainly composed of sediments, which are intercepted from the alongshore
(from the sea side) sediment flow by reciprocating water movements through
the strait (in the classical version [14] they are caused by tides, and in our case —
by upsurges and downsurges). That is, in the case of the Vistula Lagoon, the surge
delta serves as a zone of final deposition of sand deposits during their movement
from the sea to the lagoon.

Granular composition of bottom sediments. The deposits of the accumulative
area of the surge delta (point B2) contain 51 % of medium sands and 39 % of fine
sands, and the deposits of the central gully (point B1) contain 84.8 % of fine sands
(Table 3). The shares of coarse sands and very fine sands at points B1 and B2 are
5 % each. The predominance of medium and fine sands in the sediments of the ac-
cumulative area of the surge delta (point B2) indicates that the delta is mainly fed
by these fractions. In the inner part of the lagoon, at point B3, the sediments con-
tain 50 % of very fine sands, 29 % of fine sands, 10 % of medium sands and 10 %
of silt.
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Fig. 4. Diagram of the morphological structure of the bottom relief of the sedi-
mentary system of the Strait of Baltiysk: plan view (a) and profile AB view (b)

Vertical distribution of the suspended material. The experimental sampling of
the suspended material at points 2 and 7 showed a gradual decrease in the mass of
the accumulated material depending on the distance from the bottom (Table 4).
Such a vertical distribution can be interpolated by an exponential curve with a
fairly high regression coefficient (r from 0.85 to 0.98) and a small standard devia-
tion (o within 0.3-0.6 g):

m= A-e "/Ho

where A (g) and H, (cm) are the parameters of the regression dependence.

For three exposures (Table 4), the coefficients A and H, are 22.3 g and
370cm, 9.2 g and 670 cm, 24.7 g and 230 cm, respectively. These interpolations
are characterized by regression coefficients and standard deviation values: 0.98 and
0.39,0.85and 0.3 g,0.98 and 0.6 g, respectively.
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Table 3. Particle size distribution of sedimentary material and suspended sediments
at points B1, B2, 2, 7 (%)

Sampling sand Silt | Clay
points coarse medium fine very fine
Sediments taken with a VanVeen grab
Bl 1 4 85 10 0 0
B2 4 51 40 5 0 0
B3 0 19 29 50 10 0
Suspended sediments accumulated in horizontal-type traps
2 0 0 8 39 53 1
7 0 0 5 34 61 0
Suspended sediments accumulated in vertical-type traps
7 0 1 16 44 40 0

Table 4. The mass of the suspended material according to the results of experimental
sampling (mmea) and interpolation (mjy) at points 2, 7

Level Sampling method
theaggégm, Horizontal-type traps* | Horizontal-type traps**| Vertical-type traps**
cm Mmea, T Ming, T Mimea, T Ming, T Mimea, T Ming, T
40 20.0 20.0 9.0 8.7 215 20.7
60 18.5 19.0 - 8.4 - 19.0
80 18.5 18.0 - 8.2 - 174
100 - 17.0 7.5 7.9 15.0 159
120 16.0 16.1 - 7.7 - 14.6
150 - 14.9 7.5 7.6 13.0 12.8
170 14.0 141 - 7.1 - 11.7
200 - 13.0 7.0 6.8 10.5 10.2

* Samples were taken at point 2.
** Samples were taken at point 7.
Note: the dash means samples were not taken.
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Despite the difference in the duration of exposure of sediment traps at points 2
and 7 (687 and 432 hours), horizontal-type sediment traps at both points accumu-
lated an approximately equal amount of material, which indicates a uniform distri-
bution of the flow of suspended material over the entire area of the surge delta.

Although the characteristics of the interpolation curves describing the vertical
distribution of suspended material differ at first glance, the data indicate that within
the water column from the 40 cm to the 2 m level above the bottom, the amount
of accumulated material varies within only 25 % of the maximum located
at the 40 cm level above the bottom, which indicates a weak flow stratification
along the vertical within a 2-meter water layer above the surge delta. This means
that it is possible to estimate the transport from data obtained at only a few levels.

The mass of material in vertical-type sediment traps at point 7 also gradually
increases from the upper to the lower levels. The characteristics of the vertical dis-
tribution are similar to those obtained for masses accumulated in horizontal-type
traps. The only difference is that the mass in vertical-type traps grows faster
(the values differ twice as much at the levels of 2 m and 40 cm above the bottom)
than in horizontal-type traps where the difference was 1.3-1.4 times. It is natural,
since the lower vertical-type traps integrate the entire vertical flow, which grows
from level to level.

Granular composition of suspended sediments. According to the results of
the grain size analysis of the suspended material taken into horizontal-type traps,
i.e. from a horizontal flow, it was found that in summer seasonal conditions above
the surge delta in a 2-meter layer from the bottom, the water flow carried 55-61 %
of silty material, 34-39 % of very fine sand and 4-8 % of fine sand. Medium and
coarse sands were not found in the horizontal-type traps. The sediment traps
for vertical flows (vertical-type traps) accumulated 40 % of silty material, 44 % of
very fine sand, 16 % of fine sand and up to 1 % of medium sand.

The silty material accumulated by the sediment traps could only be carried out
of the lagoon into the sea, since it is scarce in marine sediments [27]. Very fine
sands are widespread both in the sea and in the lagoon [7]; therefore, their accumu-
lation in sediment traps (see Table 3) could be provided by both inflows from
the sea and outflows from the lagoon. No medium sand was found in the sediment
traps, which is consistent with the low water flow rates during the sampling period.

Estimates of the transport times of suspended material of different fractions.
The summer installation of sediment accumulators did not provide sufficient in-
formation to assess the conditions for the transport of suspended material; there-
fore, the assessment was carried out on the basis of flow measurement data. Since
a reliable relationship was found between the records of near-bottom velocities
at points 1-7 (see Table 1), the water flow velocity averaged over the measurement
data at these points was used to estimate the conditions for the transport of sus-
pended matter.
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At the first stage, the total time intervals of the successive phases of
resuspension and transport of suspended material of different sizes were estimated,
while the situations of inflow and outflow were analyzed separately, and the ob-
tained values were converted into percentages (Table 5). The results showed that
the velocity characteristics of the water flow both during inflow and outflow were
sufficient for the transport of water suspension of all dimensions. Therefore, the
general nature of the process of movement of suspended sediments through the
strait can be expressed by the sum and difference in the durations of the potential
transfer of the suspended material between inflows and outflows (Table 6).

The conditions for the transport of silt (32-54 %) and very fine sand
(48-64 %) were preserved by the water flow for the longest time (as a percentage
of the entire duration of the measurement), then, as the size increased, the duration
of the transport of fine sand (32—44 %), medium sand (17—34 %) and coarse sand
(1-3 %) followed (Table 6).

If we consider the movement of sediments through the strait as a reciprocating
(or altemating) movement of material from the sea to the lagoon and back to
the sea, then the difference in the duration of the transport of suspended material
during inflows and outflows will characterize the balance of movement of sus-
pended sediments through the Strait of Baltiysk in the period under consideration
(Table 6).

Depending on the characteristics of the water flow, the silt and sandy material
can be transported both from the lagoon to the sea and from the sea to the lagoon,
but the possibility of involving the silt already carried into the sea is unlikely, since
it is carried away by the alongshore flow. The velocity conditions for the transport
(Table 6) of very fine sand were longer in winter and spring during outflows
(by 8.1 and 0.2 %), and in summer — during inflows (by 2.4 %). The possibility

Table 5. The duration (in hours) of successive phases of resuspension and transfer of
suspended sediments of different grain size according to flow velocity in the winter, spring,
summer measurement periods (% is indicated from the total duration of measurements)

Winter Spring Summer
(687 h) (432h) (432 h)
Sediment type Inflow Outflow Inflow Qutflow Inflow Outflow

h | % | h | % h % [ h | % | h % | h [ %

Coarse sand 0 0 0 0 0 0 0 0 0 0 0 0
Medium sand 0 0 0 0 8 1 11 2 10 1 0 0
Fine sand 49 10 54 11 98 16 105 17 69 10 50 7
Very finesand | 101 21 91 19 140 23 121 20 115 17 102 15
Silt 130 27 131 27 167 28 215 36 175 25 158 23
Clay 100 21 91 19 134 22 18 31 116 17 104 15
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Table 6. The sum of and the difference in the duration (% of the total measure-
ment duration in hours) of the potential particle transport of various sizes in the time
interval between inflows and outflows

Winter Spring Summer
Sediment type
Sum Difference Sum Difference Sum Difference
Coarse sand 0 0 0 0 0 0
Medium sand 40 2 54 -9.1 32 1.8
Fine sand 54 -0.2 64 -8.1 48 24
Very fine sand 40 2 44 3.2 32 18
Silt 21 -0.9 34 -1.2 17 2.9
Clay 0 0 3.2 -0.6 14 14

of transporting fine sand lasted longer in winter, spring, and summer, and only dur-
ing inflows (by 2, 3.2, and 1.8 %, respectively); medium sand — during inflows
in winter and spring (by 0.9 and 1.2 %), and in summer — during outflows
(by 2.9 %). Velocity conditions for the transport of coarse sand were noted only
in spring and summer, while in spring the balance tumed out to be in favor of out-
flows (by 0.6 %), and in summer — in favor of inflows (1.4 %).

In total, overall three measurement periods (73 days), the velocity conditions for
the transport of silty material and very fine sand were longer during outflows (by 1.8
and 1.9 %), and fine, medium and coarse sands — during inflows (by 2.3, 0.5 and
0.4 %, respectively) (Fig. 5). It follows from this that during the flow measurements,
the surge delta potentially accumulated material. To a greater extent, it was fed
by fine sand, to a lesser extent, by medium and coarse sands.

4. Concluding remarks

The measurements carried out illustrated the features of the process of sed-
iment transport through the Strait of Baltiysk in certain periods of the year.
The in situ data on the accumulation of suspended material in traps made it
possible to conclude that there is a slight vertical stratification of horizontal
flows of suspended material (the values at the levels of 2 m and 40 cm above
the bottom differ by 1.3-1.4 times). Due to the impossibility of covering
all seasons of the year with direct observations, and also since the region under
study is a transit region, the estimated difference in the duration of the potential
transport of suspended material (according to the measured flow velocities) en-
ables us to make assumptions about its general nature. The silty material is
transported from the lagoon to the sea. The transfer of very fine sand is charac-
terized by reciprocating motion. It can both be carried out and brought back
into the lagoon, while very fine sand is not deposited on the surge delta, which
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Fig. 5. Balance characteristic of the movement of suspended sediments
through the Strait of Baltiysk: the difference in the total duration (%) of
the suspension transfer between the inflows and outflows during three meas-
urement periods (negative values — predominance of the outflow, positive
ones — predominance of the inflow). Measurement duration was 73 days
(100 %)

is the zone of final deposition for larger fractions. Surge delta deposits consist
mainly of fine and medium sand with an insignificant content of coarse sand; their
source is the alongshore sediment flow (from the seaward part of the Baltic Spit).
The movement of sand of these dimensions is characterized as reciprocating, there-
fore, at a high intensity of water exchange, the sediments of the surge delta can
again be involved in transport and carried back to the sea.

The low content of fine and medium sand in sediment traps corresponds to the
fact that during the summer period of measurements, the water flow velocities suf-
ficient for the mass transport of this type of suspended material were not observed.

The surge delta in the Vistula Lagoon, which is typical for the sedimentation
situation in the sea-strait-estuary system, is increasing, but the current growth rate
is so low that it does not explain the current size of the delta. The low rates of its
development at present can be associated with regular dredging in the strait —
the main flow of marine sediments is extracted during dredging at the approaches
to the delta, which serves as the zone of final deposition.

Adhering to the indicated conceptual model of the sedimentary environment of
the wind induced estuary, we can assume the following: if the surge delta actively
develops further, then as it grows, it will increasingly clog the passage from the sea
to the lagoon, and the flow of bottom sediments will be sent to the Kaliningrad
Seaway Canal.
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Abstract

The remote and uninhabited islands of the Russian Arctic National Park, as many other
coastal areas, are polluted with marine litter. It has become clear from surveys performed
by various stakeholders in cooperation with the National Park. The purpose of this paper is
to study marine litter pollution on the islands of the Russian Arctic National Park, and
to demonstrate the Park's capabilities and intentions regarding this type of research. During
the 2019-2021 field seasons, marine litter was collected and registered mainly by the Park's
own staff on a network of representative beaches. These beaches are at Cape Zhelaniya
(Severny Island of the Novaya Zemlya archipelago), Alexandra Land and Bell Island
(Franz Josef Land). Over the years, the MSFD and OSPAR methods have been tested.
The cleanup results for three years showed that the composition and amount of
the collected marine litter items varies greatly from beach to beach. However, plastic items
dominate significantly over other categories and make up over 80 %. Fishery is one of
the most important sources of pollution of the studied beaches with marine litter.
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MOHUTOPHHT IISIZKHOTO (0eperoBoro) mycopa
B Poccuiickoii ApkTuKe
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Hucmumym oxeanonozuu um. I1.11. Hlupwoea PAH, Mockea, Poccus
Hayuonanvneiti napx « Pycckas Apkmuxay, Apxaneensck, Poccus
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AHHOTaANUA

VYnianeHHele HeoOHMTaeMble OCTPOBAa HallMOHANbHOTO Napka «Pycckas ApKTHKa», Kak
U MHOTHE Jpyrue MpuOpeKHbIE TEPPUTOPHH, 3arpsa3HEHbl MOPCKUM MYCOPOM. DTO CTajio
SICHO B pe3yJsbTare psijia UCCIEAO0BaHU, POBEACHHBIX Pa3IMUHBIMKI 3aUHTEPECOBAaHHBIMHU
OpraHM3alsIMH B COTPYAHUYECTBE C HAIIMOHAIBHBIM MapkoM. llens Hacrosmiel paboThI
3aKJIFOYAeTCsl B MCCIIEA0BAHNY 3arpsi3HEHUSI MOPCKHM MYCOPOM OCTPOBOB HAallMOHAJILHOTO
mapka «Pycckast ApKTrka», a Takke NEMOHCTpAIlMd BO3MOXKHOCTEH W HAMEpEHWH mMapka
OTHOCHTEIIFHO TaKOTro poja uccienoBaHmil. B monessle ce3oHbl 2019-2021 rr. paboThr
o cOOpy M y4eTy MOPCKOTO MycOpa HPOBOIIIIUCH B OCHOBHOM COOCTBEHHBIMH CHIIAMHU
mapka Ha CETH PEeINPe3CHTATHBHBIX IULDKEH. DTH INLDKUA PacIoNioKeHB Ha M. JXKemaHus
(0. CeBepnprit apxunenara Hosas 3emis), Ha o. 3emus Anekcanapsl u o. bemn (3emus
®panna-Hocuda). B paznmyapie rogsl TECTUPOBATUCH METOIUKH MOHUTOPHHIA MOPCKOTO
mycopa MSFD u OSPAR. Pe3ynbrarel yOOpoK 3a Tpu roia mokasajiH, 4TO BUIOBON COCTaB
U KOJIHMYECTBO COOpaHHBIX MPEIMETOB MOPCKOIO MYCOpa 3HAYHUTEIbHO Ppa3invaroTcs
Ha UCCJIEJOBAHHBIX IUBsHKaxX. OHAKO TUIACTUKOBBIM MyCcOp HpPEBATUPYET HAI APYTHMHU
KaTETOPHUSIMH, COCTaBIIsIA B ocHOBHOM Ooniee 80 %. OIHUM W3 BOKHEHIINX HUCTOYHHKOB
3arpsi3HEHUsI PACCMOTPEHHBIX TUISHKEH MOPCKHM MYCOPOM SIBJISIETCSI PhIOOJIOBCTBO.

KawueBbie ciioBa: MOpckodl mycop, miaacTtuk, Pycckas Apkruka, bapenneso mope,
MOHHUTOPHHT

BirarogapHoOCTH: myOIUKaIHs MOITOTOBICHA B PAMKAaX HAYYHOW TEMbI HAIIMOHATHHOTO
mapka «Pycckas Apktuka» 1-22-119-3 u Ha OCHOBaHUH PE3yJIbTATOB YOOPOK MOPCKOIO
Mycopa, B KOTOPHIX MPHHUMAIN Yy4acTHE 3aMECTUTENb TUPEKTOopa M0 HAyYHOH pabore
H. A. Musun, rocuHcnektopsl A.C. Mopes, B. C. 3axappun, O.B. Banbkos,
. A. bapamaun (HanuoHambHBIH Mapk «Pycckas Apkrukay); A. A. Epmosa, U. A. Kpy-
TUKOB (Poccuiickuii TOCYJapCTBEHHBIH THAPOMETEOPOJOTHUYCSCKHH YHHBEPCHUTET),
E. H. Bacanaii (Ilonecckuii arpapao-sxonoruueckuii uactutyr HAH benapycn).

das mutupoBanus: Heysemaesa O. [I. MoruTOpUHT TUISKHOTO (OEperoBoro) Mycopa
B Poccuiickoit Apkruke // DKonorndyeckas 0€30MacHOCTh MPHOPEKHON u MmeabPoBOil 30H
mopsti. 2022. Ne 4, C. 69-78. EDN ZNNHDG. d0i:10.22449/2413-5577-2022-4-69-78

Introduction

Marine litter is any persistent manufactured or recycled solid material that is
dumped or left in the marine and coastal environment . Its distribution in the envi-
ronment has now acquired colossal proportions: from coastal zones to remote areas
of the oceans, from surface waters to the bottom layer and deep-water basins, and
from the equator to the poles [1]. Thus, marine litter pollution is already considered
a global problem affecting all the world’s oceans, with a particular focus on plas-
tics and microplastics 2.

D UNEP, 2005. Marine Litter, an analytical overview. Nairobi: UNEP, 58 p.
2 UNEP, 2009. Marine Litter: A Global Challenge. Nairobi: UNEP, 232 p.
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In the Barents Sea and in the territories washed by it, as well as throughout the
world, there is a negative trend towards an increase in marine litter pollution [2].
However, there are insufficient scientific data on the level of pollution, its charac-
teristics, sources, damage caused, etc. The main reason for this state of affairs is
inaccessibility of the region and high financial costs of expedition work. On the
more accessible beaches of Europe, anyone can clean them up and count the ma-
rine litter. The results of each cleanup are recorded in a special smartphone applica-
tion, and the data are accumulated in a single database . The studies of coastal pol-
lution with marine litter in the Norwegian sector of the Arctic show that a significant
proportion of litter (60-90 %) is plastic items [3, 4].

A pilot study of marine litter pollution of the beaches in the Russian Arctic
National Park, conducted in 2017 as part of the scientific and practical expedition
“Open Ocean: Archipelagos of the Arctic” together with the Marine Heritage:
Explore and Preserve Association, showed that that the proportion of plastic litter
on the islands of Franz Josef Land (FJL) was also high (84 %) [5]. In addition,
on the islands of the Russian Arctic National Park, the collection and recording of
marine litter was carried out as part of the Arctic Floating University [6] and MA-
LINOR projects.

Tourists are actively encouraged to cleanup marine litter in the Russian Arctic
National Park. This approach, when non-professionals under the guidance of spe-
cialists are engaged in the collection, classification and calculation of marine litter,
can significantly increase the amount of data obtained in hard-to-reach regions
where tourism activities are carried out. Besides, public participation in such events
helps to raise public awareness of environmental issues and serious deficiencies
in the waste management system that result in the pollution of even such remote
and uninhabited northern territories. This awareness can be a key factor in promot-
ing change in the behaviour of individual citizens. This may indirectly affect
the improvement of waste management systems and the development of conscious
consumption practices, which will reduce the amount of litter even before it enters
the marine environment [7].

The results of studies in collaboration with other interested organizations
showed that beach pollution with marine litter is relevant even for the hard-to-reach
islands of the Russian Arctic. Therefore, in 2019, some work started on the collec-
tion and recording of marine litter using the National Park’s own resources without
the involvement of third-party organizations [8].

This article is based on the results of the works that the author reported
on at a number of conferences [8-11].

Thus, the purpose of this work is to study marine litter pollution of the islands
of the Russian Arctic National Park, as well as to demonstrate the capabilities and
intentions of the park regarding this kind of research.

3 EEA. Citizens Collect Plastic and Data to Protect Europe’s Marine Environment. 2018. [online]
Auvailable at: https://www.eea.europa.eu/themes/water/europes-seas-and-coasts/assessments/marine-
litterwatch/briefing [Accessed: 03 December 2022].
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Materials and Methods

To date, there is no single internationally approved methodology for the col-
lection and recording of coastal marine litter. In each study, the authors choose
a specific methodology based on the tasks and the territory under study, and also
modify the existing ones. This state of affairs is, in the author’s opinion, natural:
the scientific community is in search of the best solutions in a new area of research.

During work in 2019, the park employees were guided by the MSFD method-
ology (Marine Strategy Framework Directive) ¥. The representatives of other or-
ganizations in the same year and earlier were guided by both this methodology and
others. All currently existing methodologies of marine litter monitoring do not fun-
damentally differ from each other, nevertheless, some difficulties arose in interpret-
ing the results and comparing them. Therefore, the question arose of choosing
a unified marine litter monitoring methodology, which would be applied
on the territory of the Russian Arctic. Such unification was important for systemat-
ic observations and possibility of comparing the results of studies conducted
by different people at different time intervals.

In the 2020 field season, the marine litter monitoring was carried out according
to the methodology adapted to the conditions of the park with a modified protocol
(site survey sheet), taking into account the probability of detecting certain types of
marine litter based on the results of previous observations. Two methodologies
formed its basis:

1) OSPAR (Convention for the Protection of the Marine Environment of
the North-East Atlantic, originally the Oslo (OS) and Paris (PAR) Conventions), wide-
ly used in monitoring marine litter on the coast of Norway, including the Svalbard ar-
chipelago — an area that is largely similar to the National Park’s areas *;

2) MSFD applied in the European seas and on their coasts.

The features of the adapted methodology are as follows:

—the methodology is presented in Russian, which significantly expands
the circle of its Russian-speaking users who do not speak English;

—the methodology is described as concisely and clearly as possible, so that
in the field one can quickly find the necessary information;

— the representative beaches are assigned identification numbers, where the let-
ters indicate the archipelago where the beach is located, and the numbers indicate
the ordinal number of the beach, for example, FJL001, NZ001. Systematic obser-
vations on the same beaches will make it possible to estimate the rate of accumula-
tion of marine litter;

—when describing a trial site in the protocols, it is proposed to fill in the items
that are important specifically for the territory of the park, for example, it is not
necessary to indicate the distance to the nearest settlement, etc.;

4) Hanke, G., Galgani, F., Werner, S., Oosterbaan, L., Nilsson, P., Fleet, D., Kinsey, S., Thompson, R.
[et al.], 2013. Palatinus A;Guidance on Monitoring of Marine Litter in European Seas. Luxem-
bourg: Publications Office of the European Union, 128 p.

5 Wenneker, B., Oosterbaan, L. and ICGML, 2010. Guideline for Monitoring Marine Litter on the
Beaches in the OSPAR Maritime Area. OSPAR Commission, 84 p.
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— the protocol is reduced to five pages, the types of marine litter, which is ex-
tremely rare, are excluded. As a result, the amount of paper used will be reduced
and record keeping in the field will be facilitated;

— each type of litter in the protocol corresponds to certain codes from the two
methodologies (OSPAR and MSFD), which will facilitate comparison of the re-
sults of studies conducted according to these methodologies.

The essence of the methodology is as follows. It is necessary to select a repre-
sentative beach, describe it and assign a unique identification number to it, and
then lay a sampling site 100 m long and 5 m wide from the water’s edge. Then,
all marine litter larger than 2.5 cm should be collected, identified and recorded
from the selected beach area. The total amount for each type of litter should be cal-
culated in the protocol and the litter of the main categories should be weighed.

Altogether, seven representative beaches were examined (Table) with 13 sam-
pling sites (Fig. 1) on two archipelagos of the Russian Arctic National Park
in 2019-2021.

Results and discussion

2019. At three sampling sites laid in 2019 at Cape Zhelaniya (Severny Island
of the Novaya Zemlya archipelago), the litter items classified as “plastic and other
artificial polymers”, which included “ropes, fragments of nets” and “plastic contain-
ers, packaging”, account for a larger share of the litter collected at all three sites.
However, the ratio of these two groups at the third site (NZ003), which is located

Register of representative beaches

Beach ID Description of beach location Date of cleanup

Severny Island (Novaya Zemlya)

10.07.2019; 15.08.2020;

Nz001 The Barents Sea Coast west to Cape Zhelaniya 17.06.2021: 29.08.2021

NZ002 The Barents Sea Coast between 12.08.2019; 15.08.2020;
Cape Zhelaniya and Cape Mavrikiya 29.08.2021

NZ003 Cape Zhelaniya, the Kara Sea coast, 13.00.2019: 17.06.2021

near the field base

Alexandra Land (FJL)

FJLO01 At Cape Berdovskogo 24.07.2019
At an unnamed cape between
FIL002 Cape Berdovskogo and Cape Zamanchivy 24.07.2019
FJLO03 Severnaya Bay 30.07.2020
Bell Island (FJL)
FJLO05 South coast 23.06.2021
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Fig. 1. Location of the sampling sites in 2019-2021

on the east coast, differs significantly (the share of nets is only 4 %) from their ra-
tio at the sites of the western coast (NZ001 and NZ002), where the share of nets is
40 and 34 %, respectively. Considering that the source of this pollution is fishing,
this distribution does not contradict previous studies and corresponds to the already
outlined hypothesis [8] that marine litter on the western coast of Novaya Zemlya is
associated with fishing in the Barents Sea. At the same time, almost no fishing is
carried out in the Kara Sea, and the source of litter could be its unauthorized dis-
charge from miscellaneous vessels or local pollution. Metal and glass objects were
also found on the surveyed sites, but in much smaller quantities.

The items collected at two sites laid close to each other in the east of Alexan-
dra Land are also mostly categorized as “plastics and other artificial polymers”.
At the same time, in the more southern area (FJL002), all collected items (30.3 kg)
are assigned to this category, and in the more northern area (FJL001), apart from
plastic (4.7 kg), 40 % of metal litter (aluminum floats) with a total weight of 3 kg is
found. In the “plastic and other artificial polymers” category, groups of items
by name are distinguished. More than half of the plastic litter at both sites is nets;
fish boxes have also been found in the more southerly site. The source of such ma-
rine litter is fishing, most likely in the Barents Sea. The other items (mounting
foam, small plastic litter, cans) could have been thrown away on the spot or
brought by ocean currents.

2020. A distinctive feature of the field work in 2020, in addition to some dif-
ferences in the recording methodology, is weighing of all collected marine litter
by category. In the previous year, it was possible to weigh items collected only
on Alexandra Land (FJL).

Thus, at the first (NZ001) and the second (NZ002) sites located at Cape
Zhelaniya, a total of 17.7 and 16.6 kg of marine litter was collected, respec-
tively. At these two sites, in 2020, as in 2019, the products categorized
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as “plastics and other artificial polymers” make up the majority of the collected
litter, however, their share in 2020 is somewhat reduced due to the growth
in the share of metal and the appearance of rubber waste. Weighing and recording
were carried out only for large categories, so it is not possible to assess the scale of
the impact of fishing by the number of collected nets and their remains.

On Alexandra Land, it was not possible to repeat the marine litter collection
at the same sampling sites as in 2019 due to some logistical difficulties. Another
sampling site was selected on the coast of Northern Bay (FJL003). The marine lit-
ter characteristics at this site are very different from the characteristics of litter col-
lected in 2019 at the sites considered earlier, both at Cape Zhelaniya and at other
sites on Alexandra Land. At FJL003, the majority, namely 64.5 %, are box boards
and plastic products (canisters, packaging, pieces of plastic, a float) — 35.5 %,
while neither nets nor fragments of nets were found. A total of 3.1 kg of marine
litter was collected from this sampling site.

2021. The most detailed recording of marine litter was carried out in the field
season of 2021 [9], which is due to the accumulated experience, analysis of previ-
ous studies and correction of shortcomings, as well as help from specialists experi-
enced in this field, since some cleanups were carried out as part of a comprehen-
sive Arctic Floating University — 2021 expedition.

A total of 1424 objects with a total weight of 125.8 kg were collected
from five surveyed sampling sites. They included plastic, polystyrene — 1160 pcs.
(23.1 kg); rubber — 30 pcs. (2.9 kg); clothes, textiles — 5 pcs. (3 kg); processed
wood — 86 pcs. (10.1 kg); metal — 138 pcs. (85.7 kg); glass — 3 pcs. (0.5 kg);
ceramics — 2 pcs. (0.5 kg). No hygienic and medical waste was found at any site.

The results of cleanups at different sites are very different from each other
in terms of composition, quantity and weight of the collected items. Plastic ob-
jects prevail at all sites, while other litter categories are not found everywhere.
Moreover, at all sites, except the one laid at Cape Zhelaniya from the direction of
the Kara Sea, the proportion of plastic is from 83.7 to 100 %. On the mentioned
site, the proportion of plastic and metal objects is 48 % each.

On Bell Island (FJL005-21), only 157 plastic items (11.1 kg), divided into
16 types, were found, but they were mainly pieces of plastic or polystyrene of
2.5-50 cm, rope (less than 1 cm in diameter) and lids.

At Cape Zhelaniya from the direction of the Kara Sea (NZ003-21), a total of
161 items (32 kg) was collected, of which 77 items accounted for plastic and metal,
5 — for rubber, and 2 — for ceramics. The plastic items are divided into 12 types,
but basically, as in the previous case, these are pieces of plastic or polystyrene
of 2.5-50 cm and lids, as well as strappings. The “metals” category includes vari-
ous objects made of metal less than 50 cm in size.

In June, on the more northern beach at Cape Zhelaniya from the direction
of the Barents Sea (NZ001-21.1), the largest number of marine litter was col-
lected — 1085 pcs. (80.3 kg). This site also has the largest variety of litter
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(six out of nine categories), namely plastic and polystyrene — 908 pcs., processed
wood — 84 pcs., metal — 60 pcs., rubber — 25 pcs., clothes and textiles — 5 pcs.,
glass — 3 pcs. The maximum variety of collected items was found in the category
“plastic and polystyrene” (19 subcategories). Mostly there were ropes (less than
1 cm in diameter), pieces of plastic or polystyrene of 2.5-50 cm and more than
50 cm, as well as lids and strappings.

Two months later, namely at the end of August, almost no marine litter was
noted on the same beach (NZ001-21.2), except for eight items (0.6 kg). They were
seven plastic items and a metal tube piece. Such a low amount of marine litter
indicates that the main accumulation occurs in other periods: either in autumn
or in early summer, since a year before, in June 2021, the marine litter was record-
ed on this beach, and then all collected items were removed.

On the beach, which is located to the south at Cape Zhelaniya from the direc-
tion of the Barents Sea (NZ002-21), the amount of the litter found is also small —
13 pcs. (1.9 kg). They are 11 plastic items and 2 processed wood items.

Fig. 2 represents a summary of the results of the marine litter recording for
the three years considered.
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Fig.2. Marine litter distribution in 2019-2021
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Conclusions

The activities carried out over three years to monitor the marine litter have
shown that the Russian Arctic National Park is able to independently organize and
regularly conduct such surveys, as well as assume the function of a coordinator
of projects in this area.

However, a number of shortcomings have also been identified that need to be
taken into account when planning field work in order to improve the monitoring
system. For example, it is not enough to classify the collected items only into
large categories (plastic, metal, glass, etc.), as was the case in the early years.
Based on the data already available, it is clear that plastic objects make up the ma-
jority of all litter collected on the islands of the Russian Arctic National Park, and
in the future it is important to introduce a more detailed classification into sub-
categories (nets, bags, ropes, etc.), which will help to identify sources of pollu-
tion. This classification was carried out in 2021.

Based on the results of the research, a unified methodology for monitoring ma-
rine litter on the islands of the Russian Arctic National Park was adopted and
a network of reference beaches was selected, which is planned to be expanded an-
nually.

The outlying islands of the Russian Arctic National Park are heavily polluted
with marine litter, especially plastic (mostly over 80 %). The differences in litter
composition between surveyed sites indicate differences in pollution sources. Fish-
ing is one of the most important sources of pollution.
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Abstract

On the basis of numerical modeling using the 3D barotropic linear Felsenbaum model,
regularities of the structure of currents local system in Kruglaya Bay depending on the wind
was revealed. It is established that, regardless of the wind flow direction, a number of gen-
eral properties are inherent in the system of wind currents, and for each specific wind situa-
tion it has its own characteristics. It is shown that in the deep-water part of the investigated
bay, the system of currents is two-layer, and in the shallow apex area, it is one-layer.
Regardless of the wind situation, a topographic eddy cell is observed in the center of
the bay in the area of extensive bottom uplift. The northern quarter winds cause a surge
effect, developed circulation and ensure good water exchange with the open sea.
The southern quarter winds are responsible for a weakly pronounced surge effect.
Zonal winds generate weak zonal currents that impede water exchange between the bay
and the sea. The simulation result is compared with the instrumental observations data of
currents in Kruglaya Bay in northern quarter wind conditions. A good similarity is shown
between the calculated system of currents and the flow scheme obtained from observational
data.
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Cucrema teyenuii B 0yxre Kpyruaas (Kpbsim) Ha ocHOBe
YHMCJIEHHOI0 MOACIMPOBAHNS M JaHHBIX HA0II0AeHUI
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AHHOTaANMUA

Ha ocHOBe 4HMCIEHHOIO MOAEIMPOBAHHUS C WCIOIB30BAHHEM TPEXMEPHOH 0apoTpOmHOI
nuHerHoW Moxpenn dDenp3eHOayma BBISBICHBI 3aKOHOMEPHOCTH CTPYKTYPHI JIOKAJIBHON
CHCTEMBI TEUCHUH B 3aBUCHMOCTH OT BeTpa B OyxTe Kpyrioi. YcraHoBneHo, 4To, HE3aBU-
CHMO OT HAamlpaBJCHHSA BETPOBOTO MOTOKA, CHCTEME BETPOBBIX TCUEHHH B IIEJIOM IIPHCYI
psa O0IMX CBOWCTB, a AJS KaX/10i KOHKPETHOW BETPOBOM CHUTYallMM OHAa OTIMYACTCS
coOcTBeHHBIMH Npu3HaKaMu. [IokazaHo, 4TO B TITyOOKOBOHOM YacTH HCCIeyeMOl OyXThl
CHUCTEMa TCYCHHU NBYXCIIOHHAas, a B MCIKOBOJHON KYTOBON 00JIaCTH — OJHOCIOWHAs.
HesaBucumo oT BeTpoBOil cuTyauuu B LIEHTpe OYXTHI, B paiiloHe OOMIMPHOTO MOAHSATHS AHA
HaOmonaercs Tonorpaduyeckas BUXpeBas sieiika. BeTpbl ceBepHOM 4eTBEPTH BBI3BIBAIOT
HaroHHbBIH 3G QEKT, pa3BUTYI0 LUPKYJSINI0 U 00ECIIeUNBAIOT XOPOLIMH BOZOOOMEH € OT-
KpPBITOW YacThl0 MoOps. BeTpsl 10XKHOI 4YeTBepTH OOYCIOBIMBAIOT CNa00 BBIPa’KEHHBII
CTOHHBIN 3 exT. 30HANBHBIE BETPHI TCHEPUPYIOT ci1a0ble 30HANBHBIC TEUCHHUS, TPETIATCT-
BYIOIIME BOIOOOMEHY Mexay OyXTol W MopeM. Pe3ynbraT MoIenupoOBaHHS COIIOCTABIICH
C TaHHBIMH HHCTPYMEHTAJIBHBIX HAOMIONEHHH 3a TeueHUAMHU B OyxTe Kpyrioii B ycrmoBusx
BeTpa ceBepHOi yeTBepTH. [lokazaHo Xopolee COOTBETCTBUE PACUETHON CUCTEMbI TEUEHH I
U CXEMBI TEUCHUH, MTOJIYICHHOH 110 TaHHBIM HAOJFOICHUH.

Kawo4deBbie cioBa: BeTep, TEUEHHUs, MOJEIUPOBAHUE, CTOHHO-HAarOHHBIE SIBICHHS,
oyxta Kpyrnas, Kpeim

BaaronapuocTn: paboTa BBHIIIOJHEHa B paMKax IOCYIapCTBEHHOTO 3aJaHMS 10 TeMe
Ne 0555-2021-0005 «KomrmuiekcHblE MEXIUCHUILTMHAPHBIE HCCIIEeIOBAaHUS OKEaHOJIOTHYe-
CKHX MPOLIECCOB, ONPENeIIOMNX (PYHKINOHUPOBAHHUE U SBOJIOLUIO IKOCUCTEM IPHOpPEIK-
HBIX 30H YepHOro U A30BCKOr0 MOpEii».

das nurupoBauus: Jlomaxun I1. J[., Pabyes IO. H. Cuctema teuennii B 0yxte Kpyr-
nast (KpbpIM) Ha OCHOBE YHCIICHHOTO MOJISITMPOBAHMS U JAHHBIX HAOIIOACHHH // DKOJIOTH-
yeckas 0€30MacHOCTh MPUOpeKHONW 1 menbPoBoi 30H Mops. 2022. Ne 4. C. 79-89. EDN
ULTQHH. doi:10.22449/2413-5577-2022-4-79-89

Introduction

Kruglaya Bay (also known as Omega Bay) is situated on the southwestern
coast of the Crimean Peninsula, in the southern part of the Sevastopol seashore,
between Abramov Bay and Streletskaya Bay. The bay is meridionally oriented and
freely communicates with the sea. The length of its axial line is about a mile,
the width of the mouth area of the bay is ~ 0.3 miles, and the sea depth at the inlet
is 13—17 m. The apex of the bay, with a horizontal scale of 150—200 m and a depth
of 0.5-1.2 m, is bounded from the central area by two capes (Fig. 1).

One of the morphometric features of the studied bay, which determines
the dynamics of water and suspended matter, as well as the structure of the fields of
oceanological quantities, is a vast stony and partially covered with sand bottom
uplift located in the central area, which is clearly distinguishable on satellite im-
ages in the visible range (Fig. 1, »). In stormy conditions and in the event of a large
swell, its top emerges on the sea surface [1].
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a

Fig. 1. Geographic position of Kruglaya Bay with the oceanologic survey station map
(a); satellite image of the bay (b)

Kruglyaya is one of the few bays of the Sevastopol seaside where city beaches
are located. It is of interest from a recreational point of view, especially in modern
conditions of increasing anthropogenic load, therefore, information about the hy-
drological regime of the bay, in particular about the regularities of the current sys-
tem, seems to be very relevant.

Comprehensive oceanological studies are currently being carried out in this
bay and adjacent seaside areas. For example, during the past three years, a number
of surveys and a series of shore-based observations of the main hydrophysical
and hydrochemical parameters of the environment have been carried out here.
On the basis of the analysis of the data obtained, an understanding of currents,
structure and temporal variability of the fields of the main oceanological quantities,
sources of pollution, volumes of waste water, chemical composition of pollutants
has been formed [1-5]. In [6], numerical modelling of the spreading process of
suspended matter from a real-life source was carried out. In this article, the existing
knowledge is expanded and supplemented by the result of numerical simulation of
the local system of currents.

The aim of the work is to reveal regularities of the local current system de-
pending on wind conditions in Kruglaya Bay on the basis of numerical simulation
and to compare the obtained result with the data of instrumental observations of
currents.

Initial data and research methods

The three-dimensional barotropic linear Felsenbaum model [7, 8], generalized
for the case of taking into account Rayleigh friction, was used to calculate currents.
It should be noted that numerical modelling of hydrological processes in similar
basins is traditionally used to understand the regularities identified on the basis of
field observations [9, 10].
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In such models, the solution to the three-dimensional problem of flows is re-
duced to the solution to the two-dimensional problem for an integral current func-
tion. The current velocity components are calculated using analytical formulas that
allow calculations to be made on a relatively fine grid and describe the characteris-
tics of coastal currents and currents in bays. The details of the algorithm and
the parameters used are described in the paper [8].

The numerical experiments were carried out for eight main winds of 8 m/s
for 2 days. The currents were calculated layer by layer, from the upper to the bot-
tom layer, under real bottom topography conditions.

The simulation result was compared with flow vector schemes obtained from
two oceanological surveys conducted in August and November 2019 [1, 2].

Discussion of the results

The result of numerical simulation of the current system in the upper and bot-
tom layers of the bay is demonstrated for meridional (Fig. 2, 3) and zonal (Fig. 4)
winds.

The analysis of vector fields (Figs. 2—4) showed that regardless of the wind
situation, the system of wind currents as a whole in Kruglaya Bay is characterized
by a number of common features. At the same time, meridional and zonal winds
determine their own features of the kinematic structure of waters.

Two qualitatively different kinematic structures of waters are observed
in the bay under any wind direction. A two-layer structure — in the deep (central
and open) area and a one-layer structure — in the shallow apex area. In the deep
water, in the upper water layer the current vectors are oriented downwind, while
in the bottom layer the current vectors are in the opposite direction. In the shallow
apex area, both on the sea surface and near the bottom the current vectors are
oriented downwind.

In each calculated wind situation in the area of the bottom uplift, an eddy cell
with a predominantly anticyclonic component is observed in the field of current
vectors in the entire water column. This topographic quasi-stationary eddy forma-
tion is formed as a result of the interaction of currents with the bottom uplift
and prevents meridional exchange between the bay and the open water area of
the Sevastopol seaside (Fig. 2—4).

It is shown below that winds of all directions (except the east) generate surge
phenomena in the bay under consideration, the nature of which is determined
by the direction of the wind flow, and the intensity is determined by the wind acce-
leration.

The northern and southern quarter winds cause, respectively, the upsurge
and downsurge effects over the entire bay area. Zonal winds cause upsurge along
the windward shore of the bay and downsurge — along the opposite leeward shore.

The northern quarter winds (northern, northwestern, northeastern) are charac-
terized by maximum acceleration and cause an upsurge effect in Kruglaya Bay.
Due to the acceleration of these winds, the current system in the bay is the most
developed. The calculated current velocity is the highest, 10—17 cm/s at the surface
and 5-12 cm/s near the bottom, compared to the situations caused by other winds.
Northern winds provide ventilation for the entire bay and the best water exchange
with the open part of the sea (Fig. 2).
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The winds in the southern quarter (southern, southwestern, southeastern) cause
a downsurge effect. However, due to limited wind acceleration, this effect is usual-
ly weakly expressed. According to episodic observations in the beach zone,
the downsurge south winds in the studied bay do not cause more or less significant
fluctuations in water temperature, their range is within 1°C.The calculated current
velocity in the bay under south quarter winds is 7-15 cm/s in the upper layer
and 3—7 cm/s near the bottom (Fig. 3).

The zonal (west and east) winds are characterized by minimal acceleration.
The west wind causes a downsurge near the western shore of the bay and an up-
surge near the eastern shore. The east wind causes a downsurge near the eastern
shore and an upsurge near the western one. With zonal winds the calculated current
velocity is minimal: 5-12 cm/s on the surface and 2-3 cm/s near the bottom;
the zonal currents prevail and, consequently, the limited water exchange between
the bay and the sea (Fig. 4).

Let us note an interesting, typical for Sevastopol, local atmospheric synoptic
situation. When east winds blow over the Crimea near Sevastopol, an orographic
effect leads to calm and windless weather, with east wind speeds not exceeding
3 m/s, as a rule. This phenomenon, well known to local meteorologists, has re-
ceived the name of the eastern position. Therefore, in the city and in the area of
the studied bay, there is never a moderate and strong east wind. The real weak
wind flow observed at the eastern position is hardly capable of generating a more
or less stable system of currents, and the calculation variant in Fig. 4, ¢, d — a pure-
ly theoretical situation that does not exist in nature.

All available empirical data confirm the known position [11] about predomi-
nantly wind driven nature of the currents in Sevastopol bays.

Fig. 5 shows diagrams of current vectors plotted from the results of two expe-
ditions to Kruglaya Bay, which were carried out in August and November 2019.
The first survey was carried out under weak northeast wind conditions, the second
—under weak northwest wind conditions.

Before proceeding to the analysis of the local current system in the bay under
study based on actual observations, the following should be taken into account.
The current generated by a weak wind is unstable. Its characteristics change in ac-
cordance with variations in wind flow parameters, which were necessarily present
during each survey (~10 hours).

Therefore, the time-differentiated vectors may refer to different fragments of
the kinematic structure changed during the surveys, and not correspond to the real
water circulation.

Judging by the current vectors directed along the normal to the shore at the sta-
tions that were located directly near the shoreline, the currents in the studied bay
have a rather pronounced seiche component. A significant random component is
also probable. In other words, vector diagrams obtained from the data of instru-
mental observations of currents (Fig. 5) do not constitute a complete picture but
only give an approximate idea of real water circulation in Kruglaya Bay under
conditions of a weak northern quarter wind. Only the information on current veloc-
ity appears to be reliable.
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The articles [1, 2] carried out a detailed study of instrumental observations of
currents in Kruglaya Bay using an indirect method based on an analysis of
the structure of the fields of oceanological quantities. The structure of the thermo-
haline field and the fields of concentration of total suspended matter and dissolved
organic matter were analyzed together with the vector schemes.

As aresult, the properties of the local current system generated by the northern
quarter wind in Kruglaya Bay were confirmed. These properties were identified
by numerical modelling and are shown in Fig. 2.

In particular, they are two-layer kinematic structure in the deep part of the bay;
intensive upsurge effect; well-developed meridional circulation in the deep part
with current velocity of 15-40 cm/s in the upper layer and 10—15 cm/s near the bot-
tom and about 5 cm/s in the apex area. During both surveys in the area of bottom
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uplift in the field of vectors of currents and in the structure of actual fields of ocea-
nological values, distinct eddy formation was recorded (Fig. 5), which presence
was shown by all variants of model experiment (Fig. 2—4).

On the whole, the longshore anticyclonic circulation of water and suspended
matter prevails in the studied bay. This is confirmed by the depth distribution along
the three piers located on the western shore of the bay, as well as the specific shore
properties at the base of these structures. The piers intercept the north-oriented
alongshore flow of suspended matter, washing the western shore of the bay.
The water depth along the southern side of the piers is significantly shallower than
along the northern side. At the base of the piers the shore is scoured from the south
while to the north there is a pronounced zone of downstream erosion.

Conclusion

Numerical modeling method has been used to reveal regularities in the struc-
ture of the local current system in Kruglaya Bay determined by the eight main
types of wind.

It is established that regardless of the wind flow direction, the system of wind
currents in the studied bay has the following properties: a two-layer structure
in the deep-water region and a one-layer structure in the shallow apex area.
In the upper water layer of the deep water, the current vectors are oriented down-
wind, in the bottom layer — the current vectors are oriented against the wind.
In the shallow apex area on the sea surface and near the bottom, the current vectors
are oriented downwind. In the central part of the bay, in the area of bottom uplift,
a quasi-stationary topographic eddy formation is observed.
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The northern, southern and zonal winds form fields of current vectors with spe-
cific features. The northern quarter winds cause an upsurge effect in Kruglaya Bay.
Due to maximum acceleration under these winds, the current system in the bay is
most developed and ensures good water exchange with the open sea area. The south-
ern quarter winds determine the downsurge effect, which is weakly pronounced
due to limited acceleration. The zonal winds have minimal acceleration and generate
weak zonal currents that impede water exchange between the bay and the sea.

The result of simulations of the current system in the bay generated by the north-
ern quarter winds is confirmed by data from expedition surveys. In particular, such
properties as two-layer kinematic structure in the deep-water area of the bay and
one-layer structure in the apex area, developed meridional circulation, intensive up-
surge effect, formation of an eddy cell in the area of bottom uplift were confirmed.

An anticyclonic longshore circulation of water and suspended matter prevails
in the studied bay.
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Restoration of the Biocoenosis of the Black Sea Scallop
Flexopecten glaber (Bivalvia: Pectinidae)
off the Coast of Crimea (Laspi Area)
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Abstract

The paper presents a description of the quantitative representation, taxonomic structure and
formation features of the Black Sea scallop Flexopecten galaber biocoenosis in the south-
western section of the Crimean shelf (Laspi area), after its depopulation off the coast of
Crimea, which coincided with the period of ecological crisis of the Black Sea ecosystem
during the second half of the 20th century. The material was benthic samples collected
by SCUBA divers using a manual grab sampler in October 2020. A total of 64 macrozoo-
benthos species were identified in the scallop biocoenosis formed in the biotope of slightly
silted sand with shell debris at a depth of 13-34 m. The total list of species was represented
by Crustacea (12 species), Mollusca (21), Polychaeta (26), Miscellaneous group (5) and
by not identified to species level of Acari, Gromia, Nematoda, Nemertea, Turbellaria.
The mean abundance and biomass (after removing the mantle cavity fluid of bivalves) val-
ues of macrozoobenthos reached 11,231+2,424 ind./m? and 247.7+156.3 g/m?, respectively.
It is assumed that the forerunner to the Flexopecten biocoenosis in the area of its detection
was the Gouldia biocoenosis. The zoobenthos biomass (with mantle cavity fluid of bi-
valves) in the Flexopecten biocoenosis (351 g/m?) was similar to that values in the Cha-
melea biocoenosis at comparable depths off the coast of Crimea in the 1930s (388 g/m?),
1957 (354 g/m?), and 1981-2004 (475 g/m?); Chamelea biocoenosis is classified as one of
the most abundant coastal belt biocoenosis of the Black Sea basin. The recovery of F. glaber
beds observed off the coast of Crimea and its transformation into a coenoses-forming spe-
cies are in line with the modern recovery processes in the benthos of various areas of
the Black Sea shelf, after the crisis period of 1980-1990s, which are associated with de-
eutrophication and the improvement of the ecological status of its water areas.
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BoccTranoBiienue 6n0ueH03a YEPHOMOPCKOI'o rpeﬁemKa
Flexopecten glaber (Bivalvia: Pectinidae)
y 6eperoB Kprima (paiion Jlacnu)

H. K. PeskoB*, H. A. BosTaueBa

@I'BYH ©UL] « Uncmumym ouonoeuu 1odxucuvix mopet um. A. O. Kosanescxoco PAH»,
Cesacmononw, Poccus

*e-mail: nrevkov@yandex.ru

AHHOTaUUA

[IpencraBneHo oOIHMCaHWE KOJIMYESCTBEHHOI'O Pas3sBHTHS, TAKCOHOMHYECKOHW CTPYKTYpEI
u ocobeHHOCTEeH (opMHpOBaHHs OMOLIEHO3a YEPHOMOPCKOTO rpebelika Ha Foro-3amajHoM
ydacTKe KpbIMCKOTO Ienbda (paiioH Jlacnu) nocie ero pemomyiauuu y 6eperoB KpreiMa,
COBIIABIICH C MEPHOIOM DKOJOTHYECKOTO KPHU3HCA YSPHOMOPCKOH IKOCHCTEMBI BTOPOH
nonoBuHEl XX B. MarepuanoM MOCIYXWIN OCHTOCHBIE NMPOOBI, cOOpaHHBIE B OKTAOpE
2020 r. py4HBIM BOJIOJAa3HBIM JHOUEpIATENIEM Ha YeThIpeX CTaHLMsIX Moiurona. B Ouore-
HO3¢ Tpebeinka, chOPMHpPOBABIIEMCs B OuOTONE C€1ab0 3aMJICHHOTO IMECKa C pakKyliei
Ha riyoune 13-34 M, ormeuensl 64 npeacTaBuTesst MakpozoobdeHroca. M3 nux Crustacea —
12, Mollusca — 21, Polychaeta — 26, cGopuast rpyrnma Miscellaneous — 5 BuioB 1 He WIEHTH-
¢bunmpoBaHHbie 10 BHAa mnpencrasutean Acari, Gromia, Nematoda, Nemertea, Turbellaria.
CpenHsis 4YHCIECHHOCTh M OMOMacca Makpo3ooOeHToca (6e3 yueTa MaHTHHHON JKUAKOCTH
JBYCTBOPYATBIX MOJLIIOCKOB) cocTaBuid 11 231 + 2424 sk3./mM? u 247.7 + 156.3 r/m? coot-
BETCTBEHHO. [Ipeamnonaraercs, 4To mpeAlIeCTBEHHUKOM OuolrieHo3a Flexopecten B paiione
ero oOHapyxxeHus Obu1 OmoneHo3 Gouldia. [Ipu aHATOrHYHBIX METOMMKAX B3BEIIMBAHHUS
(c yueToM MaHTHIHOH KHAKOCTH JABYCTBOPYATHIX MOJUIIOCKOB) OHMOMacca 3000eHTOCa
B 6uonenose Flexopecten (351 r/m?) okasanach CXOAHOH C aHAIOIMYHBLIMH TApaMeTpaMu
pa3sBUTHA GEHTOCA HA CONOCTABUMBIX IIyOuHax y 6eperos Kpeima B 1930-x rr. (388 r/m?),
1957 r. (354 /M%) u 1981-2004 rr. (475 /M%) B Guonenose Chamelea, ornocumom x
Haubosiee pa3BUTHIM NPUOPEKHBIM TOSICHBIM OuoleHo3aM YepHoOMOpckoro OacceifHa.
Hab6mromaemoe BocctaHoBienue mocenenuii F. glaber u ero npespamienue y 6eperos Kpoi-
Ma B LIEHO03000pa3ylONIuii BHJI COTJIACYETCsl C COBPEMEHHBIMU BOCCTaHOBUTEIBHBIMH IPO-
HeccamMy B OEHTOCE Pa3IMYHBIX YYaCTKOB YEPHOMOPCKOTO IneNib(a B HOCTKPU3UCHBIH (T10-
cie 1980-1990-x rr.) mepuoj nessrpodukarnmu Oacceiina UepHOro Mopsi U yiydlieHHs
9KOJIOTHYECKOTO COCTOSHHS €TI0 aKBaTOPHIL.

Kawuesbie cioBa: duorenos, Flexopecten glaber, makpozoo6entoc, UepHoe mope

BaarogapHocTH: paboTa BRIIOJNHEHA B paMKax rocyaapctBeHHoro 3ananus ULl UuBIOM
1o TeMe «3aKOHOMEPHOCTH (POPMUPOBAHKS U aHTPOIOreHHas TpaHchopMalys OnopasHo-
obpasus u 6mopecypcoB A3oBo-UepHOMOPCKOTO OacceifHa u npyrux paiioHoB MupoBoro
okeana» (Ne roc. perucrpanuu 121030100028-0). ABTOPBI BEIpaKaloT OOJBIIYIO MPHU3HA-
tenbpHOCTH O. 1O, Bsiosoii 3a coop Marepuana, JI. B. BormapeHko — 3a onpeeneHne rpyIisl
pakooOpasnbIx, JI. B. JIykpstHOBOM — 3a IOMOIIB B TaOOpaTOpHO# 00paboTKe MaTepuaa.
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Introduction

The Black Sea scallop Flexopecten glaber (Linnaeus, 1758) is the only repre-
sentative of the family Pectinidae (class Bivalvia) in the Black Sea V. It forms ag-
gregations from the water's edge to depths of 40 m in biotopes of dense shell, silty-
sandy sediments with an admixture of shell debris and coarse sandy-pebble sedi-
ments [1]. At the beginning of the 20th century, F. glaber was abundant in all oys-
ter beds and deeper layers of coastal sand near Sevastopol [2]. In the area of the
Kerch Strait, the scallop together with Ostrea edulis Linnaeus, 1758 formed its own
biocoenosis as a leading benthic form, and near the open coasts of Crimea, it was
included in different biocoenoses as a characteristic or secondary species [1].
However, already in the 1950s and 1960s, the Black Sea population of F. glaber
tended to decrease. On the soft bottom sediments (not including oyster beds),
the Black Sea scallop was a member of only two biocoenoses — Gouldia (15-32 m
depth, biotope of shells with sand and a slight admixture of silt, western coast of
Crimea) [3] and Parvicardium — Gouldia — Pholoe inornata (10-25 m depth,
gravel-sandy sediments, Southern coast of Crimea) [4]. Subsequent events
in the 1970s (the beginning of eutrophication in the Black Sea basin, the death of
oyster beds) followed by a peak of ecological crisis in the Black Sea ecosystem
in the late 1980s and early 1990s determined the actual depopulation of F. glaber,
so this species was included in the Red Book of the Republic of Crimea and
the Red Data Book of Sevastopol as species declining in abundance ?: 9.

An improvement in the ecological state of the Black Sea basin in the early
2000s resulted in the recovery of populations of some benthic species whose abun-
dance and habitat had previously decreased [5, 6]. Since 2010, information has
started to appear about the discovery of F. glaber aggregations in various parts of
the Crimean coast (Donuzlav Bay, Kazachya and Laspi bays) [7, 8] and the mass
settlement of their larvae on collectors of mussel and oyster farms [9, 10], which
led to practical recommendations for the development of aquaculture of this spe-
cies off the coast of Crimea [10].

The return of the scallop into the benthos of the region was expected, but re-
quired monitoring in terms of possible changes in the structural indicators of benthos
development. The work aims at describing the biocoenosis of the Black Sea scallop
formed in the water area of one of the sites in Southwestern Crimea (Laspi area).

Material and methods
The work was conducted in October 2020 near the coast of Southwestern Crimea

(Laspi area, Mechty Bay). Benthic samples were taken by SCUBA divers using a
manual grab sampler (S = 0.04 m?) at four points of the study area: Station 1 (19 m

D Scarlato, O.A. and Starobogatov, Ya.l., 1972. [Bivalvia Class]. In: F. D. Mordukhay-Boltovskoy,
ed., 1972. [Fauna Field Guide for the Black Sea and Sea of Azov]. Vol. 3. Kiev: Naukova Dumka,
pp. 178-249 (in Russian).

2 Revkov, N.K., 2015. [The Black Sea Scallop Flexopecten glaber ponticus Bucquoy, Dautzenberg et
Dollfus, 1889]. In: S. P. Ivanov and A. V. Fateryga, eds., 2015. Red Book of the Republic of
Crimea. Animals. Simferopol: ARIAL, 39 p. (in Russian).

% Revkov, N.K., 2018. [The Black Sea Scallop Flexopecten glaber (Linnaeus, 1758)]. In: 1. V. Dovgal
and V. V. Korzhenevskiy, eds., 2018. The Red Data Book of Sevastopol. Sevastopol:
ROST-DOAFK, 432 p. (in Russian).
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deep), Station 2 (34 m), Station 3 (27 m) and Station 4 (13 m) (Fig. 1). The sub-
strate in the sampling area was represented by slightly silty amphioxus sand
with shell debris (amphioxus is coarse, well aerated sand typical of the Branchi-
ostoma (=Amphioxus) lanceolatum habitat [2]). It was washed through a 0.5 mm
sieve; after washing, the remaining sample was fixed in 4 % neutralised formalin.
The material was further processed in the laboratory under a binocular microscope.
The organisms were counted and weighed with an accuracy of 0.001 g. Their num-
ber and wet biomass were recalculated per 1 m? of bottom. The bivalve mass was
determined after the removal of mantle cavity fluid. The species-level identifica-
tion of benthic fauna was made using guides (Fauna Guide ® and [11]), and taxa
were verified by WoRMS®. The average values (from four sampling points) of
abundance and biomass of large taxa with an indication of a standard error of
measurements are presented in the table.

The faunal homogeneity of zoobenthos was assessed on a transformed (spe-
cies presence/absence) species abundance matrix using the Bray-Curtis similarity
coefficient in the Cluster program of PRIMER-6 package. The dominant species of
benthic macrofauna was determined based on the density index (DI) value as fol-
lows

Dli - Ni0.25 . Bi0.75 . pi,

where N; — specific abundance, ind./m?; Bi — specific biomass, g/m?; p; — occur-
rence frequency of species i (0-1).

45"
N
CRIMEA
45° '
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Fig. 1. Schematic map of sampling locations in Laspi area

4 IBSS, 1968-1972. [Fauna Field Guide for the Black Sea and Sea of Azov. Wild Invertebrata].
3 volumes. Kiev: Naukova Dumka, (in Russian).

% WRMS. An Authoritative Classification and Catalogue of Marine Names. 2022. [online] Available
at: http://www.marinespecies.org [Accessed: 01 December 2022].
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The DI; used in this work is an extension of the lineage of taxa quantification
indices using the parameters of their occurrence frequency (pi), specific abundance (Ni)
and specific biomass (Bi) (Ni-Bi)¥2 [12]; (Ni-Bi)Y?-pi [13]; (Ni-Bi-p)*2 ©; (Bi-pi)*?
[14-16], collectively known as “density indices” and widely used in benthic studies of
the Azov and Black Sea basin in the 1930s-1980s. The modern adjustment of indices
came from studies on hydrobiont energy, where respiration costs of the i-th hydrobiont
species per specific area are estimated by the formula Q; = N> B>k [17, 18]. This
gave grounds to speak about the semantic load of the expression Ni%?5-B{%™ as an
estimated (approximate) equivalent of the energy role of hydrobionts and the
possibility of using it in studies of structural organization of the benthos [19-21].

When comparing the current macrozoobenthos biomass with similar data from
previous years, the biomass in the Flexopecten biocoenosis was recalculated taking
the mantle cavity fluid of bivalves into account according to [22]. In the text,
the names of the biocoenoses are abbreviated to the generic names of their domi-
nant species.

Results

All stations in the study area had a high faunal homogeneity with a Bray —
Curtis similarity of over 50 %. This allowed assigning them to a single biocoeno-
sis, Flexopecten glaber, due to its dominant DI position. The DI value of F. glaber
(143.05) was more than six times higher than that of the subdominant species,
namely the clams Bittium reticulatun (22.76), Gouldia minima (20.93) and Ana-
dara kagoshimensis (18.33). The DI-ranked range of species in the Flexopecten
biocoenosis is considered in more detail in the discussion of the obtained material.

In total, 64 representatives of macrozoobenthos were observed in the Flex-
opecten biocoenosis at the level of species taxa. Among them are Crustacea — 12,
Mollusca — 21, Polychaeta — 26, mixed group “Miscellaneous” — 5 species (see
Appendix). Representatives of Acari, Gromia, Nematoda, Nemertea, Turbellaria
as well as some specimens of polychaetes of families Nereididae, Phyllodocidae
and Syllidae were not identified to species.

Average abundance and biomass of macrozoobenthos in the scallop biocoeno-
sis were 11,231 * 2,424 ind./m? and 247.7 + 156.3 g/m?, respectively (Table).
Polychaetes and mollusks were the most abundant (Fig. 2, a). Among them mol-
lusks Bittium reticulatum, Caecum armoricum, C. trachea, polychaetes Pholoe
inornata, Polygordius neapolitanus and Sigambra tentaculata prevailed (density
over 500 ind./m?). In terms of biomass, the mollusks were the absolute leaders
(Fig. 2, b), with the subdominant species after the leading biocoenosis species
Flexopecten glaber being Anadara kagoshimensis, the recent (since 1969 [23]) al-
ien species to the Black Sea.

8 Arnoldi, L.V., 1949. [Materials for Quantitaive Studies of the Black Sea Zoobenthos. Il. Karnikit
Bay]. In: IBSS, 1949. Trudy Sevastopolskoy Biologicheskoy Stantsii [Proceedings of the Sevastopol
Biological Station]. VVol. 7. Moscow, Leningrad: 1zd-vo AN SSSR, pp. 127-192 (in Russian).
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Mean density (N) and biomass (B) of the main macrozooben-
thos taxa in the Flexopecten glaber biocoenosis

Taxon N, ind./m? B, g/m?
Annelida 5,131 £ 1,152 42+13
Crustacea 644 + 108 24+0.6
Mollusca 4,169+ 1,182 239.2 +£156.8
Miscellaneous 1,288 + 491 1.8+0.6

Total 11,231 + 2,424 247.7 £ 156.3

Note: the mollusk biomass is given exclusive of the mantle
cavity fluid mass in bivalves.

12%. 37%

T 96%

BEMOLLUSCA OPOLYCHAETA mCRUSTACEA m Miscellaneous

a b

Fig. 2. Relative representation of the basic taxons of macrofauna (a — by biomass,
b — by abundance) in the benthos of the study water area

Ten species in the scallop biocoenosis had an occurrence frequency of 100 %
(recorded at all stations). These are the hermit crab Diogenes pugilator, the mol-
lusks Bittium reticulatum, Caecum armoricum, C. trachea, Lucinella divaricata,
Mytilaster lineatus, polychaetes Micronephthys longicornis, Pholoe inornata,
Sigambra tentaculata (an alien species to the Black Sea [24]) and Nemertea. Two
of the species — the index species of the biocoenosis Flexopecten glaber itself and
the lancelet Branchiostoma lanceolatum — are included in the regional Red Data
Books (those of Sevastopol and the Republic of Crimea). The former is as a species
declining in abundance, the latter is as an rare species 23 7,

7 Alyomov, S.V., 2018. Branchiostoma lanceolatum (Pallas, 1774). In: 1. V. Dovgal and
V. V. Korzhenevskiy, eds., 2018. The Red Data Book of Sevastopol. Sevastopol: ROST-
DOAFK, 356 p. (in Russian).
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Discussion

Flexopecten biocoenosis within a benthic biocoenotic classification off
the coast of Crimea. As a result of the recovery processes in the population of
F. glaber off the coast of Crimea after actual depopulation of this mollusk during
the Black Sea ecosystem crisis in the second half of the 20" century, the scallop
formed its own biocoenosis on the southwestern Crimean shelf area. A similar
format of the F. glaber domination in benthos was observed in the first half of
the 20" century in the oyster beds [1, 2]. In other biotopes near the open coasts of
Crimea (silty ground, sand, shell debris, pebbles), F. glaber was a member of
the characteristic (in biocoenoses Ostrea — Mytilus, Modiolus adriaticus — Mytilus,
Pitar — Gouldia — Chamelea) and secondary (in biocoenoses Loripes — Mytilaster
— Modiolus adriaticus, Bittium — Mytilaster, Chamelea — Polititapes, Chamelea —
Lucinella, Lucinella — Pitar — Chamelea — Gouldia, Spisula — Acanthocardia —
Pitar, Gouldia, Parvicardium — Gouldia — Pholoe inornata) benthos species
[1, 3, 4].

Without giving the specifics of the methods of selection of the above biocoe-
noses, it can be stated that previously the Black Sea scallop was most frequently
found in those of them, where the coenosis forming species were Chamelea gallina
and Gouldia minima. These variations in scallop occurrence frequency becomes
clear if we refer to a generalised scheme of the biocoenotic subdivision of
the Black Sea benthos on the soft bottoms. Within the scallop depths (from 0 down
to a depth of 40 m) there are three main biocoenoses: Mytilus, Chamelea and
Gouldia [16]. The first two are categorised as regional (or belt), they occur at par-
ticular depths and in particular substrates almost along the entire Black Sea coast.
The third one belongs to a group of local biocoenoses usually occupying small areas in
particular parts of the sea [25]. The Chamelea biocoenosis develops in a biotope of
sandy sediments (7—30 m depth), the Gouldia biocoenosis in sandy-silty sediments
(20-50 m) and the Mytilus biocoenosis in silty sediments (20-53 m) [16].

It seems quite logical to assume that F. glaber population off the coast of Cri-
mea will be recovering in biotopes favourable for the scallop development, and
hence in the biocoenoses existing within these biotopes. These biocoenoses are
Mytilus, Chamelea and Gouldia.

The observed recovery of F. glaber beds and its transformation off the coast of
Crimea into a coenosis-forming species is consistent with the current recovery pro-
cesses (after the 1980-1990s crisis) in the benthos of various parts of the Black Sea
shelf associated with the de-etrophication of the Black Sea basin and the improve-
ment in the ecological status of its water areas [22, 26-29].

The biotope of the Gouldia biocoenosis as one of the zones of formation of
the modern Flexopecten biocoenosis. In the selected Flexopecten biocoenosis, out
of the three main coenosis-forming species noted above (within depths up to 40 m)
near the coast of Crimea (M. galloprovincialis, Ch. gallina and G. minima),
G. minima, which ranked third in DI after F. glaber and the gastropod Bittium re-
ticulatum (Fig. 3), had the greatest development.
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Fig. 3. Curves of the species rank distribution (a) and the quantitative representa-
tion of the principal macrozoobenthos species (b) according to the Density Index (DI)
in the Flexopecten biocoenosis (Laspi area, depth 13-34 m) in 2020, and in the muddy-
sand benthos grouping (area Cape Fiolent — Cape Sarych, depth 12-25 m) in the 1930s
(on materials by L. V. Arnoldi [13]). The underlined species are shared by the two
study periods

Estimated calculations show that if we exclude F. glaber and A. kagoshimensis
(as an alien species that has recently appeared near the coast of Crimea) from the
current benthic structure of the considered study area, the resulting reconstructed
Gouldia biocoenosis will have a macrozoobenthos biomass of 52 + 10 g/m? (during
comparison, the weight of mantle cavity fluid of bivalve mollusks was taken in-
to account), which is comparable to the average benthos biomass (30 g/m? [16])
in the Gouldia biocoenosis of the 1950s near the coast of Crimea and the Caucasus.
Moreover, the relative stability of the Gouldia quantitative indices is noticeable
when comparing data for Laspi area in 2020 with similar parameters of the 1930s
for Southwestern Crimea (Fig. 3).

The Flexopecten biocoenosis that we selected is located in a mixed biotope
(slightly silty amphioxus sand with shell debris), including components of differ-
ent sediment fractions that are characteristic of the development biotopes of
the main biocoenoses mentioned above. The Flexopecten biocoenosis was
the closest to the Gouldia (32 species shared) and Chamelea (30) biocoenoses;
the Mytilus biocoenosis was more distant (21). Twenty-five species were not pre-
viously seen in any of the three biocoenoses near the coast of Crimea, but were
present in the scallop biocoenosis. They are seven crustaceans: Chondrochelia
savignyi, Elaphognathia bacescoi, Eurydice pontica, Liocarcinus navigator,
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Melita palmata, Microdeutopus versiculatus, Palaemon elegans, bryozoans Cra-
doscrupocellaria bertholletii, Cryptosula pallasiana, bivalve Anadara kago-
shimensis, six gastropods: Caecum armoricum, Ebala pointeli, Retusa umbilicata,
Steromphala adriatica, Vitreolina incurve, and six polychaetes: Lindrilus flavocap-
itatus,

Lysidice ninetta, Lysidice unicornis, Nereiphylla pusilla, Polyophthalmus pictus
and Schistomeringos rudolphi.

Based on the above specific substrate features, species composition and quan-
titative species development, we believe that the nearest native predecessor of
Flexopecten biocoenosis in the considered local biotope of silty amphioxus sand
with shell debris at 13-34 m depth could be the Gouldia biocoenosis. Previously,
a mixed representation of psammophilic, pelophilic and euryedaphic forms of ben-
thos was noted for it [16].

In the list of species of the Black Sea Gouldia biocoenosis given by M. I.
Kiseleva [16], F. glaber is absent. However, we note that in earlier publications
she indicates the presence of F. glaber in this biocoenosis both in the western (Tar-
khankut Peninsula, near Cape Uret, a biotope with shell debris, sand and a small
admixture of silt at a depth of 10-25 m; species occurrence frequency at the station
is 5 %, the abundance being 10 ind./m? and the biomass 13.1 g/m?) [3], and in the
southern part of the Crimean shelf (biocoenosis Parvicardium — Gouldia — Pholoe
inornata) [4]. This discrepancy seems to be caused solely by a technical error of
“species dropout” during aggregation of materials. The presence of the scallop in
the Gouldia biocoenosis of the 1950s and in our data of 2020 indicates the return of
the species position (and, as our data show, even its improvement) in a biotope fa-
vourable for its development.

Peculiarities of the quantitative development of zoobenthos in the Flexopecten
biocoenosis. To assess the level of biomass achieved in the current Flexopecten bio-
coenosis near the coast of Southwestern Crimea, we compare these values with simi-
lar data in the Chamelea biocoenosis, which forms some of the highest biomass in
the benthos of the soft bottoms at depths down to 32 m [30].

The earliest quantitative materials on the region, including the area of interest
in Laspi area, are presented in the work of L. V. Arnoldi [13]. Based on biotopic
features, he subdivided the benthos of the Southern coast of Crimea (from Cape
Fiolent to Cape Sarych) into four main groups: 1) coastal clear sand (depths
1-12 m, Chamelea — Lucinella — Spisula group), 2) silt and sand (12-25 m, Cha-
melea group), 3) mussel muds (26-50 m, Mytilus group) and 4) phaseolina muds
(51-110 m, Modiolula — Molgula group). The group of interest out of the four
identified is the second one. The mean macrozoobenthos biomasses of the 1930s
Chamelea and 2020 Flexopecten groups were comparable: 388 g/m? vs. 351 g/m?,
respectively. In the current Flexopecten biocoenosis, the index form of the 1930s
Chamelea gallina (DI = 154.01) was placed in the secondary species group
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(20" position by DI = 0.95) (see Fig. 3). We note in particular that the level of

quantitative development of Gouldia minima remained almost unchanged during
the compared periods (DI = 18.04 in the 1930s vs. DI = 20.93 in 2020), and
in the modern period, Anadara kagoshimensis (DI = 18.33), which has successfully
established itself near the Crimean coast since the 1990s, joined the leading ben-
thos group along with its native representatives [31].

In 1957, near the open south coast of Crimea in the Chamelea biocoenosis
(9-25 m; a biotope of fine sand) the macrozoobenthos biomass was low and
almost equal to that of the Flexopecten biocoenosis (354 g/m? vs. 351 g/m?) [4].
In the second half of the 20" century, during the period of hypereutrophication of
the Black Sea basin [32], there was an increase in zoobenthos biomass values
in the Chamelea biocoenosis associated with a positive response of Ch. gallina it-
self to an increase in available food [35-37]. Accordingly, in 1981-2004 the zoo-
benthos biomass in the Chamelea biocoenosis near the coast of Crimea reached
a historical maximum average value of 495 g/m? [30].

Thus, in our case, when the formation of the Flexopecten biocoenosis
in the studied area of the Southwestern Crimea was based on the Gouldia biocoe-
nosis, the macrozoobenthos biomass level achieved in the scallop biocoenosis
became comparable with that of the main biocoenosis of the sand sublittoral —
Chamelea. Given the different biotopic relationship between the two biocoenoses
(the Flexopecten biocoenosis formed on the basis of the silty-sandy Gouldia bio-
coenosis, and the Chamelea biocoenosis is located on sandy bottom), the resultant
significant expansion of the sublittoral zone with high benthic biomass should be
noted.

In this paper we consider one of the possible options for F. glaber to realize its
biotic potential near the Crimean coast in the process of returning to the regional
fauna “through” the Gouldia biocoenosis. Other variants may be related to the pas-
sage of F. glaber through different conditions in other existing biocoenoses.

Conclusion

The paper describes appearance of the Black Sea scallop Flexopecten glaber
biocoenosis in an area of Southwestern Crimea in a biotope of slightly silty amphi-
oxus sand with shell debris in the depth range 13-34 m. The biocoenosis includes
63 species of benthic macrofauna with a predominance of Polychaeta (26 species)
and Mollusca (21 species) groups. It is suggested that the native predecessor of the
Flexopecten glaber biocoenosis in the area of its detection was the Gouldia minima
biocoenosis.

With similar weighing methods (taking mantle fluid from bivalves into ac-
count), the zoobenthos biomass of the Flexopecten glaber biocoenosis (351 g/m?)
was similar to that of the benthos at comparable depths near the southern coasts
of Crimea in the 1930s (388 g/m?), 1957 (354 g/m?) and 1981-2004 (495 g/m?)
in the Chamelea gallina biocenosis, which has one of the highest levels of biomass
on the Black Sea shelf.
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Appendix
List of macrozoobenthos species in Flexopecten glaber biocoenosis

ANNELIDA
Aonides paucibranchiata Southern, 1914  Nereiphylla pusilla (Claparéde, 1870)
Capitella capitata (Fabricius, 1780) Perinereis cultrifera (Grube, 1840)
Eunice vittata (Delle Chiaje, 1828) Pholoe inornata Johnston, 1839
Exogone naidina Orsted, 1845 Phyllodocidae g.sp.

Platynereis dumerilii
(Audouin & Milne Edwards, 1834)

Harmothoe imbricata ((Linnaeus, 1767)  Polygordius neapolitanus Fraipont, 1887
Harmothoe reticulata (Claparede, 1870)  Polyophthalmus pictus (Dujardin, 1839)
Heteromastus filiformis (Claparede, 1864)  Prionospio cirrifera Wirén, 1883

Lagis neapolitana (Claparéede, 1869) Protodorvillea kefersteini (Mclntosh, 1869)
Lindrilus flavocapitatus (Uljanina, 1877)  Schistomeringos rudolphi (Delle Chiaje, 1828)

Lysidice ninetta Audouin &
Milne-Edwards, 1833

Lysidice unicornis (Grube, 1840) Spirobranchus triqueter (Linnaeus, 1758)

Micronephthys longicornis
(Perejaslavtseva, 1891)

Mysta picta (Quatrefages, 1866) Syllis hyalina Grube, 1863
Nereididae g.sp.

Goniadella bobrezkii (Annenkova, 1929)

Sigambra tentaculata (Treadwell, 1941)

Syllidae g.sp.

CRUSTACEA

Ampelisca diadema (Costa, 1853) Eurydice pontica (Czerniavsky, 1868)

Apseudopsis ostroumovi Bacescu &
Carausu, 1947

Athanas nitescens (Leach, 1814
[in Leach, 1813-1815])

Chondrochelia savignyi (Kroyer, 1842) Microdeutopus versiculatus (Spence Bate, 1857)

Liocarcinus navigator (Herbst, 1794)

Melita palmata (Montagu, 1804)

Diogenes pugilator (P. Roux, 1829) Palaemon elegans Rathke, 1836

Elaphognathia bacescoi (Kussakin, 1969)  Pisidia bluteli (Risso, 1816)
MOLLUSCA

Anadara kagoshimensis (Tokunaga, 1906)  Steromphala adriatica (Philippi, 1844)

Ebala pointeli (de Folin, 1868) Gouldia minima (Montagu, 1803)

Vitreolina incurva (Bucquoy,

Dautzenberg & Dollfus, 1883) Lepidochitona cinerea (Linnaeus, 1767)

Bittium reticulatum (da Costa, 1778) Lucinella divaricata (Linnaeus, 1758)
Caecum armoricum de Folin, 1869 Moerella donacina (Linnaeus, 1758)
Caecum trachea (Montagu, 1803) Mytilaster lineatus (Gmelin, 1791)
Chamelea gallina (Linnaeus, 1758) Mytilus galloprovincialis Lamarck, 1819
Tritia neritea (Linnaeus, 1758) Parvicardium exiguum (Gmelin, 1791)
Retusa umbilicata (Montagu, 1803) Pitar rudis (Poli, 1795)

Flexopecten glaber (Linnaeus, 1758) Rissoa parva (da Costa, 1778)
Modiolus adriaticus Lamarck, 1819
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Miscellaneous

Acari Leptosynapta inhaerens (O.F. Miller, 1776)
Cylista undata (Miiller, 1778) Nematoda

Branchiostoma lanceolatum
(Pallas, 1774)

Nemertea

Cradoscrupocellaria bertholletii

Gromia (Audouin, 1826)
Cryptosula pallasiana (Moll, 1803) Turbellaria
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Abstract

Light pollution in urbanized industrial areas disrupts the biological rhythms in animals.
Artificial light penetrates the coastal zone, even to the bottom. The study of marine
invertebrates' colour vision expands our understanding of animal perception of signals
from the environment and is useful in urban landscape planning with artificial lighting.
Amphipods are common in the seas and fresh waters, as well as on land; some live
in the surf zone, which has led to the development of specific sensory systems, because air
transmits light and sound differently than water. We studied colour perception
in invertebrates living near the water's edge. The amphipods Chaetogammarus olivii
H. Milne Edwards, 1830 were placed in a long narrow channel, part of which was closed
from direct sunlight. C. olivii preferred to remain in the shade, where males formed dense
clusters and females with eggs more often kept apart despite the active movement through
the channel. Experiments revealed a similarity between the distribution of C. olivii
in channels with colourful gradient LED lighting and the response to the laser beam.
Animals avoided intense white, blue, and purple light, to a lesser extent green light, and did
not respond to red light, while running away from light sources in complete darkness.
Light pulses with durations and pauses of 1 s each, which may correspond in frequency
characteristics to a weak surf, had no effect on C. olivii in contrast to random flashes
of light. Perhaps the coastal inhabitants' ability to swiftly locate themselves in water or air
is caused by their photoreception of blue and violet light. Modern light pollution is capable
of disorienting animals in the dark, which may negatively affect the ecological situation of
the splash zone.
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I[{BeToBOC 3peHue ampunox
Chaetogammarus olivii H. Milne Edwards, 1830
B YCJI0BHUAX OCTPOIro CBETOBOI0 BO3IICﬁCTBI/Iﬂ
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AHHOTANHUA

CBetoBoe 3arpsi3HEHHE YpOaHM3HMPOBAHHBIX MPOMBIINIICHHBIX PaliOHOB NMPHUBOAMUT K Hapy-
LIEHHIO OMOJIOTMYECKUX PUTMOB Y JKMBOTHBIX. B TpHOpeKHOW 30HE MCKYCCTBEHHBIH CBET
MIPOHUKAET JaKke Ha JHO. M3ydeHne BETOBOTO 3pEHHS MOPCKHX OECIO3BOHOYHBIX PACIIH-
psIeT Hallle IPEACTaBICHUE O BOCIPHUATUU KUBOTHBIMU CHTHAIIOB M3 OKPYXKAIOLIEH Cpebl
U TIOJIE3HO TIPH MMPOCKTHPOBAHNH TOPOACKNX JAHAMIA(TOB C UCKYCCTBCHHBIM OCBEILCHHEM.
AmduIons! pacpocTpaHEeHbl B MOPSX M NMPECHBIX BOAOEMAX, a TAKKE YACTHIHO Ha CYIIE.
HexoTopsle mpeacTaBuTeny 0OMTAIOT B TOJIOCE MPHOOS, YTO MPUBEIO K PA3BUTHIO y HUX
crenu(pUIecKNX CEHCOPHBIX CUCTEM, TaK KaK BO3/yX MHa4de MPOITyCKAECT CBET U 3BYK, YEM
BoJa. MBI M3y4ajM IIBETOBOE BOCHPHATHE y OECIIO3BOHOYHBIX, JKMUBYIIMX BO3JE ypes3a
Bojbl. bokorutasoB Chaetogammarus olivii H. Milne Edwards, 1830 nmomeruanu B JUTMHHBIH
y3KUH KaHaj, 4acTh KOTOPOro OBITa 3aKphITa OT NPSAMBIX CONHEYHBIX Tydueid. Hecmorps
Ha aKTUBHOE TepemMelnenne o kauamy, C. olivii mpeamounTanu octaBaThCs B TEHHU, TIC
caMIbl CO3/1aBajiy IUIOTHBIE CKOIUIEHMS, a CaMKU C AHWLIaMH Yalle AEP>KajluCh IOPO3Hb.
DKCHEePUMEHTBI BBISIBIIIM CXOJIHYIO PEaKLUI0 aM(UIIOA Ha [BETHbIE CBETOIUOABI U Ja3ep-
HBbIE UCTOYHMKHU cBeTa. JKMBOTHBIE M30eraay MHTEHCHBHOIO OEJIOro, CHHEro W (HoJeTo-
BOTO CBETA, B MEHBIIEH CTEIIEHH 3€JICHOT0, HE PearupoBajM Ha KPAacHBIH, IPH 3TOM yOeranu
OT ICTOYHUKOB CBETa B MOJHOI TeMHOTe. CBETOBblE MMIYNBCHI JUIMTEIBHOCTBIO 1 C U
cmay3oil 1 ¢ He okaspiBanmu Bo3zeiicTBus Ha C. Olivii B OTiM4YMe OT Ciay4aiHBIX BCIIBIILCK
CBETa, YTO 10 YACTOTHBIM XapaKTEPUCTUKAM MOXKET COOTBETCTBOBATH CIa0OMYy HPHOOIO.
[Mpennonaraercsi, 4To (HOTOPELENIIHS CHHETO W (PHOJETOBOIO CBETA MO3BOJISET OOMTATEISIM
TpUOPEXHOM 30HBI OBICTPO OIPENENATh CBOE MECTOHAXOXKACHHE B BOAE WM HAa BO3IyXE.
CoBpeMEHHOE CBETOBOE 3arpsA3HEHHE CHOCOOHO JE30PHEHTHPOBATh JKMBOTHBIX B TEMHOTE,
YTO MOKET HETATUBHO CKAa3aThCsl HA DKOJOTUYECKOW CUTYalluu B 30HE 3aILIECKA.

KawueBsie caoBa: Amphipoda, 1BeToBOoe 3peHHE, OINCHHBI, CBETOBOH CMOT,
[IOBEICHHE

BaarogapuocTH: BepaxkaeM OmaronapHocts M. U. CuitakoBy 3a mpuBIiedeHHE BHUMA-
HUS K TeMe cBeToBoro 3arpsasHenus, A. B. [Tupkxoso#, E. B. Jlucuuxoii u P. I'. 'eBopruzy
3a 00cyXIeHHne pykomwucH, a Taoke mpod. U. B. Jlosramro u Prof. Randy Nelson 3a momnes-
HBIE COBETHL. PaboTa BHINIONIHEHa B paMKax rocymapctBeHHoro 3amanus ©UL[ MaBIOM
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1o TeMaM: «3aKOHOMEPHOCTH (OPMHUPOBAHUS M AHTPOIIOTeHHAs TpaHchopMmanus Ouo-
pa3HOOOpasuss u OuopecypcoB A30Bo-UepHOMOpcKoro OacceifHa M JApYrux paioHOB
Muposoro okeana» (Ne roc. peructpanuu 118020890074-2) u «VccnenoBaHne MeXaHU3-
MOB yIpaBICHUS NPOLYKIHOHHBIMU IIPOLECCAMH B OHOTEXHOJIOTMYECKHX KOMIUICKCAX
C Lenbl0 pa3pabOTKM HAyYHBIX OCHOB MOJNYYCHHsS OHMOJOTMYECKH AKTHBHBIX BELICCTB
U TEXHUYECKHX MPOILYKTOB MOPCKOTO reHesucay (Ne roc. peructpanuu 121030300149-0).

Ansi uutupoBanus: LlseroBoe 3penne amdunon Chaetogammarus olivii H. Milne
Edwards, 1830 B ycioBusix octporo cBetoBoro Bosneictus / B. A. I'punuos [u ap.] //

Okonornyeckas 0e30macHOCTh NpUOpexHOW W menb(oBoil 30H Mops. 2022. Ne 4.
C. 104-116. EDN XVLNPZ. d0i:10.22449/2413-5577-2022-4-104-116

Light pollution (illumination, light smog) is created by architectural and street
lighting, lanterns, billboards and greenhouses, which form light domes over cities
and their suburbs. The effect of sky lightening at night is enhanced by dust and
aerosol particles floating in the air, which additionally reflect and scatter
the incident light. Illumination is typical for densely populated areas of advanced
countries. Excessive lighting can cause increased anxiety, fatigue, stress, headache,
and other symptoms in a person [1-4]. Therefore, in some countries there are
legislative restrictions against light smog. Artificial light sources, the light of which
is scattered in the lower layers of the atmosphere, change the biorhythms of living
beings [5, 6]. Particularly indicative is environmental light pollution, which
disrupts the evolutionary established links between organisms and the environment,
which, for example, makes it difficult for animals to navigate, changes
the relationships between community members, and can lead to disrupting
the endocrine system of the wildlife [7, 8].

Animals’ colour vision evolved under the surface of ancient oceans over
hundreds of millions of years [9, 10]. The ancestors of Pancrustacea probably
already had four genes of visual opsins (LW2 — Long Wavelength, MW1, MW2 —
Middle Wavelength, and SW — Short Wavelength), which were later duplicated or
lost to varying degrees during evolution process [11]. It is known that many
species, such as the sea urchin Strongylocentrotus purpuratus [12] and the brittle
star Amphiura filiformis [13], are sensitive to light due to non-visual types of opsins
that function like a huge complicated eye. Such receptors are sensitive to blue-
green light and can be involved in signal transduction into the cytoplasm and cell
nucleus [14].

Of particular interest is the study of the vision of mass species of animals
living near the water's edge, which is due to a number of reasons. The splash zone
is one of the most extreme in the World Ocean, since the aquatic organisms living
here are under the influence of a number of harmful factors such as light and storm
effects, sharp temperature fluctuations, periodic desiccation, etc. An organism
needs a quick response to extreme factors to survive in such conditions.

The purpose of this work is to study the effect of light on the amphipod
Chaetogammarus olivii (H. Milne Edwards, 1830), which lives in the Black Sea
in the splash zone.
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Materials and methods

Amphipod C. olivii was collected in the water edge zone of the pebble-sand
beaches of the outer harbour of Sevastopol Bay in August—October 2021 at a water
temperature of 17-23°C. Amphipods were placed in plastic containers with water
along with a small amount of macrophytes and stones. To analyze the reaction of
animals to light, they were separated from macrophytes by shaking, several hundred
amphipods were selected and placed on fabric filters, which were immersed
in desiccators with sea water. Animals were identified under a microscope with
an Olympus C55Z, C5500Z camera.

The experiments were carried out both under sunlight and artificial lighting
in a darkened room or in a dark optic box with compartments. Thirty animals were
placed into channels 1 x 1 x 50 cm in size. Part of the channel was shaded with
alid 10 cm long in some experiments. In others, an artificial light source was
placed on one side of the channel so that approximately half of the channel was
illuminated, and the other half was in the shadow. The animals were illuminated
for 5 minutes, after which a partition was installed in the middle of the channel
to prevent further movement of amphipods from one part of the channel to another,
and the number of individuals in both parts of the channel was counted. The light
was turned off, the partition was removed, and the animals were left alone for
5 min, allowing them to move freely along the channel. After that, a light source
was installed on the opposite side of the channel and the experiment was repeated.

When studying the reactions of amphipods to colour, Light-Emitting Diodes
(LEDs) and channels were placed in an optic box with compartments for two LEDs
and two channels per compartment for females and males, accordingly, which
made it possible to conduct experiments in parallel for white, red, green, and blue
colours. Constant lighting was used, as well as light pulses with a 50 % duty cycle
and different total durations. The illumination was carried out with lasers of
different wavelengths, such as red (630-650 nm, 5 mW), green (532 nm, 10 mW),
violet (405 nm, 5 mW), as well as with ultraviolet and white directional light
sources (warm LED lamp WOLTA, 6 W, 4 K). To control the light, we used
an ATmega328 microcontroller on the Arduino Nano platform with 200 Ohm
resistors connected in series to LEDs with the following characteristics: red is
620 nm, green is 529 nm, blue is 470 nm and white is 6000 K. The light flux
angle for all LEDs was 20°, and the intensity of the light flux was in the range of
1.5-2.5Im. In general, ten series of experiments were carried out within
two months.

Results
The amphipod C. olivii is found in the Atlantic Ocean, as well as in the Medi-
terranean and Black seas (works Y2 and [15, 16]). Amphipods are distinguished

D Borges, P.A.V., ed., 2016. A List of the Terrestrial and Marine Biota from the Azores. Principia,
Oeiras, 432 p. doi:10.15468/hyvwxi

2 Grintsov, V. and Sezgin, M., 2011. Manual for Identification of Amphipoda from
the Black Sea. Sevastopol: Digit Print, 2011. 379 p. Available at:
http://www.ipdn.ru/periphyton/_private/bibl/Grintsov+manual+12.03.11.pdf [Accessed:
30 November 2022].
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Fig. 1. Light photograph of amphipod C. olivii showing a
male and female during copulation. The arrows point to their
eyes. The scale size is 1 mm

by significant sexual dimorphism: males have larger compound eyes than females.
An interesting feature is that their compound eyes are localized under a chitin layer
(Fig. 1). These crustaceans were found in the large swarms on pebble beaches
directly near the water in the interstitial between stones or, more often, in algae
washed ashore.

Experiments using lasers on grids. The amphipods gathered in separate groups
in shirs of nylon grid and randomly moved from one group to another in daylight
(Fig. 2, d). The red light had no noticeable effect on the animals (Fig. 2, a);
they continued to move in the same way as in the control group. The green light
forced some animals to leave the light spot, but they did not move far to the side
(Fig. 2, b). However, the violet laser provoked a vigorous reaction and
the amphipods ran away from the light beam to the opposite edge of the desiccator;
in fact, the violet laser beam “cleaned” the surface of the nylon grid from
amphipods (Fig. 2, c). This reaction, but to a lesser extent, was caused
by ultraviolet light. The animals became more sensitive to light in the dark, and
even the red laser caused some animals to move away from the light beam. Similar
results were also obtained in experiments using a set of directional coloured LEDs
(Table 1).

Pool experiments. The reaction of animals to light stimuli in a confined space
was evaluated in these experiments. After the transfer of amphipods to round
desiccators or Petri dishes, the animals settled mainly along the perimeter near
the wall, and when settling in an elongated pool, they created clusters in the corners
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c d

Fig. 2. Experiments with C. olivii in the daylight exposed to red (a), green (b),
purple (c) lasers; d — control

of the end parts of the channels. The animals preferred to gather in groups
at the ends of the channel in control experiments without artificial illumination, but
often ran from one part of the channel to another. Amphipod males were more
mobile than females with eggs; thus, males often gathered in clusters, sometimes
fought among themselves and attacked females. The ratio between the sexes
in mixed groups in the "houses" was approximately 1:1.

The animals began to move after a second delay and then left the illuminated
area, adjoining their neighbors or forming another group in a more shaded section
of the channel with white illumination. In general, males ran farther from the light
than females (more than 30 cm versus 15 cm). However, both did not demonstrate
a simple negative phototaxis, but, on the contrary, often returned to the illuminated
zone, exploring the area. Therefore, one can only talk about the preferential stay of
zooids in one or another area of the channel.

The results of the experiments revealed differences in daylight avoidance
behavior between male and female amphipods. A significant part of the animals
hid in the shade, and a large variability in actions is characteristic of females,
possibly due to bearing offspring. In the initial experiments, 9 + 6 % of males
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Table 1. C. olivii avoidance of illumination
with colour light sources in daylight and

in the dark

Colour Response
of the source | gaylight in the dark
White + +++
Ultraviolet ++ ++
Blue +++ +++
Green + +
Red - +
Control - -
Note: +++ — intensive response; ++ — mild

response; + — visible response; + — weak response;

- — NO response.

Table.
females to

2. Response of C. olivii males and
light in the dark when using
colourful LEDs

Number of animals in the dark
part of the channel

LED colour
34 22
White 0.92 £0.04 0.64 £0.16
Blue 0.89+0.05 0.74 £ 0.12
Green 0.91 +£0.06 0.83 +£0.06
Red 0.92 +£0.04 0.74£0.10

Note: *+ is the confidence interval for the mean

at the significance level p = 0.95.

and 35 + 18% of females
remained in the illuminated part
of the channel. It was shown that
almost all males and females
accumulated in houses with one
entrance, "grottoes", and to a lesser
extent in walk-through houses,
"tunnels” in experiments with
direct sunlight. It follows that
amphipods prefer shady places
where they gather in groups;
males clearly avoid light and
form clusters in the shaded ends
of the channels, but more often
than females leave the houses and
migrate farther from them.

The greater sensitivity of
males not only to natural
daylight, but also to artificial
lighting, was revealed by
comparing their distribution under
the influence of radiation from
a directional lamp of warm white
light. Thus, amphipod males and
females were distributed equally
on both sides of the channel under
diffused light, but moved to
the far shaded end of the channel
when illuminated by a lamp from
one side, and males accumulated
mainly in the dark end of
the channel, forming dense

compact clusters, while females were distributed more evenly in shadows along the
channel. Therefore, it can be concluded that males react more clearly than females.

Application of coloured LEDs in the dark. The amphipods of both sexes
showed good light sensitivity and ran away from blue, green, and red LED light,
but females were more inert and did not avoid white light as clearly as males
in the experiments with coloured LEDs in complete darkness (Table 2).
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Experiments with controlled LEDs of different colours in the twilight. Since
the animals reacted more strongly to moveable lasers and LEDs in the dark than
in the light (see Fig. 2, Table 1), we assumed that the light-sensitive system of
amphipods responds to changes in light intensity. To test this assumption, light
pulses of different frequencies with a 50% duty cycle, emitted by coloured LEDs
under the control of a microcontroller, were used (Table 3). It was found that males
are more sensitive to white, blue and green light compared to females under
constant illumination in shaded channels, but do not react noticeably, like females,
to red light. At the same time, the use of pulses with a duration of 10 ms led to
a weakening of the reaction of animals to white, blue, and green pulsating light.
This was explicit in a decrease in the number of animals moving to a dark shelter.
Reduction of the duration of light flashes and pauses between them to 1 s caused
a further weakening of the amphipods' reaction (Table 3).

Thus, all pulsating LEDs are characterized by a common pattern: amphipods
almost cease to respond to pulses with a half-cycle of 1 s, which is comparable
to the typical sea wave frequency of 0.5 Hz.

Discussion

Multiple losses of opsin genes in the amphipods of Lake Baikal were
described previously [17]. They were associated with the lake's ancient glaciation
and the immersion of all aquatic organisms in darkness for many years. The loss of
some opsins in the genome of the Mexican amphipod H. azteca was found, which
may be caused by the characteristics of the habitat, the life history of this species,
and its survival strategy [18]. Numerous examples of amphipods of different
genera and families are well known, which not only lost individual genes encoding
light-sensitive receptors (opsins) but also, having inhabited the depths of the oceans

Table 3. Influence of light pulse duration on C. olivii escape reaction

Number of animals in the dark part of the channel

Colour Constant illumination Half-cycle 10 ms Half-cycle 1s
348 Qe 348 Qe 348 Qe
White 0.85+0.06 0.71+0.11 0.80+0.09 0.73+0.12 0.77+0.13 0.58+0.09
Blue 0.81+0.09 0.70+0.14 0.77+0.09 0.62+0.09 0.62+0.17 0.44+0.11

Green 0.81+0.04 0.70+0.04 0.72+0.08 0.61+0.05 0.69+0.06 0.49 +0.09
Red 059+0.23 054+0.10 0.57+0.12 0.56+0.10 0.48+0.12 0.50 +0.14

Note: +is the confidence interval for the mean at the significance level p = 0.95.
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(work® and [19, 20]) or caves [21], lost complex organs — eyes. In general,
the avoidance by amphipods of the permanent white, blue, and green light, but
not of the red light, resembles in our experiments a reaction to coloured LEDs
of blue eulimnogammarus Eulimnogammarus cyaneus Dybowsky, 1874, found
in the littoral zone of Lake Baikal [22].

It should be noted that the water line in the surf zone at the water — air phase
boundary is a complex habitat. The animals inhabiting this zone must be adapted
not only to rapid changes in the situation during the surf, but also to long-time
drifts (daily and seasonal cycles). The colour vision of such species may be
the most important functional system that ensures the survival of animals, since,
unlike other sensory systems, vision, perhaps, ensures the quick reaction of
the inhabitants to a change of scenery during the surf, signaling to the animal
where it is at the moment: in the air or the water phase.

The experimental aquatic organisms reacted to violet light by actively
avoiding it, since the light of this wavelength can be a signal that the animal was on
land. On the one hand, violet light spreads to a depth of up to 100 m and is
spectrally close to blue light, which penetrates into the water column up to 300 m
and is perceived by many marine animals, including the simplest multicellular
organism, Trichoplax [23]. On the other hand, violet light spectrally borders
on lethal UV radiation, but is not dangerous in itself, and therefore can be a proper
indicator of the ultraviolet present in the sun's rays.

It should be added that the experiments were carried out for two months,
and during this time, amphipod females managed to partially lay eggs, and
the proportion of males in the natural population decreased markedly. Male
amphipods have a more signified response to light exposure than females, which
is in good agreement with the larger eye size in males compared to females.
In addition, females sometimes showed green blindness, while males,
on the contrary, gathered near the red colour source, which may correlate with
the phase of the animal's reproductive cycle or unknown factors.

The obtained results are consistent with fragmentary data on opsin proteins
in invertebrates such as H. azteca [18], P. hawaiensis [24], H. americanus [25],
M. leidyi [12, 26], and Trichoplax sp. H2 [27, 28]. In one part of these animals,
opsins are found that are sensitive to red and green light, while in the other part,
to green and blue light, which depends both on the taxonomic status of
the amphipod and on its habitat. The absence of a noticeable reaction of C. olivii
to light pulses with a duration of 1 s and a pause of 1 s, which corresponds to
a frequency of 0.5 Hz, an approximate frequency of wave impacts on the sea coast, was
notable. Instead, the amphipods responded to random pulses of white and blue light.

9 Al-Yamani, F.Y., Al-Kandari, M., Polikarpov, I. And Grintsov, V., 2019. Field Guide of Order
Amphipoda (Malacostraca, Crustacea) of Kuwait. Kuwait: Kuwait Institute for Scientific Research,
390 p. Available at: https://repository.marine-research.org/handle/299011/7092  [Accessed:
30 November 2022].
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Consequently, the animals in the channels respond to artificial influences, but
do not respond to typical influences that they are accustomed to encountering
in their natural habitat and which do not pose a danger to them.

It is important that the eyes of C. olivii are localized under a thin layer of
chitin, which does not imply a developed vision [24], and colour recognition may
not serve to analyze scenes [29], but only to determine the position of an animal
on land or in water. Thus, using the example of sharks and rays, it was shown that
chromatic vision may be of little use for mobile marine organisms [30]. Our studies
demonstrate that amphipods have developed colour vision and may probably have
opsin genes that are sensitive to blue and violet light sources in addition to green,
as animals clearly avoid the corresponding light spot. It turns out that visual
receptors correspond to the habitat and survival strategy of an organism, and
illumination can frighten and disorientate animals. The search and sequencing of
suitable genes, their subsequent annotation, as well as analysis of products and
the network of their interaction can help to answer the questions raised in this study
[14, 31]. The proposed experimental approach to the study of behavioral reactions
of amphipods using multi-coloured lasers, channels, houses, and controlled
coloured LEDs makes it possible to study the colour vision features of
invertebrates depending on their adaptation to the environment.

Conclusions

In general, unlike amphipods that live in the dark and are partially or
completely blind, the studied C. olivii, which live near the water's edge,
demonstrated a variety of behavioral responses to light and colour stimuli, namely:

1) sustained avoidance of blue and violet light;

I1) insensitivity to red light in daylight, but avoidance of red light in complete
darkness;

I11) different light and colour perception in females and males;

IV) lack of response to low-frequency periodic light pulses;

V) noticeable response to random flashes of white and blue light.

All this points to the complexity of light perception in the amphipods
Chaetogammatrus olivii, which plays an important role in the life of the animal.
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