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Abstract

Invasions of cold air masses into the atmosphere over the Black Sea in winter cause
the intensive cooling of the surface water layer and contribute to the formation and devel-
opment of a cold intermediate layer. Although such invasions are relatively rare, they regu-
larly recur in winter. The article studies characteristics of the probability of cold invasions
into the atmosphere of the Black Sea region. The article studies series of daily wind data,
as well as data on sensible and latent heat fluxes and sea temperature in winter at various
points in the west and east of the northern and central parts of the Black Sea. The cases of
cold air masses invasion characterized by strong northerly winds were highlighted.
The article considered statistical parameters of the winds in points characteristic of
the north-westerly, northerly and north-easterly winds in the open central part of the sea and
points in the coastal north-western and north-eastern regions. Wind roses and graphs of
cumulative distributions were constructed for the offshore points which allowed determin-
ing the periods of recurrence of strong northerly winds in winter. A direct dependence of
the magnitude of heat fluxes from the sea surface on the northerly wind speed in winter was
revealed. It is shown that cold invasion led to seawater cooling as illustrated by the de-
crease in seawater temperature at the surface and at 50 m depth in 2012.

Keywords: Black Sea, cold invasions, northerly wind, recurrence period, heat fluxes, sea
water temperature
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IToBTOPSIEMOCTH 3UMHHMX BTOPKEHUI XO0JIOTHOT0 BO3AyXa
HaJ YepHbIM MOpeM
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AHHOTANNA

BroprkeHust XOMOIHBIX BO3YIIHBIX Macc B arMocdepy Haj UepHbIM MOpeM 3UMOM sIBIIsi-
I0TCSI IPUYNHOM MHTEHCHBHOTO BBIXOJIa)KUBAHUSI IOBEPXHOCTHOTO CJIOSI BOJ U CIIOCOOCTBYIOT
(OPMHPOBAHUIO M PA3BUTHIO XOJIOJHOTO MPOMEKYTOUHOTO CJOSl. XOTSI TAKUE BTOPXKCHHUS
OTHOCHTEIIBHO PENIKH, B 3UMHUE MEPUOIBI OHU PETYISIPHO MOBTOPSAIOTCA. CTaThs MOCBSIIIE-
Ha UCCIIEZOBAHMIO XapaKTEPUCTUK BEPOSITHOCTH XOJIOAHBIX BTOpXKEHUH B atMochepy Yep-
HOMOPCKOTO pernoHa. MccnenoBansl psiibl CYyTOYHBIX BETPOBBIX JAHHBIX, a TAKXKE JaHHBIX
0 TIOTOKax SBHOTO M CKPBITOTO TEIUIA U TEMIIEpaType MOpPS 3UMOH B Pa3JIMUHBIX TOUYKaX
Ha 3amajJie 1 BOCTOKE CEBEPHOM U LIEHTpanbHOU yacTeil YepHoro Mops. Brienensl ciyyau
BTOPKEHHUS XOJIOJHBIX MacC BO3/yXa, XapaKTEePU3YIOLINECs] CUIbHBIMHI BETPAMH CEBEPHOTO
HaInpasJeHUs. PacCMOTpPEHbI CTaTUCTUYIECKUE TTApaMETPhl BETPOB B XapaKTEPHBIX IS BET-
pa ceBepo-3aIaHoro, CEBEPHOro M CEBEPO-BOCTOYHOIO HANPABICHUSI TOUKAX B OTKPBITOH
LEHTPAILHON YacTH MOpsl M B MPUOPEIKHOI ceBepo-3amaHol U CeBEepO-BOCTOYHOW 00Ja-
cTax. Jis MOPCKMX TOYEK MOCTPOSHBI PO3bl BETPOB M I'padMKu KyMYJISITUBHBIX pacrpelie-
JICHUH, MO3BOJUBILUE ONPENEIUTh NEPUOJIBI TOBTOPSIEMOCTU CUJIBHBIX BETPOB CEBEPHOIO
HalpaBJICHUs] B 3UMHHUH IIepHoJl. BrIsiBiieHa npsiMasi 3aBUCUMOCTD BEIMYHMHBI IOTOKOB TEI-
JIa ¢ IOBEPXHOCTH MOPSI OT CKOPOCTH CEBEPHOT0 BeTpa B 3UMHUI nepuoj. [lokazaHo oxma-
JKIEHHE MOPCKOM BOJBI KaK Pe3yJIbTaT XOJIOJHOr0 BTOpxKeHUs At ciydas 2012 r. Ha npu-
Mepe ToJIel TOHMKEHHUS TEMITEpaTyphl MOPSI Ha TIOBEPXHOCTH U Ha riryouae 50 M.

Karouesble ciioBa: UepHoe Mope, XOJIOAHBIC BTOP)KEHHSI, CEBEPHBIN BETEP, IIEPHO] TIOBTO-
psIEMOCTH, TIOTOKH TEIlIa, TEMIIEpaTypa MOPCKOM BOIBI

BaaronapHocTu: paboTa BbIIOJNHEHA B paMKaX rOCyAapCTBEHHOTO 3a/JiaHHsl [0 TEMe
Ne FNNN-2024-0014 «®yHmaMeHTaIbHBIE HCCICIOBAHIS TPOIIECCOB B3aMMOJCHCTBHS B CHC-
TeMe OKeaH-aTMOchepa, HOPMHUPYIOIIUX U3MECHUUBOCTh (PU3MYCCKOTO COCTOSTHHS MOPCKOM
Cpe/ibl Ha PA3IMYHBIX MPOCTPAHCTBEHHO-BPEMEHHBIX MACIITA0axX.

Joa murupoBanus: E¢umos B. B., Komaposckas O. U. TIoBTOPSIEMOCTh 3UMHHX BTOP)KCHHI
XOJIOHOTO BO3ayXa Haja UepHbIM MopeM // DKojormdeckas 0e30HacHOCTh MPUOPENKHOM
u menbdoBoii 30H Mopst. 2024. Ne 3. C. 6-15. EDN URLGZH.

Introduction

The cooling of the Black Sea surface in winter is most intense when cold air
masses invade across the northern boundary of the sea (1-5). While rare, cold air
invasions into the atmosphere over the Black Sea are a recurrent phenomenon
in winter. In the southern and especially the south-eastern part of the sea, such
invasions are less pronounced and less intense.

Typically, the cases of invasion of cold air masses correspond to the passage
of a cold atmospheric front across the northern boundary of the sea. They are ac-
companied by an increase in surface wind speed up to 10—15 m/s and a decrease
in air temperature down to —5...—10°C. As a result, intense convection and clouding
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develop in the cold boundary layer of the atmosphere above the relatively warm
sea, the temperature of which in winter is in the range of 5-9 °C. A distinctive
clouding pattern is observed in satellite snapshots, manifesting as cellular or roller
structures [2]. Fig. 1 shows an illustrative example of such a snapshot.

In response to such events, the Black Sea exhibits lowering of the surface layer

temperature, development of strong wind waves and wind currents and significant
deepening of the upper quasi-homogeneous sea layer. Such an important feature of
the vertical thermohaline structure of the sea as a cold intermediate layer (CIL) is
formed. The water temperature minimum at depths of 50-70 m is believed to be
formed in the open sea regions as a result of deep penetrating convection under
conditions of large fluxes of sensible and latent heat from the sea surface [4, 6].
Advective transport of cold water from the shallow north-western region by the coastal
western currents and further southwards by the Rim Current system is considered
to be the second, less important cause of CIL formation [4, 8—11].

The characteristics and mechanisms of formation of the sea response to cold
air mass invasion episodes require further study. The purpose of this work is to sta-
tistically assess the recurrence of such phenomena.

Fig. 1. A satellite image of clouding during the invasion of cold air on 9 February
2012 (http://rapidfire.sci.gsfc.nasa.gov/imagery/subsets/)
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Data and methods of study

To assess the characteristics of the probability of cold air invasion into the Black
Sea region atmosphere, ERAS reanalysis data (spatial resolution 0.25° x 0.25°)
on wind speed at 10 m height and heat fluxes at the sea surface were used [12],
as well as Copernicus climate reanalysis data (resolution about 10 km) on water
temperature and surface wind speed V.

When identifying cases of cold air mass invasion, the northerly wind direction
with a wind speed of at least 5 m/s at a height of 10 m was taken as a defining
feature. Wind directions from strictly north-westerly to strictly north-easterly, i. e.
inclusive of all angles within the selected range of 90°, were considered to be nor-
therly.

Data series of the winter period (January and February) with a time interval of
1 day at selected points separately in the north-west and north-east of the Black Sea
region were studied. These two points were selected taking into account the charac-
teristic features of the Black Sea meteorological regime during the winter period.
The data at the north-western point describe the invasions of cold air, which is
formed at the south-eastern periphery of the anticyclone with the centre north-west
of the Crimea [13], into the atmosphere of the northern boundary of the sea.
The second point was selected due to its relevance to the phenomenon of cold
north-eastern air invasion, which has been identified as a factor responsible for
the development of the Novorossiysk Bora [2]. The choice of two winter months is
related to the more general objective of studying the mechanism of deep cooling
of the Black Sea, which is maximally developed in the second half of the winter
period of the year [9, 11].

Our choice of criteria for determining the invasion of cold air masses is cer-
tainly quite arbitrary. Concurrently, an initial examination of synoptic data indi-
cates that the predominant cooling of the sea takes place at north-easterly winds.

Obtained results and discussion

To determine the frequency of northerly winds, wind speed series were exam-
ined at points on the Black Sea northern coast at coordinates (46.7° N; 31° E) and
(44.9° N; 38° E). The data set encompasses the winter months (January and Feb-
ruary) between the years 1940 and 2022 (83 years), with a time interval of 1 day.
The series comprises 4918 values pertaining to wind speed components. At the west-
ern point, 1727 instances of northerly winds were identified, 685 of which exhibit-
ed wind speeds of at least 5 m/s, with a maximum speed of approximately 14.3 m/s
and an average speed of approximately 6.5 m/s. At the eastern point, 1009 instances
of northerly winds were identified, with 117 days exhibiting wind speeds of at least
5 m/s. The maximum recorded wind speed was 9.6 m/s, while the average speed
was approximately 6.1 m/s.

The picture undergoes a notable transformation over the sea, where we exam-
ined the series of daily wind data for January and February over a 44-year period
(1980-2023) at two sea points in the north-west (45.5° N; 31.5° E) and north-east
(44° N; 37° E), situated in the almost central region of the sea. The series comprised

DE.U. Copernicus Marine Service Information: Global Ocean Physics Reanalysis.
https://doi.org/10.48670/moi-00021
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2607 values. At the western sea point, 870 instances of northerly winds were iden-
tified, of which 680 exhibited wind speeds of at least 5 m/s, with a maximum of
15.7 m/s and an average speed of 8.5 m/s. At the eastern point, 877 instances of
northerly winds were identified, of which 623 exhibited wind speeds of at least
5 m/s, with a maximum of 19.4 m/s and an average speed of 8.4 m/s.

Fig. 2 shows wind roses constructed according to these wind data.

The wind roses display a notable discrepancy in their shapes. At the eastern
point, there is a markedly higher prevalence of north-easterly winds, with speeds
exceeding 6 m/s. Furthermore, both eastern and western points exhibit a minimal
presence of westerly and easterly winds, with relatively weak winds constituting
the predominant contribution. It should be noted that the distributions of surface
wind speeds are considered, given that these are significantly dependent on the fea-
tures of the atmospheric boundary layer, including orography and temperature con-
trasts between sea and land in coastal regions [14]. The discrepancy in the wind
roses observed at two points over the sea situated approximately 600 km apart can
be attributed primarily to the influence of boundary effects such as the impact of
the elevated Crimean and Caucasus Mountains.

Generalized Extreme Value (GEV) distribution was used to assess important
probabilistic characteristics such as return values and recurrence periods (i. e. values
occurring once in a certain time period, the so-called recurrence period for a given
return value)

Fe .8y o 1)

L)

where L is position parameter; ¢ and § are scale and shape parameters, respec-
tively.

Wind speed, m/s

I |
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14-16 16-18 18-20
Fig. 2. Wind roses for offshore points in the west (@) and east (b)
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Return values and recurrence periods are related by the following relationship

F=(1-UT()),

where F is probability density estimation (percentile) for the return value of esti-
mated quantity U and its expectation time (recurrence period) 7.

The GEV distribution enables the approximation of the so-called tails of
the cumulative distribution functions for values exceeding a selected threshold
value.

Fig. 3 shows cumulative distributions of northerly wind speed values at sea
points in logarithmic coordinates from the threshold value of 6 m/s. The plots ex-
hibit a slight elevation in wind speed probability within the range of approximately
12 m/s at the western point. Notably, the eastern point exhibited exceptionally
high wind speeds, though the discrepancy was minimal. It is noteworthy that
this eastern region of the sea is the location where strong wind phenomena, namely
the Novorossiysk Bora, are observed during the winter season.

Wind speed, m/s
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Fig. 3. Cumulative distribution functions of wind speed values in loga-
rithmic coordinates at offshore points in the north-west and north-east of
the Black Sea. The blue dots are 44° N, 37° E; the red dots are 45.5° N, 31.5° E
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Recurrence periods T (days) for the series of An important characteristic of
daily values of northerly wind speed at offshore

! ¢ wind speed anomaly is the recur-
points for January—February in 1980-2023

rence period, which represents

the expectation time for a particu-
U, 455°N, 44°N, S
s 315 F 3TF lar e>%trerTle .Valu’e. Approximations
of this distributions allowed us to
I 72 8.4 obtain estimates for the recurrence
9 10.2 11.9 periods of high wind speeds. Esti-
mates of the recurrence periods T
10 15.8 17.7 )
for the return highest values of nor-
11 26.6 28.3 therly wind speed at a height of 10 m
12 49.6 48.2 U at these sea points are given
13 102.7 87.7 in the Table.
14 238 171 The results indicate that episo-
des of cold air invasion with speeds
15 623 359 .
exceeding 8 m/s have an average

recurrence period of approximately
8 days. It can be observed that higher wind speeds exhibit a longer recurrence peri-
od. Episodes of cold air invasion with speeds exceeding 14 m/s recur infrequently
in the eastern part of the sea, with a recurrence period of approximately 5.5 months.
This interval encompasses the winter periods of January and February. At the western
point, the recurrence period is even less frequent, occurring once every 8§ months
(approximately once every 4 years).

A direct dependence of the sensible and latent heat fluxes from the sea surface
on the northerly wind speed value was revealed, and a linear relation between them
was obtained: H = 37.9 U, where H is total heat flux; U is wind speed.

Given the rather high correlation between wind speed and total heat flux (ap-
proximation reliability R ~ 0.5), the main attention was paid to the response of sea
temperature to wind speed perturbations.

Episodes of cold invasions, despite their short duration (usually not more than
2-3 days), have a noticeable impact on the temperature decrease in a sufficiently
deep water layer. The case of the cold invasion on 8—9 February 2012 was selected
according to the data of the Copernicus climate reanalysis using the above criteria.

As can be seen from Fig. 4, the temperature decrease spread in the upper layer
up to 50 m depth. At the same time, the distribution of the sea surface temperature
decrease is spatially much more homogeneous compared to the temperature decrease
field at a depth of 50 m. Generally speaking, the physical mechanism of deep pene-
trating cooling in the winter period manifested in the inhomogeneities of the tem-
perature field requires a separate consideration.
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Fig. 4. Decrease of the Black Sea water temperature at the surface (a) and
at a depth of 50 m (b) during two days of the cold air invasion of 10 February
2012

Conclusion

The invasion of cold air across the northern, north-western and north-eastern
boundaries of the Black Sea in winter, usually accompanied by increased wind
speeds and decreased temperature values, can be classified as an extreme meteoro-
logical phenomenon that requires further investigation. The ERAS reanalysis and
Copernicus climate reanalysis data sets with increased spatial resolution were used
for their study.

Two points were selected, situated in the eastern and western regions of
the northern Black Sea basin, in close proximity to the centre. The distribu-
tion functions of extreme wind speed values were constructed for each location.
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The recurrence periods of high wind speeds during the winter invasion of cold air
from the north were estimated.

It is shown that the cases of invasions with significant increases in wind speed
and decreases in air temperature are relatively rare events. However, they lead to a no-
ticeable decrease in sea temperature from the surface down to depths of 40-50 m.
As an example of a cold invasion case on 8-9 February 2012, data on changes in sea
temperature at the surface and at a depth of 50 m for two-day period are presented.

A more detailed analysis of the physical mechanisms of the Black Sea re-
sponse to episodes of cold air invasions, highlighted using the derived estimates,
based on the WRF-NEMO coupled atmosphere-sea model is beyond the scope of
this paper and will be presented later.
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Abstract

The Pacific Ocean shelf and continental slope off the Kamchatka Peninsula and the North-
ern Kuril Islands are the area of spawning and early stages of life for some commercial
fish species. However, it remains a poorly studied area with a limited set of observational
data. In this paper, we perform a comprehensive analysis of heterogeneous satellite obser-
vations and global tidal model results over March—August 2015-2021. The work aims
to obtain new information on the spatial and temporal variability of the characteristics
of different-scale eddy structures and to assess the influence of tidal dynamics on some
features of this variability. The following open data archives and atlases are used:
Mesoscale Eddy Trajectory Atlas Product Meta3.2 DT, Terra, Aqua/MODIS and
VIIRS/Suomi NPP (ocean surface temperature, chlorophyll a), Sentinel-1A/B radar images,
NASA SMAP wind, AVISO absolute dynamic topography, TPXO9 tidal currents, CMEMS
GLORYSI12vl currents. The paper uses the analysis results to assess the interannual and
seasonal variability of the incidence and characteristics of mesoscale and submesoscale
eddies and its relation to variations in the East Kamchatka Current and wind regime.
The contribution of the tide to the eddy dynamics is shown. As an example, we consider
the case of manifestation of small eddies at the periphery of the mesoscale anticyclonic
eddy in Avacha Bay. It is shown that the interaction of this anticyclonic structure with tidal
currents can serve as an independent mechanism of submesoscale eddy generation.
This finding can be extended to the entire study region, which appears to be important
for understanding the factors affecting the survival of commercial fishes at early life stages.

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

AxBaropus menbha U MATEPUKOBOTO CKJIOHa KaM4aTcKoro mosiyocTpoBa M CEBEPHBIX
Kypunbckux ocTpoBOB co cTOpoHBI THXOro OKeaHa sIBIsSETCS 00JacThi0 HepecTa M o0HTa-
HUSI HEKOTOPBIX BHJIOB MPOMBICIOBBIX PHIO Ha paHHUX CTAaIUsAX pa3BuTHs. OJHAKO OHA
0CTaeTcsl HeJJOCTATOYHO U3Yy4YCHHBIM PAaHOHOM OKeaHa C OIPaHWYEHHBIM HA0OPOM JIaHHBIX
HaOIroIeHNH. BBIMOTHEH KOMIUIEKCHBIN aHAJIN3 PAa3HOPOTHBIX CITyTHUKOBBIX HAOIOICHHH
Y pe3yJbTaTOB PacueToB MO TI00ATLHON MPUIIMBHOM MoJienH 3a MapT — aBrycT 2015-2021 rr.
Ienb paboThl — MOMydYeHUE HOBBIX CBEACHHI O MPOCTPAHCTBEHHO-BPEMEHHON H3MEHYHBO-
CTH XapaKTEePUCTHUK Pa3HOMACIITAOHBIX BUXPEBBIX CTPYKTYP M OLCHKA BIMSHUS HPUIUB-
HOW JJMHAMHMKH Ha HEKOTOpPbIe OCOOCHHOCTH 3TOWH M3MEHYHMBOCTH. VcHonb3yroTcs ciieay-
I0llMe OTKPBITHIC apXHBbI JaHHBIX U aTiackl: Mesoscale Eddy Trajectory Atlas Product
Meta3.2 DT, MODIS-Terra/Aqua u VIIRS-Suomi NPP (Temneparypa NOBEpXHOCTH OKeaHa,
KOHLEHTpaLys XJopoduiuia a), paauosioKalnoHHble H300paxenus Sentinel-1A/B, Betep
NASA SMAP, abcomornast nuaamunueckas tororpadpus AVISO, npunusable Tedenus TPXO9,
teuernss CMEMS GLORYS12v1. o pe3ynbraTaM aHajan3a OIEHEHbI MEXI010Bast U CE30H-
Hasi ©3MEHYMBOCTh YaCTOThl BCTPEUAEMOCTH M XapaKTEPUCTUK ME30MaCIITAOHBIX U CyOMe-
30MacIITa0HBIX BUXPEH M €€ CBA3b C BapHanusaMu Bocrtouno-KamyaTckoro TedeHns u BeT-
poBoro pexxuma. [loka3aHn BkJaJ| NpUIMBA B BUXPEBYIO JUHAMHUKY. B kadecTBe mpumepa
paccMOTpeH cllydail TPOsIBICHHS MaJibIX BUXpell Ha nepudepur Me3oMaciiTaOHOTrO aHTH-
HUKJIOHHYECKOTO BUXPsSl B ABAYMHCKOM 3ajiMBe. Y CTAHOBJICHO, YTO B3aMMO/ICHCTBHE aHTH-
LUKJIOHMYECKON CTPYKTYPHI C IMIPUIMBHBIMU TEUCHHSIMHU MOXET CIIY)KUTh CaMOCTOSTEIb-
HBIM MEXaHH3MOM TeHepaluy cyOMe30MaclITa0HbIX BUXPEil. DTOT BBIBOJ MOXKET OBITH
pacmpocTpaHeH il BCEr0 pPEruoHa MCCIIEIOBaHUS, 4YTO MPEJCTAaBISIETCS Ba’KHBIM
B MOHMMaHUN (DAKTOPOB, BIMSIONIMX Ha BBDKMBAHME NPOMBICIOBBIX PBIO Ha PaHHUX
CTa/MsIX Pa3BUTHUS.

KiiioueBble c10Ba: BUXPb, aIbTUMETPUS, COIYTHUKOBAs PaAHOIOKaIMs, ONTHYECKUN Tua-
MMa30H, Me30MaclITabHble BUXPH, CyOMe30MacTaOHble BUXPH, TPUJIUB, TEUCHHS, 3aBHX-
PEHHOCTh, MUHTal, Tuxuil okean

BaarogapHocTu: MCCielOBaHUE BBIMOJIHEHO 3a CYET I'paHTa POCCUICKOro HaydyHOTO
¢donrma Ne 23-17-00174, https://rscf.ru/project/23-17-00174/.
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Jdns nurupoBanus: PasHomacmiTabHas BUXpeBas IUHAMHKAa Ha aKBATOpPHU THUXOro
OKeaHa, puiieraroieil Kk noxyoctpoBy Kamuartka u ceBepHbIM Kypriibckum octpoBam /
A. B. 3umuH [u 1p.] // Dxomormdeckas 0€301MaCHOCTD MPUOPESIKHOHN U MIEB(POBOH 30H MOPSI.
2024. Ne 3. C. 16-35. EDN VPBEOU.

Introduction

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

The cold East Kamchatka Current and the associated eddy structures exert
a considerable influence on the variability of the hydrological structure of the waters
of the region under consideration [8, 9]. On average, the prevailing direction of
water transport in the near-surface layer of the shelf and the continental slope of
the peninsula is southwesterly. During the pollock spawning season, the current
velocity varies from 5 to 45 cm/s [10]. At the same time, mesoscale eddies move
relatively fast (with a velocity of ~ 4-5 cm/s), predominantly moving in the same
direction [11]. Mesoscale structures of predominantly anticyclonic type, with a dia-
meter of 70150 km, are clearly discernible in the infrared and visible ranges and
according to satellite altimeter data [12, 13]. The formation of these structures is
attributed to the instability of the main current flow, with the generation areas in-
fluenced by the specific characteristics of the bottom topography and coastline,
including the presence of extensive bays and capes along the oceanic coastline of
the peninsula. Notable bays include Avacha Gulf, which is a primary pollock
spawning ground [3], and is predominantly characterised by background anticyc-
lonic circulation [14, 15] due to the influence of bottom relief and shoreline hetero-
geneities. Mesoscale eddies, determined from a variety of data sources, are often
observed in the gulf, affecting the variability of water mass characteristics and the
mixing of biologically productive coastal and oceanic waters [10, 16]. In particu-
lar, such formations may provide nutrients to the subsurface ocean and determine
the level of phytoplankton development.
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Note that at the periphery of mesoscale structures, according to satellite radar
observations in the bays of the Kamchatka Peninsula, groups of eddy structures
with sizes predominantly up to 5 km are recorded [17, 18]. Eddies of such sizes are
classified as submesoscale, with the upper boundary of this category determined
by the characteristic value of the internal Rossby radius. In the Pacific Ocean
waters adjacent to the Kamchatka Peninsula and the Northern Kurils, the value of
the baroclinic Rossby radius has been observed to vary from 4 to 15 km [19].
However, no systematic generalisation of data on the frequency of occurrence of
small (submesoscale) eddies and the peculiarities of their generation has been made
for this region. Submesoscale eddies are widespread in the World Ocean as a whole
[20] and can play a significant role in the intensification of mixing, horizontal and
vertical transport of heat and matter in local water areas [21]. The mechanisms
responsible for the generation of small eddies are quite diverse [22] and include
baroclinic-barotropic instability in the region of currents and frontal zones; topo-
graphic effects during the flow around seamounts, islands, and peninsulas; spatially
inhomogeneous wind effects; interaction of larger eddies and their dissipation;
water exchange through straits; and tidal dynamics. The role of these processes
in the development of submesoscale water dynamics in the study area has yet to be
evaluated. However, the importance of tidal processes, particularly those occurring
in a spring-neap cycle, has been highlighted by [23] for the Northern Kuril Islands.
It can be assumed that the intensive tidal dynamics observed in the water area
under consideration, as evidenced in the Arctic seas [21, 24], can be a key factor
on scales ranging from hundreds of metres to tens of kilometres and time intervals
spanning minutes to days, corresponding to the submesoscale interval of
hydrological field variability. Accordingly, the role of tides in shaping the features
of submesoscale dynamics, which may have a significant impact on pollock sur-
vival at early developmental stages in the gulfs of the Kamchatka Peninsula and
the adjacent waters of the Northern Kuril Islands, remains an open question. This
motivates the present study.

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

Materials and methods

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

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

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

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

A multi-year archive of Sentinel-1A/B high-resolution radar images (SAR)
in C-band and Interferometric Wide (IW) imaging modes with a resolution of 20 m
and a swath width of 250 km was used as initial data for recording surface
manifestations of submesoscale eddies (URL: https://search.asf.alaska.edu/).
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A total of 1,405 images covering the study region for the period from March to
August 2015-2021 were analysed. The SAR coverage map of the region is pre-
sented in Fig. 1. Extreme irregularity in coverage can be evident, but in each of
the selected areas, coverage varies from 50-100 SAR images over deepwater areas
to 300-350 SAR images in coastal areas. The mean number of images per area is
approximately 170.

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

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

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

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

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

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

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

On average, about 50 mesoscale eddy structures (Fig. 3, a) with a diameter of
90 km are observed in the study area from March to August each year. The inter-
annual variability of their number does not exceed +20 % and their mean diameter
+10 %. The year 2021 is anomalous in terms of the number of eddies. That year,
the Kamchatka Current, especially in the spring months, deflected significantly
to the southeast of the coast, forming a strong anticyclonic ring after passing Cape
Shipunsky at the crossing of Avacha Gulf [10]. In 2016 and 2017, when the
number of eddy structures was higher than the average, the East Kamchatka
Current was pushed towards the coast and its velocity was above or close to the
multi-year average.
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Fig. 3. Distribution of the number of mesoscale eddies and average velocity of
currents (gray line) in the upper layer based on CMEMS reanalysis data by years
(a) and months (b)
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Analysis of the intra-annual variability showed (Fig. 3, b) that the maximum
number of eddy structures (65) was recorded in March and the minimum (50) in July.
The observed maximum of manifestations is probably related to the weakening of
the East Kamchatka Current due to rearrangement of atmospheric processes deter-
mined by the shift in the position of the Aleutian minimum [32, 33]. This is also
confirmed by the seasonal change in surface current velocity from 21 cm/s in April
to 14 cm/s in August, as observed in the CMEMS GLORYS12v1 reanalysis data.
There are no significant seasonal trends in the variability of mean eddy diameters
(diameters vary from 87 to 95 km for different months).

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

Temperature, °C

157° 159° 161° E
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Fig. 4. Manifestations of anticyclonic structures in fields of sea surface temperature
(a) and chlorophyll a (b) according to MODIS spectroradiometer data from the Aqua
satellite on April 26, 2017
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gradients in chlorophyll a concentration (Fig. 4, b), averaging about 1.5 mg/m’ per
0.25°, potentially making them areas of rich food resources favourable for pollock
survival during early developmental stages [16].

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

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

Regarding the description of the intra-annual variability of submesoscale acti-
vity, it should be noted that the monthly data availability for the period under con-
sideration ranged from 221 to 240 SAR images. The minimum number of small
eddies was recorded in March (Fig. 6, b). They were observed only as single eddies.
In April, compared to March, the number of manifestations increased and they were
more frequent in the shelf areas, especially in the Kronotsky Gulf. In May, the
number of eddies increased, with the greatest increase recorded in the Avacha Gulf
and near Paramushir Island. In June, almost 30 % of the total number of eddies
were recorded. They were mainly recorded in groups. In July, the number of eddies
decreased and they were mainly recorded in the Avacha Gulf.
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monthly speed of the surface wind (gray line) (b)
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In August, the number of eddies increased again and they were observed more fre-
quently over the shelf. Note that the minimum number of eddies in March can be
explained by sufficiently high wind speeds (Fig. 6, b), which can lead to their
masking on SAR images [37]. In other months, the average wind speed decreases
to 5—6 m/s and does not prevent the manifestation of eddy structures on the SAR
images, although another minimum in the number of submesoscale eddies is noted
in July.

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

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

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

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

Including
Area Toz)at} élll\l/[n];ber of them durin
at the ME periphery the spring ti deg
KG 189 80 40
AG 131 117 77
SEK 102 73 31
NK 137 94 65

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

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

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

a manifestation of the known cascade process of vorticity transfer along the scale
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Fig. 7. Geostrophic circulation on 26.06.2018 with the position of the centers
submesoscale eddy manifestations from Sentinel-1 SAR data (the red star is the point
of tidal current calculation; the black and white points indicate cyclonic and anticyclon-
ic submesoscale eddy structures, respectively) (a); the magnitude of tidal currents for
11.06-10.07.2018 (the red line indicates the time when small eddies were recorded
on the SAR image) (b); the relative curl of the geostrophic circulation (c); the difference
of the fields of total curl at high tide (04:00) and low tide (16:00) in the Avacha Gulf
on 26.06.2018 (d). The geostrophic currents were interpolated onto the TPXO09 tidal
model grid
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spectrum from large to small scales [38]. The above considerations do not take
into account the nonlinear interaction between the mesoscale eddy and the tide,
baroclinic effects or other mechanisms of eddy formation are not considered.
Nevertheless, the analysis presented together with the results of the table gives
reason to consider the tidal factor in the occurrence of groups of small eddies
as quite plausible, especially since almost all of these eddies are observed far from
the coast at sufficiently large depths to exclude the influence of topographic
effects. During the neap phase of the tidal oscillations, the currents are at least
twice as weak here, and the tidal influence is reduced accordingly.

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

Conclusion

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

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

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

Based on numerical simulation, the paper studies the spatiotemporal distribution of CO;
fluxes through the free surface of the Black Sea. The basic equation for solving this problem
is the three-dimensional evolutionary transport—diffusion equation for the concentration of dis-
solved inorganic carbon. The simulation uses hydrodynamic fields resulting from a previous
physical reanalysis as input parameters. A model of the lower level of the Black-Sea ecosys-
tem food chain is used to describe the influence of biological factors on the dissolved carbon
dioxide distribution. The concentration and equilibrium partial pressure of dissolved carbon
dioxide in the surface layer of the Black Sea were calculated from the numerical simulation
results. It is shown that the time dependence of these quantities is highly seasonal. The seawater
temperature significantly affects the solubility of carbon dioxide and therefore its fluxes.
The equilibrium partial pressure of carbon dioxide averaged over the area of the Black
Sea is minimal in January—February and maximal in June-July. Accordingly, in the warm
season, the flux of carbon dioxide is directed mainly from the sea to the atmosphere; in the
cold season, the sea mainly absorbs carbon dioxide. Biological factors also influence the CO,
content in the sea. Thus, at the beginning of the year, a high concentration of phytoplankton
is observed almost throughout the entire Black Sea water area, which is why the absorption
of carbon dioxide predominates during photosynthesis. In summer, the release of carbon di-
oxide predominates due to plankton respiration and oxidation of organic matter. The simula-
tion results are in fairly good agreement with in situ measurements of the partial pressure of
dissolved carbon dioxide obtained during scientific cruises.
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OneHkKa MOTOKOB YIJIEKUCJIOT0 ra3a
Yyepe3 MOBEPXHOCTH UepHOro Mopsi 1o pe3yabTaTaM YHCJIeH-
HOT'0 MO/IeJTHPOBAHMS

B. JI. lopogees, JI. U. Cyxux *

Mopckoti euopogpusuueckuti uncmumym PAH, Cesacmononws, Poccus
* e-mail: 1.sukhikhn@gmail.com

AHHOTAIHUSA

Ha ocHoBe 4KCIeHHOr0 MOJETUPOBaHUS M3Y4aeTCsl IPOCTPAHCTBEHHO-BPEMEHHOE pacIpe-
nenenue motokos CO; uepe3 cBOOOIHYIO MOBEpXHOCTh YepHOoro Mopsi. OCHOBHBIM ypaBHE-
HUEM JJIS PELICHHs] 9TOH 3a7auu SABISETCS TPEXMEPHOE IBOJIIOLMOHHOE ypaBHEHUE IIe-
peHoca — nuddy3un JUIsi KOHIEHTPAIMM PaCTBOPEHHOTO HEOPraHWYECKOTo YIiepoja.
HpI/I MOACITIUPOBAHHUU B KAYECTBC BXOJHBIX MApaMETPOB HUCIIOJIb3YIOTCA TUAPOJUHAMNYC-
CKH€ TOJIS, SIBJISIOLINECS PE3YIbTATOM IMIPOBEIACHHOTO paHee Gpu3nuecKoro peananusa. s
OIMCAaHMS BIUSHHUSA OMOJOTMYECKHX (PaKTOPOB HAa pacHpeiesieHHe PacTBOPEHHOTO YrJie-
KHCJIOTO ra3a MCIOJIb3yETCsl MOJENb HIYKHETO YPOBHS IHUILEBOM LIEMH SKOCHCTEMBI UepHOTO
Mopst. Ilo pesynpTaTaM YMCIEHHOTO MOJETMPOBAHUS OBUTH pacCYMTaHbl KOHIEHTPALUS H
PaBHOBECHOE MapLUAIBHOE JABICHUE PACTBOPEHHOIO YIVIEKUCIIOIO ra3a B MOBEPXHOCTHOM
cinoe YepHoro mops. Iloka3aHo, 4TO 3aBUCUMOCTb OT BPEMEHH TUX BEJIMYMH HOCHUT BbIpa-
JKCHHBIM CE30HHBIN XapakTep. Ha pacTBOpUMOCTB yINIEKHCIOro rasa H, ClIe[0BaTelbHO, Ha
€ro NOTOKH CYIIECTBEHHO BIIUSET TEMIEpaTypa MOpcKoi Boabl. OcpeHEHHOE MO0 IIIoMaan
YepHOro Mopsi paBHOBECHOE MapIHalbHOE JaBJICHUE YTJIEKHUCIOTO Ta3a MUHUMANBHO B
sTHBape — (eBpaje U MaKCUMAJIbHO B MIOHE — Hiosie. COOTBETCTBEHHO B TETUIBII CE30H IO-
TOK YTJIEKHCJIOTO T'a3a HalpaBJieH MPEMMYIECTBEHHO M3 MOpPs B aTMOC(epy, B XOJIOHBIN
CE30H MOpE B OCHOBHOM ITOTJIOIIAET yriaekucislil ra3. Ha cogeprxanue CO2 B MOpe BIUSIOT
Take Onosornueckue ¢axropsl. Tak, B Haualle roja MOYTH 10 Bceil akBaropuu YepHoro
MOps HaOJIFO1aeTCsT BEICOKAs! KOHIIEHTpAIMs (PUTOIUIAHKTOHA, M3-3a Yero Mpeo0IIaaaeT Moriio-
LIeHKe YITIEKUCIIOro ra3a B mpolecce ¢poTocunresa. JleroMm npeodnanaer BbACICHUE yIIle-
KHUCJIOT'O I'a3a BCJICACTBUEC AbIXaHUA IJIAHKTOHA U OKHUCJICHUA OPraHNnYCCKOT0 BEIICCTBA. Pe-
3yNbTaThl MOAEIMPOBAHUS JOCTATOYHO XOPOIIO COTTIACYIOTCS ¢ HATYPHBIMH M3MEPEHHUAMU
PaBHOBECHOTO MaplUaIbHOTO AABICHHS PACTBOPEHHOIO YIVIEKUCIIOTO ra3a, OyYeHHBIMU B
XOJIe HayYHBIX PEHCOB.

KuroueBble c1oBa: kapOOHATHAs CHCTEMA, YITIEKHCIBIN a3, HapIualbHOE TABICHHE Y-
JIEKUCIIOTrO ra3a, YepHoe Mope, MOpCKasi SKOCHCTEMA, YHCICHHOE MOJEIUPOBaHNE

BaarogapHocTH: paboTa BBINOJIHEHA B paMKax rocyaapcrBeHHoro 3aganus ®I'BYH
OUILl MT'U o teme FNNN-2023-0001. ABTOpbI OiarogapsaT COTPYAHHUKOB OTAeNa
6uoreoxumuu mopsi ®PI'BYH OUL] MI'M 3a npenocraBieHHble pe3yabTaThl 00paboOTKU
HaTYPHBIX JaHHBIX.

Jas untupoBanus: Jopogees B. JI., Cyxux JI. M. OueHka MOTOKOB YTJIEKUCIIOTO Tra3a
Yyepe3 MOBEpXHOCTh YepHOTo MOps MO pe3yibTaTaM YHCICHHOIO MOJCIHPOBaHUS //
Okonoruyeckasi 0€30MacHOCTb MPUOPEKHO 1 menbPoBoi 30H Mopsi. 2024. Ne 3. C. 36-48.
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Introduction

A large number of papers (e. g. [1-7]) have been devoted to the study of
the Black Sea carbonate system and, in particular, the flux of carbon dioxide
through the surface. These studies are mainly based on measurement data. The dis-
advantage of these data is that they are limited in space and time. To obtain spatial
distributions and temporal evolution of carbonate system components, it is nec-
essary to use numerical three-dimensional models of the marine environment.
Recently, numerical simulation of marine ecosystems has become widespread,
including the Black Sea ecosystem simulation [8-11]. As an example of a model for
the entire world ocean, the PISCES model can be mentioned [12]. Numerical eco-
system models describe the evolution of biological and hydrochemical fields
as well as the carbonate system elements. They advantage the possibility of obtain-
ing a sequence of the marine environment parameters on a regular grid. Of course,
simulation results cannot replace in situ measurements, but they can extrapolate their
results over time and over wider spatial areas. This paper presents preliminary results
of estimation of carbon dioxide fluxes between the Black Sea and the atmosphere
based on numerical simulation.

Method of study

Quantitative estimation of carbon dioxide fluxes through the sea—atmosphere
interface is one of the main tasks in the study of the carbon cycle. This paper solves
this problem by numerical simulation. The basic equation is three-dimensional
evolutionary transport—diffusion equation for the dissolved inorganic carbon con-
centration

%+6(UC)+G(VC)+8(WC)= KhVZC +£(Kvﬁj+R, Q)
ot OX oy oz oz oz

Where u, v, w are current velocity components; Ky, K, are coefficients of horizontal
and vertical turbulent diffusion, respectively. Representing the coefficients of equa-
tion (1), these fields, are provided by the Black Sea circulation model. Summand R
in the right-hand side of equation (1) has the form R = Res — upt + Ox, where Res
describes the input of carbon dioxide due to the respiration of all plankton species;
— upt describes reduction of dissolved inorganic carbon from photosynthesis dur-
ing primary production and Ox — its input due to oxidation of suspended organic
matter [13].

An existing three-dimensional model of the lower level of the Black Sea eco-
system food chain is used to calculate these values [14, 15]. From the mathematical
point of view, the biogeochemical part of the model represents a system of fifteen
(according to the number of state variables) transport-diffusion equations similar
to equation (1). The summands in the right-hand sides of this system describe biogeo-
chemical interactions among the state variables of the ecosystem model. A view of
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these sources for the ecosystem model is presented in [15]. Variable units are con-
verted from nitrogen to carbon using the C:N ratios for the Black Sea taken from
[16].

The connection of the circulation model with the biogeochemical part is one-
way in this work. That is, current velocity fields, temperature, salinity and turbulent
diffusion coefficients obtained from the hydrodynamic model in advance are then
used to calculate the biogeochemical model parameters and in equation (1). The cal-
culation domain for equation (1) and the biogeochemical part of the model coincides
horizontally with the corresponding domain for the circulation model (grid steps
equal to 4.8 km coincide, accordingly) and occupies vertically the upper 200 m layer
of the Black Sea. At the same time, the computational horizons correspond to the
circulation models. The results of a 28-year physical reanalysis of the Black Sea
fields (1993-2020) were used as hydrodynamic fields in this work [17].

To obtain the initial fields, the calculation for 2017 was carried out in a cycle in
which the input parameters of the ecosystem model (current velocity, temperature
and salinity fields for 2017) were taken from the reanalysis. Once the biogeochemi-
cal fields reached the stationary regime, the calculation was terminated and the ob-
tained fields were used as initial fields for the main calculation.

Dissolved CO- concentration was calculated from the obtained dissolved inor-
ganic carbon fields using formula

[DIC]:[COZ]X{H K1 N KiK2 }

[H'] [HTIH"]

where effective dissociation constants of carbonic acid K1, K> depend on seawater
temperature and salinity. Then its equilibrium partial pressure is determined from
the concentration of dissolved carbon dioxide using Henry coefficient Ko by formula
[CO2] = Ko pCO-, [18]. The Henry coefficient is not a constant as it depends on sea-
water temperature and salinity.

To calculate the concentration of dissolved carbon dioxide from the total inor-
ganic carbon concentration in water, it is necessary to know the concentration of
hydrogen ions in addition to coefficients Ki, K»>. To estimate the fluxes of carbon
dioxide through the sea surface, only surface values of carbon dioxide concentration
are necessary. In this work, the pH parameter was not calculated by the model, but
approximated in time and space according to the data from atlas ¥ containing maps
of pH distribution on the Black Sea surface for four seasons.

The partial pressure of carbon dioxide in the atmosphere surface layer was as-
sumed to be constant and equal to 410 patm. The carbon dioxide flux between
the sea and the atmosphere was calculated by formula F = Tr (pCO2y — pCO2a),
where Tr is carbon dioxide transport coefficient between the sea and the atmosphere;
pCO.y and pCO2, are partial pressure values in water and in the atmosphere. The value

D Mitin, L.I.. ed., 2006. Atlas of the Black Sea and Sea of Asov Nature Protection. Saint Petersburg:
GUN i O, 436 p. (in Russian).
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of coefficient Tr was chosen to be 0.5 gC-m=-patm=-month™ (the World Ocean av-
erage according to [19]).

Results

The main calculation covered four years from 2017 to 2020. Fig. 1 shows
the evolution of basin area averaged concentration of carbon dioxide at the sea sur-
face and its partial pressure obtained from simulation results. Temporal dependence
is highly seasonal. Dissolved carbon dioxide pressure values are minimal around
January—February and maximal around June-July. When the partial pressure of car-
bon dioxide dissolved in seawater exceeds the pressure in the atmosphere, the flux
is directed from the sea to the atmosphere through the free surface, and vice versa.
Thus, it follows from the graph of pCO; change that invasion is observed on average
in the Black Sea water area during cold times (approximately from October to April)
because the partial pressure of CO- dissolved in the sea is lower than the partial
pressure in the atmosphere. On the contrary, evasion is observed on average during
the warm period (approximately from April to October).

The maxima and minima on the graph of temporal variability of carbon dioxide
concentration in the Black Sea surface layer do not coincide with the corresponding
extremes on the graph of pressure. They are shifted by about three months. This is
stipulated by the fact that the Henry constant, which relates the values of CO, con-
centration in the sea and its equilibrium partial pressure, depends, among other
things, on the sea water temperature, which varies considerably during the year.
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Fig. 1. Evolution of the average over the basin area concentration of carbon
dioxide at the sea surface (a) and its partial pressure (b) obtained from simulation
results. The straight line shows the CO- partial pressure in the atmospheric surface
layer
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At the same time, the range of fluctuations of the basin area averaged concentration
of carbon dioxide (approximately 25 % of the maximum value) is significantly
smaller than the range of pressure fluctuations. The graphs (Fig. 1) also show
the inverse dependence of dissolved carbon dioxide concentration on partial pressure
clearly: the CO; concentration increases in those periods of time when the CO- flux
is directed from the atmosphere to the sea, and vice versa, the concentration de-
creases when the flux is directed to the atmosphere.

Figure 2, a shows the graph of the time dependence of the sea area averaged
value of the Henry coefficient. The temperature and salinity fields obtained from the
reanalysis of the Black Sea hydrodynamic fields were used to calculate the value of
the coefficient at each grid point. The variability of the Henry coefficient is also
highly seasonal and is almost antiphased to the change in the carbon dioxide partial
pressure (see Fig. 1, b). Over the course of a year, the area average of the Henry
coefficient changes by almost a factor of two. Figure 2, b shows the graph of sea
surface temperature evolution. These two graphs change in antiphase and it can be
concluded that the variation of the sea area averaged value of the Henry coefficient
is determined mainly by the sea water temperature. That is, the main contribution to
the intra-annual variability of the CO; partial pressure in the sea surface layer is made
by hydrological factors (mainly water temperature). The partial pressure decreases
as the water temperature decreases and increases as the temperature increases. Ac-
cordingly, as long as the dissolved CO; pressure is greater than the atmospheric
one, the flux through the sea surface is directed towards the atmosphere which is ac-
companied by a decrease in the dissolved CO; concentration. Then, when the dis-
solved gas pressure becomes less than the atmospheric one, the flux through the
surface changes direction with an increase in the dissolved carbon dioxide concen-
tration.
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Fig. 2. Evolution of sea area averaged values of the Henry coefficient (a) and sea
surface temperature (b)
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Figure 3 shows the spatial distribution of the Henry coefficient. In summer,
the distribution of the Henry coefficient is almost uniform over the entire water area
except for the river confluences where the water is much freshened. In winter, the
coefficient value is higher than in summer. In addition, an increase in the coefficient
values is clearly visible in the north-western shelf (NWS) and along the western coast
of the Black Sea. This is due to the fact that the NWS water is the coldest and most
freshened in winter. The Black Sea Rim Current, intense in winter, carries this water
along the western coast.

Figure 4, a, b provides an insight into the spatial distribution of the carbon dioxide
partial pressure in the Black Sea surface layer. It shows the monthly average maps
for two months, January and June 2017 (which corresponds to the minimum and
maximum in Fig. 1, b). Spatial distributions of pCO; are similar for both months: the
maxima are observed in the centre of the basin and in the NWS (only in its north-
ern part in January). However, the average level varies significantly. Thus,
the surface partial pressure of dissolved carbon dioxide is lower than the atmospheric
pressure (410 patm) in the entire water area in January and it is higher practically in
the entire water area in June.

Biological processes also affect the dissolved carbon dioxide pressure distri-
bution. Figure 4, ¢, d shows average monthly maps of the surface distribution of
value R = Res — upt + Ox describing the input of dissolved carbon dioxide from the
plankton respiration and organic oxidation and its loss during photosynthesis for the
same months.

In January, this value is negative almost over the entire water area (except
for a small area in Karkinitski and Tendrovski Bays). A local maximum is identified
at this location on the pCO; distribution map (Fig. 4, a). That is, the absorption of
carbon dioxide prevails over its production due to biological processes in January.
In June, most of the area has positive values, except for the central part of the sea,
where it is close to zero.
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Fig. 4. Spatial distribution of partial pressure of carbon dioxide in the surface layer
of the Black Sea (a, b) and monthly average maps of the surface distribution of the R
= Res —upt+ Ox value (c, d) for January and June 2017 (the white line in Fig. 4, d indicates
the zero isoline)

The predominance of carbon dioxide absorption over its production as a conse-
quence of biological processes or vice versa is directly related to plankton concen-
trations in the sea upper layer. Figure 5 shows surface phytoplankton concentrations
(a, b) and total plankton concentrations (c, d) for the same two months.

In January, the surface phytoplankton concentration is relatively high through-
out the Black Sea area (Fig. 5, a), including its deep water. Total plankton concen-
tration also shows high values (Fig. 5, c), but mainly due to phytoplankton. Ac-
cordingly, the absorption of carbon dioxide in the process of photosynthesis predom-
inates in Fig. 5, c.

In June, concentrations of both phytoplankton and total plankton are low in the
deep sea and high in the NWS (Fig. 5, b, d). Moreover, the total plankton biomass is
significantly greater than the phytoplankton biomass in the NWS. Accordingly, Fig.
4, d shows that the CO;, production caused by the plankton respiration dominates in
the western Black Sea, especially in the NWS.

The obtained numerical simulation results were compared with observational
data, unfortunately, few and local. Fig. 6 shows the pCO; distribution maps based
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Fig. 5. Spatial distribution of surface phytoplankton concentrations (a, b) and total
plankton concentration (c, d) for January and June 2017

Fig. 6. pCO; distribution maps based on observational data (a) and humerical simu-
lation results (b)
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on observational data (Fig. 6, a) [20] and numerical simulation results (Fig. 6, b).
The left map (Fig. 6, a) represents the result of processing samples taken at 132
stations during the 95th cruise of R/V Professor Vodyanitsky from 14 June to 4 July
2017.

In general, the values of the CO, equilibrium partial pressure near the sea surface
obtained from the simulation results are quite close to the measurement data. The
spatial distribution of pressure on two maps does not coincide, however, a char-
acteristic decrease of pressure values near the Southern Coast of Crimea and Sevas-
topol is observed on both maps. It should also be noted that the map obtained from
the model refers to a specific date (26 June), while the survey, on the results of which
the left map is based (Fig. 6, a), lasted more than two weeks.

Figure 7 shows graphs of intra-annual variability of the Black Sea water area
average values of equilibrium partial pressure of carbon dioxide pCO; obtained from
measurements and simulation results averaged over four years. The left graph (Fig.
7, a) was kindly provided by the Marine Biogeochemistry Department of Marine
Hydrophysical Institute. It is based on the processing of data obtained in 2015-2021
during the R/V Professor Vodyanitsky expedition studies of Marine Hydrophysical
Institute. The location of stations is given in [7, p. 871].

Both graphs are relatively similar. Thus, the intra-annual variability of
the Black Sea average equilibrium partial pressure of dissolved carbon dioxide
in the sea surface layer is reproduced well by the model.
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Fig. 7. Intra-annual variability of pCO, from observational data (a) and numer-
ical simulation results (b)
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Conclusions

Based on the results of numerical simulation, the time course and spatial distri-
bution of such elements of the carbonate system as the concentration of dissolved
carbon dioxide in the surface layer of the sea and its equilibrium partial pressure
were obtained. The time course of these parameters is highly seasonal.

It has been shown that during the time period approximately from October to
April, i. e. during the cold season, invasion is observed on average in the Black Sea
water area because the equilibrium partial pressure of CO- dissolved in the sea is
lower than the partial pressure in the atmosphere. Evasion occurs during the warm
season, approximately from April to October, when pCO- in water is on average
higher than in the atmosphere.

At constant partial pressure of CO; in the atmosphere (it changed during the year
by 5 % according to the measurement data in 2017, according to atlas?), the direc-
tion of carbon dioxide flux through the Black Sea surface is mainly influenced
by seawater temperature. The equilibrium partial pressure of the dissolved gas de-
creases when the temperature decreases and increases with its increase. As long as
the CO; pressure in the water is greater than the atmospheric one, the flux through
the sea surface is directed towards the atmosphere, which is accompanied by a de-
crease in dissolved CO; concentration. When the dissolved gas pressure becomes
lower than the atmospheric one, the flux through the surface reverses its direction,
which is accompanied by an increase in dissolved carbon dioxide concentration.

The flux of carbon dioxide through the sea free surface is also influenced
by biological processes. In winter, almost the entire Black Sea area is dominated
by carbon dioxide absorption over carbon dioxide production due to high phyto-
plankton concentration near the Black Sea surface. In summer, however, carbon di-
oxide release predominates over most of the water area due to the plankton respira-
tion.

The equilibrium partial pressure of dissolved carbon dioxide obtained as
a result of simulation was compared with the data of hydrochemical surveys.
The comparison showed a fairly good agreement between the results of numerical
simulation and measurements.
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Abstract

In many practical applications, a statistical description of waves is needed to calculate and
predict their impact on ships, coastal structures and beaches. This paper investigates the statis-
tics of the trough Th and the crest Cr of sea surface waves in the coastal zone of the Black
Sea. The analysis uses data from direct wave measurements obtained on a stationary ocean-
ographic platform of the Marine Hydrophysical Institute of the Russian Academy of Sciences.
In all situations, the mode of the Th and Cr distributions is shifted to the region of higher
values relative to the Rayleigh distribution mode. As a rule, the analysis of the distributions
of trough and crest is carried out within a second-order nonlinear model based on the Stokes
wave. It is shown that within the framework of this model it is possible to describe only
the average distribution over an ensemble of situations, while for practical tasks it is neces-
sary to know the deviations from these values. The type of Th and Cr distributions signifi-
cantly depends on the skewness of the distribution of sea surface elevations 4,. With 4, <0,
the probability density function Th and Cr are almost identical. The second-order nonlinear
model, in which the condition 4, > O is always fulfilled, does not describe this situation.
The probability density functions Th and Cr obtained with 4, > 0 correspond qualitatively
to this model. Changes in the excess kurtosis of the distribution of sea surface elevations
have a lesser effect on the probability density functions Th and Cr.
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CraTucruueckue pacnpeacJacHus BbICOTHI rpeﬁneﬁ
u FJ]yﬁI/IH])I BIIaAUH MOPCKHX IMOBEPXHOCTHBLIX BOJIH
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Mopckou eudpoghusuueckuii uncmumym PAH, Cesacmonons, Poccus
e-mail: sevzepter@mail.ru

AHHOTaNMSA

B Hacrosiue#t paboTe UCCIeMYIOTCs CTATHCTUYCCKHUE PACTIPEACICHUS TIIyOUHBI BIaauH Th
U BBICOTHI rpeOHel CI MOPCKHX MOBEPXHOCTHBIX BOJIH B IPUOPEKHOM 30He UepHOTO MOpsI.
Jlis aHanm3a UCIOJB3YIOTCA TaHHbBIE IPSMBIX BOJHOBBIX M3MEPEHHUH, OTy4YEeHHBIE HA CTa-
[IHOHAPHOW OKeaHOrpaduueckor miarhopme MOPCKOro THAPOGUIUISCKOTO HHCTHUTYTA
PAH. Bo Bcex cutyanusax Moaa pacmpeaeienuii Th u Cr cmenieHa B 061acth 0ojiee BbICO-
KHMX 3HAYeHHH OTHOCUTENILHO MOAbI pactpenenenus Panes. Kak npasuno, ananus pacrpe-
JENICHU TIyOMH BIAJAWH M BBICOT TpeOHEH NMPOBOAMTCS B paMKaxX HEIMHEHHOW MOJICIH
BTOPOI'0 MOPSIKA, MOCTPOEHHON Ha ocHOBe BOsHBI CTokca. [lokazaHo, 4TO B paMKax yka-
3aHHOW MOJIEJIA MOYKHO OIIHCATh TOJIFKO CPEIHUE TI0 aHCAMOITIO CUTYAIMid pacipeIeIICHs,
B TO BpeMS Kak JUI MPAKTUYECKHUX 3a]1ad HeOOXOIUMO 3HATh OTKJIOHEHHS OT ITHX 3Haye-
uuii. Bun pacnpenenenuii Th u Cr cyliecTBeHHO 3aBUCHT OT aCUMMETPHH PACTIPEICIICHHUS
BO3BBILICHHH MOPCKO# MOBEPXHOCTU Ay. [Ipu Ay < O GYHKIMU MIOTHOCTH BeposiTHOCTE#H Th
u Cr noutu coBnasarot. HenmuHeliHas Molienb BTOPOTro MOPsKa, B paMKax KOTOPOW Bceria
BBITTOTTHSIETCS YCIOBUE An > 0, He onmchIBaeT 3Ty cutyanuto. [lomydeHnsie mpu An > 0 pyHK-
MU TUIOTHOCTH BeposiTHOcTed Th u Cr KauecTBEHHO COOTBETCTBYIOT JAHHOW MOJEITH.
M3meneHus skcuecca paclpeneiacHysl BO3BBILIEHUM MOPCKON IOBEPXHOCTH B MEHbIIEH
Mepe BIMAIOT Ha (PYHKIMH IUIOTHOCTH BepositHocTeit Th u Cr.

KiroueBble c10Ba: MOpCKas HMOBEPXHOCTh, BOJHBI, BIAAWNHA, TPEOCHB, CTATHCTHYCCKHUE
pacnpenenenusi, YepHoe mope

Baaronapaoctu: paGoTa BBINOJIHEHAa B paMKaX TOCYJapCTBEHHOTO 3aJaHUs 10 TeMe
FNNN-2024-0001 «®yHnamMeHTaNbHBIC UCCICAOBAHUS IPOIIECCOB, ONMPEICSIIONIIX MOTO-
KM BEIIECTBA U YHEPIHMH B MOPCKOM Cpe/ie M Ha €€ I'PaHuIax, COCTOSHHUE U IBOJIOLUIO (QH-
3MYEeCKOW M OMOTEOXMMHUYECKOH CTPYKTYpPhl MOPCKHX CHCTEM B COBPEMEHHBIX YCIOBHSIX)
(umdp «OxeaHoNIOrHYECKUE MpoLecch). ABTop Oiarogaput A. B. I'apmaruosa, nmpenocra-
BUBIIIETO JIaHHbIC BOJTHOBBIX M3MEPEHHI Ha CTAI[MOHAPHOM OKeaHOTpadIecKoi rmiarhopme.

Jas uutupoBanusn: 3aneganos A. C. CTaTUCTHYECKHE paCIIpeeNICHIsI BBICOTHI TPeOHEN 1
TIyOWHBI BMAJAWH MOPCKUX MOBEPXHOCTHBIX BOJIH // DKojormyeckas 0e30mMacHOCTh MpH-
opexHoi u menbhoBoii 300 Mopst. 2024, Ne 3. C. 49-58. EDN CYOWEE.

Introduction

The study of sea wave statistical distributions and the identification of rogue
waves are among the urgent tasks of modern oceanology [1]. In a linear wave field,
which represents a superposition of sinusoidal waves with random phase, provided
that the wave spectrum is sufficiently narrow, the distribution of wave heights is
described by the Rayleigh distribution [2]. It also describes the distributions of
crest heights and trough depths [3]. The Rayleigh distribution is generally regarded
as the lower limit giving the lowest probabilities for rogue waves [4]. The linear
model also underestimates strongly the probability of high crests [5].
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Crest Cr refers to the maximum value of wave record n(t) between the time
it crosses the zero level from bottom to top and the time it crosses that level
from top to bottom [6]. Similarly, trough Th is minimum value n(t) between two
consecutive crossings of the zero level from top to bottom and from bottom to top.
Wave height is defined as the sum of consecutive maximum and minimum values
between two points where the wave record crosses n(t) the zero level upwards
or downwards, i. e., H=Cr + Th [7].

Deviations of sea wave statistical distributions from the linear model are
usually described within a second-order nonlinear model which is based on the de-
composition of the wave profile into small parameter powers (steepness) [8].
In the above model, the skewness of the sea surface elevation distribution is always
higher than zero [9], the crests are higher and the troughs are shallower than
predicted by linear theory [10]. Both of these conditions are not always fulfilled
in marine environments. Measurements made in different areas of the world ocean
have shown that the lower limit of the range where the skewness varies lies in the re-
gion of negative values [11, 12]. The second-order nonlinear model describes only
average trends of skewness and excess kurtosis changes not allowing to describe
the whole variety of situations occurring in the sea [13].

The ratios of crest and trough vary widely. Some situations are observed when
the maximum trough is greater than the maximum crest during a measurement
session [14, 15]. According to measurements in the Black Sea, the probability of
an event in which the trough of the highest wave in the measurement session is
greater than its crest reaches 10% [16].

Less attention has been paid to the analysis of the distribution of sea wave
troughs than to the statistical description of their crests, although the distribu-
tion of troughs is of great importance for a number of engineering applications [9].
The purpose of this paper is to analyse jointly the distributions of crests and
troughs of surface waves.

Measurement equipment and conditions

Wave measurement data obtained on the stationary oceanographic platform of
Marine Hydrophysical Institute of the Russian Academy of Sciences were used
to study the statistical characteristics of surface waves. The stationary oceano-
graphic platform is located in the coastal part of the Black Sea off the Southern
Coast of Crimea at a depth of about 30 metres. Two types of wave recorders were
used to measure surface waves. The wave recorders of the first type contain a ver-
tically stretched nichrome string as a sensor [17] and the nichrome string is coiled
with a constant pitch on a vertically oriented supporting cable-tether in wave
recorders of the second type [18].

This paper analyses the measurement data obtained in the summer and au-
tumn of 2006 as well as in the winter of 2018. In 2006, measurements were taken
in sessions lasting several hours; in 2018, wave measurements were taken continu-
ously for a month. Continuous recordings of sea surface elevations were divided
into 20 min fragments. A total of 2380 twenty-minute fragments were used
for the analysis.
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For each fragment, crest Cr and trough Th of separate waves were determined
and significant wave height Hs, skewness A and excess kurtosis E of surface
elevation were calculated. Only waves satisfying the conditions of Cr > 5 cm
and Th > 5 cm were considered in the analysis. Hereinafter, parameter Th is equal
to the trough modulus.

Wave measurements carried out in different seasons made it possible to cover
a wide range of meteorological parameters. The average wind speed during the
measurement session varied from conditional zero (the threshold of propeller start-
ing) to 26 m/s. The wind speed reached 35 m/s in gusts. The wave periods calculat-
ed from the maximum of the wave spectrum were in the range from 1.1 sto 9 s.
Significant wave height varied from 0.1 m to 2.3 m. The values of wave steepness
(nonlinearity parameter) ranged mainly from 0.009 to 0.09.

Distributions of troughs and crests
For statistical moments n(t), we introduce the following notation

tn = (M"(),
where (...) is averaging. Let us assume that the average value of a random variable
is w1 = 0, then the skewness and excess kurtosis of the surface elevation distribu-
tion are equal to 4y, = ua/p2*? and E,, = pa/pe? — 3, respectively.
To compare the statistical distributions of troughs and crests determined in dif-
ferent situations, we will use normalised wave records

n(t)=n(t)/Hs, (1)
where Hs is significant wave height connected to the second statistical moment of

sea surface elevations by relation Hs =42 .

The probability density function of the Rayleigh distribution describing distri-
butions of Cr and Th under the linear model is as follows

X NG
FR(X)dexf{—EJ, x>0, (2)

where a= Hg /4. Considering (1), we obtain that in our case mode of distribution

(2) is defined as Mor =0.25.

Empirical probability density functions of Cr and Th were calculated based on
histograms constructed with equal intervals of 0.05. Fig. 1 shows the empirical
probability density functions of crests F¢r(X) and troughs Fr (x) calculated over
the entire measurement data set. It can be seen that modes of empirical distribu-
tions Moc, and Mogp are shifted relative to the Rayleigh distribution mode to-

wards higher values x, i. e., the following conditions are fulfilled
Mocr > Mog, Mory > Mog .

The modes of the Cr and Th distributions are located in neighbouring intervals,
with their centers Mocy = 0.375 and Mot =0.325 .
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Fig. 1. Probability density func-
tions F (average over an ensemble of
situations). The blue curve is Fer (X),
the red curve is Fm(X), the black
curve is Fr (X)

The consideration of nonlinearity leads to the fact that the probability of high
crests becomes greater than in the linear model, in which this probability is
described by the Rayleigh distribution, and the probability of deep troughs is
smaller [9]. It follows from Fig. 1 that inequality Fer (X) > Fr(X) is true in region
X> Mo, . The ratio between F, (x) and Fr(X) changes at xo = 0.8, inequality

Fm (X) > Fr(X) takes place in region x, > x> Mo, , reciprocal ratio Fr (x) < Fr(X)

takes place at x > Xo. Thus, in the area of high crests and deep troughs, deviations
Fer (X) and Frn (x) from Fr(X) occur in the direction predicted by the second-order
nonlinear model [19], i. e., the average distribution of crests and troughs over
an ensemble of situations corresponds to this model qualitatively.

Earlier studies of senior statistical moments of sea surface elevations have
shown that the second-order nonlinear model makes it possible to describe only
average trends of skewness and excess kurtosis, but does not allow describing
the whole variety of situations occurring under sea conditions [13]. The skewness
and excess kurtosis values vary over a much wider range than the model suggests.
In particular, the model estimates of surface elevation distribution skewness A,
and excess kurtosis E, are always positive [20], while situations in which 4, <0
and/or E,, < 0 are often observed under sea conditions [12]. Fig. 2 shows at what
values of 4, and E,, the wave records analysed in this paper were obtained.
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Usually, the distributions of crests and troughs are analysed within a second-
order nonlinear model based on the decomposition of the wave profile into a series
of small parameter powers [19-22]. In [8], a simplified second-order nonlinear
model, which is the sum of linear n. (X, t) and nonlinear nn (x, t) components, is
proposed to describe the sea surface statistical characteristics. The model is con-
structed for waves propagating in deep water in the narrowband spectrum approx-
imation. It is described by the amplitude-modulated Stokes wave equation with
average frequency o and random phase &

n(xt)=nL(xt)+nn(xt)=ar(xt)cosd +%kpar2(x,t)cos(26), 3)

where ar (X, t) is envelope; 6 = kp X — ot + ¢€; kp IS wave number corresponding to
the wave spectrum peak. The local maxima of nonlinear term mn (X, t) coincide
with the crest and trough of the linear wave n (x, t), hence, the ridge and trough
within model (3) are equal [9]

1 1

2 2
In order to assess how applicable this model is to the description of statistical
distributions of crests and troughs, it is necessary to analyse how functions Fcr (X)

and Fm (x) change in different situations, in particular, when the skewness or ex-
cess kurtosis is negative. Fig. 3 shows the results of this analysis.
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Fig. 3. Probability density func-
tions F calculated for three ranges of
skewness 4,. The blue curve is
Fer(x), the red curve is Frn(x),
the black curve is Fr ()
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It follows from Fig. 3 that when changing the sign of skewness A4, the type of
function Fmn(x) changes significantly. If condition 4, <0 takes place, equality
Fm (X) = Fer (X) is observed. Note that equality F (X) = Fer (X) takes place within
the linear model when the Cr and Th distributions are described by the Rayleigh
distribution. In this case, the difference from the linear model at 4, < 0 is that
inequalities Fer (X) > Fr(x) and Fm (X) > Fr (X) are fulfilled in region x > 0.45.

As follows from Fig. 4, changes in the excess kurtosis have a lesser effect
on the type of functions F¢r (X) and Fr (X).
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Fig. 4. Probability density functions F calculated for four ranges of excess
kurtosis En. The blue curve is F¢r (), the red curve is Fm (X), the black curve
is Fr(X)
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Conclusion

Based on direct wave measurements carried out under sea conditions, the dis-
tributions of troughs Th and crests Cr of sea surface waves were analysed. On av-
erage over an ensemble of situations, the greater values of crests calculated from
the measurement data have higher probability than the Rayleigh distribution sug-
gests, and the probability of deep troughs is smaller. Such distributions of crests
and troughs correspond to a second-order nonlinear model qualitatively.

At the same time, the second-order nonlinear model fails to describe Fn(X)
and F¢r (X) when sea surface elevation distribution skewness A, is negative.
It is shown that functions Fm (X) and F¢r (X) are approximately equal at 4,, < 0.

Changes in the excess kurtosis of the distribution of sea surface elevations
have a lesser effect on the probability density functions of Th and Cr than changes
in the skewness of the distribution.
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Abstract

Accumulative marine coastal forms of the Azov-Black Sea basin are a key element of
coastal abrasion-accumulative geosystems and a valuable commercial resource. Monitoring
of the accumulative forms dynamics in the region is a necessary component for successful
management of the coastal zone and timely adoption of measures for coastal protection.
The purpose of the work is to determine the qualitative and quantitative characteristics of
the transformation of the Lake Bogaily Barrier Beach influenced by storms, in particular
the extreme storm of November 26-27, 2023. The work uses materials from long-term
monitoring observations, satellite images, simulation results of hydrological and lithody-
namic processes, literary and archival sources. It was established that in the last 60 years
the configuration and topography of the studied accumulative form have changed signifi-
cantly. Periods were noted when the morphological and dynamic features of the accumula-
tive form did not undergo fundamental changes as well as periods of their significant trans-
formation. In particular, during the storm on November 26-27, 2023, the configuration and
topography of the Lake Bogaily Barrier Beach was completely redesigned. The paper reveals
characteristic features of the accumulative form dynamics during the storm. The accumula-
tive body was displaced into the water area of the lake. The magnitude of this displacement
significantly exceeded that of the retreat of the adjacent bedrock shores. The longitudinal
and transverse structure within the barrier beach that existed for several decades has been
completely transformed. It is concluded that any extreme storms play a decisive role
in the variability of coastal accumulative forms in the region.

Keywords: Black Sea, Crimean Peninsula, coastal geosystem, barrier beach, accumulative
form, extreme storm, coastal relief, coastline

Acknowledgments: The work was carried out under state assignments no. FMWE-2024-0027
and FNNN-2024-0016.

For citation: Krylenko, V.V., Goryachkin, Yu.N., Krylenko, M.V. and Divinsky, B.V., 2024.
Transformation of Lake Bogaily Barrier Beach (Western Crimea) under the Influence of an
Extreme Storm. Ecological Safety of Coastal and Shelf Zones of Sea, (3), pp. 59-78.

© Krylenko V. V., Goryachkin Yu. N., Krylenko M. V., Divinsky B. 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. 3. 2024 59



Tpancpopmanust nepecosinu
o3epa boraiiabl (3anagubsiid Kpbim)
M0 BO3/AEHCTBHEM IKCTPEMAJIBHOIO IITOPMA

B. B. Kpbuienko ! *, IO. H. lopsiukun 2, M. B. KpbLienko 1,
B. B. JluBunckwmii !

lthcmumym oxeanonoeuu um. ILI1 [llupwosea PAH, Mockea, Poccus

2 Mopckoii 2uopogusuueckuti uncmumym PAH, Cesacmonons, Poccus
* e-mail: krylenko.slava@gmail.com

AHHOTaIHSA

AKXKyMyIsITHBHBIE MOpPCKHE Oeperosbie (hopMbl A30Bo-UepHOMOpPCKOTO OacceiiHa SBISIOTCS
KJIFOYEBBIM 3JIEMEHTOM OEperoBhIX aOpa3sHOHHO-aKKyMYISTHBHBIX I€OCHCTEM M IICHHBIM
XO34HCTBEHHBIM pecypcoM. MOHUTOPHHT AMHAMHUKHU aKKyMYISTUBHBIX (OpPM peruoHa siB-
JsIeTCsl HeOOXOMMMOM COCTABISIIONIEH YCIICITHOTO YHpaBJICHHUsI OeperoBOif 30HOM M CBOE-
BPEMEHHOTO MPUHSITHS Mep o 3amure Oeperos. Llens paboTel — onpenesieHne KauecTBEH-
HBIX ¥ KOJIMYECTBEHHBIX XapaKTePUCTUK TpaHCHOpMauy Mepeckiny 03. boraiins! mox aeii-
CTBHEM IITOPMOB, B YaCTHOCTH SKCTpeMallbHOTO mTopma 26—27 Hos0pst 2023 1. Mcnonb3o-
BaHbl MaTepHajbl MHOTOJETHHX MOHHTOPHHIOBBIX HaONIONEHWH, CITyTHHUKOBBIC CHHUMKH,
pe3ynbpTaThl MATEMaTHIEeCKOTO MOJCITUPOBAHUS THAPOJIOTMYECKUX MIPOIIECCOB, JIUTEPATyp-
HBIE ¥ apXWBHBIE HCTOYHHUKHU. YCTAHOBIEHO, UTO B mocieanne 60 et HabIromamuch 3Ha-
YHUTEIbHbIE U3MEHEHUsI KOHPUTYpanuu U perabeda n3ydaeMoil akKyMYJISTHBHOW (hOpPMBI.
OTMedeHBI Neprosl, KOra MOP(OIOTHIECKHE U THHAMUYIECKHE 0COOCHHOCTH aKKyMYyJIs-
TUBHOH (OPMBI HE TNpETepreBaIN MPUHIUIHATGHBIX U3MEHEHUI, W MEepUOAbl ee 3Hauh-
TeJIbHOW TpaHc(hopmannu. B dacTtHocTH, BO BpeMs mrropma 26—27 HosOps 2023 1. KoH-
¢urypanus u penbed nepecsinu o3. boraiuel ObUIM 3HAYNTETHLHO U3MEHEHBI. BEIsBICHBI
XapakTepHbIE 4YepThl TUHAMUKHA aKKyMYTATHBHOW (GopMbl B Xome mrtopma. [Ipomsomuro
CMEIIeHNEe aKKyMYJISITUBHOTO TeJa B aKBATOPHIO 03€pa, BETMYMHA ITOTO CMEIICHHS CyIIe-
CTBEHHO TIPEBBICHIIA BEJIMUMHY OTCTYIAHMS NPHIIETAIONNX KOpeHHBIX Oeperos. IIpeodOpa-
30BaHa CYIIECTBOBABIIAS HECKOIBKO ACCATWIETHI NMPOAONIBHAS W TONEpedHas CTPYKTypa
B mpezienax nepecsinu. CraenaH BBIBOJ, YTO 3KCTPEMANbHBIC 1I0 TEM M MHBIM XapaKTepH-
CTHKaM ILITOPMBI WUIPAIOT ONPENEISIONIYI0 POJIb B M3MEHYMBOCTH OEPEroBBIX aKKyMYJIsi-
THBHBIX (popM pernoHa.
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Introduction

Shirshov Institute of Oceanology of RAS and Marine Hydrophysical Institute
of RAS have been engaged in research into the dynamics of the Azov—Black Sea
coasts for several decades. Particular attention is paid to the investigation of the for-
mation and transformation of coastal accumulative forms, encompassing spits and
barrier beaches [1-3].

The combination of anthropogenic and natural factors, particularly storm im-
pacts, has resulted in the transformation of coastal accumulative forms, in some
instances leading to their degradation [1]. It is indicated in [4] that transformations
of sandy beaches, defined as seasonal, can occur as a result of a single storm event.
An improved version of the CROSS P storm deformation model was proposed
in [5], incorporating the impact of overflow over the foredune during storm surges.
The modelling results demonstrated that during periods of overflow across the fore-
dune, a portion of the transported sediment was transferred to the rear slope. This
resulted in a gradual inland migration of the dune belt, accompanied by a decrease
in height. The potential for material transport to the rear of the barrier beach and
the possibility of its displacement towards the lagoon as a result of an extreme
storm are also discussed in [6]. In [7], it was demonstrated that the XBeach model
is capable of accurately simulating morphological changes, including those induced
by storm activity, such as erosion of dunes and beaches. In [8], the XBeach math-
ematical model was employed to examine the effects of storm waves on the Lake
Bogaily area. The findings revealed that these waves induce significant beach
erosion and active reformation of the upper part of the underwater coastal slope.
The objective of this study was to obtain quantitative estimates of the water edge
retreat rate and bottom topography deformation values for different wave exposure
times.

Extreme storm surge tends to have the strongest effect on the redistribution of
material in the coastal zone. There are known cases [9] when the volumes of flows
transverse to the shoreline reached 200 m3/m, leading to significant changes in the re-
lief of the accumulative form. However, recent studies [10, 11] have shown that
extreme storms can redistribute sediment and, in some cases, stabilise shorelines.
The results presented in these studies demonstrate the complex and not always pre-
dictable nature of storm effects on accumulative forms.

It is uncommon for extreme storms to occur, and the scientific observations of
the transformation of marine coastal accumulative forms in the Azov-Black Sea
region as a result of such events are limited in number and nature. No such pur-
poseful observations have been conducted along the coastline of the Crimean Pen-
insula. Furthermore, there has been an observed increase in the frequency and in-
tensity of storm waves in the Azov—Black Sea basin [12, 13].

In November 2023, the Black Sea was under the influence of a series of deep
Mediterranean cyclones. Winds of up to 40 m/s were observed over most of the water
area. A storm wave was formed on 26-27 November 2023, exhibiting numerous
parameters that surpassed those observed in the region earlier that same year.
This allows us to categorise the event as an extreme natural phenomenon [14].
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It is relevant to consider the impact of an extreme storm on the Bogaily Lake
Barrier Beach in the context of the development of this accumulative form over
the past 60 years. The objective of this study is to determine the qualitative and
quantitative characteristics of the transformation of the Lake Bogaily Barrier Beach
in response to the impact of an extreme storm on 26-27 November 2023.

Materials and methods of research

For the study region (Fig. 1), the first available remote sensing materials are
space images from the 1960s—-1980s Y. Satellite images of different years from open
sources (Google Earth, Yandex, Bing, etc.) were used to analyse the coastal dynam-
ics. For operational assessment of changes caused by the storm on 26-27 Novem-
ber 2023, data from the Sentinel-2 spacecraft of the European Space Agency were
used 2-9. To achieve accurate spatial referencing, geometric correction of satellite
data was performed. The 9+ GCP (Ground Control Points) polynomial method
was used for geometric correction of the images. To improve accuracy, the number
of points was significantly increased (more than 20 GCPs were used most often),
and they were distributed evenly over the area of the corrected image [15]. Subse-
guently, for each image, the accuracy of the acquired vector data was evaluated
using reference linear objects (street networks and airfield runways) situated
in proximity to the coastal area under study. The line of the sea edge and, if possi-
ble, the lagoon and cliff edge were digitised based on the multi-temporal images
presented in these resources. Taking into account the steep sea slope of the beach,
the maximum possible sea level rise at the storm peak of about 0.4 m, as well as
the low intensity of surge events, the change in the planned position of the shore-
line as a result of sea level fluctuations is significantly lower than the accuracy of
measurements. As a result of this work, information on the dynamics of the shore-
line and other morphological elements of the studied natural objects in different
periods was obtained.

In order to undertake an in-depth examination of the relief and associated dy-
namics, the generation of digital elevation models was essential. In fulfilling this
task, materials from aerial surveys carried out using unmanned aerial vehicles
(UAVs) were used. A combination of planned and panoramic surveys was conduct-
ed in areas with cliffs [16-18]. High-accuracy digital relief models (DRMs) and
orthophotomaps were constructed utilising photogrammetric image processing
technology. The Agisoft Metashape software was employed to generate high-
quality 3D models of objects and orthophoto maps based on digital photographs.

DU.S. Department of the Interior U.S. Geological Survey (USGS). Available at:
http://earthexplorer.usgs.gov [Accessed: 30 August 2024]

2 MultiSpectral Instrument (MSI). Available at: https://sentinel.esa.int/web/sentinel/missions/sentinel-
2/instrument-payload [Accessed: 30 August 2024]

3 The operational Copernicus optical high resolution land mission. Available at:
http://esamultimedia.esa.int/ docs/S2-Data_Sheet.pdf [Accessed: 30 August 2024]
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Fig. 1. Map-chart of the Kalamitsky Gulf in the Black Sea (data on underwater
topography are given using SonarChart™ materials (https://webapp.navionics.com)).
The calculation point is the point for which the main wave parameters were calcu-

lated
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TerraScan Bentley MicroStation module was used to classify photogrammetric
point clouds ¥. The digital images obtained from UAVs were processed to create
orthophotos with a resolution of 0.05 m and digital relief models (DRMs) with a grid
step of 0.15 x 0.15 m. These materials were employed in the analysis of the topog-
raphy of the barrier beach.

In addition to remote sensing materials, data of granulometric analysis of
beach and bottom sediment samples, morphometric characteristics, geobotanical
descriptions obtained during expedition works, as well as archival cartographic
materials were used.

The climatic characteristics of wind waves in the Black Sea were calculated
using the modern spectral wave model MIKE 21 SW [19] ®. A full description of
the model, as well as the issues of model verification and tuning are described
in [19]. Based on the results of calculations, an array of spatial fields of surface
wave parameters was formed with a discreteness of 1 h covering the entire sea area
for the period from January 1979 to December 2023.

General characterisation of the Lake Bogaily Barrier Beach

Lake Bogaily is situated in the central region of the Kalamitsky Gulf (Fig. 1),
representing an estuary formed at the convergence of the Sukhaya and Bogaily gul-
lies. The lake has a surface area of approximately 0.95 km?, with a maximum depth
of 20—40 cm near the barrier beach for the majority of the year. The lake barrier
beach is 1.4 km in length and 40-70 m in width. The accumulation formation is
sustained by sedimentary material derived from the abrasion of the adjacent bank
structures on either side. The area is characterised by cliffs reaching heights of
up to 8-10 m, comprising clay deposits interlayered with sandstones, gravelites and
conglomerates of ancient alluvial origin. The structure of cliffs is described in great
detail in [2]. It can be observed that the migration of material typically occurs
within a narrow nearshore zone. However, the formation of submarine shafts was
not noted. A mixture of fine and medium sand with fine gravel is the predominant
composition on the marine underwater slope of the barrier beach, at a depth of
1-1.5 m. Deeper than 2.5 m, siltstones become the predominant composition.
In the depth range of 2 to 4 m, no particles larger than 0.25 mm were observed
in the samples. It can be concluded that the zone of migration of beach-forming
sediment in the area of the Lake Bogaily Barrier Beach is limited to isobaths of
2-2.5 m. Furthermore, it has been observed that fine-grained silty fractions accu-
mulate at greater depths [20].

The barrier beach constitutes part of the Kalamite lithodynamic system of
order | [21], which extends between Cape Lukull and Cape Yevpatoria (Fig. 1).
The resulting longshore sediment flow is directed northwards as far as Yevpatoria
Bay [22]. However, in some areas the direction and intensity of longshore sediment
flow is characterised by considerable seasonal and interannual variability [23].

4) Sentinel Online technical website. Available at: https://sentinel.esa.int/web/sentinel/technical-
guides/sentinel-2-msi/level-1c/product-formatting [Accessed: 30 August 2024].

5 DHI Water&Environment. MIKE21/3 Coupled Model FM, 2007. 190 p.
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The cliff, and with it the shoreline at Lake Bogaily, is actively retreating. Satel-
lite data show that between 1984 and 2016, the cliff retreated an average of 42 m
along the abrasion section north of the barrier beach, and the barrier beach retreated
30-35 m inland. Thus, the rate of retreat of the seashore of the barrier beach is
close to the rate of retreat of the adjacent cliffs. The rate of the process in the mul-
tiannual regime varies significantly depending on the frequency and strength of
storms.

The multiannual regime is dominated by the west-southwest swell [24]. An analy-
sis of the distribution of heights and periods of significant waves over 30 years [25]
has shown that the highest wave heights in the adjacent Black Sea area can reach
5.5-6 m with a period of 6.5-7 s during the autumn-winter period. Between April
and September, the average monthly height of significant waves does not exceed
4 m and corresponds to the minimum of wind activity. In the area of the Barrier
Beach of Lake Bogaly, there are two dominant directions of approach of significant
waves (from the northeast and southwest), which determine the reversible nature
of the sediment movement along the shore. Mathematical modelling [24] suggests
the existence of two sediment flows towards each other with the formation of a con-
vergence zone at the barrier beach in summer [24]. It is likely that the two-way
movement of sediment predetermines high shoreline variability in some areas, but
increases the stability of the accumulation body as a whole due to the input of sed-
iment from adjacent abrasion areas under all wave conditions.

Prior to the storm of 26-27 November 2023, the cross-sectional profile of
the Bogaily Lake Barrier Beach was based on a full profile sand and gravel beach
[2]. There were three longitudinal zones within the barrier beach: the beach zone,
the ridge zone (dune and vegetation zone) and the estuary zone. The width and other
morphometric parameters of these zones changed from time to time, but the gen-
eral structure of the relief was preserved for decades. Thus, the width of the beach
(up to the vegetation strip and the dunes) was 30—40 m. The beach near the shore-
line is composed predominantly of gravel, while up the slope it is composed of
medium-grained sand. Changes in the topography within the beach during the
normal regime were characterised by alternating areas of surface rise and fall or
widening and narrowing of the beach due to shoreline migration. Even small
storms caused a change in the cross-sectional profile of the beach, most commonly
in the nearshore zone. Formation and subsequent destruction of storm rolls and
terraces was most commonly observed. In some parts of the barrier beach, formation
of washout scarps up to 1 m high was recorded during strong storms accompanied
by an increase in longshore currents.

The uplifted part of the barrier beach was originally the crest of a full profile
beach (1.8-1.9 m above sea level). As vegetation developed along it, accumulative
aeolian forms were formed. In recent decades, until the storm of 26-27 November
2023, a dune ridge up to 0.5 m high (2-2.5 m above sea level), covered with herba-
ceous vegetation characteristic of coastal aeolian forms, existed along the crest of
the barrier beach. Some parts of the dune ridge were separated by depressions —
scour holes — where waves overtopped during strong storms. During these periods
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there was an increase in the width and depth of the scour hole, partial destruction of
the aeolian moulds along its sides, and removal of material to the lagoonal shore of
the barrier beach and into the lake. In addition to storm damage, the top of the barrier
beach has been subject to anthropogenic impacts from vehicle traffic, with signifi-
cant damage to the relief of the aeolian forms and vegetation.

During the most severe storms, the transfer of gravel and sand material from
the seashore to the lakeshore by wave splash has been recorded within the scour holes.
This process can be considered as an element of the sediment budget for the shore
adjacent to the Lake Bogaily Barrier Beach. In the vicinity of the scour holes
on the lake shore of the barrier beach, export cones were formed which determined
a peculiar configuration of the lake shore in the form of festoons. No active redis-
tribution of the incoming material along the lake shore was observed, which can
be explained by insufficient wave intensity. The near shore depression, except for
the cones, was covered with halophytic herbaceous vegetation, which in dry years
forms the part of the dried lake bed adjacent to the barrier beach. A berm of vegeta-
tion and debris was observed along the lake shore. Until the 1970s, Lake Bogaily
was salty and periodically dried up. Subsequently, the discharge water from the poul-
try farm commenced flowing into the lake, resulting in the lake becoming full year-
round. In the southern part, there was a pipeline for the discharge of freshwater and
the conveyance of wastewater, which has since been destroyed. Following a reduc-
tion in discharge during dry years, the lake dries up completely again in summer.

Dynamics of the shoreline and relief of the Lake Bogaily Barrier Beach

The available archival cartographic materials and satellite images allow us
to distinguish several characteristic periods in the development of the accumulative
body of the Lake Bogaily Barrier Beach.

In some maps of the nineteenth century, the lake is depicted as a sea bay,
with Kichik-Bel Island situated along the line of the modern barrier beach. During
this period, it would appear that there was no continuous barrier beach in existence;
the lake was connected to the sea by a strait (or straits) of variable width.

The space images of 19 July 1963 and 19 September 1968 reveal the presence
of a scour between the lake and the sea in the southern part of the barrier beach,
although its precise location varies. It is likely that the cause of this phenomenon is
anthropogenic.

The analysis of space images allows us to state with a high degree of confi-
dence that the structure of the over-water body of the barrier beach was completely
different to what it became later, at least between the years 1963 and 1968.
The images of 19 July 1963 and 19 September 1968 (Fig. 2) demonstrate that
the shorelines on the sea and lake sides are straight and almost parallel, and that
the barrier beach, with an average width of 80 m, exhibits minimal transverse
hydrogenic forms, with the exception of a large scour in the southern part. The lon-
gitudinal zones are evident in the structure of the coastal embankments and vegeta-
tion along the barrier beach.

An alternative perspective is offered by the image of 21 June 1975. The width
of the barrier beach ranges from 60 m in the north to 40 m in the south, which is
associated with the elevated water level in the lake. The seaward shoreline remained
straight, but the lake shoreline became curved, especially in the southern part.
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The longitudinal structure shows a curved shoreline berm crest with no evidence of
vegetation, indicating that storm surge has impacted the entire surface of the barrier
beach. The most probable cause of these changes is the extreme storms recorded
during 1969 [26-28].

The image dated 31 July 1984 (Fig. 3) illustrates the restoration of the barrier
beach structure in the form of a beach strip, a dune ridge with developed lagoonal
slope vegetation, and a drying strip with emergent vegetation along the lakeshore.
The width of the barrier beach varies from 40 m in the southern part to 60 m
in the northern part. The seaward edge line is almost straight, with a few gentle
bends in the southern part of the lake edge line. Trails traversing the dune and
vegetative bands are discernible, yet there is no indication of substantial transverse
scouring or evidence of drift cone formation along the lakeshore.

Unfortunately, detailed images of the period 1984-2005 could not be located.
As a result, it is challenging to determine the extent to which the extreme storm of
15 November 1992 impacted the Barrier Beach of Lake Bogaily.

The configuration of the barrier beach (Fig. 3) in the 2005 image is very sim-
ilar to that observed in 1975, showing a levelled sea-front line and a curved lake-
front line. The width of the barrier beach at two-thirds of the northern extent is
approximately 50 m, subsequently increasing to 60 m. Thereafter, at approxi-
mately 100 m from the southern boundary, there is a notable narrowing to 30 m.
In the longitudinal structure, the strip of beach, dunes and adjacent vegetation is
clearly discernible. The width of these zones along the barrier beach varies in a grad-
ual manner without exhibiting abrupt changes. The 08 May 2005 image also dis-
plays transverse scour holes that separate the vegetation strip. The largest of these
holes on the lagoonal shore correspond to export cones. The general configuration
of the sea and estuarine banks in the image dated 31 October 2009 (Fig. 3) has
remained largely unchanged in comparison with the image dated 08 May 2005.
However, the export cones are now much more visible and are present at the major-
ity of scour holes. It can thus be concluded that the extreme storm of November
2007 did not have a significant impact on the morphological structure of the Lake
Bogaily Barrier Beach. Rather, its impact was limited to the expansion of scour
holes and export cones. As illustrated in Fig. 4, the aforementioned structure was
largely preserved until the November 2023 storm.

One should note significant variations in the mean annual rate of sea level
retreat. Fig. 5 shows that in 1963-1984 the shore retreated insignificantly — from 5 m
in the central part of the barrier beach to 15 m in the areas adjacent to the bedrock
shore. The rate of shore retreat was considerably more pronounced between 1984
and 2005 (Fig. 5). The retreat is 25-30 m along the barrier beach and to the north
of it, and 20 m along the cliff to the south of the barrier beach. It is important
to note the impact of the cross structure (reinforced concrete boathouse) at the junc-
tion of the northern part of the barrier beach with the cliff. The filling of the inlet
corner to the north and the downward scour to the south of the structure are clearly
visible. The impact of this structure can be observed in subsequent periods, even
in instances where it has undergone partial destruction. It is noteworthy that there
were instances when the position of the inlet corner and the downstream scour zone
were reversed.

In view of the distribution and composition of sediment on the submarine
slope along the Lake Bogaily Barrier Beach and adjacent abrasion-prone bedrock
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shores [20], as well as analyses of remote sensing data, it can be concluded that
the actual capacity of the longshore sediment flux is relatively small. It is worth
noting here that from the 1960s onwards the sediment flow in the system has been
decreasing, due to river regulation, the blocking of cliffs by bank protection struc-
tures, the construction of transverse structures and other factors. The southern
boundary of the lithodynamic system, which encompasses the overflow of Lake
Bogaily, can currently be identified as an unnamed cape situated in the southern
region of the Nikolaevka settlement. This is characterised by a system of two
groins. In contrast, the northern boundary is represented by the transverse structure
of the water intake at Lake Kyzyl-Yar. The absence of substantial sedimentary depos-
its within the lithodynamic system, mobilised by storms of varying directions and
with a notable longshore component, contributes to the absence of significant
fluctuations in the volume of material arriving at the barrier beach. This determines
the relative flatness of the seaward edge of the barrier beach and uniformity of
the transverse profile along its entire length. The absence of bends in the shoreline
and underwater slope favours uniform distribution of wave energy and increases
the overall stability of the overwater part of the accumulative form. This is proba-
bly the reason why the position and configuration of scour holes and associated
drift cones on the lagoonal shore have been stable for several decades. In recent
decades, significant wave damage to vegetation along the sea slope of the dunes
and on the sides of stationary scour holes has rarely been observed.
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Fig. 5. Development of the Lake Bogaily Barrier Beach in 1963-2023

Characteristics of the 26-27 November 2023 storm

To analyse the nature of storm impact on the shore, the main wave parameters
(significant wave heights, spectrum peak periods, average propagation direc-
tions) were calculated. The calculation point was located 4500 m from the shore
at an isobath of 10 m (see Fig. 1). In addition, wave power was calculated, which is
a representative characteristic because it depends on two integral wave parameters,
namely wave height and wave energy period. In essence, the power period is
the period of a monochromatic wave with a power equivalent to the power of
a given irregular swell. The power of a wave is expressed in kilowatts per metre of
wave front.
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Fig. 6 shows the maximum wave heights and power in individual storms over
the past 45 years in the area of the Lake Bogaily Barrier Beach. The selection was
limited to storms with significant wave heights exceeding 2.5 m. It is acknowl-
edged that the selection of an appropriate threshold level is always a matter for
debate. In this instance, the objective is to identify the most intense storms that
occurred in a specific year from a multitude of storms. As can be seen from Fig. 6,
the 2023 storm is the most powerful in terms of energy over the past 45 years, with
wave heights slightly inferior to those recorded, for example, in 1981, 1988, 1999
and 2003.

Fig. 7 shows a series of significant wave heights, periods, strengths and direc-
tions at the Lake Bogaily Barrier Beach for November 2023. It shows that the Lake
Bogaily Barrier Beach was under the influence of developed wave action for
almost the entire month. Three storms with power greater than 30 kW/m were ob-
served, including an extreme storm on 26—27 November. As shown in Fig. 6, b, this
storm is the strongest in terms of power (109 kW/m) for the Lake Bogaily Barrier
Beach in the last 45 years. Previously, the strongest storm was the storm of 2000
(82 KW/m). At the time of the largest storm development on 26 November 2023
at the isobath of 10 m near the Barrier Beach of Lake Bogaily, the wave parameters
were as follows: significant wave height — 3.4 m, period — 12.8 s, length — 160 m.
The surge height during the storm was 0.21-0.54 m.
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Fig. 6. Parameters of the largest storms near the Lake Bogaily Barrier Beach:
a — maximum significant wave heights; b — maximum wave power; ¢ — general
directions of storms
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Fig. 7. The main parameters of wind waves near the Lake Bogaily Barrier
Beach: a — propagation directions; b — significant wave heights; ¢ — peak and mean
wave periods; d — wave power

Realignment of the barrier beach topography during the storm of
26-27 November 2023

It is clear that the storm of 26-27 November 2023 is an extreme storm in terms
of the scale and nature of the changes to the configuration and relief of the Lake
Bogaily Barrier Beach on a scale of several decades. Direct wave action with over-
topping of the beach crest was observed along the entire length of the barrier
beach. The transfer of material from the seaward to the lagoon side of the barrier
beach shifted the seaward edge line to the east (Fig. 8). The seaward retreat of
the seaward side of the barrier beach near the abutment to the cliffs of the rocky
shore was 5-10 m, which is close to the amount of storm induced cliff retreat.
In the central part of the barrier beach, the retreat increases to 20 m, and in the area
of the formed rill and slightly to the north, the retreat exceeds 30 m, even with sub-
sequent coastal levelling. The magnitude of the retreat can be estimated by compar-
ing it with a 60-year (1963-2023) retreat of 40-45 m (Figs. 5, 8).

It should be noted that there is no evidence of longshore sediment movement
during the storm, with all changes being caused by cross-shore water movement.
This is probably a consequence of the long length of the waves approaching
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Fig. 8. Development of the Lake Bogaily Barrier Beach since 1963 and during
the storm in November 2023. Left — the barrier beach before the storm, right — that
after the storm

from the open sea, the front of which turned parallel to the coastline on contact
with the seabed at a considerable distance from the shore. It is possible that
the same circumstance caused a significant rise in sea level during the storm.

The storm surge covered even the highest parts of the barrier beach and de-
stroyed pre-existing landforms. The storm surge completely destroyed the charac-
teristic longitudinal structure that had existed for several decades, including bands
of dunes and vegetation (Fig. 9). In essence, the former orderly longitudinal and
transversal structure that had been formed and maintained over decades was trans-
formed into a full profile beach with steep marine and gentle lagoonal slopes.
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Fig. 9. View of the Lake Bogaily Barrier Beach from the south side (2021)

A similar process was observed both before and during the storm of 26-27 No-
vember 2023 on a number of accumulation forms in the Black Sea, in particular
on the Solyonoye Lake Barrier Beach and in the southern part of the Anapa Barrier
Beach. As noted above, a similar large-scale transformation of the relief of
the Lake Bogaily Barrier Beach may have occurred in the late 1960s and early
1970s.

As a result of the extreme storm, the system of transverse scour holes with ex-
port cones in the inner (lake) part of the barrier beach has completely disappeared.
During normal heavy storms, these scour holes acted as a safety valve, allowing
some of the wave surge to pass into the lake and helping to attenuate the wave
energy. It is likely that the presence of such stationary scour holes on the sandy
barrier beach is a sign of its maturity and the prolonged absence of extreme storm
events.

The formation of a lake outflow channel occurred in the central part of the bar-
rier beach where the lake outflow was concentrated in one of the pre-existing sta-
tionary scour holes. In the southern part of the barrier beach, where the cross-
sectional height and width were minimal prior to the storm and where rills had
been observed in the past, water flow was impeded by concrete structures.
In the central part of the barrier beach, several depressions formed after the storm
on what had previously been an almost straight line at the seaward edge. By the end
of January 2024, the depression formed during the storm was completely washed
out, but the depression in the body of the barrier beach remained. At the same
time, there was a tendency for the seaward line to flatten out. Given the contin-
ued high water level in the lake and the complete destruction of the vegetation
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along the lagoon shore of the barrier beach, partial levelling of the lake shore line
by wave action is expected, although the general configuration is likely to be main-
tained. As can be seen from the dynamics of the barrier beach after the storm, self-
recovery processes are evident.

Conclusion

The analysis of the long-term dynamics of the Lake Bogaily Barrier Beach
confirms the assumption of the leading role of strong storms in the development of
marine coastal accumulation forms. In particular, during and as a result of the ex-
treme storm of 26-27 November 2023, the following was observed:

1. The configuration and relief of the Barrier Beach at Lake Bogaily was
completely changed, the accumulation was displaced into the lake water area, and
the magnitude of this displacement significantly exceeded the retreat of the adja-
cent bedrock shores.

2. The seaward edge line, which had previously been almost straight, formed
several concavities in the central part of the barrier beach after the storm.

3. The retreat of the barrier beach near the abutment to the cliffs of the bedrock
shore was 5-10 m, in the central part of the barrier — up to 20 m, in the area of
the formed rill and slightly to the north — more than 30 m, even taking into account
the subsequent levelling of the shore.

4. The previously existing system of transverse scour holes with export cones
in the inner (lake) part of the barrier beach completely disappeared.

5. The impact of the storm surge completely destroyed the characteristic longi-
tudinal structure that had existed for several decades, including strips of dunes and
vegetation.

6. By the end of January 2024, the rill formed during the storm was completely
washed out and a levelling of the seaward edge line was observed.

As a result, the storm has completely altered the decades-old relief and vegeta-
tion structure within the barrier beach. The Bogaily Lake Barrier Beach has under-
gone much greater change than in the previous 40-year period. It is clear that
extreme storms play a critical role in the development of both the Bogaily Lake
Barrier Beach and similar coastal accumulation forms in the region.
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Abstract

The article discusses the results of an experiment (03 October 2021-30 April 2023) to test
a “Grebenka” breakwater (breakwater of a through structure, or wave-breaking piled wall)
made of composite material. The purpose of the study is to prove or disprove the hypothesis
that the structures under study are sufficiently resistant to natural effects of the marine envi-
ronment and can be considered as an alternative to existing coastal protection methods and
means. The test breakwater in the form of five 12-meter modules, four of which were
arranged in a line, was installed on the northern shore of the Sambia Peninsula (Baltic Sea,
Kaliningrad Oblast’). The state of the breakwater was registered by various methods, includ-
ing underwater and aerial photography. The results of the study showed that the installation
of modules on the unprepared bottom caused their shear and tilt as a result of wave action.
In order to improve the resistance of the “Grebenka” breakwater to such impact, it is neces-
sary to prepare the bottom by flushing out the sand cover up to the consolidated layer level.
Despite the fact that one of the breakwater modules split into two parts following the longi-
tudinal fracture of its base (due to a violation of installation technology), all vertical pipe-
piles forming the wave-dampening pile rows with cantilevered sealing at the base and free
upper ends did not break off or corrode. This indicates that the composite material is strong
enough for use in marine conditions with wave and ice loads. Algae biofouling has demon-
strated the friendliness of the composite material to the biota.
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AHHOTAUMSA

PacemoTtpensr utorn ucnbitanus (03.10.2021-30.04.2023) BonHOnmOoMa «I pebenka
(BoTHOIIOMA CKBO3HOW KOHCTPYKIIWMH, WJIM BOJHOTACSIIEH MPOHUIIAEMOI CTEHKH) U3 KOM-
TTO3UTHOTO CTEKI00a3ambpTOIUIacTiKa. L{enp uccnemoBanmus — T0Ka3aTh WIKA ONPOBEPTHYTH
THUIIOTE3Y O TOM, YTO HUCCIICAYEMbBIC KOHCTPYKIIMU JOCTATOUYHO yCTOﬁ‘IHBBI K €CTCCTBCHHBIM
BO3ZCHUCTBUSIM MOPCKOH Cpeibl M MOTYT OBITh PacCMOTPEHBI B Ka4eCTBE allbTEPHATHUBHI
TPaIMIIMOHHBIM OepEeTO3aluTHBIM CpeicTBaM. TeCTOBBIN BOJHOIOM B BUJIE TIATH 12-METPOBBIX
MOJTyJICH, YeThIPE M3 KOTOPBIX OBLIM PACIOJIOXKCHBI B OJUH PsJI, YCTAHOBHJIM Ha CCBEPHOM
mobepexne Cambuiickoro noiyoctpoBa (bantuiickoe mope, KamuHuHrpaackas 00J1acTb).
CoctostHre BOJTHOJIOMA (DUKCHPOBAIU Pa3HBIMH CIIOCOOAMHM, BKJIFOYAs MOJIBOIHYIO CHEMKY
7 a3pOCheMKy. Pe3ynbTaTsl mokas3aiy, 9To YCTAHOBKA MOJYJICH Ha HEMOATOTOBICHHOE JHO
CIIPOBOIIMPOBAJIA MX CIIBUT M HAKIIOH BCJIEICTBHE BONHOBOTO BO3IeicTBUA. [ mOBHIIIIe-
HUSl YCTOMYUBOCTH BOJIHOJOMA «[peOeHKa» K TaKMM BO3JCHCTBUSAM HEOOXOAUMO IOATO-
TaBJIMBATh TPYHT IIyTEM Pa3MbIBa TIECYAHOTO YeXJia 10 YPOBHS KOHCOJIHIUPOBAHHOTO CIIOSI.
Hecmotps Ha TO, 94TO OIWMH M3 MOIYJICH BOJHOJNOMA PAa3IeiHUIICS Ha JBE YACTH IIPH IIPO-
JIOTFHOM Pa3lIoOMe €ro OCHOBaHUS (M3-3a HapyIICHWS TEXHOJIOTMH MOHTaXa), BCE BEPTH-
KaJIbHBIE TPyOBI-CBaM, 00pa3yromue BOJHOTACAIINE CBaWHBIC PSIbI C KOHCOJNBHOU 3ael-
KOH B OCHOBAHUHU W CBOOOIHBIMH BEPXHHMHU KOHIIAMH, HE OOJIOMHIIFICH M HE MOJIBEPIIINCH
KOPPO3UH. DTO TOBOPHUT O JOCTATOYHON MPOYHOCTH KOMIIO3UTHOTO MaTepHaja JJIsl UCTIONb-
30BaHUsA B MOPCKHX YCJIOBHAX C BOJIHOBBIMU H JICJOBBIMH Harpys3KaMH. EI/IOO6paCTaHI/IC
BOJIOPOCIISIMH CBHICTEILCTBYET O APYKECTBEHHOCTH MaTepHasa K Ouore.

KiroueBble ciioBa: BOJIHOJIOM, 6eperoy1<permeHI/Ie, KOMITO3UTHBIN Martepual, Bantuiickoe
Mope€, HaTypHLIﬁ OKCIICPUMEHT

Bbaaroaapuoctu: co3ganue u ycraHoBka KOHCTpYKuu — OOO «Toproseiil oM «ba3ainb-
TOBBbIE TPYOBI», I. MockBa; moaroToBka myommkamuu — tema Ne FMWE-2024-0025 rocy-
napcrBeHHoro 3aganus 1O PAH.
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Js uuTupoBanus: VcnpiTaHue cBaifHOTrO (IIPOHULIAEMOT0) BOJIHOJIOMA U3 KOMIIO3UTHOTO
Marepuana aist 6eperoykperuieHus. YacTtp 1. YcioBust yCTaHOBKH U OLIEHKA yCTOHYUBOCTH
/ A. Y. Oukuit [u np.] / Dxonorndeckast 6€30MacHOCTh NPUOPEKHOW M 1IeTb(POBOH 30H
Mopst. 2024. Ne 3. C. 79-92. EDN GNODYF.

Introduction

The concept of the Kaliningrad Oblast’ coastal protection [1] involves the ap-
plication of several methods of coastline reinforcement, as well as their testing
before implementation. Modern materials based on natural or man-made polymers,
such as geosynthetics [2, 3], are used in the construction of coastal protection struc-
tures to increase the reliability of the soil or construction materials [4]. Such a ma-
terial is glass-basalt-plastic [5], of which the “Grebenka” breakwater considered
in this article is made.

In [6], it was demonstrated that the installation of a 300 m long breakwater
at a distance of 250 m from the shore resulted in beach growth and coastline exten-
sion of up to 40 m per year.

The practice and rules for the utilisation of breakwaters for the purpose of
coastal protection are defined by Regulations 277.1325800.2016 V. In [7], it was
demonstrated that the efficiency of permeable structures depended on the ratio of
the area of openings to the total area of the structure.

The present study concerns a natural experiment designed to assess the feasi-
bility of utilising the “Grebenka” breakwaters. It is presumed that such breakwaters
are capable of dampening waves effectively, resistant to severe storm damage and
safe for people and natural environment. Furthermore, it has been demonstrated
that the “Grebenka” breakwaters exhibit superior technical performance in compar-
ison to both concrete and wooden breakwaters [8]. The site where the experiment
was conducted is located in the South-Eastern Baltic on the northern coast of the
Sambia Peninsula (Kaliningrad Oblast’, the Russian Federation) west of the city of
Zelenogradsk (Fig. 1, a).

The objective of this article is to analyse the results of the natural experiment,
to evaluate the resistance of the “Grebenka” breakwater to destructive environmen-
tal impacts and to propose recommendations for optimising the technology of its
installation.

As the first part of the description, this article presents the initial findings of
the experiment, with a particular focus on the technical aspects of breakwater instal-
lation, its resistance to natural storm loads and other external factors. The results of
the data analysis examining the impact of the breakwater on the shoreline,
gathered during the experiment, are extensive and will be presented in the sec-
ond part.

D JSC TsNIITS, 2017. Book of Rules CII 277.13258000.2016. Coastal protection constructions. Design
rules. Moscow, 91 p. (in Russian).
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Materials and methods of study

The five-module “Grebenka” breakwater was installed (Fig. 1, b, ¢) opposite
the last inter-groin pocket at the eastern end of the site with old, partially collapsed
groins (Fig. 1, ¢). Depths at the experimental site ranged from 1.2 m near the shore
to more than 2.5 m at the point where the modules were installed. The estimated
closure depth for this area varies considerably, with figures ranging from 7.5 m [9]
to 8.4 m [10]. As indicated in [11], the wave collapse zone in the vicinity of
the breakwater installation commences at a distance of over 200 m from the shore.

In contrast to traditional through pile breakwaters?, a special feature of
the “Grebenka” breakwater design is the use of pipes (hollow piles) of different dia-
meters. The pipes are made of glass-basalt-plastic — a corrosion-resistant composite

Baltic Sea

g

-
i

Curonian Lagoon

Baltic @ Sea

Baitic Sea

e ®
Svetlogorsk Pionersky

L]
Zelenogradsk

Yantarny Sambia Peninsula /,E

'\(\O\l\gA

m L1 groins

Fig. 1. Place of the experiment: a — the Baltic Sea; b — the northern shore of the Sam-
bia Peninsula, Kaliningrad Oblast’; ¢ — a section of the shore adjacent from the west
to the Zelenogradsk city beach. From left to right: old groins (dashes on the shore line),
a breakwater in the sea (the breakwater and four old groins are highlighted by a rectangle),
a group of new groins and a pier protruding into the sea

2 Sedrisev, D.N. and Rubinskaya, A.V., 2011. [Fundamentals of Design of Hydraulic Structures,
Woodyards and Log Receiving Ports: Training Manual]. Krasnoyarsk: SibGTU, 119 p.
(in Russian).
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material that has already been adopted on a wide scale in numerous sectors of
the construction industry [5]. The primary benefits of glass-basalt plastic, along
with the findings from testing a set of pipes in a wave flume, are presented
in comprehensive detail in [8].

A modular breakwater design?® was selected with a maximum length per
module of 12 m (based on the ability to transport materials to the installation site)
and a width of 3 m. The breakwater module (Fig. 2) consisted of a grid base (three
horizontal rows of parallel 12 m long, 0.5 m diameter base pipes and an additional
pipe at 0.5 m distance, connected by 3 m long, 0.25 m diameter cross pipes) served
as a bottom-mounted base. All base pipes were filled with concrete. Vertically in-
stalled pipe-piles with diameters of 0.2 and 0.1 m were inserted into the main pipes
of the grid base and formed a comb (grebenka) of three rows — the analogue of
a pile row. The vertical pipes were 3 m high in three modules and 2.5 m high
in two modules (4 and 5). An additional horizontal pipe (located seaward)
at the base was without piles and functioned as a ballast pipe (visible in Fig. 2, a)
to increase the module resistance to shear and overturning. The weight of the mod-
ule after filling the horizontal base pipes with concrete was about 28 t. The mod-
ules were installed in a line parallel to the shore.

In order to achieve the most effective wave dampening, it is recommended that
the relative open area of a row of vertical pipes should be no more than 3040 %.
Furthermore, it is advised that the relative open area should decrease from row
to row towards the shore, in accordance with the recommendations set forth
by “Central Scientific Research Institute of Construction” JSC.

The most effective scheme, as determined through testing at “Sea Coasts”
Research and Development Centre, exhibited a relative open area of 30-20-10 %.
To assess the resistance of the vertical rows to storm conditions, the structure
was tested with a relative open area of 40-30-20 %. The reflection coefficient,
as determined by wave flume tests, was found to be 0.2 [8].

Fig. 2. The module (with pontoons) on the shore (a), a line of modules (/—4) and
a number of installation slips in May 2021 ()

3 Efremova, M.V., 2019. Utility Model Patent 187014 Ul Russian Federation. MIIK E02B 3/06.
[Breakwater]: 2018137512. Applied 23.10.2018, published 13.02.2019. 10 p. (in Russian).
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From the point of view of functional application, the “Grebenka” wave-
dampening piled structure can be considered as a type of through breakwater or
wave-dampening permeable wall.

Traditionally, piled breakwaters and other piled barrier structures are constructed
on piles that are pounded, hammered, screwed into undrained dense soil, which
does not correspond to the “Grebenka” installation technology. On the other hand,
Annex A of Regulations 24.13330.2021 mentions a post pile that transmits the load
to the foundation only through a heel (in the case of the “Grebenka”, this heel is
the grid base of the structure). The investigated structure also contains elements of
the piled breakwater mentioned in Regulations 277.1325800.2016 “Marine Coastal
Protection Structures. Design Rules.” What is new in the design of the “Grebenka”
breakwater compared to traditional through breakwaters is the composite cover,
modularity and mobility of assembly and installation.

Regulations 277.1325800.2016 recommend that for sandy beaches, underwater
breakwaters should be installed at least 100 m from the shore line. As the tested
breakwater is permeable, the designers decided to reduce this distance.

With a total module line length of 60 m and a distance from the shore of
75-80 m, the ratio of the length of the structure to its distance from the shore was
between 0.75 and 0.8, which could result in either material accumulation and
extension of the shore towards the structure, or even a tombolo.

The modules were assembled from prefabricated sets, then the base was
poured with concrete onshore. Vertical pipe-piles were fixed in the base pipes
simultaneously with concrete pouring. The assembly of five modules took two days
in addition to 3—4 days for the concrete to harden and gain transport strength.

The modules were launched and transported to the sea using inflatable
pontoons (Fig. 2, a, b) with a carrying capacity of 8 t (4 pieces per module).
From the sea, the modules with pontoons were towed by the boat through 33 m
long prefabricated slips (Fig. 2, ¢).

The modules were placed on the bottom without bedding preparation. Mod-
ule 5 was placed at a depth of 1.5 m at a distance of 35 m from the shore at the lev-
el of the middle of the visible part of the easternmost destroyed old groin. Other
four modules (/—4) were placed at a depth of 2.5 m at a distance of 75-80 m from
the shore (in line with a slight curve, distance between modules 1.5-2 m (Fig. 3)).
Module 5 was installed in one day in October 2020 and other four modules were
installed in two days in May 2021.

After installation, module 5 (2.5 m high pipe-piles) protruded 1 m above
the water and modules /-3 (3 m high pipe-piles) — 0.5 m above the water. Mod-
ule 4 (2.5 m high pipe-piles) did not protrude much from the water and the tops of
the piles were in the near-surface layer.

The tests of the “Grebenka” breakwater were carried out from 03 October
2021 to 30 April 2023. Expedition surveys were carried out by the manufacturers
(LLC Trading House Basalt Pipes), the employees of the Atlantic Branch of Shir-
shov Institute of Oceanology of RAS, Immanuel Kant Baltic Federal University
and GBU KO Baltberegozashhita.
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Changes in the location and characteristics of the modules were recorded
during visual and tactile inspections and photography, which made it possible to
assess the degree of mechanical damage and corrosion, as well as the degree of
immersion of the base of the modules in the sand and their position relative to sea
level. Photographs from the shore were taken 2—4 times a month throughout the ex-
periment.

Satellite images from the Google and Yandex open sources were used to assess
the change in position of the breakwater modules, as in [3]. The coordinates of sta-
tionary reference points on the site were used to georeference the satellite images.
The accuracy of the module coordinates was improved by GPS georeferencing.
The final error was up to 2.7 m.

Aerial visual observations were carried out using an unmanned aerial vehicle
(UAV — DIJI Mini2) during the 2022 autumn—summer period and during the 2023
winter—spring period. The flight altitude was limited to 120 m taking into account
necessary safety measures and the requirements of flight regulations. Similar
examples of aerial visual observation are presented for the Black Sea and the Sea of
Azov in [12], for the Tsimlyansk Reservoir in [13] and for the rivers of the Yamalo-
Nenets Autonomous Okrug in [14].

Underwater photography of the structures using an SJICAM 5000 action
camera was conducted on 07 September 2022 and 12 April 2023. Photographs of
each module of the structure were taken from a distance of approximately 1 m,
with a clockwise traverse of the structure from the west corner off the sea or west
side of the module. A bottom-to-surface depth scale was applied to the photographs
that showed the bottom.

Results and their discussion

At the time of studying the main morphological parameters during the 2022
summer season, the position of the modules of the “Grebenka” breakwater became
relatively stable. The composite material used proved its durability under storm
conditions. The “Grebenka” breakwater withstood ice loads successfully during
the 2020-2021 winter.

A series of heavy storms during the 2020-2021 winter period disrupted the line-
ar arrangement of modules /-4 (Fig. 3): three out of five modules were displaced
or rotated. From the second year of the experiment, the disturbed linear array of
modules acted as a disjointed set of modules and did not provide the expected
wave-dampening effect.

Photographs of the underwater section of the breakwater modules and meas-
urements provided an indication of the extent to which the base of the modules was
submerged in sand, the tilt of the structures, their integrity and algae fouling.

The most complete survey of the structure was carried out on 07 September
2022 (Figs. 3-5). Module 7 was 1.5 m above the ground, had not been destroyed
or overturned and was almost completely covered by water, although it was 0.5 m
above the water level when installed; the top 2/3 of the unsanded part of the piles were
covered with filamentous algae. Segment 2a of module 2 was 1 m above the ground,
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Fig. 3. Initial and final location of the “Grebenka” break-
water modules: a — initial (red lines) and final (blue lines)
location of the modules (Google Maps image, 2021.
https://www.google.ru/maps); b — location of the “Grebenka”
breakwater modules on 12 April 2023

tilted westwards towards the shore and was completely covered by water. The en-
tire visible part of the piles was covered with algae. The depth at the location of
module 3 was 1.2 m. It was not destroyed or overturned. Some of the piles were
0.1-0.3 m above the water. The piles were covered with algae along the entire
length of the underwater section. Module 4 was up to 0.5 m above the bottom, tilt-
ing to the west and completely covered by water. The western part of the module
was almost completely hidden by the sand, with only the upper eastern, unsanded
part up to 1/3 of its height covered with algae. Fig. 3, b shows that the module split
into two parts following the longitudinal fracture of its base, as its eastern third is
clearly outside the unified line of the first two thirds.
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The repeated photography of all modules was carried out from the UAV
on 12 April 2023 (Fig. 3, b). It uncovered module 2, which was not visible
in the UAV photography dated 07 September 2022 because it was under the sand
layer of the underwater berm. The tops of the vertical piles rose 0.4—1.0 m above
the bottom and tilted towards the sea. Module 2 appeared to be split into two parts.
Probably, the splitting of the module into several parts occurred due to the violation
of installation technology of the structure. The reason for this will be definitively
determined when the module is dismantled. The most probable explanation is that
the connecting cross pipes of the module grid base, which were not cast in concrete,
fell onto an uneven part of the bottom under the layer of sand causing the module
to break when the sand was eroded.

There was no algae fouling on the piles of module 2 as they were hidden by
the sandy underwater berm for most of the time. The fact that it became bare and
was observed during the photography on 12 April 2023 is a consequence of the de-
formation of the berm and the increase in depth at the module site.

In Fig. 3, the dark colour of the piles is associated with algae fouling (except
for module 2 (Fig. 3, b), which was entirely under sand); part 2a, separated from
module 2, was not completely covered, so its piles were partially covered with algae.

The upper parts of the piles of all the modules (which were in the water) were
covered with algae, indicating a certain friendliness of the glass-basalt-plastic
to biota and its ability to form the basis of an underwater reef. If the lower part
of the piles was free of vegetation, this meant that it had been covered by sand
during the growing season up to the time of the survey. During the resurvey on
12.04.2023, an increase in the lower bare part of all modules was recorded, indicat-
ing that sand had been partially washed away from the underwater slope.

The location of the breakwater did not take into account the fact that the break-
water was in the zone of influence of an extensive longshore berm and several
types of currents. The migration of the underwater berm ensured that the base of all
the modules was covered with sand.

Prior to the installation of the “Grebenka” breakwater modules, necessary
engineering survey of the bottom area was not carried out, in particular, the height
of the sand layer above the compacted bottom was not established. The modules
were not only sanded up, but also subsided by 0.5 m or more (Fig. 5). To avoid
such subsidence, it is necessary to place the modules on a hard bottom. This can be
achieved, for example, by flushing out the sand at the installation site to the mo-
raine bed, which is much cheaper than preparing a rock bed under stationary stone-
concrete breakwaters.

It was assumed that subsidence of the breakwater would increase the shear
stability of the modules during storms. In the first year of the experiment, this dy-
namic was observed, but then the modules tilted during heavier storms.

Since storm wave lengths ranged from 120-140 m, a structure of four modules
exposed along a single line provided only the minimum acceptable ratio of wave-
dampening structure length to wavelength, i.e. approximately 1:2. Initially, the or-
ganisers of the experiment understood that the local impact of the structure could
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Fig. 4. State of the “Grebenka” breakwater modules: a — algae fouling and tilt of the struc-
ture (survey on 7 September 2022); b — post-storm partial exposure of the wave-damping
piles from under sand (survey on April 12, 2023)

4.5

Water Water

05m

Bottom

Bottom at the moment
of module installation

Bottom

Fig. 5. Schematic initial position of the modules (/-5) during installation in May 2021
(a) and their final position during the survey on 07.09.2022 (b). The parts fouled with algae
are highlighted in light gray. The diagram shows the subsidence of modules and their sand-
ing up, deviations from the vertical axis, and changes in the height of the surface part
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only occur within the inter-groin pocket blocked by the structure. At this stage,
based on the results of the experiment, the organisers admit that a mistake was
made in the location of the structure: with its short length, it was too far from the
shore. This experience will have to be taken into account when building similar
structures in the future.

The modules are preferably orientated so that the additional horizontal pipe
at the base is on the shore side, providing support against wave action and prevent-
ing overturning. In this installation, the modules were orientated the other way
round.

Conclusions

Five 12-metre modules were installed on the northern shore of the Sambia
Peninsula (Baltic Sea, Kaliningrad Oblast’) during the “Grebenka” breakwater
(a breakwater of through construction, or wave-dampening permeable wall) natural
experiment. The technology of module assembly on shore, their transport and sub-
mersion to the bottom was worked out. For a year and a half (03 October 2021-
30 April 2023) the investigated structures were exposed to wave and ice loads.

The preparation of the breakwater site is important for the safety of structures
exposed to wave action. Initially it was assumed that no bottom preparation would
be required. However, the influence of coastal currents in the vicinity of the under-
water berm in the absence of bottom preparation resulted in the breakwater subsid-
ence into the sand.

Some of the modules changed their position after the experiment, which means
that despite the use of concrete to weight the structure, the effects of the waves and
currents were sufficient to shear the structures. One solution to this problem is
to weight the structure or, as discussed above, to prepare the bottom more thor-
oughly.

One of the modules failed to withstand the load and split at the base (possible
cause: underfilling of the cofferdams in the base with concrete). In order to clarify
the details of this fact, it is necessary to examine the elements of the damaged
module.

All vertical wave-dampening piled rows remained intact, indicating that
the proposed structure is sufficiently resistant to wave and ice loads. The vertical
pipe-piles forming the wave-dampening piled rows with cantilevered sealing
at the base and free upper ends did not break off or corrode.

The large number of algae and other organic objects observed on the surface of
glass-basalt-plastic indicates the friendliness of this material to the biotic compo-
nent of the environment.

The experiment proved to be very useful for further improvement of the struc-
ture taking into account both negative and positive results achieved. It should
be emphasised that this work is a rare example of testing a life-size structure
in the very conditions, in which it can be used further after modification.
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Abstract

Artificial beaches are one of the most effective methods of protecting shores and hydrau-
lic structures under shortage of natural beach-forming material. This work investigates
the influence of extreme storms on the erosion zone width of an artificial pebble beach
located in front of a vertical concrete seawall in the village of Koktebel (Feodosia, Crimea).
The storm power index in the central part of Koktebel Bay was calculated on the basis of
wind wave reanalysis data for 1979-2020 obtained using the SWAN spectral model and
ERA-Interim and ERAS surface wind fields. We identified 146 storm situations with dura-
tion of at least 12 hours. Three most extreme storms were analysed: in terms of power index
(660 m2-h), the storm of 26—-29 January 1988; in terms of mean significant wave height
(3.6 m), the storm of 10-11 November 2007; and in terms of duration (95 h), the storm of
25-29 September 2017. The profile deformations of the artificial pebble beach attached to
a vertical concrete seawall were calculated for the first and second storms using a one-
dimensional version of the XBeach (eXtreme Beach behavior) numerical model. It was
shown, that under the impact of storm waves, the coast steepness near the coastline changes
gradually and material from the beach nearshore part slid down the underwater slope lead-
ing to a local depth decrease near the shore. It was found, that the underwater erosion zone
width of the beach was three times greater than the surface one. The most significant
deformations of the beach profile occurred during the first 6 hours of storm action, and
then the rate of beach deformation decreased. It was obtained that the coastline in the area
of interest could retreat up to 10 m under the impact of an extreme storm. The study
revealed that > 20 m wide pebble beaches (a mean particle size of 30 mm) would fully
absorb the wave energy of extreme storms and provide adequate protection for the coastal
zone of Koktebel Bay.

Keywords: beach, coast protection structures, wind waves, extreme storm, XBeach,
Crimea, Koktebel
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MopaenupoBanue MOP(OAMHAMUKH UCKYCCTBEHHOTO TISIKA
B Oeperosoii 30He nrr Kokreodeas (Kpbim)
1O/ BO3/ieiicTBHEM IITOPMOBOT0 BOJIHEHUSI

JI. B. Xapuronosa *, /I. 1. Jlazopenko, /. B. Anekcees, B. B. ®omun

Mopcxot eudpogpusuueckuii uncmumym PAH, Cesacmononws, Poccus
* e-mail: l.kharitonova@mhi-ras.ru

AHHOTAHUA

HckyccTBeHHBIE TULSDKH SBJISIOTCS OJHUM M3 HanOosee 3((EKTUBHBIX METOAOB 3aIIHUTHI
0eperoB U rHJPOTEXHUYECKUX COOPYKEHHU B YCIOBHAX Ne(PHUINTA €CTECTBEHHOTO ILISKE-
oOpasyromiero marepuana. B cratbe Ha mpumepe paifoHa Oepera nrt KokrteGenb
(r. ®eomocus, KppiM) uccienyercss M3MEHEHHE IMUPHHBI 30H Pa3MbiBa HCKYCCTBEHHOTO
TaJIeYHOTO IUIKA, PACIOTIOKEHHOTO Mepes OTBECHONW OETOHHOW THIAPOTEXHUYIECKOI CTEH-
KOH, IIOJ1 BO3JEICTBUEM 3KCTPEMANIBHBIX IITOPMOB. Ha OCHOBE HaHHBIX peaHann3a BETPO-
BOI'O BOJIHCHHS, TIOJyYCHHBIX C UCIIOJb30BaHUWEM crieKTpanbHoit Mozenn SWAN u nosei
npusemuoro Berpa ERA-Interim u ERAS 3a 1979-2020 rr., npoBeieHbl pacyeThl HHIEKCA
MOIIHOCTH IITOpMa B LEHTparbHOU YacTu OyxTel KokTebenb. Brineneno 146 mropmMoBBIX
CUTYallMi C IPOJOIDKUTENILHOCTEIO He MeHee 12 4. [Ipoananu3upoBaHo Tpu Hanbojee KC-
TpeMaJIbHBIX ITOPMA: M0 MHAEKCY MOIIHOCTH (660 M2u) — mropM 26-29 susaps 1988 r.;
10 cpeJHEeH BBICOTE 3HAYMTENBHBIX BOJH (3.6 M) — mtopMm 10—11 HOs6pst 2007 .; mo -
tenbHOCTH (95 1) — mropm 25-29 centsiOpst 2017 r. J{ins mepBoro u BTOpOro MTOPMOB Ha
OCHOBE OJIHOMEpHOr0 BapHaHTa 4HCIeHHOH Mozaenun XBeach (eXtreme Beach behavior)
paccyuTaHbl MTOPMOBBIE JleopMannui MPOoGIIs HCKYCCTBEHHOTO, IPUCIOHEHHOTO K OT-
BECHOW OCTOHHOH CTEHKE TrajleqyHoro mispka. IlokazaHo, 4To Mo BO3JAEHCTBHEM IITOP-
MOBOTO BOJHEHHS KpyTH3HA Oepera B palioHe ype3a IOCTENEHHO MEHSETCS U IPOUCXO-
IUT CIIOJI3aHHWE MaTepHalia C IPHypPe30BOH YacTH IUISKAa BHU3 TI0 TIOJBOJHOMY CKJIOHY.
OTO MPUBOIUT K JIOKAJFHOMY YMEHBIICHHUIO TIyOHHBI y Oepera. Y CTaHOBIICHO, YTO IINPH-
Ha 30HBI pa3MbIBa MOBOJHOW YACTH IUISKa B TpU pasa Oonbine HaaBogHoW. HambGomee
3HaYUTENbHbIE AeGopManuy Npoduis KA IPOUCXOAAT B IEPBBIE 6 YACOB JeHCTBHA
LITOPMOB, Jlalee CKOpOoCTh JedopMmanuu cHikaercs. OTcrynaHue OeperoBod JIMHHUU
10J{ BO3JI€HICTBHEM IKCTPEMANIBHOTO IITOPMA JUI UCCIEAYEMOrO paifloHa MOXET JOCTUTATh
10 m. IIpu cpenueit kpynHOCTH ILIsDKe0Opasyromero Marepuaina 30 MM Jutst 6eperoBoii 30HbI
OyxTbl Kokrebens mspkn mupuHoit 20 M 1 6osiee MOTYT HOJHOCTBIO TaCUTh SHEPTHIO BOJI-
HEHHUS SKCTPEMAIBbHBIX ITOPMOB U B JOCTATOYHOW MEPE BBIIOIHATH 3aIIUTHBIC (HYHKIIIH.

KioueBble ciioBa: IUISDK, OEpero3aniTHble COOPYKEHHUs, BETPOBOE BOJIHEHHE, IKCTPE-
MansHBIN mTopM, XBeach, Kpeim, KokTebenn

BaarogapHocTu: paboTa BBHIIIOJHEHAa B paMKaX TEMBl TOCYIApCTBEHHOTO 3aJaHUs
OI'bYH ®UIL] MI'1 FNNN-2024-0016.

Jasi nuuTupoBaHuMsi: MonenupoBaHue MOpP(OIMHAMHKH HCKYCCTBEHHOTO IIISKa
B OeperoBoii 3oHe nrt Kokrebens (KpbiM) 1oy Bo3aeHcTBHEM IITOPMOBOTO BOJHEHHS /
JI. B. XaputoHoBa u [1p.] // Dkonoruveckas 6€30MacHOCTb MPUOPEKHOM U 1IeTb()OBOM 30H
Mmops. 2024. Ne 3. C. 93-109. EDN OILBDL.
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Introduction

Since ancient times, the economic activity of mankind has been inextricably
linked with the development of the coasts of seas and oceans. In most cases,
the Crimean coastline is used in an integrated manner for urban, port and resort
construction [1]. Therefore, the requirements for coast protection are the following:
coast protection structures should be effective and well integrated into natural pro-
cesses. Both artificial free beaches and those with beach-retaining structures fulfil
such requirements. According to [2], on the Black Sea coast, a wave-absorbing
beach should have a width of about 25 m to dampen waves that may occur once
in 25 years. Under shortage of beach material, effective and long-term operation of
coast protection structures is mainly based on timely and sufficient beach nourish-
ment. When the width of beaches is reduced, not only their wave-absorbing func-
tion, but also their recreational opportunities decrease. Thus, recreational beaches
should be at least 35 m wide. An important factor for comfortable recreation
on the beach is the material forming it. Artificial wave-absorbing pebble and
crushed stone beaches have the greatest efficiency and creation and operation of
such beaches is 2—3 times cheaper than the creation of sandy beaches from the eco-
nomic point of view (less volumes of initial filling, abrasion and entrainment of
beach-forming material) [2]. The optimum material size for recreational purposes
is 30-40 mm.

Currently, a common problem for the Crimean coastline is the significant wear
and damage of coast protection structures, the service life of which is close to
the limit (50 years) [3]. A significant part of them is in an emergency condition as
they were not properly maintained: no beach nourishment has been made, storm-
damaged structures were not repaired. From 2014 to the present day, a significant
number of coast protection complexes have been reconstructed in the Republic of
Crimea under the Federal Target Program. No master plan for coast protection has
been implemented in the region. In accordance with Point 5.8 of Regulations
277.1325800.2016 Y, additional scientific research is required for its development.
In this regard, it is an urgent task to study the dynamics of beaches of different areas
of the peninsula under the influence of real extreme storm situations with the help
of mathematical modeling methods.

One of the modern freely available models for the study of coastal zone re-
shaping by hydrodynamic processes is the two-dimensional XBeach (eXtreme
Beach behavior) model ? [4, 5]. Regional modeling studies of coastal zone dynamics

D JSC TsNITS, 2016. Book of Rules CII 277.13258000.2016. Coastal protection constructions.
Design rules. Moscow, 91 p. (in Russian).

2 Roelvink, D.J.A., van Dongeren, A., McCall, R.T., Hoonhout B., van Rooijen, A., van Geer, P.,
de Vet, L., Nederhoff, K. and Quataert, E., 2015. XBeach Technical Reference: Kingsday Release.
Model Description and Reference Guide to Functionalities. Delft: Deltares, 141 p.
doi:10.13140/RG.2.1.4025.6244
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for the Black Sea coasts have been carried out for the Bulgarian [6, 7] and Western
Crimea coasts [8-15]. The application of the model to the problems of design and
construction of protective hydraulic structures is described in [15].

The purpose of this work is to study the influence of extreme storms on the ero-
sion zone width of an artificial pebble beach located in front of a vertical concrete
seawall in the village of Koktebel on the basis of numerical modeling.

Characteristics of area under study

The anthropogenic load varies for different parts of the Crimean coastline.
Thus, the eastern coast has been affected by economic activity to the least extent
[16]. However, the coastal zone has been transformed to a significant extent in local
areas, such as the popular resort village of Koktebel.

The village is located on the Black Sea coast of Koktebel Bay bounded
by Cape Planerny from the south-west and Cape Lagerny from the east (Fig. 1).
The coastline of the bay is about 7 km long. The bay is shallow: depths of 5 m are
noted at a distance of about 200-300 m from the coast and those of about 10-15 m —
at the outer boundary of the bay. Winds coming from the land side (sector 0°-90°)
are most frequent (~39 %), and the maximum frequency of strong winds (more
than 15 m/s) corresponds to the northeastern direction. From the sea side, the most
wave-prone sector for the study area is 90°—180°. More than 50 % of all storms
enter the study area from the east (90°) and east-southeast (112.5°), with the highest
storm waves with heights greater than 2.5 m entering the bay from the east-
southeast direction. A study of the bay wind climate based on a reanalysis of wind
waves for the present climate period 1979-2020 is given in [17]. The analysis of
extreme wave characteristics showed that the duration of storms with significant
wave heights greater than 1.57 m varied from 5.6 to 34.3 days, with their average
value of 16.4 days. The duration of storms averaged by months varies from 0.6 to
9.8 days. The longest storms (more than 7 days) occur from November to March.
The minimum duration of storms (less than 1 day) is observed in May—August.

A detailed description of the anthropogenic impact on the Koktebel Bay coastal
zone over the last 100 years is given in [18]. Since the 1950s, the active transfor-
mation of the coast began. Industrial extraction of sand and gravel mixtures, con-
struction of a complex of coast protection structures (their refinement and recon-
struction) over a significant length of the area led to degradation of natural sand,
gravel and pebble beaches which had been 20-30 m wide before that. Blocking of
cliffs and regulation of watercourses have led to the fact that at present the natural
supply of Koktebel Bay beaches is provided by the abrasion of undeveloped cliffs
in the western and eastern parts of the bay and the intake of biogenic material from
the underwater coastal slope. Since almost half of the coastal zone is occupied
by man-made shores (about 3 km), beaches are largely composed of imported
material [18].
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Fig. 1. Location of the area under study (a); bathymetric
map of Koktebel Bay (b) (reference point with depth of 11.5 m
for SWAN-ERA statistical analysis; red line represents profile
of the modeled coastal zone)

In [19], a study of the current granulometric composition of sediments
in the Koktebel coastal zone is presented. It is found that the granulometric compo-
sition of the sediment is quite varied: coarse-grained pebble and gravel material
predominates in the nearshore zone with an admixture of coarse- and fine-grained
sandy material (about 15 %); the central part of the beaches consists mainly of
coarse gravel (27 %) and coarse sand (26 %) with inclusions of fine gravel (18 %)
and medium sand (14 %); coarse gravel predominates (about 60 %) in the rear zone
of the beaches.
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Reconstruction of the complex of coast protection structures of Koktebel
settlement was last carried out in the late 1980s when embankments were built,
an artificial beach was created and a reserve crushed stone filling was made
on the westernmost section of the coast. This scheme of coast protection structures
functioned effectively. However, the area of the reserve filling was developed
at the beginning of the 21st century, which resulted in active degradation of
beaches and made it necessary to reconstruct the complex of coast protection
structures [18]. Reconstruction of the embankment and restoration of the Koktebel
Bay beaches with a total length of 1850 m are currently in progress (the period
of works is 2023 — end of 2024). The project takes into account the results of
this work.

Materials and methods

Data from retrospective wind wave calculations for 1979-2020 from the model
data array (hereinafter referred to as the SWAN-ERA array) were used to calculate
storm deformations of the beach profile. The reanalysis was obtained using SWAN
(Simulating Waves Nearshore) numerical spectral model [20] on an unstructured
computational grid with densification in the Black Sea coastal zone [21].
Atmospheric forcing of the model was provided by data from ERA-Interim and
ERAGS global atmospheric reanalyses 2.

A node of the calculation grid located in the centre of Koktebel Bay
at an isobath of ~11.5 m was selected from the SWAN-ERA array (Fig. 1, b).
Long-term series of parameters with a time discreteness of 1 h were formed for this
point, including: wind speed and direction at a height of 10 m; significant wave
height hs; mean wave period T; mean wave direction 6; peak wave period T.
The calculated operational wave characteristics for Koktebel Bay are presented
in [17]. For further calculations, storms were identified from the SWAN-ERA
array and the SPI (storm power index) was calculated.

Condition [22] was used as a criterion to distinguish storms

h>h +2-c, 1)

where hs is significant wave height at a fixed moment of time, m; h; = 0.61 m

is long-term average of hs for this series; o = 0.48 m is standard deviation of

the hs series. We obtain that the minimum threshold value of significant wave

height is hs = 1.57 m. Thus, a storm is an event defined as a period of time during

which hs exceeds the minimum threshold value of h: for a sufficiently long time.
The SPI was calculated with formula [22, p. 5]

SPI =h? T, (2)

where hq is average value of hs for the storm period, m; Tq is storm duration, h.

3) Available at: https://www.ecmwf.int/en/forecasts [Accessed: 20 August 2024].
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The coastal zone profile for modeling was selected to correspond to the central
part of the Koktebel village embankment (Fig. 1, b). A profile of the coastal slope
was constructed based on the survey data of the nearshore water area of the bay.
In the beach area, the original profile was rearranged according to the parameters
of the dynamic equilibrium profile of the pebble beach with a mean particle size of
homogeneous pebble material Dso equal to 30 mm, which corresponds to the most
comfortable beach recreation.

Based on the data on the wave regime in Koktebel Bay [17], the parameters of
the transverse profile of the above-water and underwater parts of the beach were
calculated according to the regulatory methodology set out in Regulations
277.13258000.2016 Y which define the procedure for the arrangement of coast
protection structures on the seashore of the Russian Federation. The calculations
were carried out for the third wave breaking, the wave height at the line of the first
breaking of 1 % probability was 2.55 m and it was 1.45 m at 30 % probability.
According to data from the Feodosia Marine Hydrometeorological Station, in the Bal-
tic Sea System (BS), the sea level of 1% probability of the highest annual values
is H1% = 0.28 m BS; mean sea level is H50% = —0.2 m BS. Fig. 2, a shows
the obtained dynamic equilibrium profile of the beach.

On the coast, the model profile is bounded by a steep concrete embankment
seawall which was given as a non-erodible object with a height mark of 4 m.
Further, the initial profile was changed in the nearshore part: the width of the arti-
ficial pebble beach was assumed to be equal to 10 (F10), 20 (F20), 30 (F30)
and 40 m (F40) in front of the embankment seawall (Fig. 2, b). Since the width
of the estimated dynamic equilibrium profile is about 24 m, the beach profile was
linearly extended at the 2.73 m height mark for a width of more than 20 m.
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Fig. 2. Modeling profiles at the width of the designed beach
F10 =10 m, F20 =20 m, F30 = 30 m and F40 = 40 m in the central
part of the embankment in the village of Koktebel. The inset shows
the estimated dynamic equilibrium profile for a mean particle
size of 30 mm
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A one-dimensional version of the XBeach numerical model was used to simu-
late storm deformation of beach and underwater coastal slope profiles. The source
code of the model is in the public domain®. The model uses a local coordinate
system in which axis x is orientated in the coastal direction perpendicular to
the coastline.

The storm waves at the seaward boundary of the computational domain (x = 0)
were given with JONSWAP 2 spectrum which is defined by angular wave disper-
sion index s = 10, significant wave height hs and peak wave period 1.

The spatial resolution in the XBeach model was 0.5 m and the computational
domain length was ~550 m. The model time integration was performed with a step
At = 0.025 s. During the time integration, the beach profiles z(x, t) were produced
with a discreteness of 1 h. The beach profile deformation at time t was estimated as

Az(X,1) = z(X,t) — 2(x,0), 3)

where z(x, 0) is beach profile att = 0.

Discussion of results

SPI calculation for the Koktebel Bay central part made it possible to identify
146 storms with duration of at least 12 h from SWAN-ERA data for 1979-2020.
The selected storms exhibit SPI values that range between 62 and 660 m?-h, with
average duration of the active phase of storms T = 26 h. During the developed
phase of the storm, significant wave height hs varies from 2.3 to 3.6 m, with an av-
erage value of 2.6 m. Table 1 presents the characteristics of 25 strongest storms
according to storm power index ranked in descending order of its value.

Figs. 3-5 show significant wave height and mean wave direction for three
different storms which are extreme by storm index, mean hs and active phase
duration.

The first storm situation, designated as S1, commenced on 10 November 2007
and was constituted by a deep, rapidly moving autumn cyclone (Fig. 3). The active
phase of the storm lasted 25 h. The prevailing winds were of southeastern and
southern directions. The mean significant wave height (hs) for the active phase of
the storm was 3.6 m (the maximum value for all identified storms); period (t,) was
9.6 s. At the same time, the SPI storm index was only 320 m?-h (Table 1).

The second (S2) (Fig. 4) and third (S3) (Fig. 5) storm situations commenced
on 26 January 1988 and 25 September 2017, respectively. The storms in question
were caused by the occurrence of intense prolonged low-moving anticyclonic
anomalies characterised by winds originating from the east-southeast (112.5°).
Storm S2, having the maximum value of the SPI power index equal to 660 m?-h,
is characterised by the following parameter values for the active phase: hs = 2.9 m;
Tp = 9.4 's; T =72 h. Storm S3 exhibited the longest active phase duration of all
identified storms, spanning a total of 95 h, the power index was 625 m?.h,
with a mean significant wave height of 2.6 m.

4 Available at: http://oss.deltares.nl/web/xbeach [Accessed: 20 August 2024].
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Table 1. Characteristics of intense storms in the central part of Koktebel Bay

according to the SWAN-ERA wave reanalysis data for 1979-2020

Storm start date, Storm Average value, Storm Power
yy. mm. dd duration, h hs, m Index, m*h
1988.01.30 77 2.9 660
2017.09.25 95 2.6 625
1979.02.18 83 2.7 623
1993.11.22 87 2.7 615
2005.02.03 94 25 570
2012.01.25 67 2.9 560
2014.10.25 58 2.8 465
2012.02.06 40 34 460
1997.12.15 55 2.9 450
1983.09.19 56 2.7 398
1998.01.22 50 2.8 378
1988.03.01 53 2.6 360
1993.11.29 50 2.7 360
1981.02.28 44 2.8 338
2007.11.10 25 3.6 320
1987.10.27 44 2.7 312
1993.01.02 45 2.6 310
1994.10.21 38 2.9 308
2020.02.10 30 3.1 286
1979.12.25 39 2.7 274
2002.12.01 32 2.9 263
1993.11.10 38 2.6 256
1980.01.03 32 2.8 254
2008.11.22 28 3.0 252
2001.11.24 24 3.2 249
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Fig. 3. Significant wave heights (a) and mean wave
direction (b) in the central part of Koktebel Bay for
storm (S1) which is extreme by significant wave
height value (hs = 3.6 m, T = 25 h, SPI = 320 m?h)
according to SWAN-ERA data
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Bay for storm (S2) which is extreme by storm
index (SPl = 660 m?-h, hs = 2.9m, T =77 h)
according to SWAN-ERA data
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Figs. 6, 7 show the modeling results of the artificial pebble beach deformation
profile for their four options during S1 and S2 storms having maximum values of
height and power index.

A detailed examination of the graphical data allows us to make the following
observations. Under the impact of storm waves, the coast steepness near the coast-
line changes gradually and pebble material from the beach nearshore part slides
down the underwater slope leading to a local depth decrease near the shore.
In the upper part of the beach profile, the process of erosion occurs, which results
in the retreat of the coastline. The extent of the bottom deformation zone from
the coastline is significantly greater than that of the erosion zone of the above-
water part of the beach. The most significant deformations of the beach profile
occur during the initial stages of the storm. Subsequently, the deformation rate
declines due to the increase in wave energy dissipation on the underwater ledge
formed by waves.

In order to quantify the extent of coastal zone deformations induced by storms,
the following calculations were performed for each of four profile options: L¢c —
erosion zone width of the coast; Ls — extent of the bottom deformation zone from
the coastline towards the sea. The starting point for determining the Lc and Ls pa-
rameters was the position of the coastline at the initial moment of time. The outer
boundary of the bottom deformation zone was identified by locating the coordinate
of the initial point out at sea, at which the bottom deformation reached a value of
0.1 min absolute terms.
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Fig. 6. Calculated beach profile F40 (a) and F10 (b)
for four points of time during S1 storm

Tables 2, 3 present the results of the Lc and Ls parameter calculations.
The data indicate that the most significant changes in Lc and Ls occur during
the initial six hours of a storm. Therefore, the rate of shoreline retreat can reach
3.9-5.3 m even in a relatively brief storm. Following a period of storm activity
lasting 24 hours, the Lc values for the S1 storm were observed to range between
6.4 and 8.3 m, while those for the S2 storm ranged between 6.1 and 6.7 m. At the end
of the S2 storm (t = 72 h), the L¢ values attained a maximum range of 9.1-10.0 m.
The extent of the underwater erosion zones is three times greater than that of the ero-
sion zones of the above-water part of the beach for all profile types.

The most critical situation occurs at the end of the S2 storm for a profile
with a beach width of 10 m (F10): the value of Lc =10 m at t = 72 h. Storm waves
erode the beach completely down to the base of the protection seawall, which can
be clearly seen in Fig. 7, b. At the same time, the calculated bottom deformation
zone also reaches maximum values, with Ls = 26.5 m. This phenomenon can be
attributed to the augmented backflow that occurs when waves reflect off a concrete
seawall and pulls the material to greater depths. A profile with a beach width of 20 m
(F20) will result in a shoreline retreat of 9.7 m at the end of the S2 storm, thus
leaving an above-water beach width of 10.3 m.
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(m) at different durations of S1 and S2 storms

S1 S2
Bea(_:h Storm duration, h
profile

6 |12 | 24 | 6 | 12 | 24 | 48 | 72
F40 53 65 76|40 55 67 82 91
F30 41 58 73|39 52 65 81 97
F20 50 69 83|40 55 72 88 97
F10 41 57 64|39 50 661 73 100
Averaged | 46 62 74|40 53 66 81 96
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Table 3. Width of bottom deformation zone Ls (m) from the coast-
line at different durations of S1 and S2 storms

S1 S2

Beach

profile Storm duration, h

6 12 24 6 12 24 | 48 72

F40 185 21.0 23.0(|150 185 205 225 24.0
F30 165 19.0 23.0|140 175 205 235 255
F20 18.0 205 23.0(|150 180 20.0 225 24.0
F10 155 20.0 24.0 145 175 20.0 23.0 265

Averaged | 17.1 20.1 233|146 179 203 229 250

In the more intense but less prolonged S1 storm, no erosion of the F10 profile
to the foundation of the protection seawall is observed. After the storm, the beach
width is ~3.5 m, and even a relatively minor swell will cause the embankment sea-
wall to be bombarded with pebbles and to collapse as soon as possible.

The calculations conducted for the S2 storm demonstrated that the profile de-
formations remained insignificant even after 48 hours of storm impact. The results
for a longer, weaker storm (S3) yielded comparable outcomes and are not included
in the paper. Accordingly, calculations for a longer, weaker storm were not con-
ducted.

Thus, the results of the numerical experiments suggest that at mean particle
size of the beach-forming material Dso = 30 mm, the construction of artificial beach
profiles with a width of 20 m or more can serve to mitigate the impact of storm
surges, thereby providing an effective means of protection from extreme wave
action.

Conclusion

The storm power index (SPI) was calculated for the central part of Koktebel
Bay based on the wave reanalysis data for 1979-2020. A total of 146 storms with a
minimum duration of 12 h were also identified. Three most extreme storms were
analyzed. The storm of 10-11 November 2007 had the maximum value of signifi-
cant wave height (hs = 3.6 m). The storm of 2629 January 1988 was the most pow-
erful (SPI = 660 m?:h) in the 41-year period under review. The storm situation of
25-29 September 2017 was also identified as the longest on record (T =95 h).

For real extreme storms, the deformation profile of the artificial pebble beach
located in front of the steep seawall of the embankment was calculated. The width of
the beach was 10, 20, 30 and 40 m. It was shown that under the impact of storm waves,
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the coast steepness near the coastline changed gradually and material from the beach
nearshore part slid down the underwater slope leading to a local depth decrease
near the shore.

In the upper part of the beach profile, erosion occurs, resulting in the retreat
of the coastline. The length of the erosion zone of the underwater coastal slope
in the nearshore zone is three times the width of the above-water beach erosion.
The most significant deformations of the beach profile occur during the first 6 hours
of storms. Further, the beach deformation rate decreases due to the increase in wave
energy dissipation on the underwater ledge formed by waves. The erosion of
the above-water part of the beach can reach 10 m.

In light of the findings from the numerical experiments, it can be concluded
that at mean particle size of the beach-forming material Dso = 30 mm, a beach 10 m
wide or less in front of a cliff or breakwater cannot absorb the energy of storm
waves. Even a brief storm would result in significant erosion of the beach and
active erosion of the breakwater seawall by pebble bombardment. It is improbable
that the beach at this location would be restored naturally, as the reflection of
waves from the surface of the seawall would tend to pull beach-forming material
down to depth and carry it away by the longshore flow.

The study revealed that > 20 m wide pebble beaches would fully absorb
the wave energy of extreme storms and provide adequate protection. Nevertheless,
when designing a beach with recreational value, it is recommended that the width
of the beach exceed 30 m.

REFERENCES

1. Shuisky, Yu.D., 2022. Anthropogenous Relief of Coastal Zone of a Seas (the Black and
Azov Seas for Example). Odessa: Fenix, 102 p. (in Russian).

2. Shakhin, V.M., Ribka, V.G. and Yaroslavtsev, N.A., 2001. A Modern Condition of
a Coastal Zone and Coastal-Protection Structures of the Black and Azov Seas within
the Limits of Krasnodar Region. In: N. A. Aibulatov, ed., 2001. The Mankind and
the Coastal Zone of the World Ocean in XXI Century. Moscow: GEOS, pp. 423-429
(in Russian).

3. Goryachkin, Yu.N. and Markov, A.A., 2009. Effectless Analysis of Reconstruction
of Crimean Coastal Protection Structures. The Hydrotechnika, (3), pp. 2-9.
https://doi.org/10.55326/22278400_2023_3 2 (in Russian).

4. Roelvink, D., Reniers, A., van Dongeren, A., van Thiel de Vries, J., McCall, R. and Les-
cinski, J., 2009. Modelling Storm Impacts on Beaches, Dunes and Barrier Islands. Coastal
Engineering, 56(11-12), pp. 1133-1152. https://doi.org/10.1016/j.coastaleng.2009.08.006

5. Bolle, A., Mercelis, P., Roelvink, D., Haerens, P. and Trouw, K., 2011. Application
and Validation of Xbeach for Three Different Field Sites. Coastal Engineering
Proceedings, 1(32), sediment 40. https://doi.org/10.9753/icce.v32.sediment.40

6. Kuznetsova, O.A. and Saprykina, Ya.V., 2017. Intra-Annual Storm Deformations of
Sandy Beach by an Example of Kamchia-Shkorpilovtsi Coast (Black Sea, Bulgaria).
Processes in Geomedia, (1), pp. 435-444 (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024 107



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

108

Kuznetsova, O.A. and Saprykina, Ya.V., 2019. Modeling the Dynamics of a Sand
Beach Governed by the Wave and Underwater Bar Interaction. Geomorfologiya, (3),
pp. 57-67. https://doi.org/10.31857/S0435-42812019357-67 (in Russian).

Kharitonova, L.V., Ivancha, E.V. and Alekseev, D.V., 2015. Effect of Storm Surges
and Wind Waves on Morphodynamic Processes in the Bakalskaya Spit Region. Physical
Oceanography, (1), pp. 73-84. https://doi.org/10.22449/1573-160X-2015-1-73-84

Korzinin, D.V., 2015. Features of Formation Equilibrium Profile Underwater Coastal
Slope (Accumulative Coast of the West Crimea As Example). Ecological Safety of
Coastal and Shelf Zones of Sea, (1), pp. 29-33 (in Russian).

Gurov, K.l., Fomin, V.V. and Lazorenko, D.l., 2016. Mathematical Modeling of
the Redistribution of Sand Fractions According to a Underwater Coastal Slope Under
the Influence of the Wind Waves. Ecological Safety of Coastal and Shelf Zones of Sea,
(3), pp. 6571 (in Russian).

Fomin, V.V., Gurov, K.I., Udovik, V.F. and Konovalov, S.K., 2016. Dynamics of
the Nearshore Zone of Kalamitskiy Gulf (Black Sea) under Influence of Wind Waves.
In: International EMECS Center, 2016. Proceedings of XXVI International Coastal
Conference «Managing Risks to Coastal Regions and Communities in a Changing
worldy. St. Petersburg, August 22-27, 2016. Academus Publishing, 2016. P. 1-1.
https://doi.org/10.31519/conferencearticle_5b1b948b20d587.32401065

Gurov, K.1., Udovik, V.F. and Fomin, V.V., 2019. Modeling of the Coastal Zone Relief
and Granulometric Composition Changes of Sediments in the Region of the Bogaily
Lake Bay-Bar (the Western Crimea) during Storm. Physical Oceanography, 26(2),
pp. 170-180. https://doi.org/10.22449/1573-160X-2019-2-170-180

Gurov, K.1., Fomin, V.V., Alekseev, D.V. and lvancha, E.V., 2019. Sediments Granu-
lometric Composition Dynamics in the Kalamitsky Gulf. In: MEDCOAST, 2019.
14th MEDCOAST Congress on Coastal and Marine Sciences, Engineering, Manage-
ment and Conservation, MEDCOAST 2019. Marmaris, 2019. Vol. 2, pp. 597-606.

Gurov, K.l. and Fomin, V.V., 2021. Influence of Storm Conditions on Changes
in the Granulometric Composition of Bottom Sediments in the Coastal Zone of
the Western Crimea. Ecological Safety of Coastal and Shelf Zones of Sea, (2), pp. 30—
46. https://doi.org/10.22449/2413-5577-2021-2-30-46 (in Russian).

Fomin, V.V. and Goryachkin, Yu.N., 2022. Accounting for the Local Wave and
Morphodynamic Processes in Coastal Hydraulic Engineering. Physical Oceanography,
29(3), pp. 271-290. d0i:10.22449/1573-160X-2022-3-271-290

Goryachkin, Yu.N. and Efremova, T.V., 2022. Anthropogenic Impact on the Litho-
dynamics of the Black Sea Coastal Zone of the Crimean Peninsula. Ecological Safety
of Coastal and Shelf Zones of Sea, (1), pp. 6-30. https://doi.org/10.22449/2413-5577-
2022-1-6-30

Kharitonova, L.V., Fomin, V.V. and Alekseev, D.V., 2024. Wave Climate of Koktebel
Bay (Crimea) of the Black Sea. In: T. Chaplina, ed., 2024. Processes in GeoMedia—
Volume VIII. Springer Geology. Springer, 12 p. https://doi.org/10.1007/978-981-97-
6627-7_28

Goryachkin, Yu.N., 2024. Anthropogenic Impact on the Coastal Zone of Koktebel Bay
(Black Sea) over the Last 100 Years. Ecological Safety of Coastal and Shelf Zones of
Sea, (2), pp. 6-22.

Gurov, K.1I., 2023. Granulometric Composition of Sediments in the Coastal Zone
of Koktebel Bay (Crimea). Ecological Safety of Coastal and Shelf Zones of Sea, (4),
pp. 34-45.

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



20. Booij, N., Ris, R.C. and Holthuijsen, L.H., 1999. A Third-Generation Wave Model
for Coastal Regions: 1. Model Description and Validation. Journal of Geophysical
Research: Oceans, 104(C4), pp. 7649-7666. https://doi.org/10.1029/98JC02622

21. Divinsky, B.V., Fomin, V.V., Kosyan, R.D. and Ratner, Y.D., 2020. Extreme Wind Waves in
the Black Sea. Oceanologia, 62(1), pp. 23-30. https://doi.org/10.1016/j.0cean0.2019.06.003

22. Amarouche, K. and Akpinar, A., 2021. Increasing Trend on Storm Wave Intensity
in the Western Mediterranean. Climate, 9(1), 11. https://doi.org/10.3390/cli9010011

Submitted 19.04.2024; accepted after review 27.05.2024;
revised 17.06.2024; published 25.09.2024

About the authors:

Lyudmila V. Kharitonova, Senior Research Associate, Marine Hydrophysical Institute of
RAS (2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Geogr.),
ORCID ID: 0000-0003-0705-0812, ResearcherID: Y-17802018, |.kharitonova@mhi-ras.ru

Dmitry 1. Lazorenko, Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Tech.), ORCID ID:
0000-0001-7524-565X, ResearcherID: J-1925-2015, d.lazorenko@mhi-ras.ru

Dmitry V. Alekseev, Scientific Secretary, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Phys.-Math.),
ORCID ID: 0000-0003-4006-0967, ResearcherlID: 1-3548-2017, d.alekseev@mbhi-ras.ru

Vladimir V. Fomin, Chief Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Dr.Sci. (Phys.-Math.),
ORCID: 0000-0002-9070-4460, ResearcherID: H-8185-2015, v.fomin@mhi-ras.ru

Contribution of the authors:

Lyudmila V. Kharitonova — literature review on the study problem, preparation of input
parameters for numerical modelling, description of the study results, article text and graphic
materials preparation

Dmitry |. Lazorenko — preparation of input parameters for numerical modelling, article
preparation

Dmitry V. Alekseev — processing of the numerical modelling results, article preparation

Vladimir V. Fomin — problem statement, numerical experiments, processing and analysis
of modelling results, preparation of the text of the article and graphic materials

All the authors have read and approved the final manuscript.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024 109



ISSN 2413-5577, Ecological Safety of Coastal and Shelf Zones of Sea, 2024, No. 3, pp. 110-122.

Original article

Synoptic Water Temperature Variations in Martynova Bay
(Black Sea) in 2000-2020 and the Factors Defining Them

P. D. Lomakin ! *, M. A. Popov?

! Marine Hydrophysical Institute of RAS, Sevastopol, Russia

2A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia

* e-mail: p_lomakin@mail.ru

Abstract

The paper analyses a sample of daily coastal observations to reveal patterns of water tem-
perature temporal variability in Martynova Bay for 2000-2020. In the time course of water
temperature, a response (in the form of positive and negative extremes) to synoptic processes
in the atmosphere and sea was tracked. In the cold season, three groups of such extrema
were identified. These are clearly expressed maximums in November determined by the trans-
fer of warm air mass from the Transcaucasia to the Black Sea; minimums in December—
February due to Arctic invasions; and less significant highs in February—March caused
by the foehn wind effect. In the warm half of the year, two groups of extremes were identi-
fied in the time course of water temperature. These are maxima caused by overheated air
masses, which spread to the Black Sea from the Sal steppes in June—August, and minimums
in June—September associated with the influence of the Black Sea upwelling. It is shown
that in the bays of the northern coast of the Heraclean Peninsula, fluctuations in water tem-
perature caused by surge winds were insignificant. Their range did not exceed 1 °C, and
the duration of the cycle, as a rule, was no more than one day.
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AHHOTaNNA

Ha ocHoBe aHanm3a BBIOOPKH €XKECYTOYHBIX NMPHOPEKHBIX HAOIIOIEHHUN PACKPBITHI 3aKO-
HOMEPHOCTH BPEMEHHOH M3MEHUYMBOCTH TEMIIepaTyphl Boasl B MapTeiHOBO# OyxTe ¢ 2000
o 2020 r. Bo BpeMeHHOM X0/€ TeMIepaTypbl BOABI OTCIEKEH OTKIHK (B BHJE MOI0XKHU-
TENBHBIX M OTPHILATEIBHBIX DKCTPEMYMOB) Ha CHHONTHYECKHE IPOILECCHI B arMocdepe
n Mope. B xonogHOE BpeMs rofa BEISIBICHO TPU TPYMIIBI TAKHX SKCTPEMYMOB: OTUETINBO
BBIpa)KCHHBIE MAaKCUMYMBI B HOSIOpE, ONpeIeNsBIINECS BBIHOCOM Ha YepHoe Mope TeIuIon
BO3JIyILIIHOM Macchl U3 3aKaBKa3bs; MUHUMYMBI B JiekaOpe — )eBpajie, 00yCIIOBICHHbBIE apK-
THYECKVMH BTOPKCHUSIMH; ¥ MEHEE 3HaUYMMbIe MaKCUMyMBbI B (peBpaje — MapTe Kak ciel-
crBue pénosoro 3ddekra. B Temnoe momyroare Bo BpeMEHHOM XOJI€ TEMIIEPATypPbl BOJIBI
BbIJACJICHBI JBC TI'PYIIbl 3KCTPEMYMOB: MAaKCUMYMBI, 06yCHOBHeHHbIe NEePEerpeTbiIMu BO3-
JOYIIHBIMH MaccaMH, KOTOPBIE paclpocTpaHsuiich Ha YepHoe Mope 3 paiioHa Caiabckux
CTelel B MIOHE — aBr'yCTe, 1 MUHIUMYMBI B HIOHE — CEHTSIOpE, CBS3aHHbIE C BIMSIHUEM Yep-
HOMOpCKoro anBesuinHra. [lokasano, uto B Oyxrax ceBepHoro Oepera I'epakieiickoro mo-
JTyoCTpOBa KONeOaHHs TEMIEpaTypsl BOJBI, BBI3BIBAEMbIE CTOHHO-HarOHHBIMH BETPaMH,
He3HauuTeNbHBl. VX pa3max He mpeBbimaer 1 °C, a AIMTENBHOCTH LUKIIA, KAaK MPABUIIO,
He 6onee 1 cyT.

KaioueBble ciioBa: TeMiieparypa BOJbl, aHOMaJINH, apKTHYECKOE BTOp)KeHHE, (EH, anBel-
JIMHT, CTOHHO-HAaroHHbIe siBiieHus, OyxTel CeBactomnouns, Kpbim
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TaKTHBIX U3MEPEHUI W MaTeMaTHYecKoro mMozeaupoBanus» (mudp «IIpudpexHbie uccie-
nIoBaHU) U rocyaapctBenHoro 3amaans OULL MEBIOM mo teme «MccmenoBanme mexa-
HU3MOB YIPaBJICHNS POAYKIIMOHHBIMH IIPOIIECCAMHU B OMOTEXHOJIOTHYECKHX KOMILIEKCaX
C LIEeTbI0 pa3pabdOTKKU HAYYHBIX OCHOB MOJy4YeHHUs OMOJIOTHYECKH aKTHBHBIX BELIECTB U
TEXHUYIECKHUX MTPOAYKTOB MOPCKOTO TeHe3nca», Ne roc. perucrpanuu 121030300149-0.

Jasa nurupoBanus: Jlomaxun I1. J[., Ilonoe M. A. CuHonTH4ecKue BapHaly TEMIEPATy Pl
BoJIbI B MapteiHOBO# OyxTe (UepHoe mope) B 2000-2020 roas! u ompeaessBIIie UX (akTopbl
// Dxomoruyeckas 0€30MaCHOCTh MPUOPEKHON u menbhoBoit 30H Mops. 2024, Ne 3.
C. 110-122. EDN MYQGGD.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024 111



Introduction

Martynova Bay is located in the south-west of Sevastopol Bay, at its mouth.
Until the 1970s, it was not part of Sevastopol Bay. At present, the bay is separated
from the open sea by the southern breakwater. Its maximum depth is 17 m at the end
of the breakwater. The meridional length and width at the entrance is about 480 m.
Water exchange with the open sea is limited. Irrespective of wind direction and
strength, smooth waves prevail in Martynova Bay. In the open part of the sea
behind the southern breakwater, there is an oyster and mussel farm of LLC NIO
Mariculture. In this water area, Institute of Biology of the Southern Seas (IBSS)
regularly monitors water temperature (Fig. 1).

Time series of observations of aquatic environment parameters in coastal wa-
ters are extremely important for the improvement of knowledge in various fields of
the marine science. The combination of coastal temporal observations with obser-
vations in open waters, which, as a rule, are presented as spatial distributions,
allows revealing the regularities of temporal variability of the fields of oceanologi-
cal variables in the oceans and seas [1, 2].

The results of the analysis of observations in the bay under study has applied
significance because of their representativeness both for the entire Black Sea area
and for the sea area off South-West Crimea, including bays and open areas of
the Sevastopol seashore.
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Fig. 1. Geographical position of Martynova Bay (A is the point of water
temperature observations)
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The aim of the work is to reveal the regularities of synoptic variability of water
temperature in Martynova Bay for the time interval from 2000 to 2020 based on
the analysis of coastal observations, as well as to identify the factors determining
the corresponding types of fluctuations.

Source data and study methods

We analysed a sample of daily (conducted at 12:00 (GMT +3)) coastal water
temperature observations from 2000 to 2020, which were taken in Martynova Bay
near the oyster and mussel farm of LLC NIO Mariculture (point A in Fig. 1).

Information on the atmospheric synoptic situation in the Azov-Black Sea basin
was obtained by analysing synoptic maps from the archive of Wetterzentrale Hydromet
Centre (Germany) (URL: http://old.wetterzentrale.de/topkarten/fsreaeur.html).

Synoptic weather data for Sevastopol were taken from the Weather web-
site of the marine meteorological station Chersonesos Lighthouse (URL:
http://rp5.am/IToroma_Ha XepcOHECCKOM Maske).

For ease of analysis, the entire initial set of actual water temperature observa-
tions was divided into two parts, referring to cold (November—April) and warm
(May—October) half-years. The data was then averaged on a ten-day basis. Further,
for each half-year in the coordinate system “current day, current year” and “current
ten-day period, current year”, temporal temperature sweeps were constructed
(Figs. 2, 3), which were used to assess the response of the considered variable
to synoptic processes in the atmosphere and in the sea, as well as to local regional
processes.

The averaged schemes were calculated to filter out the noise and assess
the significance of the extremes detected in the actual time sweeps. Only signifi-
cant extremes that appeared in the mean ten-day sweeps were considered in detail.

Discussion of results

The temporal sweeps of both the actual and mean ten-day water temperature
show positive and negative local extremes indicating processes of different time
scales in the atmosphere and sea that determined the variability of the considered
parameter of the aquatic environment (Figs. 2, 3).

In the cold season, three groups of such extremes were identified: pronounced
maxima in November, minima in December—February and less significant maxima
in February—March.

In November, in the temporal sweep of the actual water temperature, the max-
imum was observed in 15 cases (years) out of 21, whereas in the sweep of mean
ten-day temperature, this extreme was quite clearly manifested only 12 times:
in 2000, 2004, 2005, 2007-2010, 2012, 2015, 2018-2020 (Fig. 2).

In these years, the atmospheric synoptic situation was analysed for November
using archived synoptic maps, which showed the following. The weather over
the Black Sea was determined by the influence of the southern southwestern
periphery of the Siberian High (Transcaucasia), which determined the heat transfer
from the warmed continent (Fig. 4).
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Fig. 2. Time variations of water temperature in Martynova Bay during
the cold half of the year for 2000-2020: daily (a), average ten-day (b)
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Fig. 3. Time variations of water temperature in Martynova Bay during
the warm half of the year for 2000-2020: daily (@), average ten-day (b)
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Fig. 4. Synoptic situation illustrating the transfer of heat from Transcaucasia
to the Black Sea in the circulation system of the southern south-western peri-
phery of the Siberian High, map on 12 November 2019, 12:00 GMT

During this atmospheric natural anticyclonic synoptic period lasting from 1
to 2 ten-day periods, the air in Sevastopol warmed up to 15-20°C and the water
temperature in Martynova Bay increased by 0.6—1.7 °C against seasonal cooling
and reached 15.1-17.4°C.

In similar situations, there is a noticeable warming of shallow top parts of
Sevastopol bays, where vertical stratification of the temperature field also forms.
At the boundary with the central parts of the bays, pronounced frontal temperature
sections appear. In the morning, at the maximum difference of water and air tem-
perature (up to 10 °C), steam fog can be observed over the top parts of the bays.

Another significant atmospheric natural synoptic process that contributed
to the extreme cooling of coastal waters during the cold half-year is determined
by the Arctic invasions of cold air masses. The synoptic situation typical of the Arc-
tic invasion was determined by the rear part of a trough meridionally orientated
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from the Kara Sea to the Black Sea (Fig. 5). The most powerful inflows of Arctic
cold observed in December—February were accompanied by a significant (down to
—17..~15°C) drop in air temperature in Sevastopol, and the water temperature
in Martynova Bay dropped to minimum values (4—6 °C).

In the time course of the actual water temperature, local minima associated
with Arctic invasions were observed in 9 cases (years) out of 21 (see Fig. 2, a).
In the sweep of the mean ten-day temperature for the cold half-year, the most
significant extremes appeared 8 times: in 2001, 2003-2005, 2011, 2014-2016
(Fig. 2, b).

The insignificant increase in water temperature observed in February—March
was due to a local meteorological phenomenon — the foehn effect.

In Sevastopol, foehn is usually observed in February with southeastern transfer
in the atmosphere. In this case, a dry warm wind from the spurs of the Crimean

12FEB2004 122
500hPa Geopotential (gndam), Bodendruck (hPa)

Daten: CFS Reanalysis
() Wetterzentrale
wirw . wetterzentrole de

Atmospheric pressure, hPa

480 500 520 540 560 580 600

Fig. 5. Synoptic situation during the polar invasion of the Black
Sea, map on 12 February 2004, 12:00 GMT
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Mountains contributes to the inflow of warm air and setting in of dry clear weather
with air temperatures in the Sevastopol region up to 20 °C and higher.

Foehn, as a local phenomenon lasting up to ten days, does not lead to a fairly
significant increase in water temperature. According to the analysed data, the water
temperature increase caused by the foehn effect is generally no more than 0.5 °C;
in some cases, it can be 0.6-0.8 °C.

Foehns are a rather frequently observed phenomenon at the end of winter.
In the field of actual water temperature, they were recorded almost annually except
for four years with the lowest winter temperature: 2004, 2005, 2011, 2016
(Fig. 2, a).

The most intense foehns, which caused water warming in Martynova Bay
by 0.6-0.8 °C, are quite rare and were observed only in 2015 and 2018-2020
(Fig. 2, b).

For the Sevastopol region, the foehn effect is extremely important in terms of
ecology. A sharp increase in air temperature at the end of winter causes intensive
snow melting in the catchments of Crimean rivers, which are traditionally considered
polluted [3]. The water flow rate in the rivers almost instantly increases to values
that are by an order of magnitude higher than average. At the same time, a huge
number of pollutants enters the bays and open areas of the sea. These phenomena
for the Balaklava Bay area are considered in detail in the book [4].

For the warm season, the time course of water temperature revealed two groups
of extremes: distinct maxima in June—August and minima in June—September
(see Fig. 3).

High actual water temperatures (26—28 °C) were observed in 2005, 2007,
2012, 2014-2017. The water in the analysed bay warmed up to the maximum
(up to 28-30°C) in 2001 and 2010 (Fig. 3, a). In 2001, 2010, 2014-2017, the tem-
perature maxima (27-28°C) were manifested in the mean ten-day sweep (Fig. 3, b).

The above cases were caused by extremely high air temperatures (up to 33—
37 °C). In July—August, overheated air masses spread to the Azov—Black Sea basin
by the northeastern wind from the Sal steppes, where the average summer air tem-
perature reaches 35—45 °C [5]. At the same time, the synoptic situation was deter-
mined by the eastern southeastern periphery of the Azores High (Fig. 6).

In June—September, cyclic changes in water temperature were observed
on the time scale from several days to 2-3 ten-day periods. These changes, accom-
panied by a significant decrease in water temperature, were caused by the coastal
Black Sea upwelling. The coastal Black Sea upwelling, the most significant mech-
anism providing the water exchange between the shelf and deep-sea zones, is rela-
tively well studied for the deep-water areas around the perimeter of the Black Sea.
The nature of this phenomenon is attributed to the influence of atmospheric circula-
tion over the Azov—Black Sea basin [6-8].
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Fig. 6. Synoptic situation in conditions of superheated air outflow
to the Black Sea from the Sal steppes, map on 14 August 2010, 12:00
GMT

The features of the coastal Black Sea upwelling in Martynova Bay and
on the Sevastopol seashore were analysed in the article [9] and are briefly listed
below. The most powerful upwelling was observed in June 2001, June—July 2005,
September 2006, September 2007, July—August 2011, July—August 2013, July—
August 2015, July and September 2017, July 2019, July 2020 (Fig. 5). A total of
42 upwelling events with a temperature range of 2—7°C were recorded from 2000
to 2020. Their duration varied from 4 to 32 days.

The most frequent upwellings in Martynova Bay were recorded in June—July.
The most intensive ones were recorded in June. The same pattern is typical of
upwelling in the area of the depth gradient off the western coast of Crimea [7].
Upwellings with a cycle duration of 4—8 days had the highest frequency of occur-
rence (31 %). Upwellings with a cycle of 20-32 days were observed much less
frequently. Their total frequency of occurrence was 11 %.
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The typical properties of the hydrological regime of Sevastopol bays include
surge phenomena [10]. The analysed dataset does not allow us to consider such
phenomena due to the discreteness of observations.

Observations of water temperature, which were conducted in the Sevastopol
marine fishing port in Kamyshovaya Bay and on the beach in Kruglaya Bay (Omega)
with a discreteness of 6 h, showed that water temperature fluctuations caused
by water surge winds were insignificant. Their magnitude did not exceed 1 °C and
the cycle duration was generally not more than 1 day.

This effect can be explained by the morphometric features and location of
the bays on the northern coast of the Heraclean Peninsula as well as by the wind
regime of the Sevastopol region. The axial lines of the bays — from Kazachya Bay
to Yuzhnaya Bay (see Fig. 1) — are oriented along the meridian, and the bays them-
selves face northwards with their open parts. The winds of the northern quarter
cause an upsurge, while the winds of the southern quarter cause a downsurge.

A special property of the breeze circulation in the Sevastopol region is that
the daytime northwesterly breeze as well as the nighttime northeasterly one have
a significant northerly component, which often prevails over the gradient wind
in the warm season. Therefore, during the warm half of the year, the northern coast
of the Heraclean Peninsula with its bays is mainly affected by the upsurge winds.
Southern quarter downsurge winds, which cause a decrease in water temperature,
are rare. Moreover, they have a very limited acceleration within each of the bays,
and the adjacent water area of the Sevastopol seashore has a relatively shallow depth.

The above mentioned allows us to suppose that near the northern shore of
the Heraclean Peninsula and in the corresponding bays, the wind-induced water
temperature fluctuations are insignificant and their range is not more than 1 °C.

Conclusion

Based on the analysis of a sample of daily coastal observations, the regularities
of temporal variability of surface water temperature in Martynova Bay from 2000
to 2020 were considered, and the factors causing this variability were analysed.

In the time course of water temperature, both actual and average ten-day tem-
perature, the response (in the form of positive and negative extremes) to synoptic
processes in the atmosphere and in the sea was traced.

During the cold season, three groups of such extrema were identified: distinct
maxima in November, minima in December—February and less significant maxima
in February—March.

The increase in water temperature in November by 0.6—1.7 °C against a sea-
sonal cooling was determined by the transfer of warm air masses from the Trans-
caucasia to the Black Sea in the circulation system of the southern south-western
periphery of the Siberian maximum. A drop in water temperature to a minimum
of 4-6 °C in December—February was provided by Arctic intrusions. The foehns
in February—March were accompanied with water warming in Martynova Bay
by about 0.5 °C.
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During the warm half of the year, two groups of extrema were identified
in the time course of water temperature: maxima in June—August and minima
in June—September.

Extremely high water temperatures of 28—30 °C were caused by overheated air
masses that travelled to the Black Sea from the Sal steppes, where the average
summer air temperature reaches 45 °C. The synoptic situation over the Black Sea
was determined by the eastern south-eastern periphery of the Azores High.

The cyclical changes of water temperature observed in June—September
on a time scale from several days to 2—3 ten-day periods, which were accompanied
with its decrease by 2—7 °C, were determined by the Black Sea upwelling.

In the bays of the northern coast of the Heraclean Peninsula, the water temper-
ature fluctuations caused by water surge winds were insignificant. Their magnitude
did not exceed 1 °C and the cycle duration was usually not more than 1 day.
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Trace Elements in the Components of the Aquatic Ecosystem
of the North Crimean Canal and Irrigated Farmland
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Abstract

For 2022-2023, the concentrations of trace elements (Be, V, Fe, Co, Ni, Cu, Zn, As, Se,
Mo, Cd, Sb, T, Pb, Ag) were determined in the aquatic ecosystem of the North Crimean
Canal, adjacent irrigated soils and cultivated irrigated agricultural crops. The content of all
studied elements was determined in their acidic concentrates and mineralizates in accord-
ance with State Standard of Russia 56219-2014 by mass spectrometry with inductively
coupled plasma on a PlasmaQuant MS Elite mass spectrometer (AnalytikJena, Germany)
on the basis of the collective use center “Spectrometry and Chromatography”, A.O. Ko-
valevsky Institute of Biology of the Southern Seas of RAS. The concentrations of heavy
metals and trace elements in the aquatic ecosystem of the North Crimean Canal allowed
safe use of the Dnieper water both for drinking and for other economic needs of Crimea.
The maximum relative increase in the heavy metals pool due to irrigation of fields with
the Dnieper water was for Mo (up to 0.1 %), Zn, Sb and Pb (no more than 0.04 %), which
cannot affect the ecological state of the irrigated lands. In soils, a systematic excess of
the maximum permissible concentrations was observed for Cd (up to 230 %) both in rice
and wheat fields as well as in virgin lands. In rice and wheat crops, the maximum permissi-
ble levels for grain and grain fodder for Fe, Ni, Cd, As were exceeded. In the wheat ear,
maximum permissible levels were exceeded for Fe (by 24 %), Ni (by 110 %) and As
(by 70 %). Maximum permissible concentrations in rice grain were exceeded for Cu (by 29 %),
Cd (by 150 %) and Pb (by 438 %), and in wheat grain — for Cd (by 360 %) and Pb (by 300 %).
It was revealed that insignificant amounts of trace elements brought with the Dnieper water
through the North Crimean Canal cannot have a noticeable effect on the irrigated farmland
of Crimea. The detected excesses of maximum permissible concentrations and maximum
permissible levels of trace elements in soils and agricultural crops are probably due to
the activities of industrial enterprises in the north of the peninsula.

Keywords: North Crimean Canal, heavy metals in soil, heavy metals in plants, heavy
metals in water, irrigated soils, agricultural plants, heavy metal pollution
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Mukpo3/1eMeHThl B KOMIIOHEHTAX BOJIHON 3KOCHCTEMBI
CeBepo-KpbIMCKOro kaHajia 1 OpolIaeMbIX CeJIbX03yroAni

B. 1O. lIpockypuun, H. FO. Mup3oesa, O. /I. Yy:xukoBa *,
M. O. Baxpyumes

Hucemumym 6uonozuu oxcrvix mopeti umenu A. O. Kosanesckoeo PAH,
Cesacmononw, Poccus

* e-mail: 0lga88.chp@ya.ru

AHHOTALMSA

B 2022-2023 rr. B BoaHOI 3kocucteme CeBepo-KpbIMCKOro kKaHajia, OpomIaeMbIX HOYBax
BJIOJIb HETO U BBIPAIMBAEMBIX TOJIMBHBIX CEIBCKOXO3SHCTBEHHBIX KYJIBTYpax OBIIHM Ompe-
JeJIeHBl KOHIEHTpaluu MukpoanemeHToB Be, V, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd,
Sb, T1, Pb, Ag. Conepkanne BceX M3y4aeMBbIX 3JIEMEHTOB OIMPENEISUIN B UX KUCIOTHBIX
KOHIIEHTpaTax ¥ MuHepanu3aTax B coorBercTBuu ¢ [[OCT P 56219-2014 meromom macc-
CIIEKTPOMETPUH C WHIYKTHBHO-CBA3aHHOH IIa3Moil Ha macc-criekrpomerpe PlasmaQuant
MS Elite (AnalytikJena, I'epmanns) Ha 6aze HO IKII «CnekrpomeTpust U Xpomarorpa-
¢us»y OUL] NabIOM. KoHueHTpanuy TsDKEIBIX METAUIOB U MHUKPO3JIEMEHTOB B BOAHOW
skocucteme CeBepo-KpbiMcKoro kanama ObITM O€30TaCHBI JUIS UCTIOIB30BaHUS THEMPOB-
CKOW BOJBI B KauecTBE NMHUTHEBOH, a TaKKe JJISl JPYyTHMX XO3SHCTBEHHBIX HYXA Kpbima.
MakcuManbHOe OTHOCHTENIFHOE YBEIMUYEHHE Iyjla MHUKPOAJIEMEHTOB BCIIEACTBHE OpOILe-
HUSI TTOJIeH THENPOBCKOH BOJ0H Obl10 onpeneneHo aiust Mo (o 0.1 %), a Taxxe st Zn, Sb
u Pb (ue 6onee 0.04 %), 4TO HE MOKET CYIIECTBEHHO BIUSITH Ha DKOJIOTHYECKOE COCTOSTHHE
OpoIlIaeMbIX 3eMellb. B 1mouBax Kak pUCOBBIX M MIICHUYHBIX HOJICH, TaK ¥ LEJUHHBIX 3eMeNb
HaAOII0AAaNIOCh CHCTEMAaTHYEeCKOE MPEBBIIICHIE MPEIebHO AOMyCTHMON KoHIeHTparun Cd
JUIsl IouB cenbxo3yroauit (mo 230 %). B kyneTypax puca ¥ IMIIeHHIB! 00HAPYKEHO Tpe-
BBIIIICHNE MaKCHUMaIbHO NOMYCTHMBIX ypoBHeH conepxkanus Fe, Ni, Cd, As mns 3epHa
U 3epHOdypaxa. B Koioce mieHUnbl MakcUMallbHO JOIYyCTUMble YpoBHH Fe ObutH mpe-
BoimieHsl Ha 24 %, Ni — Ha 110 %, As — Ha 70 %. B 3epHe puca ObUIM NMPEBBIMICHHI TIpe-
JICTIbHO JOIYCTUMBIC KOHIICHTpAIMK i poaykroB mutanus Cu (aa 29 %), Cd (1a 150 %)
u Pb (ma 438 %), a B 3epre mmeHunsl — Cd (Ha 360 %) u Pb (ma 300 %). Berasneno,
YTO HE3HAYUTEJIbHbIE KOJIMYECTBA MHKPOAJIEMEHTOB, IIPHHOCUMEBIE C JTHEMPOBCKOI BOOM
o CeBepo-KprIMCKOMY KaHaITy, HE MOTYT OKa3aThb OIIYTUMOTo 3((eKTa Ha OpolIacMble
cenbxo3yronbsi Kpeima. OOHapyKeHHbIE NPEBBIIEHHS TPENEbHO JIOMYCTUMBIX KOHIICH-
Tpalyuii 1 MakCUMaJbHO JIOMyCTHUMBIX YPOBHEH MHUKPO3JIEMEHTOB B IOYBAaX M CEIHCKO-
XO3SICTBEHHBIX KYJIBTYypax 00YCIIOBJIEHBI, BEPOSITHO, JIEATEIBHOCTHIO MPOMBIIIICHHBIX
TIPEATIPUATHI Ha CEBEPE TTOJIyOCTPOBA.

KuroueBble ciioBa: CeBepo-KpbiMckuii kaHam, TsDKETbIe METaUTbl B TIOYBE, TSDKEIbIE Me-
TaJUIbl B PACTEHUSIX, TSDKEJIbIE METAIUIBl B BOJIE, OPOLIAEMbIE MOUBBI, CEbCKOX03SIICTBEH-
HBIE PACTEHUA, 3aIrPsI3HEHUE TSHKEJIBIMUA METAIIaMU

Baaronapuocrn: pa6ora BeimonHeHa B pamkax rpaHta PH®, mpoekt Ne 23-26-00128:
«Posnp opocurensHo# cucteMbl CeBepo-KpbpIMCKOro kKaHana B MPOIECcax IMepeHoca J0Iro-
XKHBYIINX PaJUOHYKIHIOB YEPHOOBLIBCKOTO MPOUCXOXKACHHUS, TSHKENIBIX METAUIOB, a TAKXKe
YIJIEBOAOPOIOB € JHENPOBCKOM BOJOM Ha NIOJUBHBIE CEIbX03yTroabs Kpbimay.
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Jas nutupoBanusa: MUKpPO3JIEMEHTH B KOMIIOHEHTaX BOJHOW aKocucTeMbl CeBepo-
Kpemmckoro kamama u opomaembix cempxosyronuit / B. 0. Ilpockyprun [u ap.] //
Okonorndeckas 6€30MacHOCTb MPUOPEXKHOH 1 menbhoBoit 30H Mopst. 2024. Ne 3. C. 123— 138.
EDN MHWSYU.

Introduction

The North Crimean Canal (NCC) was constructed and brought into operation
in 1971 with the objective of providing a sustainable water supply to Southern
Ukraine and Crimea. The arid climate of the Crimean peninsula presents significant
challenges to agricultural production. Consequently, the operation of the NCC sys-
tem is of great strategic importance for the water supply of the vast agricultural
lands in the northern and north-western parts of the peninsula " [1]. Among the agri-
cultural crops grown on the peninsula, rice and wheat are of particular importance
[2, 3]. In 2022, after an eight-year break in the regular operation of the canal,
the supply of the Dnieper water to Crimea via the NCC was resumed [4]. One of
the most important indicators of the quality of used water is the content of heavy
metals (HM) and other trace elements in it. It is advisable to monitor this indicator
both in soils irrigated with this water and in agricultural crops grown on them [5, 6].
In order to ascertain the potential adverse effects of the Dnieper water supplied
by the NCC on the quality of irrigated agricultural crops cultivated on the penin-
sula, it is essential to gain an understanding of the patterns of HM redistribution
within the following system: water — irrigated soils — irrigated agricultural crops.

The objectives of the study are as follows:

a) determination of the current quality of the Dnieper water supplied along
the NCC with respect to trace elements (Be, V, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd,
Sb, Tl, Pb, Ag), including heavy metals;

b) quantification of the levels of transfer of these elements from water to irri-
gated soils located along the NCC and agricultural crops grown on them;

c) comparison of the obtained results with the sanitary norms established
in the Russian Federation regarding the content of HM and other trace elements
in the studied objects.

This study is the first of its kind to examine the objectives set and the number
of elements studied in the sampled objects in the NCC area and in the adjacent
irrigated farmland. Consequently, it is a pioneering piece of research.

Material and methods

To determine trace elements, including HM, water and suspended matter sam-
ples were taken directly from the NCC bed and diversion canals. Soil samples of
fields irrigated with water from the NCC as well as rice and wheat grown on them

D Sokolov, A.A., 1964. [Hydrography of the USSR (Land Waters)]. Leningrad: Gidrometeoizdat,
535 p. (in Russian).
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were taken in the areas of the villages of Krepkoe and Ilyinka and the city of
Dzhankoy (the village of Pobednoe), (Fig. 1, Table 1). Samples were collected
between April 2022 and May 2023, and the concentration of 15 trace elements (Be,
V, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Tl, Pb) was determined. The dis-
solved forms of the determined elements were extracted from water by their
extraction concentration as diethyldithiocarbamates using carbon tetrachloride,

Reservoirs filled

Dnieper River
from North Crimean Canal

T
.
s

Irrigated areas

Settlements supplied
NORTH CRIMEAN CANAL o with water from

North Crimean Canal

/_*/\/R\ 1 B Pumping stations
Armyansk "\ 9
Krasnoperekopsk @ o3 Azov
Razdolnoe 4 rice canal
rice canal [ ) J P

; DzhankoyMm. =" _
’ Ll "

Yrm—ed o b mmrch
> 'K\\ Krasnogvardeyskoe o K

Lenino Qs
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Feodosiyai s
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Fig. 1. Scheme map of sampling in the area of the North Crimean Canal (2022-2023).
Sampling stations: / — main bed of the NCC, Armyansk area; 2 — main bed of the NCC,
Krasnoperekopsk area; 3 — the village of Krepkoe, Krasnoperekopsk area; 4 — branch of
the NCC, the village of Ilyinka, Krasnoperekopsk area; 5 — the village of Pobednoe,
Dzhankoy area). Water reservoirs: MR — Mezhgornoe, SKR — Starokrymskoe, FR — Feodo-
siyskoe, FrR — Frontovoe, LR — Leninskoe, SR — Samarlinskoe, StR — Stantsionnoe
(Kerchenskoe)
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Table 1. Coordinates of sampling stations

Sampling coordinates
Study area (N.E)

1. NCC main bed
(Armyansk area) 46°07.208’, 33°41.426°
2. NCC main bed
(Krasnoperekopsk area) 45°57.261°,33°49.184°
3. The village of Krepkoe
(Krasnoperekopsk area):

wheat field 45°55.419°,33°54.223°

paddy fields 45°56.097°, 33°55.029°
4. NCC branch
(Krasnoperekopsk area), the village of Ilyinka 45°50.067°, 33°45.600°
5. NCC main bed,
the village of Pobednoe (Dzhankoy area),
irrigated field 45°45.500°, 34°26.230°

in accordance with Regulatory Document 52.10.243-92. The determined elements
were extracted from solid samples (soils, suspended matter, stems and grains of
rice and wheat) by acid mineralization followed by filtration in accordance with
Federal Environmental Regulations 16.2.2:2.3.71-2011. The content of all studied
elements was determined in their acidic concentrates and mineralizates in accord-
ance with State Standard of Russia 56219-2014 by mass spectrometry with induc-
tively coupled plasma on a PlasmaQuant MS Elite mass spectrometer (AnalytikJena,
Germany) on the basis of the collective use center “Spectrometry and Chromatog-
raphy” A.O. Kovalevsky Institute of Biology of the Southern Seas of RAS.
The mass spectrometer was calibrated using standard solution “Calibration Multi-
element Standard 1V-28, HNOs/HF, 125 mL” (Inorganic Ventures) by plotting
a calibration straight line across solutions with dilution degrees of the standard
covering the full range of element concentrations to be determined. The mea-
surement procedure included at least seven repetitions for each measured element
in each sample. The measurement time of each m/z ratio was determined by the in-
tensity of the detector response to the presence of a particular element in solution
and ranged from 0.01 to 0.1 s. The relative error of measurement was determined
for all measured elements, with a maximum value of 10 % observed.
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To assess water quality, the obtained values of element concentrations were
compared with the maximum permissible concentrations (MPC) established
by Sanitary Regulations and Standards 1.2.3.3685-212 for domestic and drinking
water use (MPCpp). It should be noted that such MPCs are also applied to waters
used for irrigation. As the local population catches and consumes the fish that
inhabit the canal, the obtained values were also compared with MPC recommended
for waters of water bodies for fishery purposes ¥ (MPCpgp). The values of element
concentrations determined in soils were compared with MPC (MPCsi1) (or approx-
imately permissible concentrations (APCsi1)) values established for agricultural
soils ?. In addition, since farming in Crimea is primarily based on chestnut soils
with pH > 5.5, the MPCsii (APCsoi) values for clay and loam soils with pH > 5.5
were used where applicable. The transfer of elements with the NCC waters to irri-
gated fields was estimated based on the average norm of specific mass of arable
horizon of soil 3000 t-ha™' (in accordance with Sanitary Regulations and Standards
2.1.7.573-96) and maximum water consumption rates for irrigation of fields with
spring grain crops in Rostov Oblast as similar in soil type and climatic features
to the Crimean peninsula, up to 4140 m’-ha™'-year™' (in accordance with State
Standard of Russia 58331.3-2019). Agricultural crop quality was assessed accord-
ing to the temporary maximum permissible levels (MPL) for grain and grain fodder
for farm animals ¥ and MPC for cereals as a human foodstuff (MPCryoq) (Sanitary
Regulations and Standards 2.3.2.560-96). Regularities of trace elements accumula-
tion by agricultural crops from soils were characterized by conversion factors (F)
calculated as the ratio of the concentration of the element in the crop (part of
the crop) Cerop to the concentration of the element in the soil under this crop Coil.

Results and discussion

Table 2 shows the results of measurements of trace elements concentrations
in the Dnieper water of the NCC used for irrigation, in irrigated soils and crops.

Fig. 2 shows the assessment of the NCC water quality in relation to trace ele-
ments content in 2022-2023.

2 Popova, A.Yu., 2021. Sanitary Regulations and Standards CaulluH 1.2.3.3685-21 Hygienic Norms
and Requirements to Ensure Safety and/or Harmlessness of Habitat Factors for Humans (as
Amended for 30 December 2022). Moscow, 469 p. (in Russian).

3 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 (in Russian)

4 Tretyakov, A.D. and Zaichenko, A.L., 1987. Temporary maximum permissible level (MPL) of
the content of some chemical elements and gossypol in feed for farm animals and feed additives
(approved by the Main Veterinary Department of the State Agro-Industrial Committee of the USSR
on 7 August 1987). Moscow.
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Table 2. Concentrations of trace elements in the water (ug-L™"), in the soil and in the agri-
cultural crops (mg-kg™! D.W.)

Element Water Soil Agricultural
Dissolved form Total concentration Crops

Pb 0.05-0.19 0.70-1.96 8.63-70.82 0.86-7.68
Cd 0.02-0.37 0.10-0.61 0.56-6.64 0.07-1.00
Zn 6.42-113.83 8.51-117.38 63.47-122.07 3.70-26.79
Cu 0.64-2.29 1.16-3.01 20.02-59.43 1.24-12.87
Fe 0.63-2.83 36.69-230.71 1402'.27' .110033_ 33-2941
Co 0.02-0.06 0.04-0.14 11.33-15.42 0.02-0.89
Ni 0.76-1.39 1.24-2.26 38.22-51.65 0.394.21
Mo 0.02-0.21 0.34-0.65 0.45-2.85 0.03-1.33
Sb 0.008-0.015 0.014-0.023 0.03-0.22 <0.01-0.03
As 0.01-0.20 0.06-0.27 4.91-10.91 <0.10-0.85
v 0.16-0.61 0.33-0.96 43.94-76.39 <0.10-5.40
Tl <0.001-0.005 0.001-0.006 0.11-0.27 <0.001-0.017
Se <0.03-0.19 <0.03-0.19 0.75-3.29 <0.30-0.32
Ag <0.001 <0.001-0.11 0.12-0.32 <0.01
Be <0.01 <0.01-0.01 0.80-1.30 <0.001-0.086

It should be noted that RF normative documents 2" * - © regulate the content
of dissolved forms of elements only. On the basis of the analysis of the data ob-
tained, it was found that the concentrations of trace elements in the water (both
in their dissolved and total (suspended) forms) did not exceed MPCpp 2"
throughout the period of the studies.

With regard to MPCss,*), a single exceedance of twice the standard for zinc
concentration in the water (dissolved form) was observed in March 2023 under low
level conditions prior to the start of water supply.

3) Kurlyandsky, B.A. and Sidorov, K.K., eds., 2003. Hygienic standard I'H 2.1.5.1315-03. Maximum
permissible concentrations of chemical substances in the water of water bodies of household and
cultural and domestic water use: approved by the Decree of the Head State Sanitary Doctor of
the Russian Federation from 30 April 2003 no. 79. Moscow: Neftyanik, 152 p. (in Russian).

9 Mazaev, V.T., 2002. Sanitary Regulations and Standards SANPIN 2.1.4.1074-01. Drinking Water.
Hygienic Requirements for Water Quality of Centralised Drinking Water Supply Systems. Quality
Control (Approved by the Chief State Sanitary Doctor of the Russian Federation on 26 September
2001, no. 24). Moscow, 103 p.
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Fig. 2. Ratio of average (C,,) and maximum (Cmax) concentrations of dissolved
forms of trace elements (TE) in the North Crimean Canal water to MPCpp (a) and
MPCiign (b) in 20222023

It was determined that the maximum concentration factors (Cy) of elements by
suspensions were observed for Fe — n-107, slightly lower values of Cr were ob-
served for As, Mo, Cd and Pb — n-(10°+10°), the values of C did not exceed n-10°
for V, Co, Ni, Cu, Se, Sb and TI, and the values of this coefficient were minimal
for Zn and varied in the range of n:(10°+10%). Such high values of Cr determine
the most efficient sedimentation self-purification of the NCC waters from Fe, As,
Mo, Cd and Pb, to a lesser extent from V, Co, Ni, Cu, Se, Sb and Tl and the least
efficient from Zn.

Concentrations of dissolved forms of Be and Ag were below their detection
limits: for Be — 0.01 pug-L™, Ag — 0.001 pg-L™". Fig. 2 shows the ratios of the de-
tection limits to the corresponding MPC values for these elements.

Fig. 3 shows the assessment of the quality of arable soils of agricultural lands
and adjacent virgin land plots in the north of Crimea with regard to the content of
trace elements in them.
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Fig. 3. Ratio of trace elements (TE) concentrations (Crg) in soils of arable (a)
and virgin (b) land plots in the north of Crimea to the maximum (MPCi,i1)
and approximately (APCi.i) permissible concentrations of TE in soils in 2022-2023

A systematic excess of MPCsy was observed for Cd — up to 230 % — both
in rice and wheat fields (the village of Krepkoe, Fig. 1, Table 1) as well as in virgin
lands (the village of Krepkoe, the village of Ilyinka, Fig. 1, Table 1). The vertical
distribution of Cd in arable soils indicated an increase in its concentration with
the depth of the bedding layer. Maximum exceedance of MPC for Cd in the rice
field in this area appeared to be due to homogenisation of surface soil layers
by mechanical processing. Minor exceedance of MPC,,; for As was observed only
in virgin soil adjacent to the rice field near the village of Ilyinka (Fig. 1, Table 1),
with no exceedances observed in the arable soil itself.

Fig. 4 shows the results of calculation of ranges of specific pools of trace ele-
ments in arable soils of the studied fields and of elements supply with the NCC
waters used for irrigation.

The results of calculations (Fig. 4) show that the maximum values of metal
supply to irrigated soil with irrigation water are expected for Fe — 0.43+0.95 kg-ha™
(0.001 % of the pool) and Zn — 0.05+0.11 kg-ha™' (0.03 % of the pool).
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Fig. 4. Ranges of specific pools of microelements (a) in arable soils of
Crimea (Prg) and assessment of the absolute (b) and relative (¢) changes
in these pools (APrg) due to the supply with the North Crimean Canal waters
used for irrigation
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At the same time, the maximum relative increase in the pool of trace elements
due to irrigation is expected for Mo (up to 0.1 %), Zn, Sb and Pb (not more
than 0.04 %), which, obviously, will not affect the ecological state of the irrigated
lands.

Calculations of conversion factors (F¢) of elements from irrigated soils to rice
and wheat crops grown on them show that with respect to many elements their
concentration in grain in relation to the stem of the studied crops is observed.
To quantify this concentration, magnification coefficients (Cn,) were calculated
as the ratio of the concentration of trace elements in the grain to the concentration
in the plant stem. Figs. 5 and 6 show the results of such calculations.

It was demonstrated (see Figs. 5 and 6) that, of the trace elements (Fe, Ni, Co,
Cu, Zn, Mo, Sb, Cd and Pb) reliably measured in rice cultivation, all elements
except Cd exhibited a greater accumulation in the grain than in the stems. In con-
trast, the accumulation of Cd in wheat grain was found to be significantly higher
than that of other elements, while Sb and Mo were more concentrated in plant
stems. This discrepancy highlights the distinctive physiological characteristics of
rice and wheat crops.

Fc

1 m F.(soil-stem)
# Cp(soil-grain)

0.1

0.01

Co Ni Cu

Be V Fe Co Ni Cu Zn As Se Mo Ag Cd Sb TI Pb

Fig. 5. Coefficients F¢ (conversion factor) (a) and Cy, (magnification coeffi-
cient) (b) of the trace elements for rice crops in the village of Krepkoe

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2024 133



Fc

1 —{ B F¢ (soil-stems) B Fc (soil-grainless ear) }—

0.1

0.01
a
0.001
0.0001
Be V Fe Co Ni Cu Zn As Se Mo Ag Cd Sb TI Pb
Cm . .
u C,, (stem—grainless ear) u C,, (stem—grain)
6
4
: j_f,__,_-m
1
0

Be V Fe Co Ni Cu Zn As Se Mo Ag Cd Sb TI

Fig. 6. Coefficients F¢ (conversion factor) (b) and Cn (magnification coeffi-
cient) (b) of the microelements for wheat crop in the village of Ilyinka (Krasnope-
rekopsk area) and the village of Pobednoye (Dzhankoy area)

Fig. 7 shows the results of quality assessment of the studied crops with respect
to their trace elements content.

In a rice crop from the village of Krepkoe, maximum permissible levels for Fe
content in grain and grain fodder as animal feed were exceeded in grain by 49 %
and for Ni — by 214 %, while Cd concentrations in rice stems reached maximum
permissible levels ¥,

In a wheat crop from the village of Ilyinka, maximum permissible levels for Fe
were exceeded in ear by 24 %, for Ni — by 110 %, for As — by 70 %, and in wheat
stems, Fe and As content exceeded maximum permissible levels by 52 and 68 %, re-
spectively. MPCroq 8 in rice grain were exceeded for Cu by 29 %, for Cd — by 150 %

) Trukhachev, V.I., Tolokonnikov, V.P. and Lysenko, 1.0., 2005. [Food as an Environmental Factor:
A Textbook for the Discipline of Biology and Bioecology]. Stavropol: AGRUS, 182 p. (in Russian).
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Fig. 7. Ratio of trace elements concentrations in rice and wheat crops (Crec)
to MPL (maximum permissible levels for grain and grain fodder for livestock
feed) (a) and MPCso0d (MPC for grains and cereals as human food products) (b)

and for Pb — by 438 %, and in wheat grain from a field near Dzhankoy, the Cd con-
tent exceeded MPCrooq by 360 %, Pb — by 300 %.

The findings of the study indicated that during the 2022-2023 period,
the Dnieper water in the NCC met the standards set forth by the Russian Federation
for the concentration of trace elements in water intended for household use, drink-
ing and irrigation. Exceedances of MPCs for Cd and As were detected in both
arable and virgin soils, which, as noted earlier, is due to the activities of industrial
enterprises, including chemical industry, located in the north of the peninsula
[13, 14]. Exceedance of maximum permissible levels of some trace elements
in agricultural crops was also observed, which is connected with transfer of these
elements from soils and their concentration by plants.

8) State Committee for Sanitary Supervision and Disease Control, 1997. SANPIN 2.3.2.560-96. [2.3.2
Food Raw Materials and Food Products. Hygienic Requirements to Quality and Safety of Food
Raw Materials and Food Products]. Moscow: Goskomepidnadzor Rossii, 269 p. (in Russian).
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Conclusion

In 2022-2023, during the period of the NCC operation from the moment of
resumption of the Dnieper water inflow through the canal system (March 2022,
after eight years of its absence since 2014) and until the termination of water sup-
ply to the canal ecosystem (after the destruction of Kakhovka Hydroelectric Power
Plant in June 2023), studies were conducted to determine the concentrations, mi-
gration and distribution of trace elements (Be, V, Fe, Co, Ni, Cu, Zn, As, Se, Mo,
Cd, Sh, TI, Pb, Ag), including HM, in the NCC water, irrigated soils and growing
irrigated crops.

It was determined that the concentrations of HM and microelements in the aqua-
tic ecosystem of the NCC allowed safe use of the Dnieper water both for drinking
and for other economic needs of Crimea.

The concentrating capacity of suspended matter in the NCC water was de-
termined, expressed by concentration factors (Cs), the values of which varied
in the range from n-10” (for Fe) to n-10% (for Zn). Such high values of C; of
the investigated elements cause effective sedimentation self-purification of the NCC
waters from HM and other pollutants.

Systematic exceedances of MPCsi for Cd up to 230 % were observed both
inrice and wheat fields and in virgin soils. Exceedances of MPCywqd for Cu
(by 29 %), Cd (by 150 %) and Pb (by 438 %) were noted in rice grain and MPCioq
for Cd (by 360 %) and Pb (by 300 %) — in wheat grain from a field near Dzhankoy.
The revealed exceedances of MPC and maximum permissible levels of trace ele-
ments in soils and crops are probably caused by the activities of industrial enter-
prises in the north of the peninsula.

The results of calculations of trace elements and HM pools supply to irrigated
soils showed that even maximum values of metals supply with irrigation water
(they do not exceed 0.001 % of the pool for Fe) would not affect the ecological
state of irrigated lands. In other words, insignificant amounts of trace elements
brought with the Dnieper water through the NCC cannot have a noticeable effect
on the irrigated farmland of Crimea. At the same time, estimation of trace elements
content in agricultural crop grain and grain fodder requires additional monitoring
studies.

The results obtained can be used to devise strategies for the prevention of
chemical contamination of irrigated agricultural lands in Crimea, thereby address-
ing the challenges of sustainable development in the Crimean region and the Black
Sea regions of Russia as a whole.
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Hydrochemical State of the Waters of the Salgir
and Biyuk-Karasu Rivers (Crimean Peninsula)
in Summer 2023
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Abstract

The paper studies hydrochemical characteristics of waters of the Salgir and Biyuk-Karasu
Rivers in summer, when the anthropogenic load is increased. Data were obtained on dis-
solved oxygen concentration, five-day biochemical oxygen demand (BODs), alkaline per-
manganate oxidizability, concentrations of silicate, mineral and organic forms of nitrogen
and phosphorus. The samples were collected in July, August and September 2023 in Simfe-
ropol and in the Krasnogvardeisk, Nizhnegorsk and Belogorsk regions in the Republic of
Crimea. The analyses were performed according to the generally accepted methods. Com-
pliance of the obtained results on hydrochemical indicators with water quality regulations
was assessed. A high level of oxygen content was noted at all stations. BODs values varied
from 0.98 to 3.34 mg/L (the village of Molochnoye) and exceeded the limit for fisheries
by up to 1.6 times. The oxidizability values exceeded the maximum allowable value by 2
to 4 times. The concentrations of the mineral forms of nitrogen did not exceed maximum
permissible concentrations, except for nitrite concentration (maximum exceedance by 2.8
times). The phosphate concentration exceeded the maximum permissible concentrations
near the villages of Novogrigoryevka and Molochnoye (maximum by up to 5.6). The study
results allow determining the areas of Molochnoye and Novogrigoryevka as most polluted.

Keywords: hydrochemical characteristics, nutrients, anthropogenic load, water quality,
Salgir river, Crimea
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I'mapoxumuyeckoe cocrosinue Boa pexk Cajarup
u burwok-Kapacy (moayocrpos Kpbim)
B JeTHHI ce30H 2023 roxa

H. I1. Kospuruna *, . C. bopucosa, C. B. OBeuko, B. 1. Ps0yuiko

QU] «Hncmumym duonocuu wicHoix mopei umenu A.O. Kosanesckoeo PAH»,
Cesacmononwv, Poccus

* e-mail: npkovrigina@yandex.ru

AHHOTaIHSA

[IpuBeneHb! THAPOXUMHUUYECKHE XapaKTepucTHUKU Box pek Canrup u burok-Kapacy B 1et-
HUH NEpUOJ IPU BO3pacTarollel aHTPONOreHHOM Harpyske. IlomydeHsl gaHHbIE O COnEp-
YKaHUHM PAaCTBOPEHHOTO KHUCIOPOJA, OMOXMMHYECKOM IOTPEOJCHNN KHCIOpOJa Ha ISThIe
CYTKH, TICpPMAHTaHATHOW OKHMCISIEMOCTH B INEJIOYHON cpene, KOHUEHTPAUN KPEeMHHUS,
MHHEPaTbHBIX M OpraHudeckux ¢opM azota U pocdopa. [IpoOsr 0TOOpaHBI B HIOJE, aBTY-
cte u ceHTssOpe 2023 r. B Cumdepomomsckom, KpacHorBapneiickom, HrkHeropckoM u
Benoropckom paiionax PecryOnuku KppiM. AHadu3bl BHIIIONHEHBI COTJIACHO OOIICHIPUHS-
Tol Metonuke. OLEHEHO COOTBETCTBUE IIOJIyYCHHBIX PE3YJIbTaTOB IO I'MIAPOXMMHYECKHM
MOKa3aTeIsIM HOPMATUBHBIM TpeOOBaHMAM K KadecTBY BOoA. OTMeUYeH BBICOKHI YpOBEHb
COJIep’KaHUsl KUCIIOPOAA HAa BCEX YYacTKaX; OMOXMMMYECKOE INOTpeOJICHHE KUCIOpOAa
Ha ThIe CyTKHU u3MeHsutochk ot 0.98 mo 3.34 mr/xa (c. MonouHoe) 1 MPEeBBIIIano HOpMaTuB
JUI1 BOJHBIX OOBEKTOB PHIOOXO3AHCTBEHHOTO 3HAUYEHUS MakCUMyM B 1.6 pasa, 3HaueHUS
OKHCIISIEMOCTH MPEBBIIIANN TPEAETIbHO JIOMyCTUMBIE TIoKa3aTtenu B 2—4 pa3a. Konunentpa-
IIUM MUHEPaNbHBIX (OPM a30Ta HE MPEBBIIIAIN NPEAETIbHO AOIMYCTHMYI KOHIIEHTPAIIHIO,
KpOMe HHUTPUTOB (MaKCHMalbHOE IpeBbIIeHNE B 2.8 pa3za). 3aMKCHPOBAHO TaKXKe Ipe-
BBIIIIEHUE TIPEAEIBbHO JOIYCTUMOI KoHUeHTpauun ¢ocdaroB B paiionax c. HoBorpurops-
eBKa U c. MoJyioyHoro (MakcuMyM B 5.6 pa3a). Pe3ynbTarhl HcclieoBaHHI MTO3BOJISIOT BbI-
JeNUTh HanboJiee 3arps3HeHHbIE paifoHbl, TakKue Kak ¢. MosouHoe u c. HoBorpuropneBka.

KaioueBble ci0Ba: ruIpoXHMMHUYECKHE TIOKa3aTeln, OMOreHHbIE BEIECTBA, KAYECTBO BOJ,
aHTpPOIIOTreHHAas Harpyska, peka Canrup, Kpeim

Baarogapuoctu: pabora BemmogHeHa mo Temam HUIL TICT 102320600002-2-1.6.17
«M3ydeHne 0cOOEHHOCTEH CTPYKTYpHl M JUHAMUKH NPECHOBOJHBIX 3KocucTeM CeBepHOro
[puuepromopbs» u ®UL| UEBIOM 1023032700554-2-1.6.16 (FNNZ-2024-0032) «Kowm-
IICKCHOC HUCCIICA0OBAHUC MEXAaHU3MOB q)yHKL[I/IOHI/IpOBaHI/Iﬂ MOPCKHX OHMOTEXHOJIOTMUECKUX
KOMITJIEKCOB C LEJIBIO IMMOJTYUYCHUA OMOJIOTMYECKN aKTHBHBIX BCIIICCTB U3 FI/I}lpO6I/IOHTOB)).

Juasa nuruposanusa: I'uapoxumuueckoe cocrosgHue Boj pek Canrup u burok-Kapacy
(monyoctpos Kpemm) B stetHmid ce30H 2023 roma / H. I1. Kopurunra [u np.] // Dxonorudeckas
6e30macHOCTh TPUOPEXHOM 1 menb(oBoi 30H Mopst. 2024. Ne 3. C. 139-148. EDN SZZDMX.

Introduction

The Salgir River represents the largest water system of the Crimean Peninsula
flowing into Sivash Bay of the Sea of Azov during periods of high water. The scien-
tific research of the Salgir River and its basin was initiated in the late 19th century Y.

) Golovkinskiy, N.A., 1893. [Springs of Chatyrdag and Babugan]. Simferopol: Tip. Spiro, 35 p.
(in Russian).
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The results of expeditionary studies of the Salgir River and its tributary Biyuk-
Karasu are described in work?. In 1961, information about the Salgir River basin
was presented in the work of M.E. Miller [1] in connection with the construction of
the Simferopol Reservoir and the Salgir irrigation system. The study of the natural
landscapes and the use of nature in the Salgir River basin as well as the justifica-
tion of measures to ensure the quantity and quality of water resources in the basin
were carried out by A. M. Vlasova [2]. The study considers the main sources of
pollution in the Salgir River basin and identifies the areas of the basin with stable
and unstable ecological state. The analysis of the factors of water resources for-
mation in the Salgir River under the conditions of climate change and anthropogen-
ic load is presented in the works of E. A. Pozachenyuk et al. [3].

The greatest contribution to the pollution of the water area of the Salgir and
Biyuk-Karasu Rivers is made by industrial and municipal wastewater from the city
of Simferopol and its suburbs. This phenomenon can be attributed to a confluence
of factors, including the proliferation of industrial facilities, high density of build-
ings, branched transport networks and municipal infrastructure, among others.
The work by N.M. Ivanyutin et al. [4] demonstrates that the primary pollutants
identified in the investigation of river runoff, for which exceedances of maximum
permissible concentrations (MPC) were observed, are petroleum products, ammo-
nium nitrogen, nitrite, nitrate, phosphate, iron, cadmium, manganese, lead and zinc.
Furthermore, the BODs permissible levels were exceeded.

In their study, N. M. Ivanyutin et al. [5] identify the increased withdrawal of
water from the river and the discharge of inadequately treated wastewater, in addi-
tion to precipitation and snowmelt water runoff, as the primary challenges facing
the Salgir River. In addition to the previously mentioned sources, E. Yu. Kuz-
netsova [6] identifies industrial waste settling and livestock farms as contributors
to the pollution of surface water. An increase in the concentration of nitrite, phos-
phate and ammonium nitrogen in the surface waters of the Salgir River was detected.
The gradual increase in nitrite content can be attributed to the conversion of ammonia
to nitrite as a result of the nitrification. The MPC of ammonium nitrogen was exceed-
ed. The authors conclude that the ecological condition of the river is unsatisfactory.

In the work of G. A. Kiseleva [7], the monitoring of hydrochemical indicators
(dissolved oxygen, BODs, etc.) revealed significant changes in the environment
and benthic ecosystem. This led to the identification of six areas within the Salgir
River, characterised by varying degrees of anthropogenic load. The results demon-
strated that the river biocenoses underwent a significant transformation as a conse-
quence of intensive anthropogenic activity. It can be stated now with a reasonable
degree of certainty that a number of invertebrate species previously recorded
in the Salgir River have disappeared.

In general, the water of the Salgir River is characterised as “polluted” ac-
cording to the classification of surface water quality in the Russian Federation ¥,

2 Kocherin, D.1., 1922. [River Run-Off in the Upper Reaches of the Salgir River up to Simferopol
(Main Conclusions)]. In: Simferopol, 1922. [Materials on the Water Management of Crimea]. Sim-
feropol: 1-ya Gos. Tipo-lit, iss. 2, 8 p. (in Russian).

%) Council of Ministers of the Republic of Crimea, 2023. [Report on State and Protection of Environ-
ment of Republic of Crimea in 2022]. Simferopol: OOO Print, 448 p. (in Russian).
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as outlined by L. V. Malakhova et al. [8]. Additionally, the river water in the vicinity
of the village of Dvurechnoye exhibits high levels of easily oxidizable organic matter,
as indicated by elevated BOD and chemical oxygen demand values ®. In the afore-
mentioned works, insufficient attention is paid to the hydrochemical characteristics
of water. Consequently, our work classifies the level of water pollution of the Sal-
gir River on the basis of a hydrochemical analysis of the material in question.

The paper analyses new data on the hydrochemical characteristics of waters
from the Salgir and Biyuk-Karasu Rivers in summer, when the water area is sub-
jected to an increased anthropogenic load.

Materials and methods

To assess the hydrochemical state of waters of the Salgir River and its most
full-flowing tributary, the Biyuk-Karasu River, studies were carried out in July,
August and September 2023 in four sections of the Salgir River from its head
to its mouth and in three sections of the Biyuk-Karasu River along the main stream
to the mouth (Figure).
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Map of water sampling stations on the Salgir River and its tributary Biyuk-
Karasu

4 Trofimchuk, M.M., ed., 2021. [Quality of Surface Waters of the Russian Federation. Information
on the Most Polluted Water Bodies of the Russian Federation (Annex to Year-Book for 2020)].
Rostov-on-Don, 160 p. (in Russian).

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



On the Salgir River, samples were taken upstream of the Simferopol Reservoir
(the village of Dobroye, station 1) at a station with a presumably low anthropogenic
impact, downstream of the city of Simferopol (the village of Beloglinka, station 2)
at a station with a high anthropogenic load, downstream of the river in the devel-
oped agricultural area, following an extensive network of fishery ponds (the vil-
lage of Molochnoye, station 3), and closer to the mouth, in the area with agricul-
tural land and livestock production (the village of Novogrigoryevka, station 4).
On the Biyuk-Karasu River, samples were taken downstream of Belogorsk
(the village of Belaya Skala, station 5) in the area of orchards, further downstream
in the area of grain crops cultivation (the village of Zybiny, station 6) and closer
to the mouth after the settlement where a cattle farm and feed mill are located
(the village of Uvarovka, station 7). Samples were obtained from the surface
in triplicate, resulting in a total of 45 samples and 405 hydrochemical analyses.

The following parameters were identified in the samples: dissolved oxygen,
five-day biochemical oxygen demand (BODs), alkaline permanganate oxidizability,
silicate, mineral and organic forms of nitrogen and phosphorus. The analyses were
performed according to generally accepted methods - . The oxygen concentration
was determined by the Winkler method, while the nutrients were determined photo-
metrically. Phosphates were determined by the Murphy-Riley method; nitrites were
quantified photometrically using the Griess method, while nitrates were first reduced
to nitrites with copper-plated cadmium. Ammonium nitrogen was determined
by the Sagi—Solorzano method, while silicon was quantified by the Koroleff method.

Results and discussion

Dissolved oxygen concentration in the waters of the Salgir and Biyuk-Karasu
Rivers (Table) varied from 5.30 (the village of Novogrigoryevka) to 6.57 mL/L
(the village of Beloglinka) in July; and from 5.48 (the village of Molochnoye)
to 7.12 mL/L (the villages of Dobroye and Beloglinka) in August. The range of
variability was 6.09-7.66 mL/L in September. The minimum oxygen content was
recorded near the village of Uvarovka and the maximum one was near the village
of Novogrigoryevka. In general, the oxygen concentration in the waters of the Sal-
gir River and its tributary Biyuk-Karasu is high; even its minimum content is above
the MPC according to the limit for fisheries ” by 1.3 mL/L.

Such indicators as BODs and alkaline permanganate oxidizability were used to
characterise water pollution of the studied river sections. The first indicator reflects
pollution of the environment by non-persistent organic matter, the second one indi-
cates the degree of water pollution by persistent organic matter. BODs values varied
from 0.98 (the village of Belaya Skala) to 3.34 mg/L (the village of Molochnoye)

% Sapozhnikov, V.V., ed., 2003. [Guidelines for the Chemical Analysis of Marine and Freshwater
in Environmental Monitoring of Fishery Waters and Prospective Fishing Areas of the World Ocean].
Moscow: Izd-vo VNIRO, 202 p. (in Russian).

6 HMSO, 1984. The permanganate index and permanganate value tests for waters and effluents
1983. London: HMSO, 21 p.

7 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 (in Russian)
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The main hydrological and hydrochemical parameters of the Salgir and Biyuk-Karasu
Rivers in July—September 2023

Concentration,

Sampling | Station | 7, Oz, |BODs, pg/L Oxidi-

o zability,

date number C | mL/L | mg/L MAOI/L.
NO; | NOs | NH,* [POZ| si | M9

July
06.07.23 1 225 657 167 230 964 56.7 15 2186 4.56
06.07.23 2 230 542 190 157 986 352 31 2303 3.88
18.07.23 3 235 537 334 494 944 543 687 4881 5.86
18.07.23 4 250 530 163 390 962 414 612 5708 6.26
26.07.23 5 220 582 098 162 967 357 3 1920 4.16
27.07.23 6 235 570 1.03 103 1013 252 10 2373 358
27.07.23 7 265 650 191 37 848 394 8 2739 512
August
03.08.23 1 240 712 242 237 3500 336.0 45 3690 7.90
03.08.23 2 215 712 235 318 7328 63.0 46 4300 8.95
09.08.23 3 216 548 226 230 6930 31.0 1120 2660 7.27
09.08.23 4 253 6.71 257 6.2 3767 2040 612 6370 5.63
September
13.09.23 5 182 609 ND 22 2804 189 9 1263 ND
14.09.23 6 173 641 ND 212 5629 299 22 875 ND
20.09.23 3 180 7.08 ND 447 2766 541 614 4142 5.85
20.09.23 4 192 766 ND 559 2518 452 64 8196 3.28

Note: ND — not determined. MAC Oz — 4.20 pg/L; MAC NOz — 20.0; MAC NOs™ — 9000 pg/L;
NH4* — 390 pg/L. Limit for 5-day biochemical oxygen demand (BODs) — 2.1 mg/L; limit
for oxidizability — 4.00 mgOJ/L.
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in July. At the same time, the maximum BODs values exceeded the limit
(2.1 mgO/L) by 1.6 times. In July, the limit exceedance was observed only once;
in August and September, the exceedance was persistent (maximum by 1.3 times).
According to the integrated ecological classification of surface water quality ?,
the BODs values of the Salgir River waters made it possible to classify them
as satisfactorily clean (3rd class of water quality) in July and polluted (4th class)
in August and September.

Water oxidizability varied from 3.58 to 20.10 mgO/L. The minimum value was
observed in July (the village of Zybiny) and the maximum in September (the vil-
lage of Molochnoye). The average oxidizability exceeded the MPC (4.0 mgO/L)
of the limit for fisheries by 1.6 times in July, by 1.9 times in August and by 4.8 times
in September. According to the oxidizability values, waters of the Salgir and Bi-
yuk-Karasu Rivers in July were classified as the 2nd class of quality, correspond-
ing to clean water ®, but in August it was classified as the 3rd class, corresponding
to satisfactorily clean waters. In September, the waters were classified to be of
the 4th class, indicating a deterioration in quality. Therefore, in terms of oxidizabi-
lity, a deterioration in the river water quality was observed from July to September,
which can be attributed to increased anthropogenic impact and recreational load.

Forms of nitrogen

Water nitrite nitrogen concentrations in the waters of the Salgir and Biyuk-
Karasu Rivers ranged from 2.2 to 55.9 ug/L; the minimum and maximum values
were recorded in September (the villages of Uvarovka and Novogrigoryevka,
respectively). Increased NO;~ concentrations (49.4 and 44.7 ug/L) were observed
near the village of Molochnoye in July and September. Exceedance of MPC (20 pg/L)
was noted at three out of seven stations in July, at three out of four stations in Au-
gust, and at three out of four stations in September. The maximum MPC exceed-
ance was by a factor of 2.8. The average value of nitrite concentration equal to
24.4 ng/L exceeded the MPC by 1.2 times.

Nitrate nitrogen concentrations were 1-2 orders of magnitude higher than ni-
trite nitrogen concentrations and varied over a wide range from 848 to 7328 ug/L.
The NOs;~ minimum was observed in July near the village of Uvarovka, and
the maximum (0.8 MPC) in August in the vicinity of the village of Beloglinka.
Other NOs~ values were lower and ranged from 0.1 to 0.77 MPC with an average
nitrate concentration of 2795 pg/L. It is notable that there was an increase in nitrate
concentration from July to September. This can be explained by an increase in the rec-
reational load and anthropogenic impact on the region.

Ammonium nitrogen concentrations were recorded between 19 and 336 pg/L.
The minimum NH." concentration was observed in September near the village of
Uvarovka, and the maximum one in August near the village of Dobroye. High
ammonium nitrogen content can be impacted by domestic runoff from the village

8) State Committee on Water Management, 2018. [Scheme of Integrated Use and Protection of Water
Bodies of the Republic Of Crimea, Including Norms of Permissible Impact on Water Bodies, and
Water Quality Targets for Water Bodies Located in the Territory of the Republic of Crimea. Book
2: Assessment of the Environmental Condition and Key Problems of River Basins Located in the
Territory of the Republic of Crimea] (in Russian).
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of Dobroye; settlements along the Salgir riverbed do not have centralized sewerage
systems. All the NH," concentrations were significantly below the MPC (390 nug/L)
according to the fishery regulations. The average NH.* content in the river waters
was 72 pg/L, which is 5.4 times lower than MPC.

Organic nitrogen (Norg) Was determined only in September; its concentrations
were high and varied from 2990 to 8110 pg/L. The minimum was recorded near
the village of Belaya Skala, and the maximum near the village of Novogrigoryevka.
The maximum concentration of nitrite (56 pg/L) and high oxidizability values
(18.40 mgO/L) were also recorded there. The presented hydrochemical characteris-
tics show that this area is polluted with organic matter. The average Norg cOntent
was 5070 pg/L in September.

Mineral phosphorus (PO4*) concentrations varied from 3.5 to 1120 pg/L
in the waters of the Salgir and Biyuk-Karasu Rivers. The minimum was observed
in July (the village of Belaya Skala) and the maximum in August (the village of
Molochnoye). In the vicinity of the villages of Molochnoye and Novogrigoryevka,
PO4* is 1-2 orders of magnitude higher than in other areas. This is likely at-
tributable to the impact of domestic and other anthropogenic sources, as evidenced
by the elevated organochlorine concentrations observed in the vicinity of the vil-
lage of Molochnoye [8]. The average POs* concentration was 260 pg/L in July—
September; therefore, the waters under study can be classified as polluted ones ®.

Silicate concentrations had high values and varied in wide ranges from 875
to 8200 pg/L. The minimum and maximum were observed in September near
the village of Belaya Skala and the village of Novogrigoryevka, respectively.
Increased Si concentrations in the water near the village of Novogrigoryevka are
caused by the chemical composition of soils, including aluminosilicates as the main
component. In the vicinity of the village of Molochnoye, the concentrations of sili-
cates are about 2 times lower than in the village of Novogrigoryevka. In the other
areas, the concentration of Si was almost 4 times lower than the maximum concen-
trations. The average silicate concentration in July—September was 3574 pg/L.

Conclusions

The analysis of the hydrochemical data obtained in the period between July
and September 2023 in the waters of the Salgir and Biyuk-Karasu Rivers has led
to the following conclusions:

— the oxygen level in water is high at all river sections;

— the exceedance of BODs and oxidizability limits by a maximum of 1.6 and
4.8 times, respectively, were recorded in the vicinity of the village of Molochnoye.
This resulted in the river waters being assigned to the 4th class of water quality
in September, down from the 2nd class they were assigned to in July;

— nitrite MPC was exceeded by a factor of 2.5 (the village of Molochnoye).
Nitrate concentrations were below MPC and increased from July to September.
Ammonium nitrogen concentrations were low and did not exceed MPC;

— high concentrations of phosphates, 1-2 orders of magnitude higher than
in other areas, were recorded in the vicinity of the villages of Molochnoye and No-
vogrigoryevka due to the influence of domestic and household wastewater;

— the results of all hydrochemical analyses of the Salgir River waters indicate
that the areas of the villages of Molochnoye and Novogrigoryevka are most polluted.
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