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Abstract

The Stokes drift generated by surface waves affects many physical processes occurring
in the coastal zone of the sea, including heat and salt transport, as well as transport of
pollutants. Taking into account the parameters of sea currents caused by the Stokes drift is
important for a more correct description of the general hydrodynamic structure of coastal
waters. Moreover, sea currents generated by surface waves make a significant contribution
to the processes of accumulation and redistribution of pollutants in the coastal zone of the sea.
The article presents the results of the study of the Stokes drift on the northeastern shelf of
the Black Sea near Gelendzhik for the period from 2003 to 2022. Seasonal and interannual
features of variability of Stokes current velocities and directions have been identified. It has
been shown that from December to April, excluding February, the Stokes transport has
comparable repeatability in directions towards the coast, away from the coast, and towards
the northwest. In February, the main flow tends to the open sea. In May and June, the re-
peatability of currents towards the coastline increases significantly, with the contribution
of currents to the southeast increasing at the beginning of summer. In July, the currents
directed to the southeast and away from the coast become almost identical in terms of
repeatability. From August to November, the proportion of currents directed away from
the coast increases with a gradual decrease in the repeatability of currents towards the south-
east. In multi-year terms, the flow directed away from the coast to the open sea prevails
(repeatability of 34.3%). The same flow has the highest mean velocity (0.053 m/s). Repeat-
ability of the long-shore currents directed towards the southeast and northwest is almost
the same, but the currents towards the northwest are much more intense.

Keywords: wind waves, Stokes drift, coastal zone, spread of pollutants, anthropogenic
pollution
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OcobOennoctu apeiiga Crokca
B NIPUOPEKHOI 30HE CEBEPO-BOCTOYHOI0 MOOEPEKbS
YepHoro Mopsi o pe3yJibTaTaM MoJAeJTUPOBAHUS

b. B. luBunckuii *, C. b. Kykies, B. B. Ouepeanuk, O. H. KykieBa

HUnemumym oxeanonoeuu um. ILI1L Hlupwosea PAH, Mocksa, Poccus
* e-mail: divin@ocean.ru

AHHOTaIHSA

CrokcoB npeiid, TeHepupyeMbIi OBEPXHOCTHEIM BOJIHCHHEM, BIUSCT HA MHOXKECTBO (H-
3MYECKUX MPOLECCOB, MPOUCTEKAONINX B OSPEroBOil 30He MOpPs, B TOM YHCIIC HAa MEPEHOC
TEIUIa U COJIM, a TaKKe TPAHCHOPT 3arps3HAIOMINX BEIIECTB. YUET IMapaMeTpPOB MOPCKUX
TeueHUH, BbI3bIBaeMbIX Aperihpom CTokca, BaskeH AJisl 60jiee KOPPEKTHOTO OMMCaHuUs 001Ien
THIPOAMHAMIYECKONW CTPYKTYPHI MPUOPEKHBIX BoA. KpoMe Toro, MOpCKUe TeUeHWs, TeHe-
pHpyeMble TOBEPXHOCTHBIM BOJIHEHHEM, MOTYT BHOCHUTH CYIIECTBEHHBIH BKJIAJl B MPOIECCHI
HAKOIUICHHUS M TepepacipeneleHus] 3arps3HsIONX BEIIeCTB B NPHUOPEXKHOW 30HE MOpS.
[IpencraBneHbl pe3ynbTaThl HCCIICAOBAHIA CTOKCOBA Jpelida Ha CeBEpO-BOCTOYHOM IIIEITb-
(e YepHoro Mops B paiioHe T. ['eleHIKHKa 38 KIMMAaTHIeCKAN O0Tpe3oK BpemeHu ¢ 2003
o 2022 r. BeIsgBIEHBI CE30HHBIE I MEXTOJJOBBIE OCOOCHHOCTH M3MEHUUBOCTH CKOPOCTEH
" HanpasneHnid TedeHuit Crokca. [loka3zaHo, 94To ¢ qexalOps 1Mo ampels, 3a HCKIIOYCHUEM
(heBpast, CTOKCOB IMEPEHOC 00JIaIaeT COMOCTABUMBIMH TOBTOPSICMOCTSIMHA IT0 HATIPABICHH-
M K Oepery, oT Oepera u Ha ceBepo-3amajn. B ¢eBpasge OCHOBHOI MOTOK CTPEMHUTCS B OT-
KpbITOE€ MOpe. B Mae U HIOHEe 3HAUUTENbHO YBEJIMYHUBAETCS TOBTOPSIEMOCTb TEUEHUI! B CTO-
poHy OeperoBoii JMHWH, NPH 3TOM B Hayalle JIeTa pacTeT JOJISI MOTOKOB, HAIPABICHHBIX
Ha OT0-BOCTOK. B mioe TedeHus ¢ HampaBlieHHEM Ha IOT0-BOCTOK M OT Oepera CTaHOBSTCS
MOYTH OMHAKOBBIMU 10 TIOBTOpsieMOcTH. C aBrycTa 1o HOSIOpb BBIpAacTaeT J0Js TeYEeHUH,
HaIpaBJIEeHHBIX OT Oepera, MpH IMOCTENEHHOM YMEHBUICHUH NOBTOPSIEMOCTH ITOTOKOB
Ha OT0-BOCTOK. B MHOTO/IETHEM BBIpa)KEHUH NMPeobIaaeT MOTOK, HAIpaBJIeHHBIH OT Oepe-
ra B OTKpBITOe Mope (TmoBTOpsieMocTh 34.3 %). DTOT ke MOTOK 00sagaeT M HaumOOJIbIIeH
cpenneii ckopoctrio (0.053 m/c). TloBTOpsieMocTH BIONEOEPErOBEIX TOTOKOB, HAMIPABIICH-
HBIX Ha I0r0-BOCTOK M CEBEpO-3amaj, MOYTH OJMHAKOBBI, HO IPH 3TOM TEUEHHS Ha CEBEPO-
3amajg ropazno WHTeHcuBHee. OCHOBHOW BBIBOJ: MOPCKHE TEYEHHS, T€HepHpyeMble MO-
BEPXHOCTHBIM BOJHEHHEM, BHOCST CYILIECTBEHHBIN BKJIaJl B IPOLIECCH] HAKOIUIEHUS U Mepe-
pacripeaeneHus 3arpsi3HAIONINX BEIIECTB B TPUOPEIKHOI 30HE MOPSL.

Kuarouesble ciioBa: BeTpoBoe BonHeHHe, CTOKCOB npeiit), mpuOpeskHas 30Ha, pacripocTpa-
HEHUE MPUMECHU, AHTPOIIOT€HHbIE 3arPSI3HEHHS

Baaronapnocru: padorta BeinosHeHa 1o cornamenuo 075-15-2021-941 MunobpHayku PO
«KOMIUTIEKCHBIE MCCIIEIOBAHMUS SKOJIOTHIECKOTO COCTOSHHSA BOJ MPUOPEKHOW 30HBI CEBe-
po-BocTouHOTO menb(pa YepHOro MOps B paMKax ydacTHs B MEXIYHapOJHOM IIPOCKTE
DOORS».

Jast uurupoBanusi: OcobenHocTr npetida CTokca B pUOPEKHOM 30HE CEBEPO-BOCTOYHOTO
mobepexnst YepHOTO MOps 1O pesynsTataM moaenuposanus / b. B. Jlusunckwii [u ap.] //
Okonoruyeckas 6e30macHoCTh NpuodpexHoi u menabdosoit 300 Mopst. 2024. Ne 1. C. 6-19.
EDN CAVUNO.
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Introduction

Open condition of wave orbital trajectories causes an additional resulting fluid
flow in the upper few meters of the water column (with the highest value at the sur-
face) corresponding to the general direction of wave propagation. This phenome-
non was first described by the English scientist D. Stokes " and subsequently re-
ceived his name.

Stokes drift affects directly many physical processes occurring in the coastal
zone of the sea [1-4]. Work [5] shows that the trajectories of surface drifters under
conditions of arisen sea with significant wave heights exceeding 1 m are determined
precisely by the Stokes drift and only at relatively low heights (less than 0.6 m)
they are determined by the local wind and main currents. Together with wind cur-
rents, density gradients and tides, the Stokes drift makes a significant contribution
to heat and salt transport, as well as transport of pollutants including micro- and
macroplastics, and oil spills [6—8]. Taking into account the Stokes drift, it is possi-
ble to improve significantly numerical models of the spread of passive pollutants
[9] in order to understand better the environmental consequences of human eco-
nomic activity.

Current velocities caused by the Stokes transport can reach 2% of the local
wind velocity [8] and the contribution of the Stokes transport to the total flow
caused by wind load can be up to 40% [10]. The Stokes drift parameters also
depend significantly on the season and geographical features of the sea area [11].
It should also be noted according to [12] that currents caused by the Stokes transport
have mean velocities of 0.08—-0.10 m/s and maximum velocities of ~0.6 m/s
in the Baltic Sea.

Thus, the Stokes drift can influence both hydrodynamic regime and ecological
state of a water body significantly.

Hence, the main purpose of this study is to analyze the basic parameters of
the Stokes drift (velocities and directions) including their seasonal and interannual
variability on the northeastern shelf of the Black Sea near Gelendzhik for a climatic
period from 2003 to 2022. Such estimates have not been previously carried out
for the Black Sea conditions. Additionally, seasonal and interannual patterns
of distributions of wind wave and surface wind parameters were studied over
the same period.

Materials and methods

The study uses such tools as the DHI MIKE SW modern spectral wave model
of Danish Hydraulic Institute and the ERAS5 global reanalysis database provided
by the European Center for Medium-Range Weather Forecasts (ECMWF).

The DHI MIKE SW model takes into account basic physical mechanisms of
wave field transformation including wave generation under the influence of surface
wind, nonlinear three- and four-wave interactions, wave energy dissipation resulted
from bottom friction and breaking, as well as diffraction and refraction [13].

1 Stokes G. G. On the numerical calculation of a class of definite integrals and infinite series // Trans-
actions of the Cambridge Philosophical Society. Cambridge, 1847. Vol. IX, part 1. P. 166-187.
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Non-stationary fully spectral model is used when calculating the Black Sea wave
fields. Spectral frequencies are included in the range of wave periods from 1.6 to
16.5 s. The model resolution in the directions of wave propagation is 15°. The model
is configured to separate the wave field into two components (pure wind waves
and swell waves) and verified based on numerous in situ experiments and satellite
data [14].

The calculation grid with condensation in the coastal zone covers the Black
Sea and the Sea of Azov and consists of 20,000 calculation elements (Fig. 1).
The calculation point indicated in the inset to Fig. 1 is located 4 km seaward of
Gelendzhik at a depth of 40 m.

The performed modeling made it possible to obtain a data array consisting
of the main parameters of pure wind waves and swell waves covering a period of
20 years (from 2003 to 2022). The array includes significant heights of wind waves
and swell waves, as well as the directions of their propagation. The time step is 1 h.

The meridional and zonal components of surface wind velocities and the Stokes
drift were extracted from the ERAS global atmospheric reanalysis array for the same
period and with the similar time step. The Stokes drift is calculated based on
the analysis of two-dimensional wave energy spectra [15].

Thus, we further study the climatic features of the variability of the following
parameters:

— significant heights, as well as directions of propagation of wind waves and
swell waves;

— wind direction and velocity;

— direction and velocity of the Stokes drift at the sea surface.

Fig. 1. Calculation grid of the Black Sea and the Sea of Azov.
The inset shows the position of the calculation point near Gelendzhik
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Results and discussion

Figs. 2-4 show seasonal features of the distribution of significant heights of
wind waves, swell waves and wind velocities, respectively.

Pursuant to Fig. 2, wind waves of sea directions (from the southeast
to the northwest) dominate from late autumn to mid-spring. November and Febru-
ary with their strong storms in the northeast directions are the exceptions. Wind
waves in the west and northwest directions predominate in May, June and July.
The wave disturbance from the northeast increases significantly from August to
October. At the same time, the open sea brings little risk of storms in August and
September.

Long swell waves experience significant refraction with the restructuring of
the wave front normal to the coast on a relatively narrow shelf with almost parallel
isobaths near Gelendzhik (see the inset to Fig. 1). As a result, all seasons are char-
acterized by the absolute predominance of swell waves in the southwest and west-
southwest directions (Fig. 3).

The region under consideration is under the influence of surface winds in all
directions, with the exception of the southeast ones, in December, January and
March (Fig. 4). The contribution of the northeast wind increases sharply in Febru-
ary. Two main wind directions in April-May are the southwest and the northeast.
Weak winds of the northern sectors with a predominance of the northeast prevail
from June to September. The northeast winds become dominant in October and
November.

Fig. 5 shows generalizing climatic roses for wind waves, swell waves and sur-
face wind constructed over 20 years from 2003 to 2022.

hs wind sea, m <=0.5[ll >0.5-110 >1-1.5 >1.5-2 0 >2

Fig. 2. Monthly wind wave roses near Gelendzhik
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V, m/s <=5l >5-1000 >10- 15l >15

Fig. 4. Monthly surface wind roses near Gelendzhik
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hs,wind sea» M hs, swell» m V, m/s
<=0.5[l >0.5-100 >1-1.5 >1.5-20 >2 <=5l >5- 1000 >10- 15 >15

Fig. 5. Climatic roses: for wind waves (a), for swell waves (b), for the surface wind (c)

Pursuant to Fig. 5, wind waves in the west-southwest and northeast directions
have the greatest repeatability while the strongest waves develop in the south-
southeast-west sector. As in all seasons separately, the swell waves of the west-
southwest and southwest directions dominate in the interannual sense. The prevail-
ing wind is in the northeast directions, the least repeated wind is in the southeast
directions.

Fig. 6 shows the so-called whisker boxes giving a visual graphical represen-
tation of certain statistical characteristics (mean distribution, 1st and 3rd quartiles
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Fig. 6. Statistical characteristics of the distributions of:
significant wind wave heights (a), significant swell waves heights
(b), surface wind speeds (C)
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(or 25th and 75th percentiles), 10th and 90th percentiles) of wave height and wind
velocity values separately by month and overall for the year.

The data (Fig. 6) show that wave height distributions are characterized by strong
intraseasonal variability. The strongest wind waves are observed in the winter months
with mean wave heights of ~0.7 m, and weakest ones — in summer (N wind sea ~0.3 m).
The same picture is observed for the swell waves with mean heights slightly
exceeding 0.6 m in winter and 0.2 m in summer. August is the quietest month.
The differences among seasons in wind velocities are not as obvious as in wave
parameters. Mean wind velocities are ~7 m/s in winter, as well as in early spring
and late autumn, and 5 m/s in summer. The weakest wind is observed in May.

Fig. 7 shows seasonal features of the Stokes drift velocities and directions.
Note that in accordance with well-established oceanographic traditions, the di-
rection of the Stokes currents is determined relative to the side of the world to-
wards which they are headed (the direction of waves and wind — from the side).
For convenience of consideration and taking into account the general orientation of
the coastline, the repeatability of the Stokes drift is calculated for four 90° sectors
conditionally defining the following directions of currents: towards the coast,
along the coast towards the southeast, away from the coast, along the coast to-
wards the northwest.

Pursuant to Fig. 7, surface currents caused by wind waves formed both
by large-scale processes throughout the entire Black Sea water area and by local
wind have well-defined seasonal differences. From December to April, excluding
February, the Stokes transport has comparable repeatability in directions towards
the coast, away from the coast and towards the northwest. In February, the main
flow tends to the open sea under the influence of strong northeast winds. In May
and June, the repeatability of currents towards the coastline increases significantly
with the contribution of currents towards the southeast increasing at the beginning of
summer. In July, the currents directed towards the southeast and away from the coast
become almost identical in terms of repeatability. From August to November,
the proportion of currents directed away from the coast increases with a gradual
decrease in the repeatability of currents towards the southeast.

Fig. 8 shows the generalized pattern of sea currents caused by the Stokes
transport.

Pursuant to Fig. 8, the long-term repeatability of the Stokes currents in direc-
tions is as follows: towards the coast — 27.4%, towards the southeast — 20.9%,
away from the coast — 34.3%, towards the northwest — 17.4%. In general, the flow
directed to the open sea predominates climatically. The repeatability of alongshore
flows directed towards the southeast and northwest is almost the same.

Statistical characteristics of flow velocities also show intraseasonal differences
(Fig. 9). The currents directed towards the coast are the strongest ones in Decem-
ber—January (mean velocities ~ 0.07 m/s), away from the coast — in winter and
autumn, especially in February (more than 0.08 m/s), towards the northwest — from
November to February. The weakest currents are directed towards the southeast
with mean values of 0.04 m/s in winter. The extremely insignificant transport
(mean velocities less than 0.02 m/s) towards the coast and towards the northwest

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024 13



October ™

C, m/s <=0.025 [l >0.025 - 0.05 M >0.05 - 0.075 >0.075- 0.1 [l >0.1

Fig. 7. Monthly roses of the Stokes drift near Gelendzhik

is observed in August, in May — towards the southeast, in July — towards the sea.
In general, currents towards the sea have the highest mean annual velocities
(almost 0.06 m/s). They are followed by currents towards the coast and towards the
northwest (~ 0.05 m/s) and alongshore currents towards the southeast (~ 0.03 m/s).

Fig. 10 shows interannual variability of the Stokes drift velocities. According
to the data, despite the climatic dominance of flows directed towards the sea,
currents towards the coast can prevail in some years (e.g., in 2004 and 2021).
The mean annual repeatability of the Stokes drift by 90° sectors is as follows:
towards the coast — 23.4-34.7%, towards the southeast — 16.1-25.5%, away from
the coast — 24.8-44.1%, towards the northwest — 12.6-23.3%. The mean annual
current velocities vary as follows: towards the coast — 0.037-0.054 m/s,
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Fig. 8. Climatic roses of currents caused
by the Stokes drift
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Fig. 10. Repeatability (a), mean (b) and maximum (C)
Stokes drift velocities by distribution sectors

towards the southeast — 0.025-0.035 m/s, away from the coast — 0.039-0.061 m/s,
towards the northwest — 0.033—-0.059 m/s. The maximum velocities are an order of
magnitude higher than the mean values. Intraannual maximum velocities also vary
widely: towards the coast — 0.18—0.34 m/s, towards the southeast — 0.12—0.22 m/s,
away from the coast — 0.19-0.42 m/s, towards the northwest — 0.20—0.34 m/s.
The maximum Stokes drift velocity amounting to 0.42 m/s was observed in 2012
with the currents directed towards the open sea.

Conclusion

The performed research results in the analysis of the Stokes drift main parame-
ters (velocities and directions) on the northeastern shelf of the Black Sea near
Gelendzhik over a long period of time from 2003 to 2022 and the study of the sea-
sonal and interannual patterns of distribution of wind wave and surface wind pa-
rameters.

Main results.

Wind waves. Wind waves of sea directions (from the southeast to the north-
west) dominate from late autumn to mid-spring. November and February with their
strong storms in the northeast directions represent some exceptions. Wind waves
in the west and northwest directions predominate in May, June and July. The wave
disturbance from the northeast increases significantly from August to October.
At the same time, the open sea brings little risk of storms in August and September.
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The strongest wind waves are observed in the winter months with mean wave
heights of ~ 0.7 m, and weakest ones — in summer (0.3 m).

Swell waves. All seasons are characterized by the absolute predominance of
swell waves in the southwest and west-southwest directions. The swell waves
with mean heights slightly exceed 0.6 m in winter and 0.2 m in summer.

Wind. The region under consideration is under the influence of surface winds
in all directions, with the exception of the southeast ones, in December, January
and March. The contribution of the northeast wind increases sharply in February.
Two main wind directions in April-May are the southwest and the northeast. Weak
winds of the northern sectors with a predominance of the northeast prevail from
June to September. The northeast winds become dominant in October and Novem-
ber. Mean wind velocities are ~ 7 m/s in winter, as well as in early spring and late
autumn, and 5 m/s in summer. The weakest wind is observed in May.

The Stokes drift. From December to April, excluding February, the Stokes
transport has comparable repeatability in directions towards the coast, away from
the coast and towards the northwest. In February, the main flow tends to the open
sea. In May and June, the repeatability of currents towards the coastline increases
significantly with the contribution of currents towards the southeast increasing
at the beginning of summer. In July, the currents directed towards the southeast and
away from the coast become almost identical in terms of repeatability. From August
to November, the proportion of currents directed away from the coast increases
with a gradual decrease in the repeatability of currents towards the southeast.

The table shows the interannual characteristics of the Stokes currents.

In multi-year terms, the flow directed away from the coast to the open sea pre-
vails. The same flow has the highest mean velocity. Repeatability of the longshore
currents directed towards the southeast and northwest is almost the same, but
the currents towards the northwest are much more intense.

Long-term characteristics of the Stokes drift by wave directions

. . .. . Mean maximum
o,

Flow direction Repeatability, % | Mean velocity, m/s velocity, m/s
Towards the coast 27.4 0.046 0.27
Towards the southeast 20.9 0.030 0.17
Away from the coast 343 0.053 0.28
Towards the northwest 17.4 0.045 0.26
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Note that the Stokes drift is only part of the complex hydrodynamic picture
characteristic of coastal waters. Experimental observations and numerical modeling
carried out by A. Isobe et al. made it possible to establish that under the influence
of the Stokes transport, large plastics were mostly transported and accumulated
in the coastal zone of the sea, processed into smaller forms (microplastics) and sub-
sequently transported into the open sea. Thus, we can conclude that sea currents
generated by surface waves make a significant contribution to the processes of ac-
cumulation and redistribution of pollutants in the shelf zone of the sea and deter-
mine largely the ecological state of coastal waters.

Final remark. Average currents can be generated in the field of groups of waves
at the ocean surface. Such currents differ in their pure form from the Stokes drift
induced directly by the waves. Naturally, this results in certain errors in the esti-
mates of the Stokes transport values. Nevertheless, we believe that the indicated
inaccuracies are, let’s say, a kind of a systematic error and do not affect the climat-
ic features of variations in the Stokes drift greatly.
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AHHOTANMSA

Bepudununposana anmnpoxcumanus GyHKIUH INIOTHOCTH BEPOSTHOCTEH BO3BBIICHUHA MOP-
CKOM MOBEPXHOCTH JIBYXKOMIIOHEHTHOW rayccoBoil cMechio. [l BepuduKanuy UCHoIb30-
BaHBI JaHHBIE NPSIMBIX BOJMHOBBIX M3MEPEHUH, NOJyUYEHHBIE HA CTAllMOHAPHON OKeaHOrpa-
¢uueckoil mrathopme, ycranoineHHold B UepHoMm mope. Kpurepuem KOppeKTHOCTH ari-
MIPOKCHMANUU BHIOpaHa OTHOCHWTENbHAs OINNOKA € OTKIOHEHHS MOJENbHOW (YHKIMH
IUIOTHOCTH BEPOSTHOCTH OT 3KCHEPHUMEHTAIFHON (DYHKIMH, pacCYMTAaHHOW IO JaHHBIM
BOJIHOBBIX M3MepeHnH. CpeqHsis 1o aHcaMOIII0 CUTyaluii OTHOCHUTENbHAs OIINOKa (€) Maia,
€CNIM 3HaueHHs HOPMHPOBAHHOI'O HA CPEJHEKBAaJPATUYECKYIO BEIUYHMHY BO3BBIIICHUS
TIOBEPXHOCTH JIe)KaT B o0nacTu | & | < 3. CpenHekBafpaTHIecKOe OTKIIOHEHUE OTHOCUTEIb-
HOW OIMMOKH MUHUMAJBFHO TIPH | & l~0u paBusiercs 0.12, mpu | & =3 Bo3pacTtaet J10 ~ 0.5.
[TokazaHo, yTo ommMOKa (&) MMEET CHCTEMAaTHYECKYIO COCTABIISIONIYIO, KOTOpPAs 3aBHUCHUT
OT OTKJIOHEHHH TPETHEro U 4YeTBEPTOTr0 CTATUCTHYECKHX MOMEHTOB OT 3HAUYEHUI, COOTBET-
CTBYIOIIUX pacupeneneHuro ['aycca. Iloctpoena nonysmnupudeckas 3aBUCUMOCTD, T103BO-
JSIFOINAsl YY4ECTh 3Ty COCTaBIAOIIYI0. OTMEYEHO, YTO TOYHOCTH AIMMPOKCHMALUU MOKHO
TIOBBICUTH B 2—3 pa3a, UCKJIIOUHUB CHCTEMATHUECKYIO COCTABIISIONIYIO.

KiiioueBble ¢JIOBA: TayccoBa CMECh, MOPCKasi TIOBEPXHOCTh, HEIMHEHWHBIC BOJIHBI, CTATH-
CTUYECKU MOMEHT, YepHoe Mope

Baarogapuoctu: pabota BemonHeHa B pamkax roczananns @I'BYH OUIL MI'U no Teme
FNNN-2021-0004 «®yHnamMeHTalbHbIE MCCIEIOBAHUSI OKEAHOJOTMYECKUX IMPOLIECCOB,
ONPEACISIOIUX COCTOSIHUE U DBOJIOLUI0 MOPCKOM Cpelibl MOJ BJIHUSHHUEM E€CTECTBEHHBIX
Y aHTPONIOTCHHBIX (PAKTOPOB, HA OCHOBE METOJIOB HAOIIOJCHUS M MOJICITHPOBAHUS.

Jas nurupoBanus: 3anesanos A. C., Kuaszvkoe A. C. Pacnpenenenue BO3BBIIIEHUH MOP-
CKOH MOBEPXHOCTH B (hopMe JBYXKOMIIOHEHTHOH rayccoBoii cMecu // Dkojorndeckas 0es-
OTIaCHOCTH MPUOPEXKHOH 1 menb(oBoi 30H Mopst. 2024. Ne 1. C. 20-30. EDN EHKUET.

Introduction

Sea surface waves are a weakly nonlinear process, and the statistical distribu-
tions of sea surface elevations and slopes are close to the Gaussian distribution [1].
Although deviations from the Gaussian distribution are small, they play an im-
portant role in applications related to ocean remote sensing [2, 3], as well as
when forecasting the occurrence of anomalous waves [4].

As a rule, distributions based on truncated Gram—Charlier or Edgeworth series
are used for the sea surface statistical description [5, 6]. The distributions are
the expansion of the desired probability density function in Chebyshev—Hermite
orthogonal polynomials. The use of truncated series leads to distortions in the de-
sired probability density function due to the appearance of negative values in it,
as well as several local maxima [7-9].

The relevance of the search for new approaches to the statistical description of
the sea surface is determined by the fact that existing models do not make it possible
to construct a probability density function of sea surface elevations over the entire
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range of their changes. One possible solution to this problem is to approximate
the distribution of a quasi-Gaussian process by a two-component Gaussian mix-
ture. Distributions of this type have not yet found wide application in oceanology,
which may be due to the complex procedure for calculating their parameters [10].
For the first time, the use of such a model to describe the sea surface was inde-
pendently proposed in [11, 12], in which probability density functions were con-
structed for the sea surface slopes. Recently, a two-component Gaussian mixture
has been proposed to describe the distributions of sea surface elevations [13].
Unknown parameters for the desired Gaussian mixture are calculated based on
the known statistical moments as in the construction of the Gram—Charlier and
Edgeworth distributions.

This work aims at analyzing the possibility and limits of a two-component
Gaussian mixture in order to describe the distribution of sea surface elevations.
The analysis is based on direct measurements of sea waves carried out in the Black
Sea.

Two-component Gaussian mixture

Finite Gaussian mixtures are widely used in various fields to approximate un-
known probability density functions [9, 14]. The two-component Gaussian mixture
of random variable & is as follows [15]

%(i){Lexp{—%} (1)

i

where o; — weight of the i-th component (i = 1, 2), oi; € (1, 2); m; — expected value;
o — variance. Weighting coefficients satisfy the condition

o ton=1. 2)

Taking into account condition (2), it is necessary to find five parameters:
mi, mz, o1, o2 and o, to construct Pg(§). In [13], it was proposed to calculate them
based on the first five statistical moments of sea surface elevations. The disad-
vantage of this approach is that according to wave measurements under marine
conditions, as a rule, statistical moments are determined only up to the fourth order
inclusive [16—18]. Therefore, we will use the first four statistical moments to calcu-
late the model parameters (m1, m», o1, G2) leaving the fifth parameter (o) free [11].
Parameter o; will be varied to satisfy the condition of distribution unimodality.

The procedure for calculating model parameters (1) is described in [10].
It amounts to solving the system of equations

oy + (L—oy )my =p, (3)
0L1(ml2 +c512)+(1—0c1)(m22+c322)=u2 , (4)
3 2 _ 3 2\ _
a, (m1 +3m,0, )+ a ()tl)(m2 +3m,o, ) =M (5)
a, (m14 +6m’c’ +30," ) +(1- al)(m24 +6m,°c,> +30," ) =My, (6)
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where p; — statistical moment of order i :
w, = [e/P e

Let us assume that the average level of the surface is zero (u; = 0), and the variance
of the analyzed random variable is equal to 1 (1, = 1). Parameters p3 and ps — 3 are
the skewness and excess kurtosis, respectively. System of equations (3)—(6) is
symmetric with respect to triples of parameters (m1, 1%, o) and (m2, 622, o).

Verification

To verify the model probability density function of sea surface elevations (1),
the data of wave measurements obtained on a stationary oceanographic platform of
Marine Hydrophysical Institute of RAS were used [19]. The measurements were
carried out during December 2018. The platform was located in the Black Sea
600 m from the coast at a depth of about 30 m. The waves were measured with
a string wave recorder [20].

The measurements were carried out under wind conditions that varied from calm
to wind speed of 25 m/s. Significant wave heights (the average height of 1/3 of
the highest waves) varied from 0.23 m to 2.26 m, the maximum wave height
reached 4.9 m. The wavelengths corresponding to the peak of the wave spectrum
ranged from 10 to 120 m.

The verification took place as follows. Continuous wave measurements were
divided into wave records lasting 20 min. The total volume of data for analysis was
more than 2200 wave records. Each wave record was centered and normalized so
that its variance was equal to one, then experimental probability density func-
tion Pg (&) was calculated for each wave record. Statistical moments ps = (&%)
and ps = (E*) were also determined so that to calculate the parameters of two-
component Gaussian mixture Ps(§). Here and below, symbol ( ) means averaging.

According to wave measurements previously carried out in the Black Sea,
the values of statistical moments p3 and ps can be found mainly in the following
ranges [19]

—-02<p, <03 m 2.6<p,<34. (7

The same ranges were determined from measurements in the North Sea [18].
As a rule, exceeding the specified ranges occurs in situations where abnormally
high waves (rogue waves) are observed. [17]. In this work, we will limit our-
selves to the analysis of situations when p3 and p4 satisfy condition (7).

The experimental probability density function is calculated based on the analy-
sis of the histogram of sea surface elevations. Width of intervals A was taken
equal to 0.45. Function Pg (&) was obtained from the histogram by normalizing it
to the total number of points in the wave record and to the width of the interval.
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The verification procedure for a two-component Gaussian mixture model con-
sists of comparing functions Px (&) and Ps(&). The criterion for the correspondence
of model (1) to wave measurement data is relative error

K©)-F©)
£

for which average value (¢(£)) and standard deviation 8(&) = ((¢(§) — (&(&)))*)°" are
calculated.

To calculate Gaussian mixture Ps(§), the procedure described in [10] was cho-
sen. Taking into account condition (2), system of equations (3)—(6) was reduced
to one sixth degree polynomial equation in m;

b

e(8) =

20‘12 (o, — 0L12 -1 m16 — 450, (20, —1)(a, — 1)2 m13 +

3
+3(u, — 3o, (o, — 1)3 m12 + U32 (o, = 1)4 =0,

the solutions of which for given values p3; and ps were found numerically by New-
ton’s method by varying o,y The coefficients included in equation (8) were analyzed
in [10], where it was shown that, except for the rare case when ps = 0 and ps > 3,
it could always be solved and the construction of a probability density function was
possible. From several solutions obtained for various possible o, the one was cho-
sen that corresponded to the physical condition of unimodality of the resulting dis-
tribution and the positivity of values 61> u o,?, which were recalculated, like m,
from value m; according to the method discussed in [3]. Values p3 and p4 calculated
for model Gaussian mixture Ps(&) obtained as a result of solving equation (8) were
compared with the values calculated from the wave record and used in original
equations (3)—(6). The accuracy of agreement between values p3 and p4 calculated
from the Gaussian mixture and from the wave record is achieved no worse than 1072

Figure 1 shows functions (€(§)) and 6(§). Here, N(§) is number of points
from which statistical characteristics were calculated in given interval AE. Func-
tions (g(&)) and &(&) are average over the ensemble of situations in which meas-
urements were carried out, with 3 and s satisfying condition (7). Parameters pi; = 0
and ps >3 in 11 wave records led to their exclusion from consideration for the rea-

son stated above.
Analysis of deviations of model function Ps(§) from experimental one Pg (&)

given in Fig. 1 indicates their smallness in the vicinity of point & = 0 and increase
with | & |. As for range | £ | < 3, the parameters characterizing this deviation satisfy
conditions

(e®)|<0.05  5(&)<0.3.

For further analysis, all data were divided into groups corresponding to four rang-
es of the third statistical moment: group 1 — 0.2 < u3 <0, group 2 — 0 < p3 < 0.1,
group 3 —0.1 <p3<0.2, group 4 — 0.2 < u3 < 0.3. Figure 2 shows variables (&(&, 13))
and &; (&, p3) calculated for each group. Here, index i taking values from one to
four corresponds to the group number. Parameter N; (&, us3) shows the number of
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Fig. 2. Variables €(&) (a), 8(€) (b), N(§) (c) calculated for four
ranges p3: —0.2 < p3 < 0 (blue), 0 < p3 < 0.1 (red), 0.1 < 3 < 0.2
(brown), 0.2 < pu3 < 0.3 (green)

points from which the values (&; (§, u3)) and 9;(&, p3) were calculated. Average
value of relative error (&; (&, us)) depends significantly on the group for which it
was calculated. At the same time, standard deviation J; (&, p3) is almost the same
for all groups. The discrepancy between Ps(&) and Pr (§) depends on how much
statistical moment p; deviates from the zero value corresponding to the Gaussi-
an distribution. The greatest discrepancies are observed for group 4.
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We use a similar approach to analyze the approximation of the probability
density of sea surface elevations for different values of the fourth statistical mo-
ment. Let us divide the data into groups corresponding to four ranges p4: group 1 —
2.6 <y <28, group 2 — 2.8 < g < 3.0, group 3 — 3.0 < pg < 3.2, group 4 —
3.2 < s £ 3.4. Figure 3 shows variables (&i(&, 1)) and Oi (€, p4) calculated for
the specified groups.

0.3
(€& ua)) |

0.1 ~
oL \ e
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Fig. 3. Variables &(&) (a), 8(&) (b), M) (c) calculated for four
ranges L4: 2.6 < py < 2.8 (blue), 2.8 < s < 3.0 (red), 3.0 <y <3.2
(brown), 3.2 < py4 < 3.4 (green)
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Division into groups according to the range of changes in statistical moments
13 and py results in a significant change in the relative error in the approximation of
the probability density of sea surface elevations. In range | £ | < 2, values &, (&, ps)
and 9; (&, W) are 2-3 times lower than values 8(§) calculated for the entire en-
semble of situations. This makes it possible to describe the probability density
function by the semi-empirical relationship

P.(&)=P(&)(1+(:(9)),

where (g ()) is average relative error calculated for corresponding ranges 13 and 4.

Conclusion

The approximation of the probability density function of sea surface elevations
by a two-component Gaussian mixture was verified for the values of the third
and fourth statistical moments which vary within —0.2 <3 <0.3 and 2.6 <y <3.4
and are characteristic of the Black Sea coastal zone. The criterion for the correct-
ness of the approximation is the deviation of the model probability density function
from that one calculated from wave measurement data, which is characterized
by relative error.

In range ‘ € | < 3, values of average relative error (g(&)) and its standard de-
viation 8(&) are small and satisfy condition Ke(&))| < 0.05, 8(§) < 0.3. Approxi-
mation error (¢(§)) has a systematic component which depends on the deviations
of the third and fourth statistical moments from the values corresponding to
the Gaussian distribution. A semi-empirical relationship has been constructed to
take this component into account. The elimination of the systematic component
will reduce 6(§), and the approximation accuracy can accordingly be increased
by 2-3 times.
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Abstract

The paper analyses decade-average (2013-2022) statistical and spectral characteristics of
mesoscale and synoptic variability of the wind field for the atmosphere surface layer and
the surface current to reveal regularities and peculiarities of the wind variability and quasi-
stationary alongshore current near Cape Kikineiz of the Southern Coast of Crimea. Complex
instrumental monitoring was carried out under open sea conditions using clusters of
hydrometeorological and oceanological meters at the stationary oceanographic platform
of the Black Sea hydrophysical sub-satellite testing area of Marine Hydrophysical Institute
of RAS. The author used a dataset of chronological sequences of mean-hourly vector-
averaged data for May—October and November—April half-year periods to quantify the values
and identify trends in the interseasonal variability of wind and current field characteristics.
During the selected time periods, clear seasonal differences in the thermal structure and
dynamics of both the surface wind field and coastal waters were observed near the coast.
Based on instrumental monitoring materials, peculiarities of coastal water circulation
under seasonal variability of local wind conditions were studied. The spectral analysis results
estimate the energy contribution of breeze wind circulation to the seasonal intensification of
the mesoscale variability of the alongshore current. During the entire annual cycle, multiscale
alongshore reciprocating wind fluctuations, parallel to the Main Ridge of the Crimean
Mountains, apart from the background large-scale wind field, were detected at the seacoast.
Such wind fluctuations influence the variability of the coastal-waters alongshore circulation,
which allows studying the conditions and peculiarities of the bimodal distribution formation
of the direction recurrence of the quasi-stationary alongshore current near Cape Kikineiz.
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Oco0eHHOCTH MeKCe30HHO U3MEHYUBOCTH
B/10/1b0EPEeroBoil HMPKYJISIIUM BeTPa
U npudpesxkHoro reyennst y FO:xnoro depera Kpbsima

A. C. Ky3Henos

Mopckotui eudpoghusuueckuii uncmumym PAH, Cesacmonons, Poccus
e-mail: kuznetsov_as@mbhi-ras.ru

AHHOTaIHSA

ITo pe3ynpTaram aHanm3a cpennux 3a aecaruietre 2013—-2022 rr. cTaTUCTHUECKUX U CTIEK-
TPAJIbHBIX XapaKTEPUCTUK ME30MACIITAOHONH U CHHONITHYECKOW M3MEHYMBOCTH TOJISI BETpa
MIPUBOTHOTO CJIOSI aTMOC(EPHI M MPUTIOBEPXHOCTHOTO TEUEHHUSI BBIJICICHBI 3aKOHOMEPHOCTH
U O0COOCHHOCTH M3MEHUYMBOCTH BETpa M KBa3WUCTAI[MOHAPHOTO BIIOJHOEPETOBOIO TEUCHHS
y M. Kukunaens FOxnoro 6epera Kpeima. KoMImiekcHBI MHCTPYMEHTATBHBI MOHUTOPHHT
BEITNIOJTHEH KJIACTEPaMU THIPOMETCOPOJIOTHUSCKUX W OKEaHOJOTHYCCKHX H3MEpHUTENeH
B YCIIOBHSAX OTKPBITOTO MOpS CO CTallMOHAPHOH okeaHOTrpaduueckor miatdopmsl YepHo-
MOPCKOTO THAPO(PHU3MYECKOTO MOACITYyTHUKOBOTO IMOJUTOHa MOPCKOTO THIPOPU3UIECKOTO
uHctutyta PAH. JIns KOJIMYeCTBEHHBIX OLEHOK 3HAYEHUH U BBISIBICHUS TEHACHLIUNA B MEX-
CC30HHOW M3MECHYMBOCTH XapaKTEPUCTHUK OIS BETPa M TCUCHHS HCITOIb30BaH HAOOP XPOHO-
JIOTUYECKUX TOCIIEI0BATEIbHOCTEH CPpeTHEUaCOBBIX BEKTOPHO-OCPETHEHHBIX JAHHBIX 3a 10~
JYyroust Mail — OKTAOPh U HOSIOPH — ampesib. B BbIJeIeHHbIE BPEMEHHbIE TIEPUOJIBI y TT00e-
PEXbsI HAOII0JATNCH SIBHBIE CE30HHBIC Pa3INIMsl B TEPMUUECKON CTPYKTYpE U TMHAMUKE KaK
MIPUIIOBEPXHOCTHOTO TOJISI BETPa, TaK U MPUOPEKHBIX BOJ. Ha ocHOBe MaTepuaIoB WH-
CTPYMEHTAIILHOTO MOHUTOPHUHTA UCCIEJOBAHBI OCOOCHHOCTH IUPKYIIAIUU TPUOPEKHBIX
BOJI TIPU CE30HHOW HM3MEHYMBOCTH MECTHBIX BETPOBBIX ycioBwid. [lo pe3ynbpraram criek-
TPaTbHOTO aHAIHM3a IMOJYYCHBI OICHKH SHEPreTUYECKOTO BKJIATAa OpHU30BOU IHPKYIISIIUH
BETpa B MEPUOJ] CE30HHOW MHTCHCH(DUKAIIUN ME30MAaCIITaOHOW H3MEHIHMBOCTH BIOJIBEOEpe-
TOBOTO TeUCHHs. B TeueHue Bcero roJoBoro MUKiIa y modepekns B MOpe HapsAAy ¢ (POHOBBIM
KpYITHOMACIITAOHBIM TIOJIEM BETPa BBISBICHBI PAa3HOMACIITAOHBIC BJIOJLOEPETOBBIC BO3-
BPaTHO-IIOCTYTATENFHBIC KOJICOaHUs BETPpa, OpUECHTHPOBAHHEIC TapauIeIbHO XpeoTy [naB-
Hoii rpsiapl Kpeimckux rop. Takue konebaHus BeTpa BIUSIOT Ha H3MEHUYHUBOCTh BIOJIBOEpe-
TOBOW MUPKYJISIIIAHA MPUOPEKHBIX BOJ, YTO MO3BOJISAET UCCIEIOBATH YCIOBHUS U OCOOCHHOCTH
(hopmupoBaHHsST OUMOIATBEHOTO PACIIPEIETICHHS TIOBTOPSIEMOCTH HAMPaBICHMs KBa3UCTAIIH-
OHAPHOTO BJIOJIEOEPETOBOTO TeUeHHs Y M. Kukuneus.

KumoueBbie ciaoBa: YepHoe mope, FOxubIit Oeper Kpbima, mpuOpeskHast 30Ha, HHCTPYMEH-
TaJFHBI MOHUTOPHHT, TI0JIE MECTHOTO BETPa, BIOJIHOEPErOoBOE TEUCHHE, SHEPTeTHUECKHIH
CIEKTP

BaarogapHocTtn: padora BEINOJHEHA B pPaMKaX TEMBI FOCYAApPCTBEHHOTO 3aJaHUs
OI'BYH UL MI'M FNNN-2021-0005 «KomruiekcHbIe MEXIUCIUILIMHAPHEBIE UCCIIE0Ba-
HUS OKEAHOJIOTUYECKUX TPOIIECCOB, ONPEACIIOMNX (PYHKIMOHUPOBAHHUE U IBOJIIOLIUIO DKO-
CUCTEM NMPUOPEKHBIX 30H UepHOTO 1 A30BCKOTO MOPEH».

Jas murupoBanus: Kysneyog A. C. OCOOCHHOCTH MEXKCE30HHON U3MEHUYMBOCTH BJIOJIb-
OeperoBoil NUPKYISIMN BeTpa M mpubOpexHoro tedeHus y IOxxnoro 6epera Kprima //
Dkojnorudeckas 6€30MacHOCTh MPHOPEKHOH 1 menbdoBoit 300 Mopst. 2024. Ne 1. C. 31-44.
EDN EBWSKZ.
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Introduction

Research into the causes of intense variability of currents off the coast of Crimea
is due to the need for reliable navigation support for maritime transport, as well as
the extraction and reproduction of resources in the Black Sea coastal zone. The sphere
of recreational services and the construction of housing and utility complexes are
intensively developing at the Southern Coast of Crimea (SCC), and a network of port,
hydraulic engineering and treatment facilities with sewer collectors for the bottom
discharge of industrial wastewater from land into the coastal zone of the sea has been
formed in the zone of interface between land and sea.

Under such conditions, the preservation of the SCC natural ecosystem depends
on the balanced consumption and reproduction of natural resources while limiting
the flow of pollution into the sea during waste disposal. The existence and sustainable
economic development of such a social eco-economic system is possible only
with rational management of environmental activities and effective quality control
of the marine environment [1].

Specific structure of the transport of coastal waters and contaminants off
the coast of Crimea is a natural factor that invariably minimizes the consequences
of technogenic and anthropogenic loads on the marine environment. Long-term
instrumental monitoring of the dynamics of coastal waters carried out by Marine
Hydrophysical Institute (MHI) at the Black Sea hydrophysical sub-satellite testing
area (BSHSTA) near Cape Kikineiz makes it possible to estimate the impact of
changes in natural, climatic and anthropogenic factors on the state of the coastal
ecosystem reliably.

This work is aimed at obtaining new scientific knowledge about the peculiarities
of interseasonal variability of alongshore wind circulation and coastal currents based
on the results of statistical and spectral analysis of the 2013-2022 instrumental
monitoring data.

Materials and methods of study

Since 1929, a system of hydrometeorological and oceanographic observations
has been in operation and is constantly being improved at the BSHSTA of MHI
in the settlement of Katsiveli located near Cape Kikineiz [2]. Instrumental monitoring
of the characteristics of the coastal waters is carried out by hydrometeorological
and oceanological meters from an oceanographic platform located in the open sea
at a distance of ~500 m from the coast.

The wind field characteristics are studied using data from a set of automated
hydrometeorological complexes with primary measuring transducers of wind
indicator M-63 and IPV-M as part of complex MGI-6503 [2] and small-sized wind
sensors (DVM) as part of the hydrometeorological data collection complex (KSGD)
[3] installed compactly at a height of 18 m above sea level on the oceanographic
platform communication mast. The complexes operate in a second-by-second
measurement mode with a nominal sensitivity of the wind speed module measuring
channel of no more than 0.1 m/s and wind direction channel of no more than 3°.
A vector-averaged series of 87,648 pairs of mean-hourly samples of vector
components was formed for the 2013—2022 monitoring period.
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Data from current meters MGI-1308 [2, 4] are used on hydrological horizons
from the surface layer to the bottom one at a depth of ~28 m to study the circulation
of coastal waters. The meters record vector-averaged second-by-second readings
of the speed and direction of the current vector over a time interval of 5 minutes
with a nominal sensitivity of the speed module measuring channel of 0.1 cm/s and
a current direction channel of 3°. Basic vector-averaged series of 87,648 pairs of
mean-hourly readings of the current vector components were formed for each 5, 10,
15, 20 m measuring horizon over the 10-year period specified above.

Primary measuring transducers of the complexes undergo metrological certifica-
tion in the MHI metrology and standardization service in the prescribed manner.
Further operational technological quality control of measurements ensures compli-
ance with metrological unity during long-term measurements of the characteristics
of coastal currents and wind, thus eliminating the impact of faulty values and signif-
icant methodological measurement errors. Further averaging of data processing re-
sults makes it possible to increase the accuracy of statistically mean values of
both current and wind to the level of maximum random errors limited by the resolu-
tion (nominal sensitivity) of corresponding primary measuring transducers of
the complexes.

Scientific novelty of the set of the 2013-2022 systematized materials used
in this work is proved by certificates of state registration 2. Materials from vector
databases of synchronous monitoring of the coastal current and wind of the atmos-
phere surface layer were used in statistical and spectral analysis. The intensity and
spatiotemporal peculiarities of the dynamics of water and wind near the SCC were
studied based on the obtained quantitative estimates. Spectral analysis of the varia-
bility of the energy intensity of current and wind fluctuations was carried out under
a linear estimate of the spectrum through smoothing of periodograms using a pro-
cessing program developed by MHI based on work ¥ and applied in [4-6].

D Kuznetsov, A.S. and Zima, V.V., 2019. Database for Monitoring the Dynamics of the Black Sea
Coastal Currents near the Southern Coast of Crimea for 2008—-2015 According to Measurements
on a Stationary Oceanographic Platform near Cape Kikineiz [Database]. Moscow. State Registration
No. 2019620377 (in Russian).

2 Kuznetsov, A.S. and Zima, V.V., 2020. Database for Monitoring the Current Field of the Coastal
Zone of the Black Sea near the Southern Coast of Crimea for 20162019 [Database]. Moscow. State
Registration No. 2020621445 (in Russian).

3) Kuznetsov, A.S., Garmashov, A.V. and Zima, V.V., 2023. Database for Wind Characteristics
Monitoring for the Black Sea Coastal Ecotone at Cape Kikineiz of the Southern Coast of Crimea
for 2013-2022 [Database]. Moscow. State Registration No. 2023622482 (in Russian).

4 Konyaev, K.V., 1981. [Spectral Analysis of Random Oceanological Fields]. Leningrad: Gidrometeo-
izdat, 207 p. (in Russian).
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Results and discussion

As part of monitoring, the problem of estimation of the coastal wind circulation
contribution to the formation of the peculiarities of interseasonal variability of
the alongshore currents is urgent. According to [4], a quasi-stationary alongshore
current is reliably expressed in the coastal zone near Cape Kikineiz and the main
modes of its variability have been studied. As noted in [7], the spatial peculiarities
of water dynamics near the coast are determined by the configuration of the coastline
and the bottom topography. Work [4] presents the results of studies of the main axis
orientation of wave-vortex elliptical orbital water movements transformed near
the coast. In general, the directions of such reciprocating fluctuations are oriented
along the direction of the current which is oriented along the corresponding isobath
of the bottom topography at a specific measuring horizon [8]. The 2013-2022 aver-
age speed of the alongshore quasi-stationary current is 7.9 cm/s in a west-southwest
direction (253°) in the sea surface layer at a horizon of 5 m and 6.7 cm/s in a
direction 0f215° in the bottom layer at a horizon of 20 m. Figure 1 shows the 2013—
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Fig. 1. Full energy spectra of coastal current fluctuations near
the Southern Coast of Crimea at 5, 10, 15, 20 m hydrological hori-
zons (brown, orange, green, blue lines, respectively) at 95% confi-
dence interval in the range of periods: 3—128 days (a); 14-96 h (b);
f is local inertial frequency
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2022 average energy spectra of coastal current fluctuations at hydrological
horizons in the range of periods 3—128 days (Fig. 1, a) and 14-96 h (Fig. 1, b),
similar to the results obtained earlier [4, 5].

It is noted in [7] that the variability of wind conditions near the SCC causes
rapid restructuring of coastal currents. Next, we consider the results of wind condi-
tions regime and variability analysis obtained from the 2013-2022 instrumental
monitoring materials, which are necessary for further discussion.

Peculiarities of mean long-term wind variability. The total wind field of the
Black Sea region is formed by the background wind and the superposition of local
winds of thermal and orographic origin which play a significant role in the
formation of the atmosphere surface layer wind field [7, 9, 10]. This instrumental
monitoring made it possible to identify reliably and specify the spectral
composition of wind field fluctuations near the SCC. Fig. 2 shows the 2013-2022
average energy spectra of wind variability in the atmosphere surface layer in the
range of periods 3—128 days (Fig. 2, a), 6-96 h (Fig. 2, b) and 14-96 h (Fig. 2, c).

Fig. 2, a shows the energy spectrum of wind fluctuations in the range of
mesoscale and synoptic variability where spectral peaks are reliably identified
at periods of about 4 and 6 days and the intensification of synoptic wind fluctuations
is expressed at periods of 8, 13 and 21 days.
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Fig. 2. Full energy spectrum of wind variability in the atmosphere surface layer
in the coastal marine ecotone zone near the Southern Coast of Crimea at 95% con-
fidence interval in the range of periods: 3—128 days (a); 6-96 h (b), 14-96 h (c),
where f is local inertial frequency
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It is noted in [9] that the orographic effect should consist in the generation of
stationary inertia-gravity waves trapped by the surface when the wind flows
around the mountainous relief surrounding the Black Sea. According to the results
of numerical modelling [10-12] and analysis of in situ data [6], local breezes and
mountain slope winds have a pronounced daily periodicity. Figure 2, b shows the
energy spectrum of wind fluctuations containing spectral maxima of wind
fluctuations at periods of about 8, 12 and 24 h.

In order to isolate inertial wind fluctuations in the presence of intense intraday
fluctuations, the contribution of gravitational fluctuations with periods of less than
14 h was removed from the initial data by digital filtering. Figure 2, ¢ shows the
energy spectrum of wind fluctuations calculated in the range of periods of 14-96 h
where the spectral peak of wind fluctuations with a period of ~ 17 h (local inertial
frequency) was reliably identified.

Peculiarities of the wind field spatial orientation. According to the results
obtained, peculiarities of the spatial orientation of the total wind field main compo-
nents in the region were identified in the atmosphere surface layer. Figure 3, a
shows empirical probability density function of the distribution of wind field direc-
tions calculated in angular segments +5° for 2013-2022. Three main directions of
air masses movement in the atmosphere surface layer near Cape Kikineiz were
identified. The winds of the alongshore east-northeast (~ 65°) and west-southwest
(~245°) points are almost collinear and parallel to the Main Ridge range of the
Crimean Mountains in the region, and the wind of the northern (~355°) points is
directed downslope towards the sea normal to the mountain range.

Alongshore air flows can be periodically formed owing to certain natural con-
ditions near the SCC and disturbances introduced by the Crimean Mountains into
the background wind speed fields, and a zone of mesoscale wind speed fluctuations
is created in such a way [12].

Figure 3, b shows empirical probability density function of wind directions
calcu-lated after removing the contribution of inertia-gravitaty and daily wind
variability from the initial data by digital filtering. After filtering, the alongshore
directions of the reverse movement of air masses parallel to the mountain range are
preserved, but at the same time the contribution of the wind from the northern
directions is radically transformed. Figure 3, ¢ shows empirical probability density
function of wind directions, calculated after removing the contribution of inertia-
gravity, daily fluctuations and large-scale background wind from the initial data.
The background wind of north-northeast (~ 25°) points with a speed module of
1.5-1.6 m/s was calculated for a 10-year monitoring period. Upon completion of
the processing, the contribution of wind fluctuations along the coastal points is
reliably identified, but the wind of the northern points is not self-identified (Fig. 3,
C). As a result, it was established that alongshore fluctuations of the coastal wind of
various time scales dominate annually in the atmosphere surface layer at a distance
of ~500 m from the coast with the contribution of local and regional background
wind.
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Fig. 3. Empirical probability density distribution function for wind directions
in the atmosphere surface layer: a — based on the initial data; b — after removing
the contribution of inertia-gravity and daily wind variability from the initial data;
¢ — after removing the contribution of inertia-gravity, daily and large-scale back-
ground wind variability from the initial data

Data from the surface horizon of 5 m only were used to compare the statistical
and spectral characteristics of wind variability in the atmosphere surface layer and
corresponding variability of the coastal current in the upper active layer of the sea.
Two separate sets of mean-hourly data were generated for May—October (half-
year 1) and November—April (half-year II) to calculate the characteristics of both
wind and current for 2013-2022. It should be noted that chronological data sets
for the indicated half-years are also used when numerically modelling the Crimean
region wind regime, its seasonal variability and breeze circulation peculiarities [10,
11].

Interseasonal peculiarities of large-scale wind and current variability. Figure 4
shows full energy spectra of variability of winds in the atmosphere surface layer
(Fig. 4, @) and currents in the sea surface layer (Fig. 4, b) calculated for half-years I
and II in the range of periods 3—128 days. In Fig. 4, a, spectral peaks of wind fluctu-
ations were reliably identified at periods of 5-6 days, 8, 13 and 21 days in half-
years I, and in half-years II, a peak was reliably identified at a period of 4 days and
intensification of synoptic wind fluctuations was noted in the range of periods of
8-21 days compared to spectrum calculated for half-years I. In Fig. 4, b, spectral peaks
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Fig. 4. Full energy spectra of long-wave fluctuations
in the range of periods 3—128 days: a — winds in the atmosphere
surface layer; b — currents in the sea surface layer, calculated
for the half-year periods May—October and November—April
2013-2022 (red and blue lines, respectively)

of long-wave current fluctuations were reliably identified at periods of ~3.5, 6, 12
and 21 days calculated for half-years I and at periods of ~3.5, 5 and 12 days for
half-years II. These long-wave movements propagate along with the alongshore
current leaving the coast on the right-hand side.

Research of interseasonal differences in the spectral composition of long-wave
fluctuations in the coastal current is possible as part of in situ and numerical model
studies of long-wave motions including coastal trapped waves >. Work [4] presents
review of the results obtained earlier in studies of long-wave movements near the
SCC which determine trapping and accumulation of wave energy, meandering of
currents and formation of mesoscale eddy structures.

Coastal trapped waves are known to be mainly generated by alongshore wind
stress fluctuations. According to Fig. 4, ¢, such wind fluctuations are reliably pre-
sent near the SCC, and the spatiotemporal characteristics of coastal trapped waves

3 Ivanov, V.A. and Yankovsky, A.E., 1992. [Long-Wave Motions in the Black Sea]. Kyiv: Naukova
Dumka, 110 p. (in Russian).
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are determined by the scale of forcing atmosphere influences in the region [13].
Long-wave current fluctuations with a period of about 6 days in summer are
caused by the Black Sea surge circulation with a periodicity of 5-7 days, and fluc-
tuations with a period of about 12 days were previously identified as long coastal
trapped waves and generated by remote wind action [13]. Energy spectra in the
mesoscale and synoptic range of variability calculated from synchronous cur-rent
and wind data have similar spectral ranges of the intensification of fluctuations.
Detailed studies of cause-and-effect statistical relationships among the characteris-
tics of these long-wave fluctuations are planned to be carried out in the future.

Interseasonal peculiarities of inertia-gravity and daily variability of wind and
current. Figure 5 shows full energy spectra of inertia-gravity and daily fluctuations
of winds in the atmosphere surface layer (Fig. 5, @) and currents in the sea surface
layer (Fig. 5, b) calculated for half-years I and II in the range of periods 6-96 h.
InFig. 5, a, energy maxima were reliably identified for a pair of spectra of wind
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Fig. 5. Full energy spectra of inertia-gravity and daily fluctua-
tions in the range of periods 3—128 days: a — winds in the atmos-
phere surface layer; b — currents in the sea surface layer calculated
for the half-year periods May—October and November—April 2013—
2022 (red and blue lines, respectively)
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fluctuations at periods of 12 and 24 h, as well as fluctuations at local inertial
frequency f and at a period of 8 h. In Fig. 5, b, spectral peaks are reliably identified
for a pair of spectra of coastal current fluctuations at local inertial frequency f.

In order to assess significance and reliability of the identified spectral maxima
of fluctuations of both wind and current in the prescribed manner 4, corresponding
95% confidence intervals were calculated for an actual number of degrees of
freedom of ~ 1600. This allowed evaluation of differences when comparing the
spec-tral levels of the formed pairs of spectra with high accuracy.

In Fig. 5, a, the mean long-term amplitudes of wind fluctuations in the range
of periods of 36-96 h for half-years II exceed the amplitude of corresponding fluc-
tuations for half-years I by ~ 40%. Further along the spectrum, type and compared
levels of wind spectra in the range of fluctuations of 6—26.5 h coincide while dif-
fering in the values of the levels of spectral maxima at periods of 12 and 24 h.
According to the results obtained previously in situ [6, 7] and in model [10, 11]
experiments, breeze circulation strengthens from May to October causing significant
interseasonal differences in the fluctuation intensity for periods of 12 and 24 h
(Fig. 5, a).

Figure 5, b shows the distribution of the current energy spectral density in the
surface layer of the sea for half-years I and II with no energy differences in the
spectral levels in the range of fluctuations of 36-96 h. Further along the spectrum
in the range of fluctuations of 6-36 h, these differences exceed the limits of 95%
confidence interval. The mean long-term amplitudes of current fluctuations in the
range of periods of 636 h for half-years I exceed the amplitudes of fluctuations
for half-years II by ~ 25%. Such differences in the inertia-gravity and daily range
of current fluctuations occur from May to October in the upper active layer of the
Black Sea under conditions of stable thermal (density) stratification of waters [14].
As is known, a field of intense short-period internal waves is formed in the active
layer during this period of the year, thus providing energy sink of the current long-
wave fluctuations on the Black Sea shelf. In situ studies of the dynamics of inertia-
gravity and short-period internal waves on the shelf in the Black Sea upper active
layer are constantly being improved and new scientific results of such studies are
given in [15-17].

It should be noted that the coastal waters off the SCC including the continental
shelf with bays and harbours are the marginal part of the Black Sea shelf zone
connected to the land. Currently, some researchers believe that the only statistically
reliable characteristic of the water circulation regime near the coast is the bimodal
distribution of current direction frequency. However, according to the MHI in situ
results [4], a monomodal alongshore current directed in the same way as the Rim Cur-
rent was reliably identified near Cape Kikineiz. At the same time, work [5] reveals
that the dominant contribution (~80%) is made by fluctuations in the inertia-
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gravity and daily range, whereas 20% of the contribution is distributed in the meso-
scale range of current fluctuations with periods up to 4-5 days during the forma-
tion of the reverse mode of current direction bimodal distribution near the SCC.

As is known, inertial fluctuations take place in the Black Sea with acting force
changes and represent a circular or elliptical anticyclonic rotation of the current
speed vector which is radically transformed near the coast. Inertial currents near
the coast (quasi-reversible water circulation) are observed near the SCC, usually
after the cessation of the long-term alongshore wind, when the inertial current vector
rotates clockwise for periods of about 17 h at a spatial scale of the anticyclonic eddy
of less than ten kilometers [7]. According to the 2013—-2022 monitoring studies,
inertial fluctuations of currents near Cape Kikineiz arise regularly and exist in the form
of periodic packets, and it is noted in [7] that the duration of a series of such inertial
anticyclonic eddies is typically 3—4 days.

The presented results of the 2013—2022 comprehensive studies of the wind field
variability for the atmosphere surface layer and the coastal current are the basis
for further research of the formation of the bimodal distribution of alongshore cur-
rent directions in the inertia-gravity and mesoscale range of wave-eddy fluctuations
for periods of 4-5 days.

Conclusion

The peculiarities of the interseasonal variability of the alongshore circulation of
coastal waters and wind off the Southern Coast of Crimea were revealed as a result
of processing and analysis of materials from long-term in situ studies carried out
by MHI of RAS at the BSHSTA. The unique opportunity to conduct a long-term
(2013-2022) comprehensive in situ experiment in the waters of the coastal ecotone
near the SCC was ensured by the reliable operation of clusters of domestic oceano-
logical and hydrometeorological meters from the stationary oceanographic platform
of the BSHSTA of MHI under open sea conditions.

Comprehensive studies were carried out using verified information technology
for instrumental monitoring which ensures high accuracy in long-term instrumental
measurements. The results of statistical and spectral analysis were obtained by pro-
cessing arrays of synchronous databases of variability in the characteristics of coastal
current and wind.

1. Intense wind field variability in the atmosphere surface layer is established
throughout the entire annual cycle in the range of periods of 12 and 24 h, 4-6 days
and 13-21 days with the dominance of alongshore fluctuations of the local wind
direction. Therein, regular mesoscale wind fluctuations can be a source of generation
of trains of intense short-period internal waves off the coast.

2. Full energy spectra of current and wind fluctuations have close spectral ranges
of intensification of fluctuations in the mesoscale and synoptic ranges of variability.
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Further identification of statistical cause-and-effect relationships between the char-
acteristics of current and wind fluctuations is a promising task for the physical
understanding of their interaction.

3. Synoptic fluctuations of the coastal current at periods of ~12 days have sig-
nificant interseasonal differences in the upper layer of the sea to depths of 15 m.
Further in situ and numerical model studies of long-wave motions will reveal the rea-
sons for such differences. Current regional numerical models of coastal water areas
can be validated and improved based on representative empirical results.

4. Inertia-gravity fluctuations of the coastal current in the range of periods
of 636 h have significant interseasonal differences. Therein, further research should
also be carried out in the range of short-period gravity internal waves. This allows
detailed studying their contribution to the formation of the bimodal distribution of
alongshore water circulation directions. Moreover, it is necessary to continue
research into the peculiarities of the energy wave-eddy interaction of inertia-gravity
and mesoscale disturbances of the alongshore coastal current.

The presented results form the basis for further studies of the multiscale var-
iability of coastal water circulation near the SCC as a significant natural factor
influencing the sustainable social and economic development of the Crimean
coastal region, and this remains one of the priority tasks of Marine Hydrophysical
Institute of RAS.
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Abstract

The paper studies lithodynamic processes in the Black Sea coastal zone from Cape Inkit
to Cape Pitsunda in the Republic of Abkhazia. A review of past studies of the coastal litho-
dynamics in this area was carried out. The principles of allocation of lithodynamic areas were
shown and the characteristics of the transverse and longitudinal structures of coastal systems
were described. A scheme of lithodynamic zoning of the studied area has been developed.
The paper describes sources of sediments intake and their movement in the studied coastal zone
of the Inkit-Pitsunda area of Abkhazia and provides characteristics of the longshore sediment
flow in the area. The coastline dynamics on a fragment of the Bzyb-Pitsunda coast was in-
vestigated. The paper estimates the volume of sediments carried out by the Bzyb River
and compares it with the value of the total longshore flow of pebble sediments in the area.
The coastline dynamics based on research materials of previous years was analysed, the aerial
photographs taken into account. The paper also estimates sediment runoff into the tops of
underwater erosion hollows (canyons) located on the underwater coastal slope from the Bzyb
River to Cape Pitsunda. The paper shows that although the width of pebble beaches may
reach fifty meters, in the upper part of the coastal zone, the ancient barrier beach and low
terrace, which are composed of highly erodible sediments, are exposed to washouts. These
washouts are caused by large waves during passing storms, and their run-up is not completely
damped on the surface of even such wide beaches. The authors conclude that the existing
beach is not wide enough to completely damp storm waves, as evidenced by the washouts of
ancient barrier beaches. In addition, the erosion of the ancient barrier beach bases is due to
the general retreat of the coastline within the sea terrace located between the mouth of
the Bzyb River and Cape Pitsunda.
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Nukur-IInnynackoro paiona Adxa3uu

I'. B. Tnasauna *, B. A. Ilerpos, P. M. TasiBiaun

Hayuno-uccnedosamenvcxuii yenmp «Mopckue bepezay
(OI1 AO HHUUTC), Couu, Poccus
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AHHOTAUA

HccnenoBaHsl TUTOIMHAMUYECKHE MIPOIIECCH B OeperoBoil 30He UepHOro MOps Ha y4acTKe
oT M. Mukut no M. ITunynga B Pecnyonuke AGxa3us. BeimonaHeH 0030p uccienoBaHui
JUTOJMHAMUKHU JAHHOTO y4dacTKa Oepera Impouuibix JieT. [loka3aHbl MPUHIMITEL BBIICICHUS
JUTOAWHAMHMYECKHX paiioHOB. OMHMCaHBl XapaKTEePUCTHKH IONEPEYHOH M IPOIOIBHOM
CTpYKTYp OeperoBbix cucteM. PaspaboTana cxema JIUTOIMHAMHUYECKOTO PailOHNPOBaHMUS HC-
ciemyemoro ydactka. OmucaHbl HCTOYHUKY MOCTYIUICHHUSI HAHOCOB M MX ABIDKCHHE B Oepe-
rOBOIf 30He HccneayeMoro yuactka Muakut-IInmynnckoro paitiona A6xa3un. JlaHbl Xapakte-
PHUCTUKH BIOIH0EperoBOro oToka HAHOCOB Ha ydacTke. McciaeqoBana auHaMuka 6eperoBoit
TMHUK Ha Qparmente Oepera b3piop — [Innynna. BeinonaHeHa oneHka o6beMa HAHOCOB,
BBIHOCUMBIX P. B3bI0BIO, U €r0 CpaBHEHHE ¢ BEITMUYMHON 00IIero BAONBE0EpEeroBoro moToka
rajJeqyHbIX HAaHOCOB Ha ydacTke. [IpoananusupoBaHa AMHaAMUKa OEpPEroBOH JIMHKUH 110 MaTe-
pHanam HCCIIEIOBaHUI MPOILUIBIX JIET C Y4eTOM adpodoTocheMoK. OLeHeH CTOK HaHOCOB
B BEPIIMHBI ITOJJBOHBIX PO3HOHHBIX JIOKOMH (KaHBOHOB), PACIIOJIOKEHHBIX Ha MOJIBOAHOM
OeperoBoM CkjoHe OT p. b3b16u no M. [Tunynna. [TokazaHo, 4To, XOTS IMIMPUHA TATEYHBIX
IshKel MoeT nqocTurarh 50 M, B BepXHel yacTi OeperoBoil 30HbI HAOIIOAAI0TCS IT0IMBIBBI
JPEBHETO OEperoBoro Bana M HU3KOH Teppachkl, CJIOKESHHBIX JIETKO pa3MBIBAEMBIMHU OTJIOXKE-
HUSIMH. ODTHU TOJIMBIBBI OOYCIJIOBIEHBI BO3JIEHCTBHEM OOJBIIMX BOJH BO BpEMs LITOpMa,
HaKaT KOTOPBIX HE TaCUTCA NOJIHOCTHIO HAa Ha}lBO}IHOﬁ YJacTU JaXKE€ TAaKUX MHUPOKUX TUISIKEH.
CnenaH BBIBOJ O TOM, YTO HIMPHHA CYIIECTBYIOLIETO IUI’Ka HEAOCTaTOYHA JUIsl TIOJIHOTO Tra-
MIEHUA ITOPMOBBIX BOJIH, O YEM CBUACTCIBCTBYIOT MMOJAMBIBBI IPEBHUX 6epeFOBI:-IX BaJIOB.
Kpome Toro, Takue moaMbIBbI 00YCIOBIEHBI OOIIMM OTCTYNaHHEM OeperoBoil JMHUM B TIpe-
JieTax MOPCKO# Teppackl, pacloiIoKeHHOH MeX Ty YCTheM p. b3piou u M. [Tuiynna.

KiaroueBbie ciioBa: a6pa31/m, AJIJTOBUAJIBHBIC OTJIOXKCHUSA, JIUTOAMHAMUKA, JUTOAUHAMU-
YCCKOC paﬁOHHpOBaHHe, UK, IMOABOJHBIC KAaHBOHBI, IIOTOK HAHOCOB, npn6pe>1<Ha;1
30HAa, aKKYMYJIATUBHBIC TEPPACHL

dns wurupoBanus: Traguwuna I. B., Ilempos B. A., Tnaeéiun P. M. JlutonuHamuka
Oeperosoit 3061 MHKUT-ITHIyHACKOTO paiioHa AGxa3uu // JKomorudeckas 0€30MacHOCTb
npubpexHoi n menbhoBoit 30H Mopst. 2024. Ne 1. C. 45-56. EDN GGICDK.

Introduction

The investigated section of the shore is located on the southwestern flank of
the Pitsunda Peninsula between Capes Inkit and Pitsunda. The adjacent section of
the bottom between the mouth of the Bzyb River and Cape Pitsunda is complicated
by an extensive system of underwater canyons, the tops of which come close to
the shore. The largest of them is the Akula Canyon [1], which opens to Cape Inkit
(Fig. 1). Erosion hollows on the underwater slope complicate coastal processes.

A reliable estimate of the natural processes occurring in the coastal zone of
the sea and their direction is of very important scientific and practical importance.
Thus, the reliability and effectiveness of coast protecting structures against wave
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Fi g. 1 . The investigated shore. The arrows show the direction of the longshore
sediment flow (adapted from https://satmaps.info/map.php?s=100k&map=k-37-033)

action depend largely on the knowledge and correct estimate of the lithodynamics
and morphology of the section [2, 3]. Moreover, only long-term observations of
the shore state can reveal the influence of various factors.

No comprehensive studies of coastal processes in order to estimate their direc-
tion have been carried out on the shore section between the mouth of the Bzyb River
and Cape Pitsunda from the end of the last century to the present. The dynamics of
the pebble beach was also not observed. After the Abkhazia conflict (1992—1993),
only some researchers of the Academy of Sciences of Abkhazia with limited partic-
ipation of the Russian scientists have carried out special coastal studies [4]. All this
makes it difficult to estimate objectively the coastal processes currently occurring
in the section under consideration and the direction of their development.

Based on the analysis of available data on the state of the coastal zone between
the mouth of the Bzyb River and Cape Pitsunda and the processes occurring in this
zone, as well as the influence of the anthropogenic factor on them, the degree of
knowledge of these processes at the present stage can be characterized as insuffi-
cient.

The study aims at the estimate of the geomorphological conditions of the coastal
zone between Capes Inkit and Pitsunda and identification of the direction of lithody-
namic processes.
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Materials and methods of study

The study used materials from field work carried out by the authors in the sum-
mer of 2023 (bathymetric and topographic surveys, investigation of the coastal
zone), as well as data obtained from an analysis of ongoing coastal processes, taking
into account the supply of beach-forming material from rivers and the coastline
configuration [5].

Results and discussion

A lithodynamic system is a set of characteristic natural and anthropogenic
factors that determine the interconnected coastal processes occurring on the coastal
section under consideration independently of neighbouring sections and state the sta-
bility of the system itself.

The coastal lithodynamic system is characterized by transverse and longitudinal
structures. The transverse structure includes data on the formation of the transverse
profile of a pebble beach under the influence of waves and its longshore changes.
As for the pebble beaches, the coastal lithodynamic system on the sea side is limited
by the place where pebble material is pulled back during a storm, which corresponds
to the depth of the last wave breaking [5]. The top of the wave run-up is the upper
limit on the shore. Consequently, the width of the coastal lithodynamic system is
equal to the run-up length of the maximum possible (calculated) storm in terms of
the cross section. Transverse drifting of pebble material with its differentiation
and formation of a beach profile occur within this designated zone. Surface waves
(wind and swell ones) and various currents excited by them, which play a crucial
role in the sediment drifting and transformation of the coastal zone topography, are
the main factor determining the pebble beach profile formation and the underwater
slope topography. Sea depth is one of the main characteristics that determines wave
propagation direction and velocity and, as a consequence, shore and bottom de-
formation. The influence of the bottom topography on wave heights and angles
of their approach to the shore begins to manifest itself from the depths equal to half
the wavelength.

The longitudinal longshore structure of the lithodynamic system is primarily
characterized by the volumes of drifted material and their changes in different sec-
tions of the shore, as well as changes in the transverse structure caused by the con-
figuration of the coastline, supply of beach-forming material from watercourses and
abrasion processes, changes in depths, etc.

The main lithodynamic characteristics, information about which is obtained
during the study, are the direction of movement and volumes of sediment drifting
under the influence of hydrogenic factors, as well as subsequent transformations of
the topography of the beach and adjacent underwater slope. Therefore, the most
complete estimate of the processes occurring in the coastal zone can be obtained by
studying the longshore and transverse structures of the sediment flow as an integral
factor determining its state. The boundaries of the lithodynamic system along the shore
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determine the beginning and end of the sediment flow, and the transverse structure
of the sediment flow determines the depth of the sea to which it is necessary to ana-
lyze the lithodynamic processes occurring in the coastal zone. Thus, the lithody-
namic system is primarily identified by the longshore sediment flow determined
by the influence of waves on the beach-forming material entering the coastal zone.
The longshore sediment flow is resulting material drifting influenced by the entire
spectrum of waves over a long period (usually a year) or, more precisely, of the long-
shore projection of the wave energy resultant, which is distributed very unevenly
along the shore and the magnitude of which depends on the exposure of a particular
section of the shore. Beach material can move along the coast in opposite directions
under the influence of waves of different directions.

A fragment of the shore between the mouth of the Bzyb River and Cape Pitsunda
adjoin the younger near shore part (the age of which does not exceed 2.0-2.5 thou-
sand years) of the accumulative plain of the Pitsunda Peninsula, which is part of
the allluvial-marine terrace formed over the last 11—12 thousand years. The coastal
plain is composed of highly erodible sediments 90—100 m thick. The sediments
are represented by separate layers of silty clays and sands, reaching a thickness
of 6—18 m, which are covered by peat bogs up to 4-5 m thick. In the north,
the Pitsunda Lowland adjoins the southern slopes of the Myusser Upland. The west-
ern border of the lowland runs along the left bank of the Bzyb River lower course
[6], and the southern border is limited by the sea coastline. Low elevations of
the lowland surface contributed to the formation of relict lakes, the largest of which
is Lake Inkit.

The investigated shore section located between Capes Inkit and Pitsunda
includes three morphologically different shore fragments. Inkit Bay is located
on the northern flank, smoothly turning into a relatively straight central shore frag-
ment, giving way to a bay-shaped shore stretching to Cape Pitsunda on the eastern
flank. The straightness of the middle section of the shore composed of highly erodi-
ble sediments with their azimuth of 140° is explained by its turn parallel to the front
of the resultant of the waves.

As studies - [1] showed, due to the peculiarities of the hydrodynamic regime
of the sea within the shore section from Cape Kodosh, a natural barrier to sediment
drifting located north-west of the city of Tuapse, and to Cape Pitsunda for 160 km
earlier (before the construction of various hydraulic structures, such as enclosing
breakwaters of the ports of Tuapse, Sochi, Imereti) a single longshore sediment flow
was expressed. This fact makes it possible to distinguish this shore fragment into
a single Kodosh-Pitsunda lithodynamic system.

1) Zenkovich, V.P., 1958. [Coasts of the Black and Azov Seas]. Moscow: Gosudarstvennoe izdatelstvo
geograficheskoy literatury, 374 p. (in Russian).

2 Zenkovich, V.P., 1958. [Morphology and Dynamics of the Soviet Coasts of the Black Sea]. Moscow:
Izdatelstvo AN SSSR. Vol. 1, 187 p. (in Russian).
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The beach strip on the coast of the Krasnodar Krai and Abkhazia from Cape
Kodosh to Cape Pitsunda is composed of sand and pebbles. The main source of
nutrition for the pebble beaches of the region under consideration is predominantly
coarse material supplied by rivers® [7]. A small part of the fragmentary material,
which is not of decisive importance, comes from abrasion of the beach scarp and
physical weathering of its constituent rocks and also as a result of bedrock abrasion.

In the structure of the longshore sediment flow, three components are distin-
guished, each of which is characterized by the dominance of certain development
processes Y. The first part is the zone of sediment flow origin, within which abrasion
and erosion predominate. The second part is the transit area of the longshore sedi-
ment flow, where abrasion and erosion alternate with the deposition of beach mate-
rial. The third part is the discharge area, where the accumulation of material drifted
under the influence of waves occurs.

Under natural conditions, in the longshore sediment flow from Cape Kodosh
to Cape Pitsunda, no classical division into zones of its origin, transit and discharge
(accumulation) took place. The processes of sediment accumulation and drifting
in the coastal zone of the considered shore fragment were associated with solid river
runoff, its redistribution under the influence of wave and surf flows and currents
generated by these flows. Surge phenomena and wind (drift) currents play a subor-
dinate role in the distribution of beach pebble material.

No single source of beach material entering the coastal zone was observed
in the identified natural Kodosh-Pitsunda lithodynamic system. Throughout the en-
tire system, there was a constant replenishment of beach material from a single long-
shore sediment flow due to the solid runoff of large and small rivers, as well as streams
and temporary watercourses. Under complex orographic conditions in the presence
of numerous temporary watercourses, small streams and relatively large rivers
(Ashe, Psezuapse, Shakhe, Sochi, Mzymta, Bzyb), the zones of origin, replen-
ishment and transit of the longshore sediment flow merged into a single zone,
i.e. the zone of sediment flow saturation [5].

Without taking into account anthropogenic intervention, the discharge zones of
longshore sediment flow (accumulation of beach material) are adjacent to the north-
western flanks of the cuspate forelands of the Ashe, Psezuapse, Sochi, Mzymta and
Bzyb Rivers. Areas of accumulation of beach material can also be observed near
such capes as, e.g., Uch-Dere, Vidny, Pitsunda.

The magnitude of the longshore flow of pebble sediments can vary within
the identified lithodynamic system depending on the supply of beach material to
the coastal zone and changes in the drifting ability of waves determined by the rela-
tionship between their direction and coastline contour. No classical division of
the lithodynamic system into zones of origin of longshore sediment flow and
its transit is observed on the coastal section (Cape Kodosh — Cape Pitsunda).

3 Makarov, K.N., Tlyavlina, G.V. and Tlyavlin, R.M., 2019. [Scientific and Methodological Rationale
for the Master Layout of Coastal Protection of the Sochi Agglomeration Morskoy Fasad]. Sochi:
Sochinsky Gosudarstvenny Universitet, 213 p. (in Russian).

4 Safyanov, G.A., 1996. Coastal Geomorphology. Moscow: MGU, 400 p. (in Russian).
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As the flow moved in the southeast direction, its magnitude changed constantly
as a result of the replenishment of the flow with beach-forming pebble material
due to solid river runoff.

The entry of beach-forming pebble material into the coastal zone caused by solid
river runoff and determining the change in the magnitude of the longshore flow of
pebble sediments can be taken as the basis for the division of a single lithodynamic
system into subsystems. Based on this, the boundaries of lithodynamic subsystems
can be the mouths of rivers that are most significant in terms of solid runoff.
The factors listed above provide the basis for identifying lithodynamic subsystems
in a single lithodynamic system [5]. From Cape Kodosh to Cape Pitsunda, taking
into account the main sources of material supply (large rivers of the region under
consideration, such as the Ashe, the Psezuapse, the Shakhe, the Sochi, the Mzymta,
the Bzyb), several lithodynamic subsystems can be distinguished, which are integral
parts of the single Kodosh-Pitsunda lithodynamic system. They are Ashe-Tuapse,
Ashe-Psezuapse, Shakhe-Psezuapse, Shakhe-Sochi, Sochi-Mzymta, Psou-Mzymta,
Psou-Bzyb and Bzyb-Pitsunda ones. The common feature of these lithodynamic
subsystems was a longshore sediment flow directed from northwest to southeast
(from Tuapse towards Cape Pitsunda). The sediment flow does not bypass Cape
Kodosh, but passes through the mouths of the above rivers and bypasses such capes
as Uch-Dere, Vidny and some others. Final discharge of the longshore flow of pebble
sediments, which, being deposited on the beach and underwater slope, contributed
to the general extension of the cape towards the sea, took place at Cape Pitsunda [8].
Therefore, the lithodynamic subsystems under consideration were previously open
(before the construction of the enclosing breakwaters of the ports of Sochi and
Imereti). The erected breakwaters of the ports of Sochi (1936) and Imereti (2008)
interrupted the single longshore flow of pebble sediments, as a result of which
the Sochi-Mzymta and Psou-Mzymta lithodynamic subsystems became separate.

Based on the proposed principle of identifying lithodynamic subsystems which
is based on the longshore sediment flow replenished from a significant source of
beach-forming material (large rivers of the region under study), the shore section
under consideration is included in the Bzyb-Pitsunda lithodynamic subsystem.
Similar to this is the idea of identifying six independent shore dynamic systems,
including the Bzyb one, in the coastal zone in the area between the mouths of
the Psou and Inguri rivers according to the criterion of the presence of separate long-
shore sediment flows formed by river sediments [9].

Such identified large structural cells as the lithodynamic system and its subsys-
tems include extended shore sections determining general direction of the coastal
processes occurring there. When choosing engineering solutions for coast protecting
structures, it is necessary to identify smaller lithodynamic structures within which
detailed lithodynamic studies should be carried out for a detailed accounting of
coastal processes occurring on the shore section under consideration.
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Based on the influence of the coastline configuration (Cape Inkit extending
into the sea) on the longshore sediment flow, the Bzyb-Inkit and Inkit-Pitsunda litho-
dynamic areas can be distinguished in the identified Bzyb-Pitsunda lithodynamic
subsystem. Taking into account the configuration of the coastline, three lithody-
namic sections can be distinguished within the Inkit-Pitsunda lithodynamic area
(Fig. 2):

1) western section, located within Inkit Bay,

2) central section, representing a flat fragment of the shore,

3) eastern section, bay-shaped, ending with Cape Pitsunda.

The division of a single lithodynamic system into parts is stipulated by the need
for more detailed lithodynamic studies, e. g., to justify coast protecting measures.

In this regard, it is necessary to consider, on the one hand, the possible influ-
ence of anthropogenic intervention on them and, on the other hand, their influence
on the constructed coast protecting structures for a reliable estimate of modern pro-
cesses occurring in the coastal zone. In addition, it is necessary to forecast possible
state of the beaches and longshore sediment flow of the Bzyb-Inkit lithodynamic
area located upstream of the flow, i.e., starting from the mouth of the Bzyb River.

The shore section under consideration is located within the Inkit-Pitsunda
lithodynamic area, which is part of the Bzyb-Pitsunda lithodynamic subsystem.
The dynamics of the beaches of this lithodynamic subsystem is primarily determined
by the longshore sediment flow directed towards Cape Pitsunda. The main volume
of sediment entering the coastal zone and, under the influence of waves, forming
the longshore flow, which determines the condition of the beaches on the shore sec-
tion under consideration, comes from the Bzyb River. Of this volume, the share of
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Fig. 2. Scheme of lithodynamic zoning of the studied area. Google Earth image
(available at https://www.google.com/intl/ru/earth/)
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suspended sediments accounts for> 715 thousand tons, and the runoff of bed load
amounts to 205 thousand tons. According to expeditions of Tbilisi University car-
ried out from 1972 to 1978, in the runoff of bed load of the Bzyb River, the pro-
portion of particles with a diameter of more than 50 mm is 26% of the total weight,
with a diameter from 50 to 100 mm — 31%. During spring floods, almost half of bed
load carried by the river accounted for particles with a diameter of 20 to 100 mm.
The alluvial deposits contained small amounts of sediment with a diameter of more
than 200 mm. In a long-term context, the volume of sediment carried out by the
Bzyb River exceeds the volume of the longshore flow of pebble sediments, and
therefore its mouth is mainly formed under the predominant influence of the river
factor [9]. The state of beaches on the shore from the mouth of the Bzyb River to
Cape Pitsunda is significantly influenced by the considerable depth of the
underwater slope complicated by a system of underwater erosion hollows —
canyons. They cause high waves to approach the shore, which change little com-
pared to the open sea waves. Under the influence of disturbances in the western
directions, sediments carried out by the Bzyb River are lost in the tops of underwater
canyons during their drifting. The most active and closest to the shore is the Akula
Canyon located in the area of the Inkit cuspate foreland [1]. The sediment runoff
into the top of this canyon can reach 50 thousand m? per year, which is more than
a half of the longshore sediment flow in the considered shore section [6], according
to estimates equal to 80 thousand m® per year [1]. Losses of beach sediments
in the Akula Canyon are the main reason for the incision of Inkit Bay [1], where
coastal retreat is estimated on average at 0.3—-0.5 m/year [6]. The area under study
near the shore reveals no erosion hollows at the bottom that affect the longshore
drifting of beach-forming material and wave conditions.

Dynamics of the coastline in the section from the mouth of the Bzyb River to
Cape Pitsunda is subject to cyclic fluctuations causing alternating stages of erosion
and accumulation of beaches. The condition of the beaches on the western coast of
the Pitsunda Peninsula is influenced by both long-term changes in the wave activity
of the sea and changes in the amount of solid runoff of the Bzyb River. Periods of
high wave activity usually coincide with a general decrease in solid runoff from rivers.
As a result, the western coast of the peninsula begins to erode. Comparison of data
on the amount of solid runoff from the Bzyb River shows that an acute sediment
deficit or excess is periodically created in its pre-estuary area. When periods of
decreased solid flow of the river coincide with a phase of increased wave activity,
erosion of the beaches of the Pitsunda western coast is observed, as, e.g., in the early
1960s [10]. The variability of the Bzyb River solid runoff and the wave regime of
the sea also affects the flow of sediment into underwater canyons.

Dynamic changes in the contour of the coastline stipulated by different cycles
of wave activity and changes over time in the runoff of beach-forming sediments
from the Bzyb River are developing against the background of a general retreat of
the coastline of the Pitsunda Peninsula southwestern coast. In the long-term plan,

) Khmaladze, G.N., 1978. [Sediment Load Discharged by Rivers on the Black Sea Caucasian Coast].
Leningrad: Gidrometeoizdat, 167 p. (in Russian).
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this section of the Cape Pitsunda coast belongs to the area in which abrasion processes
in the coastal zone are intensively developing [11]. A comparison of aerial photo-
graphs and satellite images indicates that over the past 80 years the shore in the area
of Cape Inkit has retreated by 65—70 m [4]. The predicted rate of coastline retreat
over the past hundred years was 60—110 m south of Inkit Bay [12].

Although the width of pebble beaches may reach 50 m, in its upper part,
the ancient barrier beach and low terrace, which are composed of highly erodible
sediments, are exposed to washouts. These washouts are caused by large waves
during passing storms, and their run-up is not completely damped on the surface of
even such wide beaches.

The washout scarp of the ancient barrier beach composed of sand mixed with
gravel and small pebbles is shifting towards the shore. Waves wash the barrier beach
and low terrace out which leads to the fall of pine trees (Fig. 3).

The rate of coastline retreat is significantly influenced by the frequency of strong
storms, as well as the shore configuration which determines the heterogeneous dis-
tribution of wave energy. According to estimates, the rate of retreat of the coastline
as a whole between Capes Inkit and Pitsunda has been 0.3—-0.4 m/year over the past
20 years.

The topography of the underwater slope is not uniform. To a depth of 10—11 m,
on the bottom composed of loose sediments, several erosion hollows can be traced,
the tops of which reach depths of 5—5.5 m. The incision depth of these hollows rela-
tive to the surrounding surface of the bottom does not exceed 0.6 m. In the area of
5-5.5 m, the relatively flat bottom topography turns into a steeper one, the formation
of which is caused by the displacement of large beach-forming material to the zone of
final breaking of storm waves.

The underwater part of the beach (up to a depth of 5 m) is complicated by a num-
ber of shallow transverse hollows. Apparently, these hollows are formed during
storms as channels for sediment flow to depth. Coarse sediments are not drifted sea-
ward of the wave breaking zone, and small sediments are carried to lower horizons
along the above-mentioned erosion hollows.

Fig. 3. The washout and fall of pine trees from the north side of
the investigated shore section
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Conclusion

Based on the performed lithodynamic studies and data analysis, the following
results were obtained:

— the main source of beach material entering the shore section under consider-
ation is the Bzyb River runoff;

— under the influence of waves, the beach pebble material drifting in the long-
shore sediment flow is directed to the southeast towards Cape Pitsunda;

— the shore and bottom of the underwater slope in the shore section under con-
sideration are composed of easily eroded alluvial deposits;

— currently, the coastal zone is represented by a beach 50-55 m wide;

— in its upper part, the beach is composed of sand which changes to pebble and
gravel sediment as it moves towards the sea;

— the width of the beach is maintained by the longshore flow drifting from
the mouth of the Bzyb River;

— the depth of the existing beach is not sufficient to damp completely storm
waves, as evidenced by the erosion of ancient barrier beaches;

— erosion of the bases of ancient barrier beaches is caused by the general retreat
of the coastline within the marine terrace located between the mouth of the Bzyb
River and Cape Pitsunda.
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Abstract

Carbon dioxide is one of the green gases and its entry into the atmosphere and further redis-
tribution in the waters of the World Ocean not only plays a significant role in the climate
on the Earth, but also affects the characteristics of waters. The research of inland seas,
e.g. the Black Sea, makes it possible to study the influence of atmospheric CO; on the char-
acteristics of waters and to assess the contribution of regional ecosystems to the total budget
of the CO» flux of the World Ocean. The paper presents numerical estimates of the sea—air
CO; flux, analyzes its direction and identifies factors that determine the values of the CO,
flux in the northeastern part of the Black Sea during a cold period. For the analysis, the data
obtained during the cruise of R/V Professor Vodyanitsky in December 2022 were used.
The values of the sea—air flux of carbon dioxide were calculated taking into account the wind
speed and pCO; gradient between the sea surface and the near sea surface atmosphere.
According to the direct measurements of pCO», the value of the CO; flux in December
2022 varied widely from —0.05 to —8.74 mmol-m2-day~!, the average value being
-2.11 £ 1.79 mmol-m=2-day'. It was established that during the cold season, the CO> flux
was directed from the atmosphere to the sea surface. Thus, the waters of the Crimean coast
serve as a stock of atmospheric CO,. Local minima of flux values were observed in the south-
eastern regions of the Crimean coast. When analyzing the correlation of the CO2 flux with
temperature, wind speed and ApCO», the strongest relationship was found with wind speed
(—0.93), while the weakest one was with ApCO, (0.22). Therefore, the intensity of the sea—
air CO» flux was determined by wind speed, while the direction of the flux was determined
by ApCO,. The temperature contribution manifested as change in the concentration of CO»
in the water column.
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ITotoxk CO; Ha rpanuue ¢ armocgepoi
B CeBEPO-BOCTOYHOM YyacTu YepHoro mops
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AHHOTALMA

YTriekuciblii ra3 ABJIsSeTCs OHUM U3 KIMMATO00pa3yIoIINX BEUIECTB, €ro MOCTYIUICHHE B at-
Mocdepy 1 ranbHeiee nepepacnpeereHue B Bojax MUPOBOro okeaHa UrpatoT 3HAUYUTEIIb-
HYIO poJib B (HOpMHUPOBAaHHUH KJIMMAaTa Ha 3eMJIe U BIIISIIOT Ha XapaKTePUCTUKU BoA. M3yueHue
BHYTPEHHHX MOpEH, Takux Kak UepHoe Mope, MO3BOJISIET HCCIIeI0BATh BIMAHUE aTMocdep-
Horo CO» Ha XapaKTEepUCTHUKU BOJA W OLECHUTH BKJIAJl PETMOHAIBHBIX SKOCHCTEM B OOIIMH
6romxer CO2 Bog MupoBoro okeana. B pabote npuBeIeHbI KOTHMYECTBEHHBIC OIICHKH MTOTOKA
CO; Ha rpanune ¢ atMmocgepoi, IpoaHaIn3uPOBaHa €T0 HAIPaBJICHHOCTb, BBIJCICHBI (ak-
TOpHI, ompeaessone BennyuHy noroka CO; B ceBepo-BOCTOUHON yacTu YepHOTo Mops
B XOJIOZHBIN repro. [ aHaan3a HCTO0NIb30BaHbI JaHHbIE, ITOJTyYeHHBIE B X0/ SKCIETHIIN-
onHbIx uccienosanuii Ha HUC «IIpodeccop Bonsunuxwuii» B nexabpe 2022 r. Bennunna
MIOTOKA YTJIEKUCIIOTO ra3a Ha TpaHulle BoJa — aTMoc(epa pacCYUTHIBAIACH C YUETOM CKOPO-
ctu BeTpa u rpagueHta pCO; MeXIy MOBEPXHOCTHIO MOPSI M IPHUBOIHBIM CJIOEM aTMOC(hepH.
[o maruBIM mpsiMoro ompeneneHus pCO», 3HaueHns moroka CO; B mexadbpe 2022 1. m3me-
HAJIACH B IMPOKUX npeaeax oT —0.05 1o —8.74 Mmonb M 2:cyT!, cpennee 3HaueHue COOT-
BeTcTBOBa)O —2.11 £ 1.79 MMOJIL’M’z'cyT". VYcTaHOBNIEHO, YTO B XOJOAHBIA NEPUOA roja
notok CO; ObUT HampasieH U3 arMoc(epbl B MOBEPXHOCTHBIH ciloi Boa. Takum oOpa3zom,
BobI KppiMckoro nmodepexss ciyxar ctokoM armocdeproro CO». JIokaibHbIe MUHUMYMBI
MOTOKAa HaOJIOJANINCh B I0r0o-BOCTOYHONW yacTH Kpbemmckoro moGepexss. [Ipu anammze
KoppensiuoHHOM cBsi3u notoka CO; ¢ teMmmepaTypoi, ckopocTbio BeTpa u ApCO;
HanboJiee CHIIbHAsI CBS3b BBISIBIEHA CO CKOpocThio Betpa (—0.93), cmabas — ¢ ApCO,
(0.22). CnenoBatenpHO, HHTEHCUBHOCTH IToTOKa CO> Ha rpanuie ¢ atMocdepoii onpenens-
J1ach CKOPOCThIO BeTpa. OHAKO HampaBlieHUe moToka 3asuceno oT ApCO». Bknax temnepa-
TYypBI IPOSIBIISLICA B U3MEHEeHUU KoHIeHTpauuu CO; B BOJHON TOMIIIE.

Kimouesnie cinoBa: notok CO;, UepHoe Mope, YrIIEKUCIHBIA ra3, NapuualbHOE JaBJICHUE
YIJIEKUCIIOTO Ta3a, LUK yIieposaa

BaarogapHocTH: paboTa BEIIONHEHA € MCHONB30BaHNeM cpeicTB rpanTta Ne 169-15-2023-002
ot 01.03.2023 ®enepanbHO CITyOBI IO THAPOMETEOPOJIOTHH 1 MOHUTOPUHTY OKPY Karomieit
Cpenpl.

Jos uutupoBanus: [Torok CO; Ha rpaHuue ¢ aTMOc(hepol B CEBEPO-BOCTOYHON YacTH

Yepnoro mopst / H. A. Opexosa [u np.] // Dxonorudeckas 6€30mMacHOCTh MPUOPEKHOM
n mwenb(oBoi 30H Mopsi. 2024. Ne 1. C. 57-67. EDN GNFAZA.

Introduction

The global cycle of natural substances includes their transport among various
biogeochemical reservoirs and regulating balance and budget of substances
in the atmo-, litho- and hydrosphere. One of such natural cycles is the carbon cycle,
the most important component of which is carbon dioxide (CO,) " [1-5].

D Raven, J., Caldeira, K., Elderfield, H., Hoegh-Guldberg, O., Liss, P., Riebesell, U.,
Shepherd, J., Turley, C. and Watson, A., 2005. Ocean Acidification due to Increasing
Atmospheric Carbon Dioxide. London: The Royal Society, 57 p.

58 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024



CO: is one of the green gases [1-6] and its entry into the atmosphere and fur-
ther redistribution in the waters of the World Ocean not only plays a significant role
in the formation of the climate on the Earth [1], but also affects the characteristics of
waters [1, 6, 7].

The waters of the World Ocean are still its natural stock despite the continuous
increase in the level of atmospheric CO; (about 0.4% per year) and to date its content
achieves more than 420 patm (https://gml.noaa.gov/ccgg/trends/mlo.html). They
absorb up to 25% atmospheric CO; from anthropogenic emission, thereby support
to reduce CO, concentrations in the atmosphere [7]. However, its accumulation
in the water column leads to negative consequences for the ecosystems of the World
Ocean which is revealed in the disruption of natural balances, in particular carbonate
ones, decrease in pH and oxygen concentration and emergence of oxygen deficiency
zones. The Ocean’s ability to absorb carbon dioxide from the atmosphere decreases
over time [8—10] and waters can even become a source of CO, for the atmosphere
in some extreme cases [7].

The primary factor determining the influence of CO, on the state of marine
systems is its flux from the atmosphere which depends, other things being equal,
on the ratio of the partial pressure of CO, in the near sea surface atmosphere and
the equilibrium partial pressure of CO: in the sea surface. This ratio determines
the direction and values of the CO, flux.

An important aspect of the research of the sea—air CO, flux and the pCO- value
in the sea surface is the study of the nature of changes on time scales from seasonal
to interannual which is associated with significant spatial and temporal variability of
biological and physical processes affecting these characteristics.

Inland seas are characterized by more intense physical and biogeochemical pro-
cesses compared to open areas of the World Ocean. As a result, their ecosystem is
more dynamic on a temporal and spatial scale and any external influence manifests
itself more quickly. First of all, such manifestations include changes in the charac-
teristics of the system: oxygen and CO; concentrations, pH values, as well as speed
and direction of production and destruction processes [10]. Moreover, these ecosys-
tems are characterized by a more pronounced response to changes in CO, concen-
tration in the atmosphere which manifests itself primarily in a shift in the carbonate
system equilibrium, as well as changes in redox conditions ! [5-7, 10].

The research of inland seas makes it possible to study the influence of atmos-
pheric CO; on the characteristics of waters and to assess the contribution of regional
ecosystems to the total budget of the CO; flux of the World Ocean.

The Black Sea is one of such inland seas. The shelf water characteristics of
the northern part of the sea are largely determined by freshwater river runoff and
atmospheric contribution, of the northeastern part — by the Azov Sea waters, of
the deep-water part — by the Rim Current [11]. This sea is characterized by a wide range
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of changes in salinity and temperature [11], high intensity and seasonal changes
in primary production processes [12], high values of alkalinity and total inorganic
carbon content [13—15]. All this largely determines the state of the carbonate system
of sea waters, the CO; content in the sea surface and the formation of the sea—air
CO; flux.

The factors listed above are influenced by seasonal variability. Accordingly,
both CO; concentration and CO, flux also show intra-annual variability.

It can be assumed that during a cold period, the CO, concentration should be
primarily determined by an abiotic factor — temperature and vertical transport of CO;
by deep waters, as well as sea—air metabolic processes. In summer, the predominant
factor should be biotic due to the occurrence of biogeochemical processes involving
organic matter.

The purpose of this work was to obtain numerical estimates of the sea—air CO,
flux and to identify its direction and the factors that determine the values of the CO,
flux in the area of the Crimean coast of the Black Sea during the cold period when
the contribution of the abiotic factor predominates.

Previously, the CO; flux estimates for this Black Sea ecosystem were carried
out based on calculated data [13] or for a local area [14].

Materials and methods

The data obtained during the cruise of R/V Professor Vodyanitsky in December
2022 (the 125th cruise, 02—27.12.2022) were used in this work. According to [11],
this period refers to late autumn.

Fig. 1 shows the area under study and sampling map. The studied area includes
a 12-mile zone of the Crimean coast in the northern part of the Black Sea.
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Fig. 1. Sampling map

60 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024



Samples from the near sea surface atmosphere were taken at a height of 10 m
above sea level. The air intake tube was located in such a way as to avoid the CO,
influx from the working mechanisms of the vessel, if possible. An LI-7000 by
LI-COR infrared analyzer with a working range of CO. concentration of 0—
3000 ppm and water vapor of 0—60 mmol/mol was used to determine the volumetric
concentration and partial pressure of CO; directly. In this case, the measurement
error is less than 1% of the measured values [15].

Water samples were taken from the sea surface (1-3 m) using a continuous sea-
water supply system. Next, the water was transported at a constant speed to an equi-
librator with the help of which equilibrium was established with a certain volume of
atmospheric air at the temperature of sea water according to the method described
in [15]. Air from the equilibrator was pumped at a constant speed through the cell
of the LI-7000 by LI-COR infrared analyzer in which the concentration of CO, and
water vapor was determined at the cell temperature. The temperature of the cell is
determined by a temperature sensor installed inside it and is in equilibrium with the
temperature of the atmosphere surrounding the equilibrator. Next, the carbon dioxide
concentration was converted to the partial pressure of carbon dioxide:

pCO2 =x(CO2) parm,

where p(COy) is partial pressure of carbon dioxide, patm; X (CO) is carbon dioxide
concentration, umol/mol; patm is atmospheric pressure, atm.

The temperature and salinity of the sea surface were measured with
an IDRONAUT OCEAN SEVEN 320PlusM WOCE-CTD multiparameter probe,
and at shallow water stations (less than 50 m) — with the GAP AK-16 hydrological
CTD probe.

Meteorological parameters were measured with recording equipment of the hydro-
meteorological data collection complex [16]. A sensor for measuring wind speed and
direction was installed on a side boom 1.5 m long in the direction of the port side
on the foremast, with the north direction chosen according to the vessel’s heading.
The sensor is installed at a height of about 8 m from sea level. The data passed quality
control with the rejection of unreliable fragments and were reduced to a standard
observation height (10 m) [17]. According to the recommendations of the World
Meteorological Organization, the measured parameters were averaged over 10 minutes,
and further analysis was carried out for the averaged values. Wind gusts are given
as instantaneous wind speed values over 5s [17].

The values of the sea—air flux of carbon dioxide were calculated using the equa-
tions and assumptions described in [18] taking into account the wind speed and pCO-
gradient between the sea surface and the near sea surface atmosphere:

Feo,= Kk Ko+ ApCO», (1)

where Fq(,is sea—air flux of carbon dioxide, mmol-m2-day!; Ko is CO» solubility,

mol-m>3-atm™!; ApCO; is gradient between partial pressure of carbon dioxide
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in the sea surface and the near sea surface atmosphere, atm; K is gas transport rate,
m-day !, parameterized as a wind speed function:

k = 0.251-U%(Sc/660) 93,

where U is wind speed, m's™!; Sc is Schmidt number; ratio 0.251 is empirically
de-rived parameter, cm-h™!'-(m-s")2 [19].

In [18], it has been established that the intensity of the carbon dioxide flux is
determined by the state of the sea surface (bubbles, roughness) at wind speeds of
more than 15 m's™'. Wind speeds of more than 15 m-s™ were not recorded during
the 125" cruise. Thus, only wind speed and pCO; gradient were taken into account
when assessing fluxes.

Results

In December 2022, the average wind speed was 4.2 = 3.8 m's™! with its mini-
mum of 0.7 m's™! and maximum of 8.2 m's™!. The sea surface temperature varied
within 9.6—-14.1 °C with its average value of 13.04 + 1.06 °C.

The average pCO; value of the sea surface was 388 = 9 patm while pCO; of
the near sea surface atmosphere varied within a narrower range and the average value
was 434 + 4 patm. Thus, the pCO; gradient between the sea surface and near sea
surface atmosphere (ApCO») was predominantly determined by the pCO, variability
in the sea surface. The values of ApCO; varied from —32.7 to —70.90 patm with its
average of —45.64 + 8.56 patm. It can be noted that the sea surface was undersatu-
rated with carbon dioxide relative to the atmosphere during the period under study.

Based on the data obtained from equation (1), the CO, flux values were calcu-
lated.

The CO: flux intensity varied over a wide range from —0.04 to
—8.74 mmol-m2-day!, the average value being —2.11 = 1.79 mmol-m2-day'.
Negative flux values indicate that the Black Sea waters absorb CO, from the atmos-
phere serving as its stock during the period under study. The calculated flux values
are consistent with previously obtained data concerning the waters of the Crimean
coast [14] and of the European shelf northwestern part [5].

Spatial variability of CO; flux values was characterized by heterogeneity
(Fig. 2, a). Local minimum values and maximum flux intensity were observed
in the area of the eastern coast of Crimea, as well as in its southern part (Fig. 2, a).

In terms of quality, the CO; flux spatial variability coincides with the distribu-
tion of temperature, wind speed and ApCO; in the sea surface (Fig. 2). Minima of
temperature and ApCO, of the sea surface, as well as maximum wind speed were
observed in zones of maximum intensity and minimum flux (Fig. 2).
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Discussion of results

It is known that the CO; flux value depends on wind speed and ApCO; to
the greatest extent [18, 19].

Analysis of our data showed that the CO, flux was determined primarily by wind
speed in December 2022 (Fig. 3). The correlation ratio (-0.93, it is statistically
significant with probability belief p = 0.99) indicates a strong linear relationship.
The relationship is inverse in itself. Flux direction determines ApCO, between
the sea surface and the near sea surface atmosphere. In turn, ApCO> is determined
by the ratio of the partial pressure of CO> in the atmosphere and the equilibrium
partial pressure of CO, in the sea surface.

The pCO; value of the sea surface is proportional to the concentration of CO»
in water. The concentration of CO, depends on the biogeochemical factor when
the production or removal of CO; occur due to the transformation of organic matter
and the formation of carbonates, proceeding according to the following equations:

6CO; + 6H,0 < 6H" + 6HCO;™ «> CcH 1206 + 603,
Ca*" + 2HCO;5 <> CaCO; + CO, + HO.

In addition, the CO- content in the sea surface depends on temperature which
affects not only the CO; solubility, but also the intensity of biological processes,
as well as the shift in chemical equilibria in the carbonate system [19]:

COx(g) <> COx(aq) <> CO2aq) + HO - H" + HCO3™ <> 2H" + COs*.

Changes in CO; concentration can also be caused by water dynamics, in partic-
ular by the CO; influx with waters from underlying layers [20].

Therein, the weak correlation of the CO; flux with ApCO, was unexpected
(correlation ratio 0.22, it is statistically significant with probability belief p = 0.95).
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Fig. 3. Dependence of CO; flux (F¢o,) on temperature, ApCO; and wind speed
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A decrease in ApCO; is characterized by a decrease in the flux (Fig. 3). In turn,
a decrease in ApCO» indicates a decrease in the difference between pCO; of the sea
surface and the near sea surface atmosphere. As pCO; of the near sea surface atmos-
phere showed almost no changes during the period under study (fluctuation range
+1 %, average pCO, = 434 patm), the decrease in the difference is due to an increase
in pCO; and, accordingly, in the CO, concentration in the sea surface.

An increase in the CO; concentration in the sea surface at its low temperatures
(about 13 °C) can be caused either by an increase in the CO, solubility with a de-
crease in temperature, or by the dynamics of water ensuring the CO; influx from
underlying water layers, as well as by the decomposition of organic matter formed
during the autumn blooming [12, 21].

The correlation of the CO; flux with the sea surface temperature was moderate
enough (correlation ratio 0.47, it is statistically significant with probability belief
p = 0.99). The sea—air intensity of the CO, flux decreased with increasing tempera-
ture (Fig. 3). However, since the intensity of the flux is also affected by ApCO;
in addition to the wind speed, in this case it is advisable to consider the absolute
values (to modulo) of the flux which determine its intensity. Thus, it should be noted
that an increase in temperature leads to a decrease in ApCO; and, accordingly,
a decrease in CO; flux during the cold season.

Therefore, we can conclude that in December 2022, the predominant contribu-
tion to the intensity of the flux is made by the wind speed while the direction of
the CO; flux is determined by the difference in pCO; between the sea surface and
the near sea surface atmosphere.

Conclusions

The waters of the northeastern part of the Black Sea serve as a stock of atmos-
pheric CO; during the cold season.

According to the direct measurements of pCO, in the sea surface and
in the near sea surface atmosphere, the values of the CO; flux in December 2022
varied widely from —0.048 to —8.74 mmol-m2-day!, the average value being
~2.11 £ 1.79 mmol-m2-day'. At the same time, no pronounced features of spatial
variability were identified. Local minima of flux values were observed in the eastern
and southern regions of the Crimean peninsula.

In terms of quality, the CO; flux spatial variability coincided with the distribu-
tion of temperature, wind speed and ApCO,.

When analyzing the correlation of the CO, flux with temperature, wind speed
and ApCO,, the strongest relationship was found with wind speed (—0.93), while
the weakest one was with ApCO; (0.22). When the wind speed increases, an increase
in the intensity of the CO, flux is observed, while the direction of the CO, flux is
determined by ApCO; and, accordingly, by the value of pCO; and the CO, concen-
tration in the sea surface.

The measurements were carried out at the Center for Collective Use
R/V Professor Vodyanitsky of A.O. Kovalevsky Institute of Biology of the Southern
Seas of RAS.
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Field of Total Suspended Matter Concentration
of Anthropogenic Nature at the Southern Coast
of the Heraclean Peninsula (Crimea)
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Abstract

Based on the data of a series of expeditions conducted in 2008—2019, the paper analyzes
features of the structure of the total suspended matter concentration field in the areas of un-
derwater discharge outlets of urban wastewaters. The linear scale of their influence was esti-
mated. The regularities of domestic wastewaters distribution were considered for three types of
background stratification of the water column. It was revealed that the field of the analyzed
value was extremely heterogeneous in the studied coastal areas. At the sea surface, against
the background of low natural concentration, individual spots were observed with a concen-
tration ten times higher than the surrounding background. The main mass of suspended mat-
ter in the outlet area was accumulating in the 0—7 m layer. In the subsurface waters, the struc-
ture of the field under consideration shows local maxima, as well as isolated lenses with low
salinity. The anthropogenic suspension spread to a distance of 0.4—1.5 miles from the dis-
charge sites. The paper confirms the known regularities of the distribution of wastewaters
from deep-sea outlets. These regularities are determined by the water column stratification
and are as follows: free penetration to the surface in a homogeneous environment, predomi-
nantly horizontal transport in the presence of a seasonal thermocline, and rise to the sea sur-
face in a situation of wind upwelling against a developed seasonal thermocline.
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Peninsula, Black Sea
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ITos1ie KOHIeHTPaUMHU 001IEr0 B3BEIICHHOT 0 BellecTBa
AHTPONOTeHHOI MPUPO/BI Y KKHOT0 Oepera
I'epakaeiickoro moayocrpona (Kpbim)

I1. 1. Jlomakun, A. U. Uenbl:keHKO

Mopcxoti euopogpusuueckuii uncmumym PAH, Cesacmononw, Poccus
* g-mail: p_lomakin@mail.ru

AHHOTaNHUS

Ha 6a3e manHBIX cepum sKcnieauimi, npoeaeHHbIX B 2008—2019 rr., npoaHain3upoBaHbl
0COOEHHOCTH CTPYKTYPHI IOJIsl KOHIIGHTPAIMU O0IIEro B3BEIICHHOTO BEIIECTBA Ha y4acTKax
TIOJJBOAHBIX BBIIIYCKOB TOPOACKNX CTOKOB. OLleHEeH IMHEHHBINH MacmTad ux BiusHUA. Pac-
CMOTPEHBI 3aKOHOMEPHOCTH PACIIPOCTPAHEHHSI CTOYHBIX XO3IHCTBEHHO-OBITOBBIX BOJ MPH
Tpex Tunax (GpoHOBOH cTpaTH(PUKAINK BOAHOM TONIIU. BEISBIEHO, UTO Ha HCCIIEAYEMBIX
MIPUOPEKHBIX ydacTKax I0Jie aHAJIM3UPYEeMOl BENWYHMHBI KpaiHe HeogHopoaHo. Ha mo-
BEPXHOCTH MOpsI Ha (poHE HM3KOW NMPUPOTHON KOHLEHTPALMH HAOIIOAAINCH OTICIbHBIC
ISITHA C KOHLEHTpAIMEH B IECATKY pa3 BhIIIE OKpYyxkatomiero ¢pona. OCHOBHas Macca B3BeCH
B paifoHe BBITYCKOB HaKaruinBanack B cioe 0—7 M. B moAmoBepXHOCTHBIX BOAAX B CTPYKType
paccMaTpuBaeMOro IoJjisi OTMEUEHbI JIOKAJIbHbIE MAKCUMYMBI, a TaKkKe 000COOIEHHBIE JTMH3BI
C TNOHMXEHHOM COJIEHOCTBIO. AHTPOIIOT€HHas B3BECh PACHPOCTPAHANACH HA PACCTOSHUE
0.4—1.5 munu ot Mect Bbilycka. [loaTBEpKIEHBI U3BECTHBIE 3aKOHOMEPHOCTH paclpocTpa-
HEHHMS CTOYHBIX BOJ M3 INTyOOKOBOZHBIX BBIITYCKOB, ONpeesieMble cTpaTHu(uKanuei Boa-
HOM TONIIHN: cBOOOIHOE IPOHUKHOBEHNE K TOBEPXHOCTH B YCIOBUSAX OJTHOPOIHOI Cpeapl,
MIPEUMYIIECTBEHHO TOPU30HTAIIBHBIN IEPEHOC PU HAIMYUHU CE30HHOT'0 TEPMOKIIMHA U BBI-
XOJI Ha IMOBEPXHOCTh MOPS B CUTYallMy BETPOBOT'O alBEJUIMHTa Ha ()OHE Pa3BUTOrO CE30H-
HOT'O TePMOKIIMHA.

KaioueBble ciioBa: o01iee B3BEIEHHOE BELIECTBO, TEMIEPATypa, COJIEHOCTh, aHTPOIIOTEH-
HOE BO3JelcTBHE, [ epakielickuil mojiyocTpoB, UepHoe Mope

BaarogapHocT: paboTa BBINOJHEHA B paMKax TOCYJAapCTBCHHOTO 3aJaHUs MO TEME
Ne FNNN-2021-0005 «KomIuiekcHbIE MEKIUCIUILIMHAPHBIE HCCIIEI0BAHUS OKEAHOJIOT e~
CKHX TIPOIIECCOB, OMPEACIISIOMUX (GYHKINOHUPOBAHIE M IBOJIOIHIO YKOCHCTEM TPHOpPEK-
HbIX 30H YepHOro u A30BCKOro MOpei.

s uutupoBanus: Jlomaxun I1. /]., Yenviocernko A. Y. Tlone KOHIIEHTpAIMH OOIIETO B3BE-
IIEHHOTO BELIECTBA aHTPOIIOTCHHON MPHUPOBI y F0’KHOTO Oepera ['epakielickoro moiyocT-
posa (Kpsim) // Dxonorndeckas 6e30macHOCTh MPUOPEKHON 1 mIenb(oBoii 30H Mops. 2024.
Ne 1. C. 68-81. EDN NVHRIB.

Introduction

Since 2016, hydrological and hydrochemical monitoring of the state of sea wa-
ters has been carried out in the Sevastopol region, near sources of pollution in bays
and open coastal area, including the studies of hydrodynamic factors that determine
the transfer and accumulation of suspended matter and pollutants.

In [1], the first results of these studies with a comprehensive estimate of
the flow of sources and the level of pollution of the marine environment, analysis of
hydrophysical processes and hydrochemical parameters have been published. In par-
ticular, they concern two main most polluted open sites of the Sevastopol coastal
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area: 1 — at the entrance to Balaklava Bay, 2 — near the southwestern section of the
coast of the Heraclean Peninsula (area of Cape Fiolent), where the Balaklava and
Sevastopol domestic wastewater sewers are located (Fig. 1).

The article examines the structure of the total suspended matter (TSM) content
field in these areas.

The selected parameter is considered one of the most informative indicators of
water pollution in coastal waters, and the structure of the concentration field of
this matter contains information about the sources of anthropogenic load, degree of
their influence on the aquatic environment, trajectories of the spread of pollutants,
places of their accumulation and dispersion [2].

Active oceanological studies of the field of TSM content in the oceans, seas and
freshwater bodies began about 30 years ago. Then, sounding complexes based on the
optical principle were invented in a number of foreign countries (Midas CTD+Vale-
port Ltd, the UK; EXO2 Multiparameter Sonde, YSI Incorporated, the USA;
CTDY90M — Probe Sea & Sun Technology GmbH, Germany; MetreceXL AML
Oceanographic, Canada). They determine quickly the TSM concentration in situ
with good spatial resolution. The accuracy of measuring the content of this matter
has increased by an order of magnitude compared to the previously used method of
evaporation and subsequent dry residue weighing in selected water samples.

Cape a8
".Chersofesus  *
IKazachya Bay.

Balaklava Bay

L (O 8 N

Sk
e
e |

Fig. 1. The studied areas on the map of the southern coast of the Heraclean Penin-
sula. The red dots are for municipal wastewater sewers
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Since the beginning of this century, a similar probe has been used in the practical
coastal expeditionary research of Marine Hydrophysical Institute, in particular in the
study of the distribution of wastewaters from underwater discharge outlets in the Se-
vastopol region.

The article aims at:

— identification of signs of anthropogenic impact on the aquatic environment
in the structure of the TSM concentration field and the thermohaline field in two sites
of the Sevastopol coastal area, where underwater discharges of Balaklava and
Sevastopol domestic wastewaters are located;

— estimate of the horizontal and vertical scales of the anthropogenic impact of
each source on the environment;

— consideration of the influence of background stratification on the nature of the
spread of wastewaters from the bottom layer to the sea surface;

— comparison of the result with known patterns of distribution of sewage
runoffs from deep-sea outlets, previously obtained by other methods, depending
on the stratification of the water column.

Initial data and methods of study

Materials from seven complex expeditions conducted by Marine Hydrophysical
Institute (MHI) and Institute of Biology of the Southern Seas (IBSS) in 2008-2019
were analyzed.

The Table shows the distribution of initial information by region and over time.
The text of the article shows details and features of specific surveys.

Data from expeditions with recording the total suspended matter content in the ana-
lyzed Sevastopol coastal areas

Area Organization Date of survey, site of water area

9 May 2008, Balakalava Bay + coastal area

IBSS )
14 April 2010, Balakalava Bay + coastal area
1
29 May 2012, Balakalava Bay + coastal area
MHI
6 June 2012, Balakalava Bay + coastal area
27-28 May 2016, coastal area *
2 MHI 12—13 September 2016, coastal area *

23 August 2019, coastal area

* The ship was underway.
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All analyzed information was obtained by two instruments. Submersible auto-
nomous hydrobiophysical multiparametric optical probe “Kondor” ! Scientific Pro-
duction Enterprise “Akvastandart,” TU 431230-006-00241904-2015; EAEU code
9027 50 000 0; EAEU Declaration of Conformity N RU D-RU.EM03.A.00096/19)
was used during standard field oceanographic surveys. During the surveys while the
ship was underway, a turbidity meter was used as part of the flow-through complex
of MHI associated studies (Table).

During each sounding, the TSM concentration, temperature, and salinity were
recorded synchronously (in situ) with a depth discreteness of 0.1 m. The accuracy of
determining the indicated values is +0.2 mg/L, +0.01 °C, +£0.05 PSU, respectively.

In 1970-1980s, researchers of Institute of Biology of the Southern Seas of
the National Academy of Sciences of Ukraine headed by the famous oceanologist
Professor V.1. Zats conducted comprehensive experimental and theoretical studies
of the processes of self-purification and distribution of wastewaters from sewer dis-
charge outlets in the Black Sea. Monographs [3, 4] show the summarized results of
these studies. According to these sources, deep-sea outlet sewers should be placed
below the pycnocline (thermocline). This layer prevents the diluted sewage from
rising to the sea surface and ensures its predominantly horizontal distribution.

In [4], it is shown that a similar scheme works well off the coast of Crimea in the
warm months of the year when water column is sharply stratified. In the cold half of
the year, when there is no vertical stratification, wastewater plumes rise freely to the
sea surface. The situations of upwelling in the warm season of the year, which weaken
the wvertical stratification of the water column and in which waste-
water plumes penetrate to the surface from a depth of 50—75 m through the seasonal
thermocline, are considered separately.

This result was obtained by tracking the movement and transformation of rho-
damine (used to color wastewaters) spots on the sea surface. The distribution of pol-
lutants in the water column from a point sewer is considered based on numerical
modeling methods.

To solve this problem, we used another method based on an analysis of
the structure of the TSM concentration field and information about the background
stratification of the thermohaline field.

High accuracy and vertical discreteness of the empirical data at our disposal
made it possible to trace the distribution of sewage runoff from the considered deep-
sea outlets in each of the situations noted above: in the absence of a thermocline, in
the presence of a developed thermocline and under conditions of wind upwelling
against the background of a developed thermocline.

To date, the TSM content maximum permissible concentration has not been stated
as a numerical indicator of pollution of the aquatic environment. Therefore, to estimate
the significance of the anthropogenic component in the concentration field of this
matter, its actual content was compared with the concentration

D HYDROoptics Ltd. Complex Hydrobiophysical Multiparametric Submersible Autonomous
“CONDOR”. 2023. [online] Available at: http://ecodevice.com.ru/ecodevice-
catalogue/multiturbidimeter-kondor [Accessed: 04 March 2024].
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characteristic of the natural environment — waters with the TSM insignificant
anthropogenic component.

Based on the results of the analysis of materials from numerous expeditions, we
established that the content of TSM varies in a wide range of 0.2—19 mg/L in the
waters of the Sevastopol region in the 0-30 m layer, and the structure of the actual
field of this matter in bays and open coastal areas is characterized by spottiness
due to the presence of local maxima of anthropogenic nature. After the filtration of
corresponding concentration extremes from the actual fields, we came to the conclu-
sion that a concentration of 0.8 mg/L corresponds to the environment with the TSM
minimal anthropogenic component [5—7].

This value, accepted conditionally as the natural norm for the content of this
matter in the waters of the Sevastopol region, was used as a criterion to determine
the sites with no anthropogenic impact.

The presence of anthropogenic (from sewage runoff) suspended matter is con-
firmed by the heterogeneity in the field of TSM concentration in the form of spots
(on a plane) or lenses (in space) with a TSM concentration of more than 0.8 mg/L.
Sometimes these waters appeared in the salinity field in the form of local minima.

Based on the location of heterogeneities with TSM concentrations of more than
0.8 mg/L and their special haline characteristics, the sites of the water area subject
to anthropogenic load were identified, and the linear scale of the influence of the
wastewater discharges under consideration was estimated.

To analyze the atmospheric synoptic situation and weather conditions that
accompanied the expeditionary research, synoptic maps of the Wetterzentrale
Hydrometeorological Center website were used (http://old.wetterzen-
trale.de/topkarten/fsreacur.html). Weather data are available
at: http://rp5.am/Ilorona_na XepcoHecckoM MasiKe.

Results and discussion

Let us consider the structure of the TSM concentration field under conditions of
different background stratification in the coastal areas of the Balaklava and Se-
vastopol wastewater sewers (Fig. 1).

Area 1 — Balaklava Bay and the adjacent coastal area

The main source of pollution in this area is the Balaklava wastewater sewer
located on the approaches to the bay near the southeastern coast at a distance of 55 m
from the edge of water at a depth of 9 m [1] (Fig. 1).

The upper boundary of the seasonal pycnocline (thermocline) in this area of the
sea is on average located at a depth of about 15 m [8], which creates favorable con-
ditions for the free rise of polluted waters from the bottom horizons and their release
to the surface throughout the year.

This effect is confirmed by the results of five oceanographic surveys of Balaklava
Bay and the adjacent sea area carried out by the IBSS researchers in 2000-2006 during
monitoring studies of this bay and the adjacent Megalo-Yalo Bay [8].

Analysis of expedition materials showed no qualitative changes in the structure
of the TSM concentration field characteristic properties from survey to survey.
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In the area of discharge outlet, a local maximum in the content of this matter
was observed, which varied in the range of 7.1-18.6 mg/L. At the same time, the bot-
tom maximum was less significant and approximately 1.5-3 times higher than the
natural norm. The entire water column contained anthropogenic suspended matter
mainly concentrated in the upper layer 3—7 m thick. The horizontal scale of the lens
of polluted water on the sea surface was 0.4-0.6 miles. According to hydrochemical
studies, transformed wastewaters from the discharge area penetrated into the apex
of the bay with the wind from the southern quarter.

Fig. 2 shows the situation of maximum contamination of the site under consid-
eration, observed in August 2006. In the surface layer of the sea, the TSM concen-
tration reached 18.6 mg/L, near the bottom it was 2.8 mg/L, and the horizontal scale
of the polluted water lens was approximately 0.6 miles. The main amount of the
matter under study was concentrated in the 0—5 m layer.

TSM, mg/L
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16
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tl
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=y
o

20
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Fig. 2. TSM concentration in the area of Balaklava Bay in August 2006:
a — in the surface layer; b — near the bottom; ¢ — at the longitudinal transect of
the bay [8]
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Analysis of data from subsequent expeditions conducted in 2008-2012 (Table)
showed the same basic properties of the field structure of the content of the matter
under study identified earlier, as well as its significant concentration an order of
magnitude higher than the natural norm (Fig. 3). This indicates significant consump-
tion and stability of the parameters of the source of pollution under consideration
and the degree of its impact on the aquatic environment.

The Balaklava wastewater discharge area is distinguished by the maximum con-
centration of TSM of anthropogenic nature compared to other open areas of the coast
and bays of the Sevastopol region.

The response of the aquatic environment to local anthropogenic impact on the
approaches to Balaklava Bay is also noted in the salinity field. In the area of dis-
charge outlet, a noticeable desalination of the surface layer of water was observed in
the form of a local minimum of salinity in the center of the lens with the maximum
TSM concentration. Salinity at the point of this extreme was 0.2—0.5 PSU below the
surrounding background.

N| a

44.501°% TSM,

mg/L

44.499°

44.497°

44.495°

33.596° 33601° E

Fig. 3. TSM concentration in the area of Ba-
laklava Bay in April 2010: a — in the surface layer;
b — near the bottom; ¢ — at the longitudinal transect
of the bay
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For comparison, the desalination effect in the area of the natural Georgievsky
source of submarine discharge located off the southwestern coast of Balaklava Bay
is tens of times less (a similar extremum is not more than 0.02 PSU) [8], which in-
dicates the importance of the wastewater discharge from Balaklava as a water pollu-
tion factor.

Area 2 — water area off the southwestern coast of the Heraclean Peninsula
where sewage facilities Yuzhnye are located

Let us note the peculiarity of the structure of this water area — here, a constant
(main) pycnocline corresponding to the main Black Sea halocline is observed
at depths from 50 to 100 m. A known source of pollution in this coastal area is
wastewater from sewage facilities Yuzhnye, City of Sevastopol [1]. The pipeline head
of these structures is located at a distance of ~3 km from the coast at a depth of 88
m. In 2014, a leak developed in the underwater pipeline at a distance of
~ 700 m from the coast at a depth of 34—37 m, which turned into a significant source
of anthropogenic suspended matter [1].

The spread of wastewater of high turbidity from the leak is clearly observed
on satellite images in the visible range (Fig. 4).

In May and September 2016, two expeditions were conducted in the area of
sewage facilities Yuzhnye in order to record the content of TSM while the ship was
underway (Table). TSM concentration measurements were carried out in a flow-
through complex installed onboard the vessel, where a turbidity meter was placed.
In the area of the pipe, the ship moved on irregular tacks. The distance between ad-
jacent tacks was reduced in the most polluted areas which were visible on the sea
surface as spots of increased turbidity.

In May 2016, areas in the vicinity of both discharge outlets were studied (Fig. 1;
Fig. 5, a). In September of that year, only the site of the discharge outlet closest to
the coast was studied, namely from
the beach area to half the length of
the wastewater pipeline (Fig. 5, b).

In May 2016, the work was
performed in hot low-wind weather
determined by an anticyclonic low-
gradient field of surface atmo-
spheric pressure. The survey was
carried out at the beginning of
the warm season, when the Black
Sea thermocline (pycnocline) had
not formed yet and the vertical ex-

44 57

44.56°

44.55°

44 54°

334 E 3345

Fig. 4. Satellite image
(http://dvs.net.ru/SWCrimea/stoki_ru.shtml) change was not limited to this
of the studied water area with a scheme of stratification element.

a pipeline of sewage facilities Yuzhnye.

The red dots are for discharge outlets
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Fig. 5. TSM Concentration in the 0—1 m layer in Area 2 in May (a) and Septem-
ber (b) 2016. The black line is for the pipeline with discharge outlets (red dots)

Analysis of experimental data showed the presence of a significant amount of
anthropogenic suspended matter in the upper layer of water. Against the background
of low (0.2-0.4 mg/L) TSM concentration typical for the open part of the Black Sea,
anthropogenic suspended matter from two discharge outlets, the concentration of
which was several times and an order of magnitude higher than the background values,
was observed in the predominant part of the water area. Local maximum concentra-
tion of the studied matter of 4.0-4.2 mg/L. was found above both discharge outlets.
The anthropogenic suspended matter in the form of spots with a diameter of about
100 m spread into shallow water from the discharge outlet closest to the coast. In
the area of the seaward discharge outlet, extensive spots with a diameter of up to
~ 200 m were observed with a TSM concentration 3—5 times higher than the natu-
ral norm.

The survey on 12—13 September 2016 was carried out in clear low-wind (varia-
ble wind speeds of 2-3 m/s) weather determined by a low-gradient field of surface
atmospheric pressure. The September survey was carried out under conditions of
developed vertical stratification of the density field typical for the Black Sea at
the end of the summer season. This survey confirmed the significant screening role
of the seasonal thermocline preventing the spread of the wastewater plume from the
bottom horizons to the upper layer of the sea.

In the predominant part of the studied water area, the TSM content
(0.4-0.8 mg/L) corresponded to the natural norm. Only in the coastal zone, in the area
of the closest wastewater discharge outlet, separate small spots with a diameter
of 10-50 m were detected with a TSM concentration of 1.0-1.2 mg/L, which is
approximately four times lower than the concentration confirmed by the May survey
(Fig. 5, b).

In August 2019, the MHI researchers conducted a comprehensive oceanological
survey at a test site located half a mile northwest of the pipeline of sewage facilities
Yuzhnye under conditions of strong northeasterly offshore winds (Table, Fig. 1). This
successful experiment made it possible to understand the features of water structure
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and the TSM distribution from real sources of pollution in a situation of upwelling
and maximally stratified water column.

A developed seasonal thermocline was observed in the coastal area under study.
Its upper boundary was located at a depth of 7-11 m and was raised near the coast.
The vertical gradient in the thermocline (in absolute value) exceeded 1 °C/m.

The source of upwelling on the sea surface was clearly visible in the field of
temperature and TSM concentration in the form of a minimum of these values ex-
tended along the coast: 21.6-22.1 °C and 0.4-0.8 mg/L (Fig. 6, a, b).

Despite a well-defined seasonal thermocline that prevented vertical exchange,
anthropogenic suspended matter that penetrated through this screening layer in the
system of ascending upwelling circulation was found in the upper layer of water
almost throughout the entire test site water area. Everywhere in the area under study,
with the exception of the northwestern sites most remote from the pipeline of sewage
facilities Yuzhnye, the TSM concentration exceeded the natural norm and varied in
the range of 0.8-2.6 mg/L.

33387° 33389° 333910 333937 33395°

Fig. 6. Distribution of hydrophysical parameters in August 2019: tempera-
ture, °C (a) and TSM concentration, mg/L (b); TSM concentration, mg/L (¢) and
salinity, PSU (d) at transects normal to the coast
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A fragment of a lens with a vertical scale of 3—5 m and a maximum TSM
concentration of 2.4-2.6 mg/L was recorded in the southern part of the test site,
in close proximity to the pipe. Anthropogenic suspended matter was observed
in the upper layer of water in an area with a linear size of about 1.0-1.5 miles
(Fig. 6, b, c).

The structure of the haline field reflects clearly the response to anthropogenic
interference in the state of the aquatic environment in the coastal area under study.
The vertical structure of the transformed wastewaters discharged to the sea surface
showed signs of anthropogenic impact. They were especially clearly manifested
in the stratification of the salinity field in the subsurface layer of 520 m in the form
of heterogeneities that should not exist in an unpolluted aquatic environment.

Against the surrounding background, these formations were represented by iso-
lated lenses with a vertical size of 3—10 m and salinity reduced by 0.05-0.2 PSU
(Fig. 6, d).

Note that traces of wastewater discharge on the sea surface were also discovered
in the Sevastopol region due to the analysis of high spatial resolution data from sat-
ellites Landsat8 and Sentinell [10, 11].

The results of this study concerning the features of the distribution of suspended
matter from underwater discharge of Balaklava and Sevastopol domestic
wastewaters with different stratification of the water column correspond to the main
patterns of distribution of sewage discharge outlets from underwater runoff off
the Crimean coast identified by the authors of monographs [3 , 4].

It should be noted that the above mentioned authors studied the distribution of
artificial dye, while in our case we consider the TSM, a parameter of the aquatic
environment actual state. These are two different substances, and each of them could
be distributed differently under the same type of background stratification. The dis-
covered similarity of the results determines the possibility of using the method dis-
cussed in this article to study the distribution of sewage runoff from deep-sea dis-
charge outlets. It is quick and less expensive.

Thus, a comprehensive survey using probe “Kondor” with recording the TSM
concentration in the areas where wastewater discharge outlets are located in Balaklava
and Sevastopol takes several hours at a ship speed of 68 knots and a sounding depth
of 100 m.

In addition, the method based on determining the TSM concentration is more
informative, since it gives an idea of the three-dimensional structure of the actual
suspended matter field which makes it possible to trace the distribution of this sub-
stance in the water column. Observations of the dye [3, 4] were carried out only
on the sea surface through aerial photography. The distribution of suspended matter
in the water column was modeled.

Conclusion

Based on the data provided by seven expeditions conducted in 2008-2019,
the structure of the TSM concentration field and the thermohaline field was analyzed
at the sites off the southern coast of the Heraclean Peninsula, where the Balaklava
(area 1) and Sevastopol (area 2) underwater discharge outlets of domestic
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wastewaters are located. Signs of domestic wastewaters were identified. The scale
of the anthropogenic impact of each of the considered sources on the environment
was estimated. The influence of background stratification on the distribution of
wastewaters from the bottom layer to the sea surface was considered.

It is shown that domestic wastewaters appear in the field of TSM concentration
in the form of local maxima with a concentration several times and tens of times
higher than the natural norm in each of the studied areas. Sometimes these waters
were detected in the salinity field in the form of local minima.

In area 1, the location of the Balaklava wastewater sewer above the seasonal
thermocline facilitates the free rise of anthropogenic suspended matter from the bottom
horizon to the sea surface throughout the year.

In this area, the structure of the TSM concentration field was stable and was
characterized by the following properties during 2000-2018. A local maximum of
7.1-18.6 mg/L was observed in the surface layer 3—7 m thick. The entire water col-
umn contained anthropogenic suspended matter. The impact of the sewer extended
over a distance of 0.4-0.6 miles from the discharge outlet. Area 1 is distinguished
by the maximum anthropogenic TSM concentration compared to other open areas
and bays of the Sevastopol region.

In area 2, a qualitative dependence of the anthropogenic TSM distribution
on water stratification was traced. In a situation where the seasonal thermocline was
not formed (May 2016), anthropogenic suspended matter was found in the surface
layer with its concentration several times and an order of magnitude higher than the
background values. The TSM content corresponded to the natural norm with a de-
veloped seasonal thermocline (September 2016) in the predominant part of the water
area. In August 2019, anthropogenic suspended matter was observed in the surface
layer of water throughout the entire water area of the test site in a situation of upwelling
and a developed seasonal thermocline.

In area 2, the impact of wastewaters extends over a distance of 1-1.5 miles from
the discharge outlet.

The results of this study based on an analysis of the structure of the TSM
concentration field confirm the dependence of the distribution of sewage runoff
on the background stratification of water for deep-sea discharge outlets in the Cri-
mean region, previously identified using other methods. This makes it possible to ap-
ply the method we used to study the distribution of sewage runoff from deep-sea
discharge outlets.
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Abstract

Nutrient concentration in the water of sea mouths of rivers is a limiting factor in the life
activity of hydrobionts. Therefore, studying this parameter is important for assessing the cur-
rent state of mouth ecosystems and its forecasting. Until now, the variability of nutrients has
been analysed by their average concentrations over heterogeneous or short-term periods, ex-
tremes or individual surveys, which do not reflect the regime of these elements in the modern
climatic period. The paper aims to give a modern description of the nutrient concentration
variability in the Chernaya River estuarine zone and to assess water quality based on these
components of the ecosystem. For the analysis, we used data from hydrochemical surveys
for 1991-2020. Water quality was assessed by the nutrient water pollution index, whereas
self-purifying capacity of the estuarine zone was assessed using a transformation index of
selected nutrients. The distributions of nutrient concentrations were found to be extremely
asymmetrical. In this regard, we obtained for the first time the distributions of medians of
nitrates, nitrites, ammonium nitrogen and phosphates in the water of the Chernaya River es-
tuarine zone. In the study area, these median concentrations of nutrients did not exceed the
maximum permissible values. Analysis of the temporal variability of average annual nutrient
concentrations showed the absence of significant trends. The obtained results can be used for
balance estimates and calculations of the assimilation capacity of the Chernaya River estua-
rine zone.
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N3MeHYnBOCTh KOHIEHTPAUNH OMOTeHHbIX BellleCTB
B BOJIe YCTHEBOI0 B3MOPbsl pexku UepHoii
(CeBacTOnoOJILCKM PETUOH)
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Mopcxou euopogpusuueckuii uncmumym PAH, Cesacmonons, Poccus
e-mail: Narivonchik_s@mail.ru

AHHOTaMS

KonmenTparus OHOTeHHBIX BEIIECTB B BOJE MOPCKHX YCTHEB PEK SBIACTCS IMMHUTHP YIOIIAM
(hakTOPOM KU3HEACATEIBHOCTU TUAPOOHOHTOB. [103TOMY HCCIeIoBaHUE 3TOTO mapamerpa
BaYKHO IS OIICHKH ¥ IIPOTHO3MPOBAHUS COBPEMEHHOTO COCTOSHIS YCTREBBIX IKOCHCTEM. Jl0
HACTOSIIIETO BPEMEHH N3MEHYNBOCTH KOHIICHTPALIMH OMOTEHHBIX BEIIECTB aHATU3UPOBAIH
IO CPEIHUM 3HAYCHUSIM 332 HEOJHOPOIHBIC MM KOPOTKHUE MEPUOIBI, SKCTPEMYMaM KU
JAHHBIM OTJACIBHBIX CHEMOK, YTO HE OTPAXKAIO PEKHUMA STUX JICMEHTOB B COBPEMCHHBII
KImMaTHaeckuit nepruoa. Llems paboTel — AaTh COBPEMEHHYIO XapaKTEePUCTUKY H3MEHUH-
BOCTH COZCPKaHMsI OMOTEHHBIX BEIIECTB B BOJIE YCTHEBOTO B3MOPHA p. UepHOH 1 OLIEHUTH
Ka4eCTBO BOJBI 10 3THM KOMITOHEHTAM 3KOCHUCTEMBI. J[JIs aHaIM3a MCIOIb30BaIUCh MaTe-
pHAITBI THAPOXUMHUYIECKIX CheMOK 32 1991-2020 rr. KauecTBo BOIBI OLIEHIBAIH IO HHACKCY
3arpsA3HEHHOCTH BOJBI OMOTCHHBIMHU BEIIECTBAMH, 2 CAMOOYHIIAIOIIYIO CTIOCOOHOCTH YCTh-
€BOT0 B3MOPhS — IO UHJCKCY TpaHCHOpMAIlUU OTACIBHBIX OMOTCHHBIX BEHICCTB. Y CTa-
HOBJICHO, YTO PACIPE/ICICHIS KOHIICHTPAMA OMOTCHHBIX BEIICCTB KpaliHE aCHMMETPUY-
HBIC. B CBS3W ¢ 3THM BIIepBbIC NCIIONB30BaHBI pacIIpeeICHIS METHAHHBIX KOHIICHTPAIIHA
HUTPATOB, HUTPUTOB, aAMMOHUITHOTO a30Ta U (oc(aToB B BOJIEC YCTHEBOIO B3MOPH p. Uep-
HO, KOTOPBIC B PACCMATPUBAEMOM paiioHEe HE MPEBBIIIAIN MPEASIBHO JHOMYyCTUMBIX 3HA-
YeHHH. AHAJIN3 BPEMEHHOW N3MEHUYUBOCTH CPEJIHEH roJ0BOI KOHIIEHTPAIIMKH OMOTEHHBIX
BEIIECTB ITOKa3aJl OTCYTCTBHE 3HAUMMBIX TeHACHIMH. [loydeHHbIe Pe3yIbTaThl MOTYT
HCIIOJIb30BaThCS B 0AJIAaHCOBBIX OI[EHKAX U pacueTax aCCUMHJIIIIMOHHON €MKOCTH YCThe-
BOT'O B3MOpPB p. UepHoii.

KiroueBbie cioBa: CeBacTONONBCKAN PETHOH, YCThEe pekd, peka UepHas, KOHIICHTpPAIUI
OMOTEHHBIX BELIECTB, OMOTeHHBIE BEIIECTBA, HHACKC 3arpsi3HEHHOCTH BOJIbI, KAYECTBO BOABI
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MEXIUCIUIUINHAPHBIE UCCIIETOBAaHUSA OKEAaHOJOTHIECKUX MPOLECCOB, OIPEIeIITIONINX
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Introduction

The development of the natural and economic complex of the Sevastopol region
depends on the condition of the sea mouth of the Chernaya River. In the modern
climatic period of 1991-2020 adopted by the World Meteorological Organization
(WMO) Y, a change in climate and abiotic components of the ecosystem is observed
[1]. In addition, economic activity is actively carried out affecting negatively
the ecological state of the estuary, which will reduce the quality of life of the local
population.

The most important abiotic factor for hydrobionts is the content in water of nu-
trients that limit their life activity and affect water quality. Therefore, the study of
variability in the concentration of nutrients that affect the trophicity of a water body
and the identification of areas of environmental risks are relevant.

Content of nutrients both in certain parts of the estuary (in Sevastopol Bay,
the lower reaches of the Chernaya River) [2—14] and in the estuary of the Chernaya
River as a whole (see work ? and [15, 16]) has been actively studied by the Marine
Hydrophysical Institute scientists.

The main sources of nutrients entering the receiving reservoir are the runoff
of the Chernaya River, which integrates nutrients carried out from the entire river
catchment area during precipitation, as well as wastewater discharges, washout from
the shore and precipitation [15, 17]. In [15], it is shown that with river runoff the
river estuarine zone receives on average: 3 t/year of phosphates, 10 t/year of am-
monium nitrogen, 1 t/year of nitrites, 40 t/year of nitrates. Nitrates account
for 80-90% of the structure of river nutrient removal [4].

Since previously (e.g., in [3, 4, 15]) mainly the variability of the concentration
of nutrients at the top of the sea mouth of the Chernaya River and in its mouth area
was studied, as well as the removal of nutrients with river runoff, the main attention
in this article is on the analysis of the variability of nutrient concentration in the sur-
face and bottom layers of the Chernaya River estuarine zone.

The relationship between the concentration of inorganic nitrogen and the amount
of precipitation established in [17] indicates the significant role of atmospheric entry
in the nutrient balance of coastal waters. An increase in precipitation leads to a de-
crease in the concentration of nitrogen in the atmosphere and an increase in its
content in the catchment area, in the water of the Chernaya River and its estuary.
Since the water surface area of the Chernaya River estuary is approximately 16
times smaller than the drainage (washoff) area, the main entry component of the
nutrient balance of the river estuarine zone is its runoff.

An analysis of the spatial and temporal variability of nutrient concentration
in the considered estuary for 1980-2004, 1978-2016, 2007-2016 and 19762012
was carried out previously in [3—6, 15, 16]. Moreover, the distribution schemes
for these ingredients were constructed using the arithmetic average values of their
concentrations. What is more, it is indicated that the nutrient concentrations did

D WMO, 2014. Guide to Climatological Practices. WMO no. 100. Geneva: WMO, 156 p.

2 Ivanov, V.A. and Minkovskaya, R.Ya., 2008. [Sea Mouths of Ukrainian Rivers and Mouth
Processes]. Sevastopol: ECOSI-Gidrofizika. Part 1, 448 p. (in Russian).
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not have any significant trends during the periods under consideration [5], were mul-
tidirectional [15] — positive [6] or negative [16]. The averaging periods in these
works were different and did not cover the entire modern climatic period of 1991—
2020 (WMO). Different levels of economic activity were not taken into account
or analysis of individual hydrochemical surveys was carried out [7, 8]. This approach
did not provide a reliable assessment of the current nutrient regime at the mouth of the
Chernaya River, therefore, a number of studies substantiated the need to replace the
average concentration value with the median and take into account natural and anthro-
pogenic changes in the state of the water body (see work ¥ and [15]).

Biogeochemical zoning of the Sevastopol Bay water surface according to the
maps of the distribution of nutrients and suspended matter for 1998-2004 is given
in [7, 9, 11]. These works show that the waters of Yuzhnaya Bay and the central
region of Sevastopol Bay are the areas most contaminated with nutrients.

The intra-annual variability of the E-TRIX trophicity index, which characterizes
water quality based on the content of nutrients and other ecosystem components, is
presented in [9]. However, this work does not give an idea of the average long-term
content of nutrients in the water of the bay and confirms the conclusions stated in [7]
about the most significant pollution of Yuzhnaya Bay with nutrients. At the same
time, in contrast to the results presented in [7], it was established in [9] that the cen-
tral part of Sevastopol Bay was least polluted with mineral forms of nitrogen in
1998-2012. The authors of [13] come to the same conclusion.

Fundamental work [2] analyzes the variability of nutrient concentrations
in the Black Sea without detailing their content in the water of the estuarine zone
where their concentration is usually higher than in the marine environment.

The ability of various parts of Sevastopol Bay to self-purify from nutrients and
the factors influencing it are considered in [10—14]. The authors cited difficult
water exchange and wastewater discharges as the reasons of the low self-purifi-
cation of Yuzhnaya Bay concerning inorganic forms of nitrogen.

To assess water quality, the authors used the water pollution index (WPI) cal-
culated based on the content of chemical ingredients of different groups (oxygen,
nutrients, phenols, petroleum hydrocarbons) in work » and [15]. Previously, no
integral assessment of water pollution based on the content of nutrients has been
carried out.

The sporadic nature of observations of the nutrient concentration with signifi-
cant temporal variability of these ingredients makes estimates of the average annual
concentration insufficiently substantiated, therefore, it was proposed to use
the median as the center for grouping data instead of the arithmetic mean value
in work 2. In the same work, based on an analysis of the distribution law of nutrient
concentrations, the rationale for this method is given. In work?, it is also recom-
mended to use the median, since the arithmetic mean is a biased estimate of
the sample center.

Thus, the analysis of previous works revealed a number of shortcomings of rese-
arch methods: the use of arithmetic mean concentrations to analyze spatial variability;

3 Gagarina, O.V., 2012. [Assessment and Standardization of Natural Water Quality: Criteria, Methods, Cur-
rent Issues. Study Guide]. Izhevsk: Udmurtsky Universitet, 199 p. (in Russian).
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the choice of short series of observations or unreasonably long ones that do not take
into account climatic factors and the level of economic activity, in order to generalize
the results of a study of temporal variability; incorrect use of statistical methods (lack
of statistical assessments of the homogeneity and stationarity of series, the signifi-
cance of trends and the reliability of the obtained dependencies). This makes reliable
modern assessment of water quality difficult.

The purpose of this work is to give a modern description of the variability of the
nutrient content in the water of the Chernaya River estuarine zone and to assess the
quality of water in accordance with these ecosystem components. For this purpose,
the database was systematized, statistical characteristics of nutrient concentrations
were obtained, their variability in space and time was analyzed, and the quality
and self-purifying ability of water was assessed.

The object of the study is the estuarine zone which is influenced by the river
runoff and wastewaters and makes up most of the Chernaya River sea mouth (Fig. 1).
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Fig. 1. Sea mouth of the Chernaya River (arrows show constant
sources of water pollution taken from paper [4]). LBRSM — lower
boundary of the river’s sea mouth; OPEZ — open part of the estuarine
zone of the Chernaya River; LBRMZ — lower boundary of the river
mouth zone; RM — river mouth; TRSM — the top of the river’s sea
mouth; STP-3 — sewage treatment plant in the village of Sakharnaya
Golovka. The blue line shows the boundaries of the Chernaya River
estuarine zone
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The Chernaya River sea mouth (Fig. 1) includes:

— river mouth (RM);

—complex estuarine zone consisting of Sevastopol Bay with a complex of
smaller bays, the Inkerman Lagoon created artificially in the mid-1950s and open
part of the estuarine zone (OPEZ) [15].

Due to the lack of data on the Chernaya River OPEZ, the object of our study is
limited to the Inkerman Lagoon, Sevastopol and Yuzhnaya bays. The subject of
the study is the variability of the content of inorganic forms of nitrogen (nitrates,
nitrites, ammonium nitrogen) and phosphorus (phosphates) in the water of the Cher-
naya River estuarine zone in 1991-2020.

The results obtained can be used in further work for balance calculations, mod-
eling the evolution of the ecosystem and assessing the future state of the abiotic and
biotic components of the Chernaya River estuary.

Materials and methods

Monitoring of the Sevastopol Bay and the adjacent part of the sea has been
carried out by scientific and regulatory authorities since 1951, while since the
1960s — on a regular basis [15]. The observation network has been optimized several
times. Fig. 2 shows its present state on the Chernaya River estuarine zone.

The results of 1991-2020 in situ observations provided by N.N. Zubov State
Oceanographic Institute (SB SOI) and Marine Hydrophysical Institute of RAS (MHI
RAS) were used as initial information. Observations were carried out within the
boundaries of the Chernaya River sea mouth (Fig. 1), including its estuarine zone

(Fig. 2).
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Fig. 2. Map of hydrochemical observational stations of MHI RAS and SB
SOI in the Chernaya River estuarine zone in 1991-2020. The dots are for hydro-
logical and hydrochemical surveys carried out by MHI RAS from 1998; the stars
are for those carried out by the SB SOI from 1961
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The availability of primary hydrochemical data is sufficient to assess the varia-
bility of the nutrient concentration in space and time. The generalization period was
selected in accordance with the recommendations ! taking into account changes in
the regional economy occurred in the 1990s. The correctness of this choice is con-
firmed by the previously performed analysis of climatic and anthropogenic changes
in the region under consideration [1].

Water sampling for the nutrient content was carried out at 33 stations of the
estuarine zone (Fig. 2) and 1 station at the RM lower boundary (Fig. 1). The concen-
tration of nitrates (NOs), nitrites (NO;), ammonium nitrogen (NH4) and phosphates
(POg4) in the surface and bottom layers of water was studied.

The choice of the studied elements is due to the lack of information on the content
of pollutants in the water of the estuarine coastal zone. A reliable statistical assess-
ment of in situ data can so far be made only within the largest part (90%) of the
Chernaya River estuarine zone, including Sevastopol Bay and the Inkerman Lagoon.
Therefore, the characteristics of nutrient variability are given for this part of the es-
tuarine zone (Fig. 2).

Analysis of samples for the content of nutrients was carried out in accordance
with standardized methods ¥ in certified hydrochemical laboratories of SB SOI and
MHI RAS.

On average, 360 water samples were taken and analyzed for nutrient content
at each station in 1991-2020 (Fig. 3). 90 analyzes of each ingredient were per-
formed, i.e., 45 samples from the surface and bottom layers of water. This is
sufficient for an objective statistical assessment [18].

600
5001
400 1

300+

200+

100 1
0

I 3 5 7 9 113151719 2] 23252729 3133
Station number

Fig. 3. Number of samples for nutrient content (n)
in the water of the Chernaya River estuarine zone
in 1991-2020 (data from SB SOI and MHI RAS)

4 Oradovsky, S.G., ed., 1993. Guide on the Chemical Analysis of Sea Waters. RD 52.10.243-92. Saint
Petersburg: Gidrometeoizdat, 264 p. (in Russian).
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Nutrient concentrations in water samples were determined by SB SOI and MHI
RAS on a unified methodological basis. Therefore, after checking the hydrochemical
survey data for homogeneity using the Student’s t test [19] for a significance level
of 0.95, the series of nutrient concentration values were combined.

Unlike previous works, the distribution diagrams of nutrient concentrations
in the surface and bottom layers of water were constructed using medians, since it
was established that the distribution of these water quality characteristics was ex-
tremely asymmetrical at all stations. Fig. 4 shows the example of a histogram of
phosphate distribution at station 30. Therefore, the arithmetic mean is not a suffi-
ciently representative parameter of the sample center in this case and it is advisable
to use the median according to works?* ¥ and [15, 18]. During the period under re-
view, median concentrations at all stations of the Chernaya River estuarine zone
were 15-95% less than their arithmetic average values due to right-sided asymmetry
(Fig. 4).

To calculate statistical characteristics, standard statistical generalization
methods were used [19], and distribution diagrams of nutrient concentrations were
constructed with the standard Surfer 13 software package.

The use of integral and complex indices for assessing water quality (pollution
coefficient, water quality index, water pollution index, combinatorial water pollution
index, specific combinatorial water pollution index, etc.) discussed in work ¥ is dif-
ficult due to the lack of data on many indicators. Therefore, a simplified version of
assessing water quality using the nutrient water pollution index (WPIy) was used as

follows:
C.
WPL, =| 3} 1 4, 1
N (ZI_IMPCi J/ ( )

where Ciis average long-term nutrient concentration; MPC; is its maximum permis-
sible concentration.
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Fig. 4. Repeatability of phosphate concentration
at the western Sevastopol Bay
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WPIx characterizes the total impact of nutrients on the aquatic environment
without taking into account the influence of other water quality indicators.

For an approximate assessment of the average long-term transformation of nu-
trients in the water of the Chernaya River estuarine zone under the influence of hy-
drophysical, hydrochemical and hydrobiological factors, the transformation index of
nutrients (TIx, %/km) was used showing by what percentage on average the concen-
tration of an individual nutrient changed for each kilometer of the longitudinal axial
section of the estuarine zone. Work [4, p. 291] proposes the following formula to

calculate TIy
TINz(CAC )100%, 2)

nit
where AC is difference between the average long-term nutrient concentration
at the final and initial sections of the area under study; L is distance between sec-
tions.

The significance of trends in the concentration of the studied ingredients was
assessed using the F-criterion (Fisher test) for the probability of inequality of
the slope to zero at the level of 95% [20].

Discussion of results

Temporal variability. For 1991-2020, the average annual nutrient concentration
calculated from 3—4 hydrochemical surveys per year did not exceed the MPC at all
stations. Although some surveys showed the extreme concentrations of elements 2—
500 times higher than the MPC: 595 pg/L of phosphates (MPC 150 pg/L)
(27.04.2016), 10,471 pg/L of nitrites (MPC 20 pg/L) (05.09.2016), 17,755 pg/L of
nitrates (MPC 9000 pg/L) (04.02.2014). Such anomalies can be caused by emer-
gency wastewater discharges and rainfall.

Analysis of the variability of the nutrient concentration in the bottom and sur-
face layers of water in the Chernaya River estuarine zone revealed no significant
trends. Fig. 5 shows typical distribution of nutrient concentrations in the surface
layer of water in the central part of the river estuarine zone (Sevastopol Bay),
where the most intense interaction of heterogeneous waters (river, sea, bay and
wastewaters) occurs.

Earlier works (e.g., in [16]) in 1989-2008 revealed a decrease in the concen-
tration of ammonium nitrogen (by 10 pg/L/year) and nitrites (by 2 pg/L/year) enter-
ing the water of the estuarine zone with the Chernaya River runoff, and work [6]
identified trends towards an increase in the content of phosphates and nitrates in the
water of Sevastopol Bay in 2007-2016 since 2012.

The absence of significant trends in nutrient concentration changes in 1991—
2020 confirms the conclusions made in [5, 15]. During the same period, no signifi-
cant trends in other abiotic components of the ecosystem, such as river runoff, pre-
cipitation and water level, were observed [1]. During this period, multidirectional
trends in the nutrient concentrations were identified in wastewaters [4]. Obviously,
the integral influence of all these factors (economic activity and warming) and
sources of nutrient entry (river runoff and wastewaters) during the period under re-
view did not significantly affect the nutrient temporal variability.
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Fig. 5. Nutrient concentrations, pg/L, in the water of the Chernaya River es-
tuarine zone: @ — ammonium nitrogen, b — phosphates, ¢ — nitrites, d — nitrates

Spatial variability. General character of the distribution of nutrient median con-
centrations (Fig. 6) indicates that the eastern part of the estuarine zone is influenced
by the river runoff, which carries nutrients out of the river basin when washed off
during precipitation, and wastewaters.

The content of all nutrients in the bottom layer of water is lower than in the surface
one, excluding the concentration of ammonium nitrogen, especially in the area of
station 8 (see Fig. 2). Ammonification increases under anaerobic conditions in the
deep-sea part of the bay. Therefore, an increased concentration of ammonium nitro-
gen is observed in the bottom layer of water.

Compared to previous works [5, 15], the distribution of nutrient concentration
over depth is less homogeneous (Fig. 6). Obviously, this is due to the use of medi-
ans for analysis, and not because of less accurate arithmetic average values of
the nutrient concentrations which are significantly influenced by the extreme values
of the ingredients.

The highest concentration of all nutrients was observed in the water of Yu-
zhnaya Bay exposed to the impact of storm water runoff, emergency sewage dis-
charges, under-channel runoff, etc. Pollution of this part of the estuarine zone by nu-
trients is facilitated by difficult water exchange with Sevastopol Bay due to its geo-
morphological features (see Fig. 2). The decontaminating effect of sea water with a
lower nutrient concentration extends to the western part of the estuarine zone, but at
the same time denser sea water and prevailing wind direction (along the axis of the
estuarine zone) complicate water exchange between Yuzhnaya and Sevastopol
Bays. This promotes the accumulation of pollutants at the top of the stagnant
Yuzhnaya Bay.
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Fig. 6. Distribution of median concentrations of ammonium nitrogen (NHj),
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of water in the Chernaya River estuarine zone

The median values of nutrient concentrations at all stations did not exceed
the MPC (Fig. 6). Their highest values were revealed at station 17 (see Fig. 2) in Yu-
zhnaya Bay: 18 pg/L — for phosphates and nitrites, 2346 pg/L — for nitrates, 25 pg/L
— for ammonium nitrogen.

Nitrates make the greatest contribution to the supply of nutrients to water. They
come with river runoff in an amount that is an order of magnitude greater than the
amount of other incoming nutrients [4, 15], as well as with precipitation [17],
wastewaters [4] and during intra-reservoir hydrochemical and hydrobiological pro-
cesses [2].

Analysis of the distribution of median nutrient concentrations in the water of the
Chernaya River estuarine zone (Fig. 7) showed that under the influence of various
self-purification factors (mixing with cleaner sea water, sedimentation, biogeochem-
ical transformation of nutrients and other hydrophysical, hydrochemical and hydro-
biological processes), the nutrient concentrations decreased mainly along the axis of
the estuarine coastal zone, with the exception of nitrates. The content of nitrates de-
creased from the top to the middle of the river estuarine zone and then increased
(Fig. 7) which is due to their entry into the southern and western parts of the estuarine
zone with wastewaters.
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Fig. 7 shows that the concentration of all nutrients decreased most intensively
in the Inkerman Lagoon and the adjacent part of the bay, in the zone of the frontal
section of heterogeneous waters, where self-purification processes are most active.
The concentration of nitrates decreased by 2.4, ammonium nitrogen by 7.5, nitrites
by 2.0, and phosphates by 2.3 times along the axis of the Chernaya River estuarine
zone. At the same time, the concentration of phosphates and nitrites changed insig-
nificantly along the axis of Sevastopol Bay (the main part of the estuarine zone).

The resulting schemes can be used for zoning the Chernaya River estuarine zone
according to hydrochemical indicators, identifying the most vulnerable ecologi-
cal areas, assessing water quality comprehensively, as well as calculating the nu-
trient balance and the accumulative capacity of this receiving reservoir.

Assessment of water quality and self-purification. The assessment of the water
quality of the Chernaya River estuarine zone in terms of nutrient content was carried
out according to formula (1) using average (Fig. 8, @) and median (Fig. 8, b) concen-
tration values. Fig. 8 shows that WPIx calculated from arithmetic mean concentra-
tions is 2—6 times greater than WPIy calculated from median concentrations. The
highest value of WPIy calculated from median concentrations (Fig. 8, b) is observed
in the surface layer of water of the Inkerman Lagoon, since the main source of nu-
trients is the Chernaya River runoff.

The average long-term WPIy in the bottom layer was 2.5 times less than
in the surface layer of water in the Chernaya River estuarine zone in 1991-2020.
This is due to the fact that nitrates make the greatest contribution to the structure of
water pollution: denitrification processes reducing the concentration of nitrates occur
more actively in the bottom layer of water under anaerobic conditions, and nitrates
enter the surface layer from various sources with the increase of their concentration
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Fig. 8. Distribution of the index of water pollution
with nutrients (IWPy) in the Chernaya River estuarine zone
calculated using average (@) and median (b) concentration
values for 1991-2020

due to nitrification processes. The nutrient content in the water of the western and
central parts of the estuarine zone was the lowest one (Fig. 8), since the western part
of the estuarine zone received sea water depleted of nutrients, and in its central part
fewer sewage and storm water collectors are located. (see Fig. 1).

The resulting assessment of water quality based on WPIx coincides with
the conclusions in [7, 15] where WPI was calculated using the generally accepted
method [18] taking into account not only nutrients, but also pollutants. The WPIx
distribution (Fig. 8) corresponds to the presence of sources of pollutants at the Cher-
naya River mouth indicated in Fig. 1 and discussed in [15]. Consequently, the surface
layer of water of the Inkerman Lagoon and Yuzhnaya Bay, which are parts of the
Chernaya River estuarine zone with the lowest self-purifying ability of the aquatic en-
vironment, can be under greatest risk of eutrophication.

To quantify the nutrient transformation along the longitudinal axis of the river
estuarine zone, a simplified method was used to calculate the average long-term TIx
using formula (2). This indicator characterizes the ability of water to self-purify from
nutrients taking into account the complex influence of abiotic and biotic factors on
the concentration of separate nutrients.

The water of the Chernaya River estuarine zone most purified itself from
ammonium nitrogen: its concentration decreased by an average of 11.4%/km.
The concentration of nitrates decreased by 7.7%/km, phosphates — by 7.3%/km
and nitrites — by 6.8%/km.
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The self-purification of water from phosphates improved (by 3.5%/km), and
from nitrates it worsened (by 2.6%/km) in the modern period in comparison with
previously obtained results [15].

TInx can be applied for approximate estimates of changes in concentration
at any point of the estuarine zone depending on the concentration at the source of
nutrient entry.

Conclusion

In numerous previous studies, the analysis of the variability of the nutrient con-
tent in the water of the Chernaya River estuarine zone for the entire modern period
(1991-2020) was carried out on the basis of an arithmetic mean value, which repre-
sents an insufficiently correct statistical assessment of primary information.

For the first time, hydrochemical observational data accumulated in the data-
bases of MHI RAS and SB SOI for 1991-2020 were systematized, checked
for homogeneity and stationarity and combined into one series, which made it pos-
sible to obtain a modern characteristic of the nutrient variability.

It was established that water quality in terms of the content of phosphates,
nitrates, nitrites and ammonium nitrogen in 1991-2020 generally corresponded to
the standard. No significant trends in the average long-term values nutrient concen-
trations were detected.

Since the distributions of urgent values of nutrient concentrations are extremely
asymmetrical at all stations, the obtained patterns of distribution of their median con-
centrations in the surface and bottom layers of water in the Chernaya River estuarine
zone are more reliable compared to previous works in which less accurate arithmetic
average values were used.

It is proposed to use the water pollution index (WPIx) to assess the integral pol-
lution of the aquatic environment by the complex of nutrients. Differences be-
tween WPIy calculated from medians and arithmetic mean concentrations are shown
for the first time. It was established that when median concentrations are used to
calculate WPIy, the highest nutrient content is determined for the water of the eastern
part of the estuarine zone. In the future, it will be possible to establish water quality
classes based on WPIy and zone the estuarine zone according to them.

The TIn (nutrient transformation index) calculation revealed that the concentra-
tion decreases naturally from the river to the sea along the axis of the Chernaya River
estuarine zone. The nutrient content in the most enriched surface layer of water de-
creases by an average of 8%/km. The TIx can be applied for an approximate assess-
ment of changes in the content of various nutrients with a lack of in situ data.

The results obtained are applicable for improving the monitoring system, bal-
ance and forecast estimates, modeling the evolution of the estuary ecosystem, de-
veloping a scientific justification for economic activities in the region, as well as
measures to preserve and protect the natural environment of the Chernaya River sea
mouth.
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Abstract

An experimental system for monitoring the dynamics of temperature changes in the coastal
zone was tested at the oceanographic platform in the village of Katsiveli (Crimea) continu-
ously for more than a year from 2021 to 2022. The created system was based on three dis-
tributed temperature sensors (thermoprofilemeters) identical in design and electronics (ther-
mal copolymer), vertically installed on the spatial basis of an equilateral triangle with a side
of 18 m. Continuous spatiotemporal data on vertical temperature profiles up to a depth of
19.5 m were obtained. Data correlation of simultaneous measurements of sensors with pro-
nounced dynamics of temperature gradients allowed to calculate, in addition to the amplitude
and period of oscillatory processes, the length, velocity and direction of internal wave prop-
agation. Measurement data with pronounced time fronts of temperature changes made it pos-
sible to calculate the direction and velocity of transfer of water masses on horizons. Software
algorithms for automatic calculation of specified parameters for correlated indicators of spa-
tiotemporal displacement of calculating isotherms have been developed. The results of
the experiments proved the possibility of using a system with the specified technical charac-
teristics of thermoprofilemeters installed on a spatial basis limited by the dimensions of the
oceanographic platform to measure the parameters of internal waves and temperature varia-
bility with pronounced fronts.

Keywords: distributed temperature sensor, thermoprofilemeter, isotherm, heat storage,
thermocline, internal waves, temperature field, heat exchange, thermistor chain, oceano-
graphic platform, temperature gradient
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CrannoHapHasi M3MepHUTEJIbHASA CHCTEMA
Ha 0a3e TepMonpoguieMepoB
Ha okeaHorpaguyeckoii miarpopme
JJIS1 OTIpe/ieJIeHUs] IapaMeTPOB BHYTPEHHHUX BOJIH:
pe3yJbTaThl MCIIBITAHUIM

I1. B. I'ajicknii

Mopckotui euopoghusuueckuii uncmumym PAH, Cesacmonons, Poccus
e-mail: gaysky@inbox.ru

AHHOTAUA

C uronst 2021 no aBryct 2022 r. Ha okeaHorpaduueckoi miatpopme B 1. Kanusenu Henpe-
PBIBHO NIPOBOJMIIMCH UCTIBITAHUS KCIEPUMEHTAIEHON H3MEPUTEIBHON CUCTEMBI 1711 MOHH-
TOpPHUHTA AUHAMHKH TEMIIEPAaTypHBIX U3MEHEHUN B PHOpEKHOH 30He. CHcTeMa MoCTpoeHa
Ha TpeX WICHTHYHBIX MO0 KOHCTPYKIHMH M 3JIEKTPOHHBIM KOMIIOHEHTAaM pacIpeAeIeHHbIX
JaTYHKax TeMIlepaTypsl (TepMonpoduieMepax), BEpTUKAIbHO YCTAaHOBICHHBIX Ha MPO-
CTPAaHCTBEHHOM 0a3nce pPaBHOCTOPOHHETO TPEYTroJbHHUKA cO CTOPoHOH 18 M. ITomyueHs
HeIPepBIBHBIC IPOCTPAHCTBEHHO-BPEMEHHBIE TaHHBIC O BEPTHUKAIBHBIX IPO(UIIIX TeMIepa-
Typsl 10 TIyOuHsl 19.5 M. Koppersius naHHBIX OJHOBPEMEHHBIX M3MEPECHUH NTaTINKaMU
IPY BBIPAKCHHOM AMHAMHKE I'PaJUEeHTOB TEMIIEPATyp MO3BOJIMIIA JOIOJHUTEIBHO K aMILUTH-
TyZe ¥ Neproay KoyieOaTeIbHBIX MPOLECCOB PACCUUTATH JIMHY, CKOPOCTh U HallpaBJIEeHHUE
pacrpocTpaHeHHsl BHYTPEHHUX BOJIH. /laHHBIE M3MEpEeHUil ¢ BBIPAKCHHBIMU BPEMEHHBIMU
(poHTaMU U3MEHEHUS NpodHIIei TeMuepaTyp MO3BOJIMIN PACCUUTATh HANIPABICHHUE U CKO-
pOCTh IepeHoca BOAHBIX Macc HA TOpU30HTax. PazpaboTaHbl MporpaMMHBIE aJIrOPUTMBI
ABTOMATHYECKOI'0 pacyeTa yKa3aHHBIX MapaMeTpoB IS KOPPENIHPOBAaHHBIX IOKa3aTelen
MIPOCTPAHCTBEHHO-BPEMEHHOT'O CMELIEHUS] pACCUMTAHHBIX U30TepPM. Pe3ynbTaThl skcriepruMeH-
TOB JJOKA3aJIM BO3MOXKHOCTH MCIOJIb30BAHUS TPEUIOKEHHOW CUCTEMBI Ha 6a3e TepMoIipodu-
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Introduction

Monitoring and studies of hydrodynamic processes in the coastal zone with pro-
nounced water temperature gradients are impossible without spatiotemporal refer-
ence. Time-continuous measurements of vertical temperature profiles make it possi-
ble to observe small-scale variability in water temperature and determine the ampli-
tude and period of subsurface wave processes [1-11]. A measuring system of tem-
perature sensors spatially coordinated in a three-dimensional field is necessary to de-
termine the direction of propagation, length and velocity of internal waves, as well
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as the direction and velocity of transfer of water masses accompanied by pronounced
temperature fronts. Such sensors should show metrological characteristics identical
in accuracy and inertia with a sufficiently high sampling frequency (at least 0.1 Hz).
For long-term monitoring, mechanical probing with precision meters or creation of
a network of analog point sensors is a complex and expensive solution that cannot
ensure synchronous measurements. Therefore, chains of point digital sensors [12, 13]
and thermistor chains based on analog sensors [7, 14-19] are often used for these
purposes.

The DS18B20 digital sensors used do not always meet these requirements
due to high inertia, slow sequential non-synchronous sampling (about 3 s per sensor
in a chain) and limited accuracy (maximum digital 12-bit resolution 0.0625 °C and
error without additional individual calibration up to 0.5 °C) [20]. Such shortcomings
are often compensated by spatiotemporal averaging and smoothing of the measured
temperature field which leads to the loss of high-frequency components in the meas-
urements of the process under study. At the same time, it is necessary to increase
the spatial basis (the distance among the chains) on the horizon in systems for mon-
itoring the spatial transport of water masses and the propagation of internal waves.

Production of thermistor chains based on analog platinum resistance sensors
[14—18] or a chain of thermistors [7, 17] with individual analog-to-digital convert-
ers is a labor-intensive and relatively expensive process. However, platinum sen-
sors are characterized by greater metrological measurement accuracy (0.01°C [14]
and £0.025 °C [17], respectively) and high stability.

In some cases, distributed thermal profilers [21, 22] made on the basis of cop-
per conductors laid according to orthogonal functions continuously along the entire
sensor profile can be an alternative. The resolution of each section ranging from
a few centimeters to several meters in length is adapted to a specific task. This makes
it possible to obtain a continuous smoothed profile with a reconstructed average tem-
perature at each measurement section directly at the hardware level. Visual display
of the dynamics of temperature changes in the form of isolines in telemetry mode
without any additional three-dimensional interpolation provides a quick solution
to the problems of recording internal waves and determining their parameters.
A system of thermoprofilemeters with identical metrological characteristics (inertia
and accuracy) makes it possible to determine the temporal displacement in the phases
of temperature oscillatory processes (short-period internal waves) and fronts on a smaller
spatial basis for installing the meters in a more accurate way. Low overall dimen-
sions of the system allow it to be placed on stationary objects (for example, on an
oceanographic platform) avoiding technical difficulties during its installation and

1 Gaisky, P.V., 2022. [Program for Registration and Processing of Thermoprofilemeter Measurement
Data “THERMOPROF ). Sevastopol: MHI. State Registration no. 2022611315
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maintenance (surface waves, drift of buoys, autonomous power supply and data col-
lection) and to monitor small-scale processes in the coastal zone with complex coast-
line and bottom topography as well as limited spatial localization.

The work aims at developing and testing a small-sized stationary automated
system based on distributed thermoprofilemeters in order to determine the spatio-
temporal parameters of the distribution in coastal waters of hydrological processes
accompanied by changes in temperature gradients and analyzing the results obtained.

Instrumentation

Distributed thermoprofilemeters were created and installed on a stationary basis
within the limits of the oceanographic platform in the village of Katsiveli (Crimea)
as part of the development and testing of such a small-sized system [21, 22].
Structurally, thermoprofilemeters are copper conductors laid in orthogonal functions
along the entire length of a distributed sensor. The number of conductors corresponds
to the number of sections. The average temperature in each section of the profile is
calculated using matrices of individual calibration coefficients obtained during met-
rological verification. The protective shell of the sensor part made from the outside
in the form of a load-bearing polyamide tube was manufactured to meet the require-
ments for the same inertia (heat capacity) of the sensors. The metrological charac-
teristics of the measuring channels with an instrumental resolution of 0.0026 °C were
also the same. As a result, three 24-meter thermoprofilemeters with spatially distrib-
uted sections 1.5 m long, with 16 sensors in each, were produced.

It should be noted that earlier tests of thermoprofilemeters with increased
profile resolution (sections of 20 c¢cm in length) carried out on the oceanographic
platform demonstrated no significant advantages in recording the primary parame-
ters of the internal waves under study. The inertia of the meters in the liquid was
about 30 s due to the protective load-bearing polyamide tube. The measurement error
of the temperature averaged over the area is metrologically determined as +0.1 °C.
The sampling period for all 16 sensors (sections of the meter profile) was 0.5 s.
Measurement data were received from all three meters simultaneously by the on-board
computer linked to a single timer and in telemetry mode were displayed in the form
of a gradient field and isotherms.

Fig. 1 shows general location and layout of the system. Since the bottom topog-
raphy in the area of the platform location is characterized by an increase in depth in
the southeast direction, the anchoring depth of the distributed sensors varied from
24 to 28 m (Fig. 2). Based on earlier geography-specific observations [11-13, 21,
22], the most suitable conditions for testing the system corresponded to the season
of the formed thermocline and the manifestation of upwelling — downwelling
(from May to August).
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Depths

Fig. 1. Location and layout of a system of three ther-
moprofilemeters at the oceanographic platform. The red
dots denote the installed thermoprofilemeters (1-3)

24 m

Fig. 2. Depth profile at the installation site of
the system and vertical placement of the ther-
moprofilemeters (1-3)

The created system of three thermoprofilemeters was tested for more than a year
(from June 2021 to August 2022), which made it possible to analyze the data for two
indicated seasonal periods. Almost all recorded significant changes in the depth of
the pronounced thermocline were accompanied by wave processes reflected in ver-
tical temperature profiles. Visualization (with a pronounced periodicity of at least
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five consecutive frequency components) and possibility of interpretation made it
possible to determine about 10 manifestations of short-period internal waves last-
ing from 1 to 4 hours in one season. Such waves showed their average period of
10-12 minutes and amplitude of 2.5-3 m. Fig. 3 shows the examples of data display
on the monitor screen during processing by the program in telemetric measurement
mode.
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Fig. 3. Examples of a record of short-period internal waves made by
one of the thermoprofilemeters
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Results

The results of calculations of parameters for observed short-period internal
waves are presented as examples of the system operation. This system makes it
possible to determine the directions (horizontal and vertical) and velocities of dis-
placement or propagation of internal waves only in the presence of pronounced tem-
perature fronts, based on which we can correlate sensor data and calculate time de-
lays. Coordinate system and geographic location references allow us to further de-
termine the desired dynamic parameters of the observed process.

The calculated spatiotemporal displacements of isotherms in the pycnocline on
the temperature profiles obtained by each of the thermoprofilemeters were used as
data for synchronous referencing. The calculation of spatial displacements of iso-
therms was implemented algorithmically in software for each distributed sensor both
in telemetry mode and during post-processing ?. Algorithms for calculating the di-
rection and velocity of front displacement were implemented in software using trig-
onometric formulas with updated reference to the spatial orientation and location of
the sensors. Direct calculation of these parameters as part of the system tests was
carried out in the mode of operator input of primary delays between the sensors (it

is enough to enter t3; and t3; in this case, see Fig. 4) for given geometric parameters.

Fig. 4. Display of the results of data processing by the system on the monitor screen:
temperature field with isotherm dynamics and temperature profile gradient — a, d, ¢
(the white rectangle (a, d) and arrows (g) indicate the calculation area); correlated spatial
displacements of the selected isotherm in the calculation area at the boundary of the temper-
ature front and internal wave for three thermoprofilemeters (1, 2, 3) — b, e, h, j (the dashed
lines mark on the graphs the selected boundaries of the isotherm spatial displacement in the time
range for each sensor); results of program calculation of the dynamic characteristics of inter-
nal waves (C, f) based on the obtained time delays (t31, t32, t12) and the velocity and direction
of front displacement during upwelling (i) and downwelling (k)

2 Gaisky, P.V., 2022. [Program for Registration and Processing of Thermoprofilemeter Measurement
Data “THERMOPROF ). Sevastopol: MHI. State Registration no. 2022611315.
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Automatic collection of the characteristics of internal waves (amplitude, period,
direction, velocity and wavelength) is complicated by a number of factors associated
with non-stationary periodicity and complexity of automatic sampling of synchro-
nized fronts of the oscillatory process in telemetric mode. Therefore, at the moment
this problem is solved by an operator during visual assessment of events on the mon-
itor screen or during subsequent processing of measurement information.

Figure 4 (a — f) shows the examples of displaying processing results on the
monitor screen (parameters of short-period internal waves at the thermocline
boundary). Figure 4 (g — k) shows calculations for a more time-scale transport of
deep cold masses, for which the direction and horizontal velocity were calculated.

It should be noted that during turbulence [23—25] caused by currents and nearby
pile structural supports of the platform, the low inertia of the sensors in the system
affects negatively the comparison of correlated oscillatory processes associated
with the passage of internal waves.
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Fig. 5. Example of a record of intense internal waves with thermoprofilemeters
near the oceanographic platform

When testing the system of three thermoprofilemeters, rather rare intense internal
waves that had previously been recorded by thermoprofilemeters in the platform area
up to three times a year and had had a large amplitude (more than 10 m), a period of
about 12 minutes and a pronounced temperature front, were not observed (see Fig. 5).

Conclusion

Tests of the developed system based on distributed thermoprofilemeters showed
its performance under conditions of pronounced temperature fronts. The correlation
will obviously be clearer in a more laminar environment (relative to the spatial limits
of the system installation), which will increase the reliability of automatic software
calculations. Influenced by currents, indentation of coastal zone and heterogeneous
bottom topography, an increase in the distance among the system sensors can lead
to distortions in the synchrony of wave processes in the measured temperature pro-
files and consequently to difficulties in their comparison (correlation). In this case,
installing such a system at a stationary facility is preferable from the point of view
of cost and technical support, as well as due to the absence of such factors as drift of
buoys and influence of surface waves on the spatial coordinates of the measuring
system. Limited spatial localization in a bay or a strait can be ensured for a small-
sized system.
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The advantages and disadvantages of all types of sensors used to create such

systems for determining the parameters of internal waves can be assessed not only
by the metrological accuracy of the measuring channels, but also by long-term
stability, cost and ease of maintenance. The final conclusion can be made after joint
in situ tests at monitoring sites and intercalibration.
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Abstract

The paper assesses the quality of the marine environment of Laspi Bay near the Batiliman
Stow according to main chemical and microbiological parameters under various recreation-
al impacts on the water area. The material for the study was water and fouling samples
taken in May, July and October 2023. The qualitative and quantitative composition of
hydrocarbons was determined by gas chromatography on a Crystal 5000.2 chromatograph
with a flame ionization detector in the Scientific and Educational Center for Collective Use
«Spectrometry and Chromatography» of A. O. Kovalevsky Institute of Biology of the South-
ern Seas of RAS. Diagnostic markers of the origin of hydrocarbons were used to identify
possible sources of organic substances. The abundance of bacteria groups (saprophytic
heterotrophic, hydrocarbon-oxidizing, lipolytic and phenol-oxidizing) was determined by
the method of tenfold dilutions using elective nutrient media. From May to October 2023,
the concentration of hydrocarbons in the coastal waters of the Batiliman Stow was 0.013—
0.304 mg-L!. The composition of n-alkanes indicated the absence of oil pollution in the stud-
ied water area. The exceedance of the maximum permissible concentration for hydrocar-
bons, noted in July at one of the stations, is of natural origin and is associated with an active
intake of allochthonous compounds. The quantitative assessment of the mentioned bacteria
groups in the water and microperiphyton of macrofouling indicates an increase in the abun-
dance of indicator groups of bacteria in all samples taken in July. Nevertheless, the results
of the hydrocarbon content study and the quantitative assessment of the main microbio-
logical indicators in the water and microperiphyton of macrofouling suggest that there are
active bacterial self-purification processes in the water area of the Batiliman Stow. Accord-
ing to microbiological indicators, the studied area can be classified as conditionally clean.

Keywords: coastal water area, recreational load, seawater, markers, periphyton, hetero-
trophic bacteria, hydrocarbon-oxidizing bacteria, lipolytic bacteria, phenol-oxidizing bacteria,
macrophytes, Laspi Bay, anthropogenic pollution, petroleum hydrocarbons

© Tikhonova E. A., Soloveva O. V., Tkachenko Yu. S., Burdiyan N. V.,
Doroshenko Yu. V., Guseva E. V., Alyomov S. V., 2024

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

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024 113


mailto:yulechkatkachenko.90@mail.ru

Acknowledgments: The work was carried out under IBSS state research assignment “Study
of biogeochemical patterns of radioecological and chemoecological processes in the ecosys-
tems of water bodies of the Sea of Azov—Black Sea Basin in comparison with other areas of
the World Ocean and individual aquatic ecosystems of their drainage basins to ensure sus-
tainable development in the southern seas of Russia” (no. 1023032000047-8-1.6.19).

For citation: Tikhonova, E.A., Soloveva, O.V., Tkachenko, Yu.S., Burdiyan, N.V.,
Doroshenko, Yu.V., Guseva, E.V. and Alyomov, S.V., 2024. The Content of Hydrocarbons
and Indicator Groups of Bacteria in the Marine Environment of Laspi Bay (Southern Coast
of Crimea). Ecological Safety of Coastal and Shelf Zones of Sea, (1), pp. 113-129.

Copnep:xanue yrijieBoJ0opo/ioB
U MHAMKATOPHBIX IPyNn 0aKkTepui
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AHHOTAUA

OreHEeHO KadecTBO MOPCKO# cpensl OyxThl Jlactiu B paiione ypouwnmna bartunnman mo oc-
HOBHBIM XMMHUKO-MHKPOOHOJIOTHYECKUM ITapaMeTpaM B IEPHOIBI Pa3INIHON peKpearioH-
HOW Harpy3KH Ha aKkBaTOpHI0. MarepuanoM AJisi UCCIICAOBAHUS TOCIYKHUIA MPOOBI BOJIBI
n obpacraHuii, otoOpaHHble B Mae, uroje u okTs0pe 2023 r. KauecTBeHHBIH M KoJMYe-
CTBEHHBIN COCTaB yriieBoopoaoB onpeaensuics Ha 6aze HOLIKIT «CnektpomeTpus 1 Xpo-
matorpadmsp OUL MEBIOM meromom razoBoii xpomartorpaduu Ha xpomarorpade «Kpu-
ctayut 5000.2» ¢ mIaMeHHO-MOHM3AIIMOHHBIM JeTeKTOpoM. [ mueHTH(UKAIUN BeposT-
HBIX UCTOYHHKOB IMOCTYIIJICHHUS OPTaHWYECKUX BEIIECTB HMCIOJIB30BAIN JUATHOCTHYCCKUE
MapKepsl IPOUCXOXKICHUS YIIIEBOIOPOIOB. YHCIEHHOCTD Tpymn OakTepuii (canpoduTHBIX
reTepOTPOQHBIX, YTIEBOIOPOIOKUCIISIONINX, TUOIUTHISCKUX U (DEHOIIOKHCIISIONINX) OTIpe-
JIeTSUTH METOJOM MpENENbHBIX JECATUKPATHBIX Pa3BEIEHHUH C UCTIONb30BAaHUEM JJIEKTUB-
HBIX MUTaTENIbHBIX cpell. KoHueHTpamus yrieBosopoaoB B MPUOPEXKHBIX BOJAX ypOUHMINA
Barunuman ¢ mas 1o okta6ps 2023 1. cocrasmsuia 0.013-0.304 mr-n!. CocTas H-ankaHOB
yKa3bIBaJl HA OTCYTCTBHE HE(TSIHOTO 3arpsi3HEHHs B MccieayeMoi akBatopu. [Ipesbiiie-
nue ITJIK 17151 yrneBogopoaoB, OTMEUEHHOE B MIOJIE HA OJHOM U3 CTAaHLMN, HOCUT IPUPOI-
HBII XapaKTep U CBS3aHO C aKTHUBHBIM MOCTYIUIEHUEM alNIOXTOHHBIX coequHeHuil. Koanue-
CTBEHHAsI OIleHKa 0003HAYEHHBIX TPYMI OAKTEPHil B BOJE M MUKPOMEPUPUTOHE MAKPO-
oOpacTaHnii yKa3plBaeT Ha BO3pacTaHWE YUCIEHHOCTH MHIWKATOPHBIX TPYHN OakTepui
BO BCeX Ipo0ax, 0TOOpaHHBIX B HI0JE. TeM He MEHEe pe3yIbTaThl HCCIEAOBAHHS YTIEBO-
JOpOAHOTO ()OHA M KOJMYECTBEHHOH OLEHKH OCHOBHBIX MHUKPOOHMOJIOTHYECKUX IMOKa3a-
TeJIel B BOJE M MHUKDPOIEPHU(PHUTOHE MAaKpOOOpacTaHWH yKas3bIBalOT HAa TO, B aKBATOPHUH
ypouuia baTuinMaH akTUBHO MPOUCXOJAT MPOILECCH OAKTEPUATBHOTO CAMOOUUIIEHHUS.
[To MUKPOOHOIOTMYECKUM TOKA3aTeINsIM UCCIIETyEMbIil Y4aCTOK MOKHO OTHECTH K YCJIOB-
HO-YHCTBIM aKBaTOPHUSIM.

KioueBbie ci1oBa: npuOpexHas 30Ha, peKpealMoHHas Harpy3Ka, MOpcKasi Bojia, MapKephbl,
NepuUTOH, TeTepOTPOdHBIE OAKTEPUH, YIIIEBOJOPOJOKHCIAIONINE OAKTEPUH, JTUITOIUTH-
Yyeckue OakTepuH, (PeHONOKUCIIIIomue 0akTepun, MakpoduTsl, Oyxrta Jlacnu, aHTpororex-
HOE 3arpsi3HeHNe, He(TAHbIE YIIIeBOLOPOLI
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Joas murupoBanusi: CojepKaHue yriieBOJOPOJOB M HHAMKATOPHBIX IPYIN OakTepuit
B Mopckoii cpene Oyxtol Jlacmu (FOxubiit 6eper Kpeima) / E. A. Tuxonosa [u ap.] //
Oxonoruyueckas 0e30MacHOCTh NpUOpexKHOU U 1enbdoBoit 30H Mops. 2024. Ne 1.
C. 113-129. EDN SIPAOH.

Introduction

The coastline of the Batiliman Stow (a coastal-aquatic complex between Cape
Sarych and Laspi Bay), from where the mountains of the Southern coast of Crimea
begin, stretches from the base of Mount Kush-Kaya to Laspi Bay. The area is charac-
terised by intense water exchange with the open sea and by high aeration. Runup
and surge phenomena typical of the Southern coast of Crimea result in water salini-
ty fluctuating from 17.70 to 18.47 [1].

From the water's edge to shallow depths (10 m) the bottom is represented
by boulders (boulder bench) (Fig. 1) with rare areas of sandy bottom (Fig. 2).
The granulometric composition of bottom sediments and peculiarities of morpho-
dynamic conditions of the environment (drift of fine fractions to shallow zones)
determine the absence of organic carbon accumulation within this coastal area [2].

This is correlated with the reports [3] on the low number of microbial popula-
tion in the loose bottom sediments of nearby Laspi Bay where the number of sap-
rophytic heterotrophic bacteria averages 2500 cells'g™! and the number of hydro-
carbon-oxidising bacteria does not exceed 2 cells-g™'. Of the macrophytes, Cystosei-
ra crinita (Dyby, 1830) and Ceramium diaphanum (Roth, 1806) dominate year-
round in terms of occurrence, while C. crinita and C. barbata (C. Agardh, 1820)
dominate in terms of phytomass [4]. Cystoseira spp. is the main component of
coastal phytocenosis and one of the main sources of organic matter [5]. Besides,
Cystoseira spp. is considered to be the most suitable object of algomonitoring
in assessing the environmental quality of marine coastal water areas, including
the water area of Batiliman Stow [6].

The Batiliman Stow bordering the sea from the west of Cape Aya is a state natu-
ral landscape reserve of regional significance ! and includes 208 ha of the Black
Sea water area. The territory up to the next protected object, hydrological natural
monument Coastal Aquatic Complex at Cape Sarych, has no nature protection sta-
tus, although works in this regard are being done. The authors of work [7] proposed

D Government of the City of Sevastopol, 2016. On Amendments to the Resolution of the Government
of the City of Sevastopol no. 409-III1 “On Approval of the Regulations on the State Natural
Landscape Reserve of Regional Significance Cape Aya” as of 29 April 2016. Resolution of the
Government of the City of Sevastopol no. 178-I1IT as of 25 April 2022. Sevastopol: Government of
the City of Sevastopol (in Russian).
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to create a national park Yuzhnoberezhny from Balaklava Bay to Cape Sarych
including the adjacent water area and protected areas of regional significance.

This area is highly appealing for tourists, but due to its small recreational
capacity there is a danger of negative impact of mass unregulated visitation on
the state of the water area ecosystem. Over the last decades, the ecological state of
the concerned water area has deteriorated. This is due to the increase in the flow of
visitors and development of the coastal zone, as well as the placement of mussel
farms nearby (with an output of up to 83 t (per dry weight) of biosediments per
year, including 3 t of protein and 1 t each of carbohydrates and lipids [8]). Recent
studies have shown that the number of polychaete species has decreased from
64 (1983) to 45 (2019) [9], the macrophytobenthos stock of the Black Sea envi-
ronment-forming species have decreased by about 1.5 times, whereas some bottom
areas have lost vegetation at all [10]. According to the authors of work [11],
in 2017-2018, the content of petroleum hydrocarbons (PHC) in the water of Laspi
Bay was close to the maximum permissible levels. At the same time, in the summer
of 2018, the maximum permissible concentration (MPC) was exceeded 3—4 times.
The PHC content in Laspi Bay was higher than their average content in Sevastopol
bays, and in 2016 the frequency of recorded cases of exceeding MPC in the bottom
horizon of the water area of Laspi Bay was 25% [12, 13]. Thus, the authors indi-
cate that the study area, previously classified as reference clean, is under a signifi-
cant anthropogenic impact. Probably, the obtained results are related to the recent
active development of the coastline of Laspi Bay [11].

Of note, this part of the coast is often affected by landslides, mudflows and
coastal abrasion [14]. Development of this area only worsens the situation.

Preservation of the Batiliman Stow coastal-aquatic complex requires an inte-
grated approach to the study of the coastal water area to calculate the current level
of anthropogenic pressure and the stability of the complex against it. This approach
will also allow proposing measures to minimise the negative effects of increasing
recreational load without affecting the established cycle of matter and energy
as well as aesthetics of this unique place.

Within an integrated approach to the study of the ecological state of the Bati-
liman beach water area, there has been little research of the hydrocarbon (HC) con-
tent in seawater and characteristics of its bacterial population, which is the first link
in the process of biological self-purification of the marine environment.

The work aims to assess the content of HCs and indicator groups of bacteria
in the marine environment of Laspi Bay.

The objectives of the study include determination of:

— qualitative and quantitative composition of HCs in the coastal water area of
Laspi Bay;

— the number of saprophytic heterotrophic bacteria — the main destructors of
readily available organic compounds in water and in microperiphyton of macro-
fouling;
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— abundance of indicator groups of bacteria — oil, phenol and fat destructors
in water and in microperiphyton of macrofouling.

Material and methods

Water samples for HC analysis were taken in May, July and October 2023
at two stations. Station 1 — biostation, low-exploited area with a low anthropogenic
load. Station 2 — Tavrida Beach, an area with a high anthropogenic load in summer.
Both at Station 1 and Station 2, water was sampled near the water edge (Fig. 1).

Water samples were taken in glass-stoppered glass bottles with a capacity of
1 dm?, pre-washed with chromium mixture, tap and distilled water and rinsed
with hexane. Before sampling, the bottles were pre-washed with n-hexane and
rinsed with the sampled water.

Sample preparation was carried out according to the procedure?. A water
sample (250 mL) acidified with sulfuric acid (1:1) (1.5 mL) was extracted twice
with n-hexane (25 mL each). The hexane extract was passed through a glass column
filled with aluminium oxide and concentrated to a volume of 1 mL at room temper-
ature in a fume hood.

The qualitative and quantitative composition of HCs was determined at the Sci-
entific and Educational Center for Collective Use “Spectrometry and Chromatog-
raphy” of IBSS using a Crystal 5000.2 gas chromatograph with a flame ionization
detector (FID).

An aliquot of the concentrated extract was injected with a microsyringe
into the gas chromatograph evaporator heated to 250 °C. HCs were separated

Batiliman/Stow T .“7—&“‘%{'
o

Laspi Bay - ]t

Fig. 1. The map of seawater and macrofouling sampling
in the water area of the Batiliman Stow, 2023. Google Maps
image (available at https://www.google.ru/maps)

2 Drugov, Yu.S. and Rodin, A.A., 2020. [Ecological Analyses in Oil and Petroleum Product Spills.
A Practical Guide]. Moscow: Laboratoriya Znaniy, 270 p. (in Russian).
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on a TR-1MS capillary column 30 m long, 0.32 mm in diameter and with the sta-
tionary phase film thickness of 0.25 um (Termo Scientific). The column tempera-
ture was programmed from 70 to 280 °C (rate of temperature rise: 8 °C-min™").
The carrier gas (nitrogen) flow in the column was 2.5 mL-min ! without flow split-
ting. The detector temperature was 320 °C.

Quantitation of the total HC content was performed by absolute calibration
of the FID with a standard mixture of HCs (C1o—C4) ranging 0.01-0.5 mg-L".
A standard sample of ASTMD2887 Reference Gas Oil standard (SUPELCO, USA)
was used as a HC mixture. The total HC content was determined by the sum of
the areas of eluted n-alkanes peaks and the unresolved complex mixture (UCM).
The results were processed with the Chromatec Analytical 3.0 software (the abso-
lute calibration and percentage normalization method).

The following diagnostic indices were used to identify HC genesis: terri-
genous/aquatic ratio (TAR) [15], average chain length (ACL) [16], and low-
molecular weight to high-molecular weight homologues ratio (LWH/HWH) [17].
The P.q index [18] (aquatic to terrestrial plant index) determines the type of vegeta-
tion prevailing in the organic matter formation. Carbon Preference Indices CPI; [19],
calculated for lighter n-alkanes, and CPI, [16], calculated for the high-molecular
weight part of the spectrum, are used to identify the petroleum and biogenic origin
of HCs. The HC genesis markers were determined according to the ratios presented
in Table 1.

Seawater samples for microbiological analysis were collected in sterile 50 cm?
tubes and fouling samples were collected in sterile jars. In this study, the macro-
fouling community was assessed from which microperiphyton was then washed out

Table 1. Main diagnostic indices for identification of the hydrocarbon genesis

Index Formula

TAR Y(Co7+ Coo + C31)/Y(Cys5 + Ci7 + Cio)
LWH/HWH Y (Ci13—Ca1)/Y(Ca—C37)

ACL (27C27 +29Cy9 + 31C31 + 33C33 + 35C35 + 37C37)/

(Ca7 4+ Ca9+ C31 + C33+ C35 + C37)

5 {(Ci5 + Ci7+ Ci9 + C21)/(Cis + Cig + Cis + Cao) +

CPI
! + (Ci5+ Ci7+ Cio+ Co)/(Cis + Cig + Cao + C2) }
CPl, Y2{(Cas + Ca7 + Ca9 + C31 + C33 + C35)/(Cas + Cog + Cag + Cap + C3z + C3a) +
+ (Cas + Ca7 + Ca9 + C31 + C33 + C35)/(Cag + Cog + C30 + Caz + Caa + Cse)}
Pag (Ca3 + Co5)/(Cp3 + Cos + Cro + C31)
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to determine bacterial abundance. In all sampling periods, macrofouling was repre-
sented exclusively by Cystosira. Its abundance decreased naturally from May
to October, and its biomass was slightly higher in all sampling periods at St. 1.
The abundance of saprophytic heterotrophic (HB), hydrocarbon-oxidising (HOB),
lipolytic (LB) and phenol-oxidising (POB) bacterial groups was determined in each
sample. The abundance of these bacterial groups was determined by the method of
tenfold dilutions using selective nutrient media. For HBs, a peptone medium was
used [20]. HOBs and LBs were cultured on a Voroshilova—Dianova medium [21],
to which sterile oil or vegetable fat (1% of the volume) was added as the only
source of carbon and energy. For phenol-oxidising bacteria, a modified Kalabina—
Rogovskaya medium was used [22]. When preparing the media, the salinity of
seawater was taken into account. The most probable number of microorganisms per
unit volume was calculated using McCready’s table (in triplicate) based on the me-
thod of variation statistics ¥.

Results and discussion

The total HC content in water at the studied stations from May to October
2023 ranged from 0.013 to 0.304 mg-L™! (Fig. 2). In July, at St. 1, the exceedance
of MPC for fishery water bodies (0.05 mg/L) # by 6 times was recorded (Fig. 2),
at St. 2 during the study period, the value of HC concentration was rather low and
did not exceed the MPC.

Comparing the indicators of the low-exploited coastal area and the beach,
it is difficult to speak about the increase of HC content on the beach in summer,
when the anthropogenic load on the coast increases significantly. Probably, other
factors play the leading role in formation of hydrocarbon content in the coastal wa-
ters of this area.

The study of the individual composition of n-alkanes, as well as calculation of
markers characterising the sources of organic substances origin in water, allow
more reliable identification of HC input sources.

0.35
B May

| July

e
w

OOctober

e
i
by

HB concentration, mg-L~!
=) i =]
jan [ i

=]
=1
b

Fig. 2. Hydrocarbon concentrations
in the coastal waters of the Batiliman Stow,
! 2 May—October 2023

Station number

3 Netrusov, A.lL, ed., 2005. [Practical Course on Microbiology]. Moscow: Akademiya, 608 p.
(in Russian).

4 Ministry of Agriculture of Russia, 2016. On the Approval of Water Quality Standards for Water
Bodies of Commercial Fishing Importance, Including Standards for Maximum Permissible
Concentrations of Harmful Substances in the Waters of Water Bodies of Commercial Fishing

Importance: Order of the Ministry of Agriculture of Russia dated December 13, 2016, No. 552.
Moscow: Ministry of Agriculture of Russia (in Russian).
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In water samples collected from May to October 2023, n-alkanes in the range
n-C17—Cs1 were identified (Fig. 3), the n-alkane C31 was detected only once at St. 1
in July (Fig. 3, b). The homologues of C29and C3o were not detected in May at both
stations (Fig. 3, a), the other n-alkanes were represented everywhere.

The distribution of n-alkanes obtained in May at both stations was unimodal.
Surface water samples collected in May 2023 were dominated by low-molecular
weight homologues (Fig. 3, a), in particular heptadecane (n-C;7), which is the main
alkane produced by phyto- and zooplankton [23, 24], and alkane n-Ci9, also of phy-
toplanktonic genesis. The Cig and Cyo peaks were well pronounced. They are asso-
ciated with the development of bacterial community [25]. Markers TAR and CPIi
(Table 2) show the predominance of autochthonous matter in water, formed as a re-
sult of microbiological degradation of organic matter [26].

16 a
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Fig. 3. Distribution of n-alkanes in the coastal waters
of the Batiliman Stow: May (a), July (b), October (C),
2023
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Table 2. Content and composition of n-alkanes (markers) in the water of the coastal
water area of the Batiliman Stow, May—October 2023

fﬁ‘;’; D C %{\331{{/ P, | TAR | ACL | CPI, | CPL
May

1 Ci-Cx 0013 159 100 023 2617 178 150

2 CiCais 0020 266 100 012 2600 179 123
July

1 C-Csi 0304 021 034 1357 2800 108 250

2 Cis-Cxo 0024 034 052 450 2740 048 092

October
1 CiCx 0040 065 065 127 2700 073 093
2 Cis—Cxo 0020 034 065 333 2690 060 132

Note: D — the range of identified n-alkanes; C — total concentration of identified
n-alkanes, mg-L™".

Thus, the n-alkanes in the water samples collected in May 2023 are predomi-
nantly autochthonous and are associated with phytoplankton and bacterial produc-
tion. The above season is characterised by active phytoplankton development [27].

In July, a relatively uniform distribution of n-alkanes was recorded at St. 1,
where the MPC exceedance was observed. At St. 2, the distribution differed,
showing signs of bimodality (Fig. 3, b): the first peak (even-numbered n-alkanes
in the range Ci3—Cz4) may be associated with the work of the bacterial community,
whereas the second peak (C,7—Cs) is usually associated with higher plants of
both aquatic and terrestrial origin [25].

At St. 1, the n-C{7 homologue was identified in small amounts, while at St. 2
it was not detected at all (Fig. 3, b). The TAR index at both stations was signifi-
cantly greater than unity (Table 2), indicating the predominance of allochthonous
matter coming from land.

Though at St. 1 in July 2023, the exceedance of MPC by 6 times was recorded,
the CPI, index value was 2.5 (Table 2), indicating the biogenic origin of organic
matter. Moreover, the C;7/Cys ratio was 0.08 (Table 2), indicating the predomi-
nance of allochthonous homologues [28]. The TAR index value significantly
exceeded unity and was 13.57 (Table 2), which also shows the predominance of
allochthonous matter in the water area.
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Thus, despite the relatively uniform distribution of n-alkanes, which may signify
fresh oil pollution, markers of the latter were absent. Diagnostic indices clearly
indicate the predominance of biogenic allochthonous matter. It can be concluded
that no oil pollution was detected in the studied samples, and the increased values
of HC concentrations were due to natural processes.

In surface water samples collected in October 2023, the distribution of n-alkanes
was relatively monotonous (Fig. 3, ¢). The n-C,, homologue was dominant at St. 2;
together with the CPI value (Table 2), this indicates the presence of HC microbial
degradation products in open surface water [25, 29]. In the high-molecular weight
part of the spectrum, the peak associated with the n-alkane C,s, which is of alloch-
thonous origin, was pronounced for St. 2. The homologue Ci7, which is a marker of
phyto- and zooplankton, was absent at St. 2 (Fig. 3, ¢). The values of TAR and
LWH/HWH indices (Table 2) at the studied stations indicate the dominance of
allochthonous matter coming from land. No signs of oil pollution were detected,
as indicated by the CPI, marker value (Table 2).

The ACL marker is used to reveal changes in the ecosystem. The marker re-
mains stable for a long time and decreases abruptly in case of oil pollution [30].
High values of the ACL marker indicate the predominant contribution of herba-
ceous vegetation to HC formation, while low ACL values are characteristic of HCs
of wood origin. This index ranged from 26 to 28 (mean 26.9 + 0.7) (Table 2)
at both stations, which indicates the absence of fresh oil inputs and reflects approx-
imately the same contribution of woody and herbaceous plants to the formation
of organic matter of surface open waters in the water area. The P,q indicator [18]
(Table 2) allows determining the type of vegetation prevailing in the process of
organic matter formation: terrigenous or aquatic [18]. The indicator shows that in May,
HCs of aquatic origin prevailed, whereas in July, terrigenous matter dominated
at St. 1. The proportions of autochthonous and allochthonous matters were approx-
imately equal at St. 2. In October, a slight predominance of autochthonous com-
pounds was noted at both stations.

From the analysis results of the water samples taken in the water area of
the Batiliman Stow from May to October 2023, including during the high recre-
ational season, it was not possible to establish oil pollution of the bay waters.
The main sources of formation of hydrocarbon background of the water area in May
were autochthonous processes associated with the production of phytoplankton and
bacterial destruction of organic matter. In subsequent periods, the importance of
phytoplankton production decreased, bacterial processes and the input of alloch-
thonous compounds came to the foreground. The exceedance of sanitary norm
values (MPC = 0.05 mg-L!), observed in July (0.304 mg-L™") at one of the sta-
tions, is of natural character and associated with active input of allochthonous
compounds.

An important indicator of the marine environment quality is the state of
the bacterial community, for which organic matter, including HCs, entering
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the water area is a nutritious substrate. Our results on the origin of HCs indicate
active participation of bacteria in the synthesis and transformation of HCs.

The results of the performed microbiological studies show that the maximum
HB abundance (2.5-10° cells-mL') in water was observed once in the May sample
of St. 1 (Fig. 4, a), while in the other samples of St. 1, the number of HBs varied
from 95 to 950 cells-mL!. In the beach water area (St. 2), HB abundance ranged
from 150 to 950 cells-mL"! (Fig. 4, @). In May and July, the HB abundance at both
stations exceeded the HB values in October samples, which is probably related to
the phytoplankton blooms, typical of spring [31], and the increase in water tem-
perature in summer. The HB abundance in water of the studied sites is similar
to the data [32] obtained earlier in the conditionally clean water area.

At St. 1, HOBs were detected in all samples. The maximum (95 cells-mL™")
was observed in the July sample, while in the remaining samples, the abundance
of HOBs did not exceed 10 cells-mL"! (Fig. 4, b). In the May sample of St. 2,
no HOBs were detected, and in October they were represented by single cells
in a millilitre of seawater (Fig. 4, b). The HOB maximum at St. 2 was identified
in July (95 cellss-mL™"). The HOB share of the HB abundance in water samples
at St. 1 did not exceed one per cent in May, and in July and October it was 10%.
At St. 2, the HOB share of the HB abundance was 10% in July and it decreased
to 1.6% in the October sample. In clean waters, hydrocarbon-oxidising microor-
ganisms are considered to account for up to 7% of saprophytic heterotrophic micro-
flora [33].

No lipolytic bacteria were cultured in the May sample of St. 1 (Fig. 4, c).
The maximum LB abundance was observed in July (200 cells-mL"), and in Octo-
ber, the LB value was an order of magnitude less. The LB abundance in the water
of St. 2 ranged from 2 to 150 cells-mL" (Fig. 4, ¢). The LB maximum was deter-
mined in July, as at St. 1.
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Fig. 4. Dynamics of the abundance (cells'mL") of hetero-
trophic (a), hydrocarbon-oxidizing (b), lipolytic (C), phenol-
oxidizing (d) bacteria in the water
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POBs at St. 1 were detected in all samples (Fig. 4, d). The maximum
(10 cells-mL") was detected at station 1 in July, while in the other samples of St. 1,
this group of bacteria was represented by single cells per millilitre of seawater.
At St. 2, POBs were also detected in all samples (Fig. 4, d). The maximum
(95 cells'mL") was detected at St. 2 in July. In other samples, the POB abundance
was under 10 cells-mL".

The obtained results (Fig. 5, @) for the assessment of HB abundance in the mac-
rofouling microperiphyton showed that at St. 1 the maximum HB abundance
(2.5-10° cells-g ™), indicating a sufficient amount of highly digestible organic mat-
ter, was observed in the May sample. In subsequent determinations, the HB abun-
dance was 9.5-10° cells-g!. At St. 2, the HB abundance in the May and October
samples ranged from 2.5-10* — 4.5-10* cells-g”!, with the abundance value of HBs
decreasing by an order of magnitude in July. The highest HB abundance at St. 2,
as at St. 1, was determined in the May sample (4.5-10* cells-g ™).

HOBs were cultured from all fouling samples from the mentioned stations
(Fig. 5, b). At both stations, the HOB abundance varied from 95 to 2.5-107 cells-g .
However, at St. 1, the lowest (95 cells-g!') HOB value was recorded in the May
sample, while in the other samples of St. 1, the HOB abundance ranged
from 1.5-10 to 2.5-102 cells-g!. In the beach fouling (St. 2), the maximum
(2.5-10% cells-g ") was obtained in July and the minimum (95 cells-g!) was rec-
orded in October. The HOB share of HB in July samples of St. 1 was 1.6%, and
in July samples of St. 1 and 2 it was 2.6 %. In other months the HOB share at both
stations was under 1%. The quantitative indicators of HOB obtained in the water
area of the Batiliman Stow are much lower than those obtained in the micrope-
riphyton of breakwaters of the Sevastopol water area, which are under a significant
anthropogenic load [34].
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Fig. 5. Dynamics of the abundance (cells-g™!) of hetero-
trophic (&), hydrocarbon-oxidizing (b), lipolytic (C), phenol-

oxidizing (d) bacteria in the fouling
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LBs were detected in 100% of fouling samples from St. 1 and 2 (Fig. 5, c).
At St. 1, the abundance of LBs ranged from 45 to 95 cells-g”!, while at St. 2,
the range of LB abundance was 25-450 cells-g"'. The highest LB abundance values
at both stations were obtained at the height of the holiday season. The minimum
LB abundance (25 cells-g ') was determined in the May sample at St. 2. In the other
samples at St. 1 and 2, the abundance of LBs varied from 45 to 95 cells-g .

POBs at St. 1 were not cultured in the May sample, the results of follow-up
observations at St. 1 showed an increase in the POB abundance in July and October
samples, 75 and 95 cells-g!, respectively (Fig. 5, d). At St. 2, the POB abundance
ranged from 1 to 250 cells-g ! (Fig. 5, d). The maximum (250 cells-g!) at St. 2 was
recorded in the July sample, the minimum in May, and in October the POB abun-
dance in beach fouling decreased to 45 cells-g!.

The data analysis showed that the absence of a pronounced abundance peak of
saprophytic heterotrophic bacteria (Fig. 4, a) and the observed increase in the hydro-
carbon content in July at St. 1 (Fig. 2), given the composition of n-alkanes, can be
related to the entry of high-molecular weight allochthonous compounds, which are
less susceptible to bacterial degradation [35]. The input of allochthonous material
can be related to precipitation occurred the day before (21-23 July 2023) (available
at: https://goodmeteo.ru/pogoda-batiliman-orlinoe-sevastopol/23-7/) and the pecu-
liarities of the station location (possibility of mudflows). The HOB share of the HB
abundance in fouling at both stations was rather low and did not exceed 2.6%,
which corresponds to the values for clean water areas . The obtained quantitative
characteristics of POBs and LBs in the fouling of the Batiliman Stow water area
at the investigated sites were much lower than similar indicators of Golubaya Bay
Beach (Sevastopol water area), at the same time the POB content was much higher
than that in the periphyton of Golubaya Bay Beach [32]. The increase in the abun-
dance of indicator groups of bacteria (HOBs, LBs and POBs) at St. 1 and 2 in July
both in the water samples and in the microperiphyton is a response of the microbial
community to seasonal changes in the ecosystem, including an increase in the an-
thropogenic load on the water area of the Southern Coast of Crimea.

Conclusions

From May to October 2023, the HC concentration in the coastal waters of
Batiliman Stow was 0.013—0.304 mg/L. The composition and content of HCs
in the coastal waters of the Batiliman Stow are caused by natural processes.
Oil pollution was not recorded.

Quantitative assessment of the indicated groups of bacteria in water and mi-
croperiphyton of macrofouling and the obtained results of hydrocarbon content
study indicate that, despite a significant anthropogenic load in summer, there are
active bacterial self-purification processes in the water area of the Batiliman
Stow. Based on the microbiological indicators, the studied area can be classified
as conditionally clean.

3) Mishustina, L.E., Shcheglova, 1.K. and Mitskevich, L.N., 1985. [Marine Microbiology]. Vladivostok:
DVGU, 184 p. (in Russian).
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Taking into account the increasing anthropogenic load on this part of the coast,

associated with the construction of tourist facilities, the results of baseline studies
can be used further for comparative analysis of the state of the waters of the Bati-
liman Stow during environmental monitoring or environmental assessment
in emergencies.
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