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Original article

Assessment of the Black Sea Steric Level Variability:
New Approaches and Prospects
for the Use of Satellite Information

V. P. Novitskaya *, E. M. Lemeshko, V. N. Belokopytov

Marine Hydrophysical Institute of RAS, Sevastopol, Russia

* e-mail: victory.novitskava@mhi-ras.ru

Abstract

Based on satellite altimetry and gravimetric data, the time series of steric level oscillations
averaged over the Black Sea for 2002—2016 is reconstructed. The steric sea level
oscillations were calculated as the difference between the total sea level measured
by altimeters and the manometric (barystatic) component determined from gravimetric
measurements GRACE. A good agreement was obtained between the steric component of
the sea level and the estimates obtained from archival hydrological data and Argo floats.
The maxima of the range of the seasonal variation of the steric component of the level are
noted in the areas with maximum seasonal vertical displacements of the main pycnocline.
Estimates of the steric level seasonal cycle were obtained, the range of oscillations was up
to 12 cm. The minimum is reached in the winter period (March), and the maximum —
in the summer period (August). It is noted that the seasonal cycle of the manometric
component of the sea level is in good agreement with the seasonal cycle of the freshwater
balance of the Black Sea constructed according to climatic hydrometeorological data.
The estimate of the linear trend of the reconstructed steric oscillations is —0.6 = 0.2
cm/year. This indicates that, despite the positive trend in water temperature in the main
pycnocline and desalination of the surface layer, the contribution of the modern increase in
salinity in all layers of the sea to the changes in water density in the Black Sea generally
predominates.
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OueHka U3MEHYUBOCTH CTEPUYECKOr0 YPOBHS HepHoro mops:
HOBBIE MOAXO0AbI U MEePCHEKTUBbI HCIOJIb30BAHUS
CILyTHUKOBOI UH(pOpMALMH

B. I1. Houukasn *, E. M. Jlememxko, B. H. BesiokonbiToB

Mopckoti euopogusuueckuii uncmumym PAH, Cesacmonons, Poccus
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AHHOTANUA

Ha ocHOBe CITyTHHKOBBIX albTUMETPUUECKUX U TPaBUMETPUUECKUX JaHHBIX PEKOHCTPYHPOBAH
BPEMEHHOM Pl CTEpUUECKUX KOJIeOaHUIl ypOBHSA, OCpPEAHEHHBIX IO akBaTopuu UepHOro
Mops 3a 2002-2016 rr. Ctepudeckue konaeGaHUs YPOBHS MOPS pacCUUTHIBAINCH KAaK pa3sHUIIA
MEXJy OOLIUM YPOBHEM, MU3MEPSeMBIM albTUMETPaMHU, 1 MaHOMeTpHueckol (bapucraTu-
YyecKoi) COCTaBIIAIOLIEH, OompenensieMod Mo rpaBUMeTpudyeckuM usmepeHusM GRACE.
INomy4eHo xopolee COOTBETCTBUE PEKOHCTPYHUPOBAHHOM CTEPUUECKON KOMIIOHEHTHI YPOBHS
MOpsI OLIEHKaM, IOJyYEeHHBIM II0 apXUBHBIM THAPOJIOTHYECKHM JIaHHBIM M JIaHHBIM OyeB
Apro. MakcuMyMBl pa3mMaxa CE30HHOTO XOJa CTEpUUYECKOH COCTaBIAIOILEH YpOBHS
OTMEUAIOTCSl B pallOHAaX ¢ MAKCHMaJIbHBIMU CE30HHBIMH BEPTHKAJIBHBIMH CMEIICHUSIMU
OCHOBHOTO NMHKHOKJIWHA. [T0oydeHbl OLIEHKH CE30HHOTO IMKJIA CTEPUYECKOTO YPOBHS
¢ pa3MaxoMm KkosiebaHmii 10 12 cM, MUHUMYM OTMedYaeTcsi B 3MMHHH mepuox (Mapr),
MakCHUMyM — B JICTHUH nepuoj (aBryct). Kpome Toro, BBISIBIEHO XOpOILIEE COOTBETCTBHE
CE30HHOT0 X0Jla MaHOMETPHUYECKO!l KOMIIOHEHTHI YpOBHS M NPECHOBOJHOro OamaHca
UYepHOro MOps, PAaCCUNTAHHOTO MO KIMMATHYECKHM THAPOMETEOPOJIOTHYECKAM JaHHBIM.
Ouenka koddduureHTa TUHEHHOTO TpeHJa PEKOHCTPYMPOBAHHBIX CTEPHYECKHX
kosiebanmii cocraBmia —0.6+0.2 cm/ron. DTO CBUAETENBCTBYET O TOM, YTO, HECMOTpS
Ha TTOJIOKUTENIBHBIN TPEHI TeMIepaTyphl BOABI B OCHOBHOM NUKHOKJIMHE U PacCIpEeCHEHUE
MOBEPXHOCTHOTO CJIOsI, BKJI4J COBPEMEHHOIO POCTa COJIEHOCTH BO BCEX CIIOAX MOpA
B U3MEHEHHS IFIOTHOCTH BOJIbI B UepHOM MOpe B LIeJIOM Ipeodiiaaer.

KawueBbie ciaoBa: UepHoe MOpe, CTEPUUECKUN YPOBEHb, MAHOMETPUYECKUN YPOBEHb,
BOJIHEIN OanaHc, ampTUMeTpus, rpaBuMeTpusi, GRACE, xmuMat

BaaromapHocTH: pabora BBIIOJHEHA B paMKax TOCYJIapCTBEHHOTO 3aJaHHS
o remam FNNN-2021-0005, FNNN-2021-0002. ABrtopsl 6maromapar GSFC 3a mpeno-
craBienne JaHHBIX GRACE RL06 u Ciry0y MoHHTOpHMHTa MOpCKoii cpemnsl Copernicus
3a JTaHHbBIC AIbTUMETPHU.

Jdasa nutupoBauun: Hosuyxasa B. I1, Jlemewxo E. M., Beroxonvimos B. H. Onenka
U3MCHYUBOCTU CTCPUYCCKOI'0 YPOBHA LIepHOFO MOps: HOBBIC IOAXOJbI M TIEPCIICKTHUBBI
HCII0JIb30BaHUs CIIyTHHKOBOHM HH(OpMaIuK // DKkojgoruyeckas 0€301acHOCTh MPHOPEIKHON
u menbGoBoi 30H Mopst. 2023. Ne 3. C. 6-21. EDN YVYIIC.

Introduction

The modern advanced stage of remote sensing development allows to realize
continuous sea level monitoring, which permits to restore its steric component,
which characterizes integral changes in the heat and salts content through the entire
water column.

The steric oscillations of sea level Hser are caused by changes in the density of
sea water if the mass of a water column does not change. The manometric changes
in a sea level Hman are caused by changes in the mass of a water column under
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the assumption that the sea water density remains unchanged [1, 2]. The steric and
manometric components add up to give the resulting sea level [3]:

H = Hyer + Hman. (1)

The resulting sea level is determined using tide-gauge or altimetry
measurements. Satellite gravimetric measurements obtained as part of the Gravity
Recovery and Climate Experiment (GRACE) project are used for the manometric
component. The steric component can be estimated directly from CTD data or
from satellite data using relation (1).

In seas that have limited connection with the World Ocean, such as the Black
Sea, regional features of climate variability and their links to global changes are
most pronounced. The lowest values of long-term oscillations in the steric level of
the Black Sea (up to —6 cm), estimated from archival hydrological CTD data,
are observed in the central part of the basin. Near the coast, the steric component of
the level increases, the maximum occurs in the southeast of the sea (6—7 cm).
The largest seasonal range of steric level oscillations is typical for the central
(up to 20 cm) and southeastern (up to 16 cm) regions; the smallest range values are
observed in the center of the eastern part of the Black Sea [4]. The contribution of
the temperature component to steric oscillations of sea level is predominant,
reaching the maximum in coastal areas (up to 90 %) [4].

The spatiotemporal steric oscillations variability in the Black Sea is directly
related to their specific thermohaline structure, characterized by low surface
salinity and sharp haline stratification. In the 0-50 m surface layer of the sea, water
temperature brings in a more significant contribution to changes in density.
With increasing depth, the spatial contribution of salinity to water density
in the 50-300 m layer is comparable to the contribution of spatial temperature
variability.

A distinctive feature of the hydrological structure of the Black Sea, which
affects the vertical stratification of waters, is the presence of a cold intermediate
layer (CIL), located at depths of 50-100 m. In the layer between the core and
the lower boundary of the CIL, compensation occurs for the thermosteric and
halosteric components of the sea water density. The maximum correlation of these
characteristics is located at a depth of 250 m [5]. According to the Argo floats CTD
data, salinity anomalies in the CIL were quite irregular in the period before 2010.
Considerable temperature variations were also observed in the CIL. After 2010,
there was a weak renewal of the CIL waters and an almost complete disappearance
of the layer after 2014 [5].

There are various estimates of changes in the thermohaline characteristics
of the Black Sea on the scale of interannual and interdecadal variability. Thus,
according to the retrospective analysis [6], a long-term negative trend in water
temperature was revealed in the 0-100 m layer, and a positive trend was revealed
in the layer deeper than 200 m. In 1951-1995, salinity decreased in the upper layer
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of 0-50 m and increased in deeper layers, which enhanced the density stratification
of waters.
According to [7], the decadal variability of temperature and salinity in the upper

0-50 m layer of the sea has a quasi-periodic nature, while in the winter and summer
seasons temperature fluctuations differ in amplitude and phase characteristics.
In addition, in paper [6], a negative linear trend of salinity in the 0-50 m layer
is defined, which is consistent with the positive trend of the freshwater balance
in the Black Sea. In recent decades, it was an increase in salinity and temperature
in the layer of 75-300 m at the average rate of 0.05 PSU/10 years and
0.02 °C/10 years. The change in the sign of trends in interdecadal salinity
variability occurs in the upper part of the pycnocline between the depths of 50
and 75 m. Since 2010, an increase in salinity has also been observed in the
surface layer, which is explained by a decrease of the Azov-Black Sea basin
freshwater balance.

In [8], three characteristic periods were defined based on the results of
numerical modeling: 1960-1970, 1970—1995 and 1995-2015, characterized
by different circulation states: weakening (1st period) and increasing intensity of
cyclonic circulation (2nd and 3rd periods). An increase in temperature and salinity
is observed in the permanent pycnocline layer, which is consistent with the results
of [6, 7].

The aim of the work is to estimate the seasonal and interannual variability
of the thermohaline structure of the Black Sea using the steric component of the sea
level as an indicator. The novelty is in the use of the steric level for these purposes,
which was reconstructed from satellite altimetric and gravimetric data on the Black
Sea level, and in validation of the obtained assessments based on independent
calculations from hydrological data.

Observational data

The following data were used in the work:

— oceanographic data archive of Marine Hydrophysical Institute (available at:
http://bod-mhi.ru/ru/index.shtml) for a long period of 1923-2015 [9];

— Argo profiling floats data array for 20062015 provided by Copernicus Marine
Environment Monitoring Service (CMEMS) (https://doi.org/10.48670/moi-00033);

— mean monthly values of gravimetric measurements of GRACE Release 06,
GSFC v1.0, 1° x 1° grid (https://earth.gsfc.nasa.gov/geo/data/grace-mascons)
for 2002-2016;

— mean monthly values of sea level anomalies from CMEMS
altimetry data, grid 0.125° x 0.125°, product identifier
SEALEVEL BS PHY L4 REP_OBSERVATIONS 008 04
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Research methods

In calculating the steric sea level values from sea water density profiles,
a reanalysis of thermohaline fields of the Black Sea was used [9]. The thermosteric
Hr and the halosteric Hs components of the steric sea level Hy.r were calculated as
follows:

Hger=Hr+ HS,
H, = —Toc(z)T'(z)dz, Hg = TB(Z)S'(Z)dZ, 2)
T'(z2)=T(z)-T, S'(z)=S(z)-S,
_ 1 9p(2) B _19p(2)
Ot(Z)—pO or B(z) o 08

where Hger is the steric level; Hr is the thermosteric level component; Hs is
the halosteric level component; and T, S are taken as climatic mean values of

temperature and salinity of the Black Sea water. The thermal expansion coefficient a
and the salinity compression coefficient § were calculated based on the Gibbs
Seawater Oceanographic Toolbox TEOS-10 software package (http://www.teos-
10.org/) using a polynomial expression as a function of absolute salinity,
conservative temperature and pressure [10]. Since o and B do not change sign over
a wide range of temperatures, salinity and pressure, with increasing temperature
due to thermal expansion Hr increases, and with increasing salinity the halosteric
component of the steric level Hy decreases due to salinity compression.

Results

Using the archive of long-term  hydrological data  (http:/bod-
mhi.ru/ru/index.shtml) for 1923-2015 [9] and formula (2) the steric level and its
thermosteric and halosteric components were calculated.

A map of the mean annual values of the steric level of the Black Sea is
presented in Fig. 1, a. The steric level is maximal at the periphery of the sea, where
less saline and generally warmer waters predominate. The difference in steric level
between the periphery and the central part of the sea is about 15 cm. The spatial
distribution does not change qualitatively throughout the year, the level difference
decreases from winter to summer.

For the deep-water part of the sea, the difference in steric level values between
the maximum in August and the minimum in March can serve as a simple
assessment of its seasonal variability. When approaching the continental slope, this
difference decreases and even changes the sign (Fig. 1, b). This is due not so much
to a decrease in the seasonal cycle amplitude, but to changes in its phase, which is
explained by the peculiarities of oceanographic processes in the coastal zone.
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H'yr 0-300 AH g 0-300

Fig. 1. Mean annual values (cm) of the steric level of the Black Sea H's.r (deviations
from the basin mean) in the 0-300 m layer (a); difference values of the steric level in
August and March, AHgr (cm) in the 0300 m layer (b)

Seasonal oscillations of the thermosteric and halosteric level components,
which directly reflect changes in the total heat and salt contents of the layer, are
almost synchronous in the deep-water part of the sea (Fig. 2). This ensures a stable
seasonal cycle of the steric level over most of the sea area, corresponding to
the mean seasonal cycle of 7,S ratios in the upper layer of 0-50 m (Fig. 3, a).
The steric level anomaly is positive from July to October, and it reaches a maximum
of 7 cm in August. Moreover, the contribution of the thermosteric component to
seasonal variability during this period exceeds the contribution of the halosteric
component. In January, Hger is also positive, but with a predominant contribution
from the halosteric component (Fig. 2). The steric level becomes negative
from February to June, reaching a minimum (4.5 cm) in March; the
contribution of the halosteric component predominates from February to May
(Fig. 2).

A comparison of the mean annual values of steric sea level (deviations
from the mean for the basin) in the layer of 0-50 m (Fig. 3, @) and in the layer of
50-300 m (Fig. 3, b) shows that the spatial structure of the distribution of mean
long-term values in these layers has a qualitative correspondence, despite positive
and negative decadal trends in temperature and salinity in the upper layer [6—8].

In the coastal zone, the relationship between the phases of the seasonal cycle
of Hr and Hs can have significant regional differences, which depends on two main
factors. The first of them is the spatiotemporal heterogeneity of river runoff and
atmospheric precipitation, which affects the seasonal cycle of the steric level
in the upper layer of the sea (Fig. 3, ¢). The Dnieper, Southern Bug, Dniester, and
Danube rivers flow into the western part of the sea, generally providing more than
80 % of the river runoff into the Black Sea. The influx of the Azov Sea waters
with low salinity through the Kerch Strait is also a factor in the desalination of
surface waters in the central and western parts of the sea.
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Sea level, cm

Fig. 2. Seasonal cycle of the mean monthly
anomalies (cm) of the steric sea level H'ger,
thermosteric H'r and halosteric H’s components
in the central part of the Black Sea (deviations
from the mean values for the year)

Taken together, this manifests itself in an increase in the steric level by more than
5 cm in the western part of the sea (Fig. 3, ¢). The second factor is the general
circulation of the sea, which affects the thermohaline structure of waters
in the layer of the main pycnocline through vertical movements. The maximum
difference in steric level values, reaching 6 cm, occurs at the centers of cyclonic
gyres and the Batumi anticyclone (Fig. 3, d).

The results of calculations of the steric level oscillations make it possible to
indirectly estimate the basin water balance as the difference between the resulting
and steric levels. Fig. 4 presents such an assessment based on the steric level data
in the central part of the sea and sea level measurements at coastal hydrometeoro-
logical stations (mean values from Sevastopol to Batumi). The assessment of
the sea level component due to water inflow/outflow Hywy corresponds qualitatively
to the conventional estimates of the Black Sea water balance [11]: the maximum
occurs in May—June, the minimum occurs in September—October. It should be
noted that comparison of the sea level measured in the coastal zone with the steric
level in the deep sea is not entirely correct. As mentioned above, steric oscillations
on the periphery of the sea have their own regional characteristics, so it seems
more promising to use mean altimetry data over the entire basin as the resulting sea
level [12].

Traditionally, sea level measurements are carried out at coastal tide-gauges
(water level stations), unevenly distributed along the Black Sea coast.
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H‘ster 50—300

Fig. 3. Mean annual values (cm) of the steric sea level (deviations from the basin
mean) in the 0—50 m layer (a) and in the 50-300 m layer (b); the seasonal cycle (cm)
of steric sea level as the difference in values in August and March for the 0—-50 m layer
(c¢) and the 50-300 m layer (d)

Satellite altimeter data are currently used to study sea level variability
throughout the basin. According to altimetry data, an increase in the Black Sea
level was observed from January 1993 to May 2017 at a mean rate of 2.5 +
0.5 mm/year [12] against the background of fairly strong interannual variability.
In addition, with the launch of a satellite within the framework of the GRACE
project in 2002, it became possible to evaluate the contribution of the sea level
manometric component Hman [12]. The GRACE data are in fairly good agreement
with data on the ocean variability and can be used to assess the freshwater balance
of the Black Sea and reconstruct the steric level of the Black Sea based on relation
(1). To calculate steric oscillations of the Black Sea level based on relation (1) and
estimates of their seasonal and interannual variability, satellite altimetry data A and
GRACE RL06 Hpan data for 2002-2016 were used [3, 13]. As a result, the seasonal
cycle of the steric sea level Hger, reconstructed from satellite data, was calculated,
which corresponds quite well to the seasonal cycle of the Black Sea steric level
H ger, calculated from archival hydrological CTD data (Fig. 5).
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Fig. 4. Seasonal cycle of the mean monthly values of
the steric sea level H e, and the sea level according to
the tide-gauge measurements at coastal stations A" and
sea level component due to the water balance H'wb
as difference between H” and H 'ser
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Fig. 5. Seasonal cycle of the mean monthly values of
the steric sea level H'ger according to hydrological
observations and the steric sea level according to
the altimetry data H and GRACE Hpman as estimates of
the Hyer = H—Himan

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023



The plot of the reconstructed steric level has a smoother shape in the period
from June to November, the maximum in August coincides in time with the maximum
of the steric level H g.r according to hydrological observations, and the minimum
in the seasonal cycle occurs a month earlier than H s — in February (Fig. 5).
The seasonal cycle of the manometric level according to GRACE data, averaged
over the entire sea area, gives more adequate estimates of the water balance
component of the sea level in comparison with the preliminary assessment of Hyp
based on coastal data (see Fig. 4 and 6). The Hyb, graph has a maximum in June,
a month later than Hpan, and a minimum in September, which coincides with Hman;
the values of their amplitudes are close (see Fig. 4 and 6). The maxima of
the seasonal cycle of both plots in Fig. 6 coincide in April — May, and the minima
for the freshwater balance according to the climate data falls on August [11], and
for the manometric level Hman — on September (a month later) (Fig. 6). This is
apparently due to the fact that the seasonal cycle of Hman according to GRACE data
was averaged for 2002-2016 and actually belongs to a different climatic period.
In addition, differences in the phase and amplitude of the seasonal cycle of Hman
and the freshwater balance are due to the fact that variations in the water balance of
the sea are influenced not only by its freshwater balance (rivers, precipitation,
evaporation), but also by water exchange through the straits (Fig. 6).

The sea level according to the altimetry data H and the manometric
component of sea level Hyan according to GRACE RL06 GFSC data, averaged
over the Black Sea, are characterized by significant interannual variability
(Fig. 7). The maxima and minima of level oscillations and its manometric
component coincide in phase, and the difference in their amplitudes gives
the steric component of the sea level (Fig. 7, 8).

Sea level, cm

Fig. 6. Seasonal cycle of monthly average
values of the Black Sea freshwater balance
according to climate data [11] (red line) and
manometric level Hmswn (GRACE RL06 GSFC
2003-2016) (blue line)
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Fig. 7. Mean level of the Black Sea according to altimetry data H and
manometric component of sea level Hman from GRACE RL06 GFSC data

There are several periods with different modes of mean sea level
variability: 2004—2006 and 2012-2013 with a pronounced seasonal cycle with
an amplitude of up to 15 cm; 2007-2009 — with the absence of a summer
maximum level in 2007 and small amplitudes of up to 10 cm; 2010-2011 —
with maximum amplitudes up to 25 cm; 2012-2013 and 2014-2015 — with the
minimum amplitudes for the entire period of 2003-2018 (less than 10 cm)
(Fig. 7). The coincidence of the sea level maxima and the manometric
component in amplitude and phase in 2010 and 2011 indicates that in these
years the main contribution to the sea level was provided by the water
balance component (Fig. 7). The authors of [14] D. L. Volkov and
F. V. Landerer also came to the conclusion that the maximum sea level and
manometric component in 2010 and 2011 were caused by the maximum moisture
content in the Black Sea drainage basin, which led to an increase in the total
river flow.

Based on relation (1) using basin sea level averaged according to the altimetry
data H and the manometric component of sea level Hman according to GRACE
RL06 GFSC data, the mean reconstructed steric level Hyer for the Black Sea was
obtained (Fig. 8). The steric component is also characterized by significant
interannual variability with different modes of oscillation: 2005-2009 and 2012 —
quasi-regular oscillations of the steric level with an amplitude of up to 15 cm;
2010-2011 and 2013-2015 — violation of quasi-regularity of oscillations and
a decrease in amplitude to 5 cm (Fig. 8). In addition, the trend of the reconstructed
steric level is negative (—0.59 £ 0.21 cm/year). The estimates of interannual
oscillations in the Hser level reconstructed from the satellite data are confirmed
by calculations of the mean steric level based on CTD data from Argo profiler
floats No. 4900542, 6900805, 2901200 (Fig. 8). The trajectory of the Argo float
No. 4900542 passed through the deep-water part of the sea, then the float was
in the Batumi anticyclone for a long time. Floats No. 6900805 and 2901200 made
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Fig. 8. Reconstruction of the sea mean steric level Hyer = H — Hman and mean
steric level according to Argo floats No. 4900542, 6900805, and 2901200

several revolutions in the deep-water part of the sea approximately along
the Rim Current. Despite the incomplete coverage of the Black Sea with data from
these floats, the steric level calculated from their CTD profiles can be considered
as an independent instrumental assessment confirming the general trend of
interannual changes in the Her level reconstructed from satellite data. The range of
steric oscillations according to Argo floats is approximately twice smaller than that
of Hyer, and, accordingly, the negative trend is also smaller: —0.22 = 0.05 cm/year

(Fig. 8).

Discussion

The importance of studying sea level variability, including its steric and
manometric components, is due to the direct connection of the sea level with
the basin water balance and the sea thermohaline structure. The use of satellite
altimetry and gravimetric data revealed that the contribution of these both
components to the interannual variability of the Black Sea level is approximately
the same. The inland Black Sea is a suitable case study for conducting
methodological work on the joint use of altimetry and gravimetric data as
an alternative to conventional assessments of steric oscillations and basin water
balance. However, the variability of the manometric level component is
additionally affected by the Black Sea drainage basin soil moisture. To eliminate
these errors, our work used GRACE RL06 GSFC data obtained based on
the calculation method using mascons [15]. Another approach to correcting
the influence of the signal from the variability of soil moisture is to use the
hydrological reanalysis models [16] and take into account the soil moisture signal
of the Black Sea drainage basin according to GRACE data for land [14, 16].
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Our estimates of interannual variability and negative trend in the steric level of
the Black Sea reflect the integral effect of thermohaline changes throughout
the entire water column. In the seasonal cycle for the upper 300-meter layer,
the contribution of the thermosteric component of the steric level in the summer
period is 1-2 cm higher than the contribution of the halosteric component, and vice
versa in the winter period (see Fig. 2). In recent decades, according to numerical
modeling and field observations, a negative linear trend in salinity (-0.02
PSU/year) in the 0—50 m layer has been identified, which is due to a positive trend
in the fresh water balance of the Black Sea. There are not statistically significant
trends in the Black Sea surface temperature in recent years [8]. With increasing
depth between the CIL core and its lower boundary, thermosteric and halosteric
effects compensate each other [5]. In the 75-300 m layer, positive trends in salinity
and temperature have been observed in recent decades at an average rate of
0.05 PSU/10 years and 0.02 °C/10 years [7]. Instrumental measurements
revealed that for the northeastern part of the Black Sea, climate changes led to a
noticeable increase in salinity in the upper 200-meter layer, as well as
an increase in temperature in the layers located below the temperature
minimum layer (CIL) [17]. Thus, in the layer below 50-75 m, a simultaneous
increase in salinity and temperature leads to multidirectional trends in the steric
component of sea level oscillations.

Nevertheless, the trends in the steric level reconstructed from satellite data,
reflecting changes in the entire sea water column from the surface to the bottom,
and the trends from Argo floats CTD profiles in the 0-500 m layer have negative
values (Fig. 8). This means that, integrally over depth in the layer below 50 m,
an increase in salinity leads to a decrease in the steric level throughout the sea,
exceeding the positive contribution of the thermosteric component from an increase
in temperature. The inflow of more saline and warm waters into the deep layers of
the Black Sea occurs through the system of Turkish straits. However, determining
the water fluxes through the Bosphorus using traditional methods is attended
with great difficulties. In the future, it will be possible to estimate water exchange
through the straits using the sea level according to the altimetry data and
the manometric level component according to GRACE data [16].

Conclusions

Based on satellite altimetry and gravimetric data, the time-series of steric
oscillations in the Black Sea level for 2002-2016 was reconstructed. Its comparison
with the steric level estimates calculated from archival hydrological data confirmed
good agreement between them. The estimates of the seasonal cycle of the steric
level were obtained: the range of oscillations reaches 12 c¢m, the minimum occurs
in the winter period (March), the maximum occurs in the summer period (August).
The seasonal cycle of the steric level reconstructed from satellite data has a smoother
shape compared to the calculations of the steric level H'yer from archival
hydrological data. The reconstructed steric level attains its maximum in August and
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coincides in time with the maximum H s, and the minimum occurs a month
earlier than H'qe — in February. For the seasonal cycle of the manometric
component of sea level, according to GRACE data, good agreement was obtained
with the seasonal cycle of the Black Sea freshwater balance, calculated
from hydrometeorological observations.

The maximum difference in the steric level H'sr between the periphery and
the center of the sea was about 15 cm. The regions of the maximum range of
the seasonal cycle in the steric level have been identified. These areas correspond
to the areas of maximum seasonal vertical displacements of the main pycnocline.
A comparison of the mean annual values of steric sea level (deviations from
the basin mean) in the 0-50 m layer and in the 50-300 m layer shows that, despite
the opposite directional decadal trends in temperature and salinity, the spatial
distribution of the long-term mean values in these layers is qualitatively consistent.

The steric level Hser reconstructed from satellite data is characterized
by significant interannual variability with periods of various oscillation modes with
timescale about 3 years and amplitude changes from 5 to 15 cm. In 2010-2011 and
2013-2015, there was a violation of the quasi-regularity of steric oscillations and
a decrease in their amplitude under 5 cm. The estimate of the linear trend of the recon-
structed steric level has a negative sign and amounts to —0.59 = 0.21 cm/year.
The steric level was also calculated from Argo floats CTD profiles, which provided
an independent instrumental estimate confirming the general trend of interannual
changes in the reconstructed steric level Hger. The range of steric oscillations
according to Argo floats is approximately twice smaller than that of Hger, and,
accordingly, the negative trend coefficient is smaller (—0.22 + 0.05 cm/year).
The general negative trend in the steric component of the Black Sea level indicates
that among the thermohaline properties impacts on the sea level, the contribution of
an increase in salinity prevails over the contribution of an increase in water
temperature. In addition to the regional heat and water balance, changes
in the thermohaline structure of waters and the steric component of sea level are
affected by the inflow of saline and warm waters into the Black Sea through
the system of Turkish straits. In the future, it seems possible to estimate water
exchange through the Bosphorus using the discussed approach of combining
altimetry and gravimetric measurements.
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Structure and Climatic Intra-Annual Variability
of Water Mass Characteristics in the Powell Basin
and on the Adjacent Antarctic Peninsula Shelf
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Abstract

The paper analyzes the long-term average structure and climatic intra-annual variability of
water mass characteristics in the Powell Basin and adjacent water areas based on monthly
average potential temperature and salinity data for each year from 1958 to 2021
from ECMWF ORA-SS5 reanalysis. It is shown that the Antarctic Shelf Water is observed
not only over the shallow shelf of the Joinville Archipelago, but also over the continental
slope in the northwestern Weddell Sea. It is revealed that the layer of Circumpolar Deep
Water is divided into Upper and Lower modifications. The Deep and Bottom Waters of
the Weddell Sea do not appear as separate extremes on the long-term average 6,S-curves.
It is shown that in the center of the cyclonic gyre in the Powell Basin, the Antarctic Winter
Water core is located in a layer of 25-55 m. In the Scotia Sea, the Hesperides Trough, and
over the Philip Ridge, the Antarctic Winter Water core deepens to 60—85 m. The minimum
depths of the cores of the Upper and Lower modifications of the Circumpolar Deep Water
(250-300 m and 500-600 m, respectively) are observed in the central part of the Powell
Basin and closer to the center of the Weddell Sea Gyre, the maximum depths (1000—
1300 m and 1100-1500 m, respectively) are observed over the slopes of the depths of
the Joinville shelf and the South Scotia, Philip, and Joinville Ridges. It is shown that
seasonal changes in the 6-index of the Antarctic Surface Water are maximum (3.5-4°C)
in the southern Scotia Sea and in the Hesperides Trough. Seasonal changes in the S-index
are maximum (1.8—1.9 PSU) over the Philip Ridge and in the northern and southern parts of
the Powell Basin. Intra-annual changes in the 0.S-indices of the Antarctic Shelf Water reach
1.6-1.8 °C and 1.5 PSU, respectively. The Weddell Sea Surface Water is characterized
by weak changes in the 8-index, while changes in its S-index reach almost 1.8 PSU.
Intra-annual changes in the 6.S-indices of Antarctic Winter Water are maximum
in the central part of the Powell Basin (up to 1 °C and 1.1 PSU).

Keywords: Southern Ocean, Weddell Sea, Powell Basin, Antarctic shelf, water masses,
potential water temperature, salinity, neutral density, spatiotemporal variability, vertical
water structure
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CTpyKTypa U KIMMAaTHYECKAsl BHYTPUI010Bas
U3MEHYUBOCTH XapPaKTEPUCTUK BOJHBIX MaCC
B KoTs10BUHe [lay3,1 M Ha nmpuwieraomem meJbde
AHTapPKTHY€CKOI0 MOJYOCTPOBA

IO. B. Apramonos, E. A. Ckpunanesa *, H. B. Hukoabckuii

Mopcxou euopogpuzuueckuti uncmumym PAH, Cesacmononws, Poccus
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AHHOTAIUSA

[To cpemHEMECSYHBIM 3HAYCHUAM OTECHIMAIBHOW TEMIIEPAaTyphl U COJIEHOCTH U KaXKI0TO
roga ¢ 1958 mo 2021 r. u3 peanamza ECMWFE ORA-S5 nipoaHanu3npoBaHbl CPETHEMHOTOJIET-
HSSL CTPYKTypa W KIMMaTH4ecKas BHYTPUTOAOBAas M3MEHYMBOCTH XapaKTEPHCTHK BOJHBIX
Macc korioBuHbI Ilaysmn u npuneraromux akaropuid. IlokasaHo, 4To aHTapkTHYecKas
menspoBas Boga HAOIIOZAETCS HE TOJBKO HAJ MENKOBOIHBIM INENb()OM apxuresara
XKysuBunb, HO W HajJ CBaJOM IIIYyOMH B CEBEpO-3alaJHONH dYacTH Mops Yajajeiia.
BbrisiBiIeHO, YTO CIOH LMPKYMIOJSIPHOW TIIyOMHHOW BOABI pasfeiseTcs HAa BEPXHIOW U
HIDKHIOIO Mojudukanmu. ['myOuHHas U TOHHAs BOJBI MOpsSl Y3//eiia B BUJIE OTICIBHBIX
9KCTPEMYMOB Ha CpeJHeMHOrojeTHux 0,S-kpuBbix He mnpossistorcs. IlokazaHo, dTO
B LEHTpPE LHUKJIOHWYECKOr0 KPyroBopora B KoTioBuHE [laysmn sapo aHTapKTHUYecKOH
3UMHEH BOAabl pacnonaraercss B cioe 25-55 M. B mope Ckoma, sxenobe ['ecnepun n
Haj xpedToM @ununm oHo 3arayossiercs a0 60—-85 M. MuHUMaTbHBIE TITYOUHBI 3aJICTaHHS
aaep BepxHeM W HIKHEH MOAM(UKAIMA [IHUPKYMIIONSPHOM TIIyOMHHOW  BOMBI
(cootBetcTBeHHO 250-300 11 500-600 M) HaOMIOMAIOTCS B IIEHTPAIBHON YaCTH KOTIIOBUHBI
[Maysnn m Ommke K HEHTPY KPYyroBOpoTa MOps Y3[jeiuia, MaKCHMalbHBIE TITyOHHBI
(cootBerctBenHO 1000-1300 m 1100-1500 M) — Hax cBamamu riyOuH mensda XKysHBUIb
n xpedtoB FOxusbiit Croma, @ununm u Xys>uBmwis. [lokazaHo, 9TO ce30HHBIE H3MEHEHUS
0- MH/eKCa aHTapKTHYECKOW MOBEPXHOCTHOW BOJBI MakcMMaibHBI (3.5-4 °C) B 10KHOU
yactu Mopsi Cxoma u B xenobe ['ecnepun, S-unpekca (1.8-1.9 EIIC) — nag xpebrom
OWIKII U B CEBEPHON M I03KHOM YacTax KOTIOoBUHBI [laysmn. BHYyTpurogosblie n3aMeHeHUs
0,S-uHnekcoB aHTapKTHYecKoW menbdoBol Boapl gocturator 1.6-1.8 °C m 1.5 EIIC
cooTBeTCTBeHHO. [loBepxHOCTHass BoJa MOps YdJiemaa XapakTepusyercs Cila0bIMu
M3MEHEHUSIMH O-HHJIeKca, TOr[a KaKk u3MeHeHus ee S- unaekca gocrurarot nouru 1.8 ETIC.
Brytpuronossie n3MeHeHus 0,S-MHIEKCOB aHTAPKTUYECKOH 3MMHEH BOJBI MaKCHMAaJIbHBI
B IEHTpaJIbHOM yacTu koTiaoBuHEI [Taysmn (1o 1 °C u 1.1 EIIC).

KawueBbie caoBa: IOxHbBIH okeaHn, Mope Yaaaenna, KoTioBmHa Ilaysmi,
AQHTAPKTHYECKUH Imenb(, BOJHBIE MAacChl, IOTEHIHANbHAS TeMIIEpaTypa MOPCKOW BOJEI,
COJIEHOCTh, HEUTpalbHas TJIOTHOCTH, MPOCTPAHCTBEHHO-BPEMEHHAs W3MEHUYHMBOCTD,
BEPTUKAILHAA CTPYKTYpa BOJ
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Introduction

Water masses and their boundaries (hydrological fronts) are the most
important abiotic factors that determine the level of bioproductivity of water,
influencing the spatial distribution of nutrients [1-7]. The most bioproductive area
is the southwestern part of the Southern Ocean Atlantic sector, where the Antarctic
krill spawn on the vast Antarctic Peninsula shelf. The krill transported from
spawning grounds along the western periphery of the Weddell Sea Gyre (WSG)
accumulate in the Powell Basin [8—10]. Further, the main transfer of the krill
aggregations occurs along the northern periphery of the WSG, passing along
the Philip and South Scotia Ridges that bound the Powell Basin from the north
[2, 3, 5]. The commercial significance of the shelf areas of the Antarctic Peninsula,
the northwestern Weddell Sea, and the Powell Basin led to the appearance
of a number of works devoted to the study of the processes of formation,
modification and distribution of water masses in this region V [2, 10-21].

The research results show that, in general, the vertical structure of the local
waters is characterized by the following features V [1, 2, 11-14, 17-20].
In the upper layer, there are Antarctic Surface Waters (AASW) consisting of two
modifications. They are relatively warm and desalinated well-mixed Summer
Waters (AASSW) and colder and saltier Winter Waters (AASWW). Deeper down,
there is a subsurface layer of the Antarctic Winter Water (AAWW) characterized
by the minimum temperature and representing the remnants of the previous winter
upper mixed layer of the AASWW. Below, a layer of circumpolar deep water
(CDW) lies, which, to the south of the Antarctic Circumpolar Current (ACC)
system, is called “warm deep water” (WDW) according to the terminology of some
authors [12, 14, 15, 20]. In the upper part of the layer, the CDW is determined
by the maximum temperature (Upper CDW), and at intermediate depths —
by the maximum salinity (Lower CDW). It should be noted that some authors
believe that in the WSG region, it is impossible to divide the CDW layer
into Upper and Lower modifications [2]. Other authors [18] believe that to
the south of the ACC system, the entire CDW layer is occupied by its Lower
modification characterized by the maximum salinity.

 Sarukhanyan, E.I. and Smirnov, N.P., 1986. [Water Masses and Circulation of the South Ocean].
Leningrad: Gidrometeoizdat, 288 p. (in Russian).
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In [20], three modifications of the WDW with different thermohaline
characteristics were identified in the Powell Basin: Upper, Middle, and Lower.
Underneath the CDW layer, a layer of Weddell Sea Deep Water (WSDW) lies,
under which a layer of Weddell Sea Bottom Water (WSBW) is located. The WSDW
from the Powell Basin penetrates north into the Hesperides Trough and into
the Scotia Sea through the deep-sea passages of the surrounding bottom uplifts
[2, 15-18], while the WSBW does not spread beyond the WSG boundaries [17, 22].

The Antarctic Shelf Waters (AAShW) with temperatures close to the sea water
freezing point are formed on the shallow shelves surrounding the Powell Basin
as a result of powerful autumn-winter convection, leading to thermal uniformity
throughout the entire layer, from the surface to the bottom. These waters are
characterized by low salinity in summer when sea ice melts over the Antarctic shelf,
and high salinity in winter when the sea ice is formed '[1, 2, 11-14, 17, 19, 20].

It should be noted that most studies that analyze the structure of water masses
in the region under consideration are based on the data provided by irregular
synoptic hydrological measurements, carried out due to severe weather conditions
mainly in the warm period and not always coinciding in space. Analysis and
identification of water masses based on data from scattered synoptic surveys
at individual sections and hydrological stations lead to the fact that the amount of
water masses does not coincide with their modifications in the works of various
authors [2, 18, 20].

Currently, constant replenishment of factual databases and increase in the length
of time series of remote measurements contribute to the introduction of modern
versions of oceanic reanalyses, which assimilate all available data from contact and
satellite measurements. The use of such reanalyses makes it possible to clarify
the long-term average spatial structure of waters and provide estimates of intra-
annual changes in the characteristics of water masses, which is necessary
to interpret the structural features of waters obtained from the results of actual field
measurements [9, 10, 19, 20, 23].

The purpose of this work is to use the ECMWF ORA-S5 oceanic reanalysis
data to analyze the long-term average spatial structure of water masses and study
the climatic intra-annual variability of their characteristics in the Powell Basin and
adjacent waters (the eastern shelf of the Antarctic Peninsula and the northwestern
Weddell Sea).

Materials and methods

The research examines the region of the Southern Ocean east of the Antarctic
Peninsula, located between 60° and 65° south and 56° and 47.5° west. It includes
the shelf of the Joinville Archipelago, the Powell Basin, the northwestern Weddell
Sea, and the southwestern Scotia Sea. The Powell Basin is separated from the main
basin of the Weddell Sea by the Joinville Ridge, and from the Scotia Sea by the South
Scotia and Philip Ridges (Fig. 1, ). When constructing the bottom topography
diagram, the data from General Bathymetric Chart of the Oceans (GEBCO) (URL:
http://www.gebco.net/data_and products/gridded bathymetry data/) were used
with a spatial resolution of 15 arcseconds.
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Fig. 1. Study area (a) and distribution of long-term average vectors of geostrophic
currents (b). The red dots show the grid nodes for which examples of 6,S-curves are
presented in Fig. 3

Analysis of the thermohaline structure of waters and identification of
water masses were carried out in accordance with European Centre for
Medium-Range Weather Forecasts OCEANS system (ECMWF ORASS) (URL:
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-oras5?tab=form)
reanalysis data. The reanalysis contains monthly averages of potential temperature
0 (°C) and salinity S (PSU) at grid points of approximately 0.25° x 0.25° at 75 vertical
levels in sigma-coordinates for each year within the period from 1958 to 2021.
These values are derived from the Nucleus for European Modelling of the Ocean
(NEMO) ocean model and the NEMOVAR ocean assimilation system adopting
surface and subsurface temperature, salinity, sea ice concentration, and sea level
anomalies [24]. Based on the initial data, long-term and climatic monthly average
values of potential temperature and salinity were calculated. To identify the cores
of water masses and their thermohaline indices, long-term and climatic monthly
average 0,S-curves were constructed at each grid node. According to the classical
T,S-analysis, the amount of water masses was determined on the 6,S-curve
by the number of extrema plus two end points »» 3 [25]. To clarify the vertical
structure of the waters, we analyzed the vertical distributions of neutral density y”
(kg/m3), which is a function of salinity, in situ temperature, pressure, longitude and
latitude [26] and indirectly reflects the position of the boundaries of water masses.
When assessing the seasonal variability of thermohaline indices of water masses,
the spatial distributions of intra-annual root-mean-square deviations (RMSD) of
temperature and salinity were analyzed.

The spatial distributions of water mass characteristics were interpreted
against the background of the geostrophic circulation of water. The long-term

2 Mamayev, O.1., 1975. Temperature-Salinity Analysis of World Ocean Waters.
Amsterdam: Elsevier Scientific Publishing, 374 p.

3 Bulgakov, N.P., 1975. [Convection in the Ocean]. Moscow: Nauka, 272 p. (in Russian).
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average structure of currents was analyzed using the Copernicus
Marine Environment Monitoring Service (CMEMS) (URL:
http://marine.copernicus.eu/?option=com_csw&view=details&product id=SEA-

LEVEL GLO PHY L4 REP OBSERVATIONS 008 047) reanalysis data
containing average daily values of geostrophic velocity components at regular grid
nodes with a step of 0.25° from 1993 to 2020. These values were used when

calculating the long-term average values of the velocity modulus Vg and
the direction of current vectors (Fig. 1, b).

Main results

Distributions of long-term average values of potential temperature and salinity
on vertical meridional sections and long-term average 6,S-curves, examples of which are
presented in Figs. 2 and 3, showed that the structure of waters in the studied water
areas differing in orographic conditions also differentiates significantly.

In deep-water areas of the water area, such as the southern Scotia Sea,
the Hesperides Trough, the Powell Basin, the northwestern Weddell Sea, adjacent
to the Antarctic shelf, the Antarctic type of vertical water structure can be observed.
In the distributions of temperature (Fig. 2, a, ¢, ¢) and long-term average 0,S-curves
(Fig. 3) north of the shelf and the Joinville Ridge in a layer of approximately
25-150 m, subsurface minimum 6 characterizing the Antarctic Winter Water is
clearly visible. Temperature values in the Antarctic Winter Water layer decrease
significantly in the deep-sea areas between the South Scotia and Philip Ridges and
over the slopes of the depths of the Joinville Ridge (60 <—1.5 °C) and increase
(6 <—1 °C) in the Scotia Sea, Hesperides Trough, and central part of the Powell
Basin (Figs. 2, a, ¢, e; 3). The distribution of neutral density isolines y" shows
that isopycnic line 27.95 can be conventionally taken as the lower boundary of
the Antarctic Winter Water. In the open Weddell Sea, the subsurface minimum
corresponding to the Antarctic Winter Water is not observed in the long-term
average temperature field, and the entire near-surface layer is occupied by the coldest
(6 <—1.6 °C) and low-salinity (S < 33.6 PSU) Antarctic Surface Water of the high-
latitude modification, which is called the Weddell Sea Surface Water (WSSW)
in accordance with [2] (Figs. 2, ¢ —f; 3, b, ¢).

Under the Antarctic Winter Water layer in the southern Scotia Sea,
temperature increase is observed, and at the depths of 400—1000 m its intermediate
maximum (0 ~ 1-1.2 °C) can be found, which is typical for the Circumpolar Deep
Water Upper modification (UCDW) (Figs. 2, a; 3, a). Under the temperature
maximum layer at the depths of 700-1400 m, weak salinity maximum (34.7—
34.705 PSU) is observed, which characterizes the CDW Lower modification
(LCDW) (Figs. 2, b; 3, a). The upper boundary of the UCDW layer qualitatively
corresponds to the position of isopycnic line 28.05, the upper boundary of
the LCDW layer corresponds qualitatively to the position of isopycnic line 28.1,
which is consistent with the results of [18]. At the same time, the identification
of two CDW modifications (Upper and Lower) in the southern Scotia Sea clarifies
the results of this work, according to which the entire CDW layer is occupied by its
Lower modification to the south of the ACC system. To the south of the South
Scotia Ridge, over the deep slopes of the depths of the Philip Ridge and
the Joinville shelf, temperature increase is observed, corresponding to the UCDW,
which can be monitored almost to the bottom (Fig. 2, a).
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Fig. 2. Vertical distributions of long-term average potential
temperature (a, ¢, e) and salinity (b, d, f) at sections along 54° W (a, b),
52.5° W (c, d) and 49.5° W (e, f). The dashed line shows neutral
density y” isolines
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Deeper than the LCDW layer in the southern Scotia Sea, monotonous
temperature decrease is observed with uniform salinity distribution, corresponding
to colder (8 < 0.5 °C) and less saline (S < 34.7 PSU) WSDW (Figs. 2, a, b; 3, a).
According to the distribution of vectors of geostrophic currents (see Fig. 1, b)
and the results shown in [2, 15-18], the WSDW penetrates into the Scotia Sea
from the Weddell Sea and the Powell Basin through the deep-sea passages of
the Philip and South Scotia Ridges. The upper WSDW boundary here corresponds
approximately to the position of isopycnic line 28.15 (Figs. 2, a, b; 3, a).

To the east, in deep-water areas located between the Southern Scotia, Philip
and Joinville Ridges (the Scotia Sea, the Powell Basin, the Weddell Sea), due to
the cyclonic direction of the currents (see Fig. 1, b), a noticeable rise of the CDW
layer is observed closer to the surface (Fig. 2, ¢ — f).

In the central part of the Powell Basin and in the deep-sea part of the Weddell
Sea, closer to the WSG center, the upper and lower boundaries of the UCDW
and LCDW are located approximately 500-600 m higher than over the slopes
of the depths, judging by the position of layers of intermediate temperature
and salinity maxima and neutral density y” isopycnic lines 28.05, 28.1, and 28.15
(Figs. 2, e, f; 3, ¢). Due to the intense rise of colder waters, the intermediate
temperature maximum weakens, the temperature in the UCDW layer decreases
by approximately 0.2—0.3 °C (Fig. 2, e). It should be noted that in the Weddell Sea,
in the lower part of the CDW layer, a weak maximum of salinity can be observed,
which, in contrast to [2], makes it possible to divide the CDW layer into Upper and
Lower modifications.

Under the CDW layer, deeper than 1500-2000 m, monotonous temperature
decrease and uniform salinity distribution corresponding to the WSDW and WSBW
can be observed (Fig. 2, ¢ — f). There are no clearly expressed extrema on the long-
term average 0,S-curves that would make it possible to separate these water masses
(Fig. 3, b, ¢). According to [18], the WSBW layer is separated from the Weddell
Sea deep water layer by the position of the isolines of neutral density y” > 28.24—
28.27. This boundary is clearly visible in vertical sections of temperature and
salinity passing over the deep-sea parts of the Powell Basin and the Weddell Sea,
with the temperature and salinity values in the WSBW layer decreasing noticeably
compared to their WSDW layer values, respectively, to —0.5...0.1 °C and 34.66—
34.675 PSU (Fig. 2, e, f). We identify the end point on the 6,5-curves in these areas as
the WSBW core, and the WSDW core is not clearly identified as an extremum (Fig. 3, ¢).

Over the shallow shelf of the Joinville Archipelago with depths less than 300 m,
the long-term average vertical stratification of waters has its own characteristics.
Here, the AAShW is characterized by weak subsurface temperature increase of
approximately 0.1-0.2 °C in a layer of 20-30 m (Figs. 2, a; 3, a) and gradual
salinity increase with depth (Fig. 2, ). Weak temperature inversion in the subsurface
layer with a positive vertical salinity gradient in coastal shelf areas was noted earlier
in [27]. It should be noted that the AAShW traces with the inversion of 6 up to
0.15 °C in the subsurface layer of 15-25 m are observed over the slopes of the depths
in the northwestern Weddell Sea (Fig. 3, b). To the south of 64° S, temperature and
salinity increase monotonically with depth to the bottom (Fig. 2, a, b). At the same
time, the distribution of isopycnic lines of neutral density y* shows that isopycnic
line 28.05 is located at the depths of 950—1100 m, corresponding to the UCDW
upper boundary.
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Fig. 3. Examples of long-term average 0,S-curves in separate grid nodes located
at 54° W (a), 52.5° W (b) and 49.5° W (c¢). The numbers next to the curves are
the depths of the water mass cores (m). The dashed lines are isopycnic lines of
conditional density o, The inset shows an enlarged fragment of the 6,S-curve
showing the presence of intermediate temperature and salinity maxima
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The distributions of the thermohaline indices of the UCDW and LCDW cores,
defined as intermediate maxima of temperature and salinity, respectively, and
the depths of their occurrence (Fig. 4) illustrate clearly the qualitative connection
of their spatial variability with the features of the bottom topography and the main
elements of circulation. The minimum values of the UCDW 6-index are observed
over the seaward edge of the shelves of the Joinville Archipelago and the Philip
Ridge with the depths of less than 800 m, as well as in the Weddell Sea closer
to the WSG center, where they make 0.4—0.5 °C and 0.5-0.7 °C, respectively.
The UCDW core temperature decrease (1.05-1.1 °C) associated both with the cyclonic
rise of waters and with the penetration of colder waters from the Weddell Sea
(Fig. 1, b) is noted in the deep-sea part of the Powell Basin. In the southern Scotia
Sea and over the slopes of the depths of the Jouinville Archipelago and Philip
Ridge shelves with the depths of more than 1500 m, the 6-index values increase
to 1.15-1.35 °C (Fig. 4, a). The range of spatial variability of the LCDW 6-index is
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02

Fig. 4. Spatial distributions of 6-indices (a, d), S-indices (b, ¢) and core depths
H (c, f) of the Upper (a—) and Lower (d—f) modifications of CDW. The areas,
where UCDW and LCDW are absent, are shaded
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significantly lower than that of the UCDW 6-index. At the same time, there is also
a tendency towards a decrease in the values of the LCDW 0-index in the WSG area
(0.5-0.7 °C) and in the central part of the Powell Basin (0.85-0.9 °C) and
an increase over the slopes of the depths (to 1-1.1 °C) (Fig. 4, d).

The spatial variability of the UCDW S-index in most water area (in the Scotia
and Weddell Seas, Powell Basin, Hesperides Trough) is small with its values
varying within 34.675-34.69 PSU (Fig. 4, b). A significant decrease in the values
of the UCDW S-index to 34.4-34.65 PSU, as well as its 6-index, is observed over
the shelf edge with the depths less than 800 m. The low values of the UCDW
0,5-index here can be explained by the UCDW transformation due to its mixing
with colder and fresher shelf water. Spatial changes in the values of the LCDW
S-index (Fig. 4, e), which is its distinctive feature, are characterized by the same
changes as in the UCDW 6-index. Decreased values of the UCDW S-index, as well
as the UCDW 0-index, are observed in the WSG area (34.685-34.697 PSU) and
in the central part of the Powell Basin (34.701-34.703 PSU), and increased ones
(34.707-34.709 PSU) — over the slopes of the depths and in the southern Scotia Sea
(Fig. 4, e).

The minimum depths of the UCDW core (less than 300 m) are observed
in the areas of cyclonic gyres — in the central part of the Powell Basin and
the Weddell Sea. Over the slopes of the depths, the UCDW core decreases
to 10001300 m (Fig. 4, ¢). Similar spatial variability was revealed for the depth of
the LCDW core. It is minimal (500-600 m) in the central part of the Powell Basin
and the Weddell Sea and increases sharply (up to 1100-1500 m) over the slopes of
the depths (Fig. 4, f). Qualitatively similar spatial features of the distribution of
principal characteristics of the CDW Upper (6-index) and Lower (S-index)
modifications, as well as the depth of their cores, reflect the influence of the bottom
topography and water circulation on the entire water layer occupied by the CDW.

Analysis of the distributions of intra-annual RMSD of potential temperature
and salinity showed that the level of seasonal variability of these parameters varied
noticeably over space (Fig. 5).

Intra-annual changes decrease significantly over the depth of 60—70 m
in the temperature field (Fig. 5, a — ¢) and over the depth of 20-30 m in the salinity
field (Fig. 5, d — f). The maximum level of intra-annual temperature variability is
observed in the upper 20-30 m layer in the northern part of the water area
(in the Scotia Sea, the Hesperides Trough, and over the South Scotia Ridge), where
the 8 RMSD values reach 1-1.6 °C (Fig. 5, a — ¢). The 6 RMSD values decrease
southward and amount to 0.6—0.8 °C in the Powell Basin (Fig. 5, b, ¢), 0.4-0.5 °C
over the Joinville shelf (Fig. 5, a). The minimum level of intra-annual temperature
variability is observed in the Weddell Sea, where the 8 RMSD values do not
exceed 0.2 °C (Fig. 5, a —¢).

The spatial distribution of the intra-annual salinity RMSD differs significantly
from the distribution of the temperature RMSD. The maximum S RMSD values are
observed in the areas of intense ice formation and melting — over the Philip Ridge,
the Joinville shelf and Ridge (0.5-0.8 PSU) (Fig. 5, d, e), as well as in the deep
Weddell Sea (0.6-0.7 PSU) (Fig. 5, /).
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Fig. 5. Vertical distributions of intra-annual RMSD of potential temperature (a—c)
and salinity (d—f) along 54° W (a, d), 52.5° W (b, ¢) and 49.5° W (c, f). The dark band
in Fig. 5, a, d is Shishkov Island

Over the slopes of the depths in the northwestern Weddell Sea and
in the western part of the Powell Basin, the S RMSD values make 0.45-0.6 PSU
(Fig. 5, d, e), and in the central deep-sea part of the Powell Basin they decrease
to 0.4-0.5 PSU (Fig. 5, f). Minimum level of intra-annual salinity variability
(S RMSD < 0.2-0.4 PSU) is observed in the arecas of maximum intra-annual
temperature variability — in the Scotia Sea and the Hesperides Trough (Fig. 5, d —f).

Spatial changes in the level of intra-annual variability of thermohaline
parameters are reflected in climatic seasonal changes in 6,S-indices of water
masses. Analysis of average monthly 0,S-curves showed that the greatest intra-
annual changes in thermohaline indices characterized water masses of the upper
60—70 m ocean layer, in which the maximum seasonal variations of thermohaline
fields were observed (Figs. 5; 6, @; 7). The maximum intra-annual changes
in thermohaline indices are observed for the Antarctic Surface Water characterized
by its Winter (AASWW) and Summer (AASSW) modifications (Fig. 6, a).
The maximum seasonal changes in the ASW temperature index are observed
in the southern Scotia Sea, where they reach almost 4 °C. In the Hesperides Trough,
the 0-index changes make 3.5 °C. Over the Philip Ridge and in the northern
and central parts of the Powell Basin, they decrease to 2-2.5 °C, and in its southern
part — to 1-1.1 °C (Fig. 6, b). The AASW S-index intra-annual changes are maximum
over the Philip Ridge and in the northern and southern parts of the Powell Basin,
where they reach almost 1.9 PSU. In the Scotia Sea, the Hesperides Trough,
and in the central part of the Powell Basin, the AASW S-index seasonal changes
decrease to 0.8—1 PSU (Fig. 6, ¢).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 33



60.4° S, 54° W 60.4° S, 52.5° W 60.4° S, 49.5° W

2 27

3 N 9

3 N N

15 15 Loy 153 &
1 1 Aassw Y % D ‘ 13
o N | ucow E

o
o

=)

o

o
INERARRRRANRENANRRRANNENANRRRANRNNANNEN]

0
P
15 N : 4
) AASWWE' 7 AASWW 6% %9
33 34 35 33 34 35
S, PSU S, PSU
62° S, 52.5° W 62°S, 49.5° W
1.5 1.57 1.57 ; z
'3 ' 13 ucow |
053 053 053 Lcow
o 04 o 0] 04 |
<057 S053 <059 WSDW
4 E FE 4 _ 25-55 m|
E 3 E &
1.59 1.5 -1.59 !
B RS- a1 23 o R A e 7 SRS Aufind ittt A . N
33 34 35 33 34 35 33 34 35
S, PSU S, PSU S, PSU
a
49.5°W, 60.4°S ---------- 52.5°W, 60.4°S —— 54°W, 60.4°S
ee 49.5°W, 62°S  ececccccee 52.5°W, 62°S e 54V, 62° S
e 49.5°W, 62.8°S —-—-— 525°W,62.8°S
3 345 C 0.8 - 34.4
2 34 . 34;
1.2 -
o1 @ 335 1 o 338
b ° 1 o
) 33 T A - 33.6
1.6 0
J 334
-1 32.5 ] 33.2 i
_2 TT T T T T 1T T 17711 32 rrrrrrrrrrri '2 Trrrrrrrrrrri 33 rrrrrrrrrrri
13 57 91 1 35 7 911 13 57 911 13 57 91
month month month month

Fig. 6. Examples of monthly average 0,S-curves in separate grid nodes (a)
and graphs of the intra-annual cycle of the 8-index (b, d) and S-index (c, e) of the ASW
(b, c) and AWW (d, e). The numbers at the curves in Figs. 6, « — months and depths of
the AWW core (m)

It should be noted that the value of the amplitude of intra-annual changes
in the AASW 0,S-indices and its spatial variability depend mainly on the changes
in the 0,5-indices of the AASW Summer modification. Throughout the entire water
area, there are almost no changes in the values of the AASW Winter modification
0,S-indices, which amount to —1.8...—1.6 °C and 34-34.1 PSU in the period
from May to October (Fig. 6, b, ¢). The values of the AASW Summer modification
0-index in January—March make 1.2-2 °C in the Scotia Sea and the Hesperides
Trough, 0.6—0.8 °C over the Philip Ridge and decrease to —0.2...0.4 °C
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in the northern and central parts of the Powell Basin and to —1.1...—0.6 °C in its
southern part (Fig. 6, b). The values of the AASSW S-index make 32.1-32.5 PSU
over the Philip Ridge in the northern and southern parts of the Powell Basin, 32.8—
33 PSU in its central part, 33.2-33.5 PSU in the Scotia Sea and the Hesperides
Trough (Fig. 6, ¢).

In the Weddell Sea, the temperature index of the AASW high-latitude
modification — WSSW — varies throughout the year from —1.85...—1.8 °C in winter
to —1.2..—1.1 °C in summer. The WSSW S-index intra-annual changes make
almost 1.8 PSU (from 34.2-34.3 PSU in winter to 32.5-32.8 PSU in summer)
(Fig. 7).

The AAWW can be observed in the subsurface layer throughout the year
in the southern Scotia Sea, in the Hesperides Trough, over the Philip Ridge,
in the northern and central parts of the Powell Basin (Fig. 6, a). Intra-annual
changes in the AAWW 6,S-indices are maximum in the central part of the Powell
Basin (up to 1 °C and 1.1 PSU), where the AAWW core is located closer
to the surface in a 25-55 m layer due to the rise of water in the center of
the cyclonic circulation. Minimum changes in the AAWW 0,S-indices, not exceeding
0.4 °C and 0.3 PSU, are observed in the Scotia Sea, the Hesperides Trough, and
over the Philip Ridge, where the AAWW core deepens to 60-85 m (Fig. 6, d, e).

In the southern part of the studied water area, the AAWW is observed only
for a part of the year due to the intense convection during the cold period (Fig. 7).
Over the Joinville shelf, the AAWW is observed from September—November
to May—June, in the southern part of the Powell Basin — from November—December
to April, in the Weddell Sea — from December to March—April. In these areas,
the AAWW 0,S-indices show poor spatiotemporal variability and amount to
—1.8...—1.4 °C and 34.1-34.2 PSU, respectively. A slight increase in the AAWW
0-index (up to —1.4...—1.1 °C) is noted in the southern part of the Powell Basin

(Fig. 7).
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Fig. 7. Examples of monthly average 6,S-curves in separate grid nodes.
The numbers at the curves are months.
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The AAShW, like the AASW, is characterized by significant changes
in thermohaline indices. Over the Joinville shelf, intra-annual changes in the AAShW
0-index reach 1.6-1.8 °C (from —1.8 °C in winter to —0.2...0 °C in summer),
changes in the S-index amount to almost 1.5 PSU (from 33.9-34 to 32.5-32.6 PSU
in summer) (Fig. 7).

Conclusions

Based on the ECMWF ORASS reanalysis data for the period from 1958 to
2021, the long-term average structure and climatic intra-annual variability of water
mass characteristics in the Powell Basin and adjacent water areas are analyzed.
The AASW and its colder and less saline modification, the Weddell Sea surface
water, were identified as well as the AAShW, AAWW, CDW, WSDW, and
WSBW. It is shown that the AAShW is observed not only over the shallow shelf of
the Joinville Archipelago, but also over the continental slope in the northwestern
Weddell Sea. It is revealed that in deep water areas, the CDW layer is divided
into Upper and Lower modifications characterized by intermediate temperature
and salinity maximums, respectively. The WSDW and WSBW do not appear
in the form of separate extrema on the long-term average 0,S-curves.

It is shown that due to the rise of water in the center of the cyclonic gyre
in the Powell Basin, the Antarctic Winter Water core is located closer to
the surface in a layer of 25-55 m. In the Scotia Sea, the Hesperides Trough,
and over the Philip Ridge, it deepens to 60-85 m. The minimum UCDW and
LCDW core depths (250-300 m and 500-600 m, respectively) are also observed
in the central part of the Powell Basin and in the Weddell Sea, closer to the WSG.
The maximum UCDW and LCDW core depths (1000-1300 m and 1100-1500 m,
respectively) are observed over the slopes of the depths of the Joinville shelf and
the South Scotia, Philip, and Joinville Ridges.

An increase in the values of the UCDW 6-index and the LCDW S-index is
revealed (up to 1.15-1.35 °C and 34.707-34.709 PSU, respectively) in the southern
Scotia Sea and over the slopes of the depths of the shelf of the Joinville
Archipelago and the Philip Ridge with the depths of more than 1500 m. A decrease
in temperature in the UCDW core and salinity in the LCDW core is also observed
in the Weddell Sea (0.5-1 °C and 34.685-34.699 PSU) and in the deep-sea part
of the Powell Basin (1.05-1.1 °C and 34.701-34.703 PSU). The minimum values
of the UCDW 6-index (0.4-0.7 °C) are observed over the edge of the shelves
of the Joinville Archipelago and the Philip Ridge with the depths less than 800 m.

The maximum intra-annual changes in thermohaline indices characterize
the AASW with its Winter and Summer modifications. Seasonal changes in the AASW
0-index are maximum in the southern Scotia Sea, where they reach almost 4 °C,
and in the Hesperides Trough they are 3.5 °C, over the Philip Ridge and in the northern
and central parts of the Powell Basin they decrease to 2-2.5 °C, and in its southern
part — to 1-1.1 °C. Intra-annual changes in the AASW S-index are maximum over
the Philip Ridge and in the northern and southern parts of the Powell Basin, where
they reach almost 1.9 PSU. In the Scotia Sea, the Hesperides Trough, and
in the central part of the Powell Basin, seasonal changes in the AASW S-index
decrease to 0.8—1 PSU.
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The WSSW is characterized by weak changes in the 6-index throughout
the year (from —1.85...—1.8 °C in winter to —1.2...—1.1 °C in summer), while
changes in its S-index reach almost 1.8 PSU (from 34.2-34.3 PSU in winter to 32.5
—32.8 PSU in summer).

The AAShW, like the AASW, is characterized by significant changes
in thermohaline indices. Intra-annual changes in the AAShW 8-index reach 1.6—
1.8 °C (from —1.8 °C in winter to —0.2...0 °C in summer), changes in the S-index
amount to almost 1.5 PSU (from 33.9-34 to 32.5-32.6 PSU in summer).

Intra-annual changes in the AAWW 8,S-indices are maximum in the central
part of the Powell Basin (up to 1 °C and 1.1 PSU), minimal (up to 0.4 °C and
0.3 PSU) in the Scotia Sea, the Hesperides Trough, and above the Philip Ridge.
In the southern part of the water area, the AAWW is not visible in all months.
Over the Joinville shelf, the AAWW is observed from September—November
to May—June, in the southern part of the Powell Basin — from November—
December to April, in the Weddell Sea — from December to March—April. In these
areas, the AAWW 0,S-indices vary slightly both in space and time.

REFERENCES

1. Dubravin, V.F., 2001. [Surface Water Masses and the Formation of Zones of
Biological Productivity of the Atlantic Ocean). Saint Petersburg: Gidrometeoizdat,
115 p. (in Russian).

2. Maslennikov, V.V., 2003. Climatic Variability and Marine Ecosystem of the Antarctic.
Moscow: VNIRO Publishing, 295 p. (in Russian).

3. Shulgovsky, K.E., 2005. [Large-Scale Variability of Oceanological Conditions
in the Western Part of the Atlantic Sector of the Antarctic and its Influence
on the Distribution of Krill]. Kaliningrad: AtlantNIRO, 148 p. (in Russian).

4. Venables, H., Meredith, M.P., Atkinson, A. and Ward, P., 2012. Fronts and Habitat
Zones in the Scotia Sea. Deep-Sea Research Part II: Topical Studies in Oceanography,
59-60, pp. 14-24. doi:10.1016/j.dsr2.2011.08.012

5. Arzhanova, N.V. and Artamonova, K.V., 2014. Hydrochemical Structure of Water
Masses in Areas of the Antarctic Krill (Euphausia superba Dana) Fisheries. Trudy
VNIRO, 152, pp. 118-132 (in Russian).

6. Lohmann, R. and Belkin, I.M., 2014. Organic Pollutants and Ocean Fronts across
the Atlantic Ocean: A Review. Progress in Oceanography, 128, pp. 172-184.
doi:10.1016/j.pocean.2014.08.013

7. Chapman, C.C., Lea, M.-A., Meyer, A., Sallée, J.-B. and Hindell, M., 2020. Defining
Southern Ocean Fronts and their Influence on Biological and Physical Processes
in a Changing Climate. Nature Climate Change, 10, pp. 209-219. do0i:10.1038/s41558-
020-0705-4

8. Siegel, V. and Watkins, J.L., 2016. Distribution, Biomass and Demography of
Antarctic Krill, Euphausia superba. In: V. Siegel, ed., 2016. Biology and Ecology of
Antarctic Krill. Cham: Springer, pp. 21-100. doi:10.1007/978-3-319-29279-3 2

9. Spiridonov, V.A., Zalota, A.K., Yakovenko, V.A. and Gorbatenko, K.M., 2020.
Composition of Population and Transport of Juveniles of Antarctic Krill in Powell
Basin Region (Northwestern Weddell Sea) in January 2020. Trudy VNIRO, 181,
pp. 33-51. doi:10.36038/2307-3497-2020-181-33-51 (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 37



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

38

Morozov, E.G., Spiridonov, V.A., Molodtsova, T.N., Frey, D.I.,, Demidova, T.A. and
Flint, M. V., 2020. Investigations of the Ecosystem in the Atlantic Sector of Antarctica
(Cruise 79 of the R/V Akademik Mstislav Keldysh). Oceanology, 60(5), pp. 721-723.
https://doi.org/10.1134/S0001437020050161

Orsi, A.H., Nowlin Jr., W.D. and Whitworth III, Th., 1993. On the Circulation and
Stratification of the Weddell Gyre. Deep-Sea Research Part I: Oceanographic
Research Papers, 40(1), pp. 169-203. d0i:10.1016/0967-0637(93)90060-G

Fahrbach, E., Rohardt, G., Scheele, N., Schroder, M., Strass, V. and Wisotzki, A., 1995.
Formation and Discharge of Deep and Bottom Water in the Northwestern Weddell Sea.
Journal of Marine Research, 53(4), pp. 515-538. doi:10.1357/0022240953213089

Artamonov, Yu.V., Popov, Yu.l. and Trotsenko, B.G., 1997. Water Masses
in Antarctic Sector of South-Western Atlantic in February-April 1997. In: UAC, 1997.
UAC Bulletin. Kyiv. Iss. 1, pp. 125-131 (in Russian).

Naveira Garabato, A.C., McDonagh, E.L., Stevens, D.P., Heywood, K.J. and
Sanders, R.J., 2002. On the Export of Antarctic Bottom Water from the Weddell Sea.
Deep-Sea Research Part II: Topical Studies in Oceanography, 49(21), pp. 4715-4742.
https://doi.org/10.1016/S0967-0645(02)00156-X

Franco, B.C., Mata, M.M., Piola, A.R. and Garcia, C.A.E., 2007. Northwestern
Weddell Sea Deep Outflow into the Scotia Sea during the Austral Summers of 2000
and 2001 Estimated by Inverse Methods. Deep Sea Research Part I: Oceanographic
Research Papers, 54(10), pp. 1815-1840. doi:10.1016/j.dsr.2007.06.003

Thompson, A.F. and Heywood, K.J., 2008. Frontal Structure and Transport
in the Northwestern Weddell Sea. Deep Sea Research Part I: Oceanographic Research
Papers, 55(10), pp. 1229-1251. doi:10.1016/j.dsr.2008.06.001

Tarakanov, R.Yu., 2009. Antarctic Bottom Water in the Scotia Sea and the Drake
Passage. Oceanology, 49(5), pp. 607—621. doi:10.1134/S0001437009050026

Palmer, M., Gomis, D., del Mar Flexas, M., Jorda, G., Jullion, L., Tsubouchi, T. and
Naveira Garabato, A.C., 2012. Water Mass Pathways and Transports over the South
Scotia Ridge West of 50°W. Deep Sea Research Part I: Oceanographic Research
Papers, 59, pp. 8-24. do0i:10.1016/j.dsr.2011.10.005

Morozov, E.G., Frey, D.I., Polukhin, A.A., Krechik, V.A., Artemiev, V.A., Gavrikov, A.V.,
Kasian, V.V., Sapozhnikov, F.V., Gordeeva, N.V. and Kobylyansky, S.G., 2020.
Mesoscale Variability of the Ocean in the Northern Part of the Weddell Sea.
Oceanology, 60(5), pp. 573—588. https://doi.org/10.1134/S0001437020050173

Fedotova, A.A. and Stepanova, S.V., 2021. Water Mass Transformation in the Powell
Basin. In: E. G. Morozov, M. V. Flint and V. A. Spiridonov, eds., 2021. Antarctic
Peninsula Region of the Southern Ocean. Cham: Springer, pp. 115-129.
doi:10.1007/978-3-030-78927-5 8

Mukhametyanov, R.Z. and Frey, D.I., 2021. [Mesoscale Variability of the Characteristics
of Water Masses and Currents in the Northern Weddell Sea (Powell Basin)].
In: IO RAS, 2021. Complex Investigations of the World Ocean. Proceedings of
the VI Russian Scientific Conference of Young Scientists, Moscow, April 18-24, 2021.
Moscow: Shirshov Institute of Oceanology RAS, p. 139. doi:10.29006/978-5-6045110-
3-9 (in Russian).

Orsi, A .H., Whitworth III, Th. and Nowlin Jr., W.D., 1995. On the Meridional Extent
and Fronts of the Antarctic Circumpolar Current. Deep Sea Research Part I:
Oceanographic ~ Research  Papers, 42(5), pp. 641-673. doi:10.1016/0967-
0637(95)00021-W

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023


https://www.elibrary.ru/contents.asp?id=33604279

23. Morozov, E.G., Flint, M.V, Orlov, A.M., Frey, D.I., Molodtsova, T.N., Krechik, V.A.,
Latushkin, A.A., Salyuk, P.A., Murzina, S. A. [et al.], 2022. Oceanographic and
Ecosystem Studies in the Atlantic Sector of Antarctica (Cruise 87 of the Research
Vessel Akademik Mstislav Keldysh). Oceanology, 62(5), pp. 721-723.
https://doi.org/10.1134/S0001437022050150

24. Zuo, H., Balmaseda, M.A., Tietsche, S., Mogensen, K. and Mayer, M., 2019.
The ECMWF Operational Ensemble Reanalysis-Analysis System for Ocean and Sea
Ice: A Description of the System and Assessment. Ocean Science, 15(3), pp. 779—-808.
doi:10.5194/0s-15-779-2019

25. Dobrovolskii, A.D., 1961. On the Estimation of Water Masses. Oceanology, 1(1).
pp. 12-24 (in Russian).

26. Jackett, D.R. and McDougall, T.J., 1997. A Neutral Density Variable for the World’s
Oceans. Journal of Physical Oceanography, 27(2), pp. 237-263. doi:10.1175/1520-
0485(1997)027<0237:ANDVFT>2.0.CO;2

27. Artamonov, Yu.V., Bulgakov, N.P., Lomakin, P.D. and Skripaleva, E.A., 2004.
Vertical Thermohaline Structure, Water Masses, and Large-Scale Fronts in the South-
West Atlantic and Neighboring Antarctic Water Areas. Physical Oceanography, 14(3),
pp. 161-172. https://doi.org/10.1023/B:POCE.0000048898.31072.cc

Submitted 29.04.2023; accepted after review 18.05.2023;
revised 28.06.2023; published 25.09.2023

About the authors:

Yuri V. Artamonov, Leading Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Dr.Sci. (Geogr.),
ResearcherID: AAC-6651-2020, artam-ant@yandex.ru

Elena A. Skripaleva, Senior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Geogr.),
ResearcherID: AAC-6648-2020, sea-ant@yandex.ru

Nikolay V. Nikolskii, Junior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), ResearcherID: AAC-7723-
2020, nikolsky.geo@gmail.com

Contribution of the authors:

Yuri V. Artamonov — general scientific supervision of the study, statement of the study
aims and objectives, method development, qualitative analysis of the results and their
interpretation, discussion of the work results, formulation of conclusions

Elena A. Skripaleva — review of literature on the study problem, qualitative analysis of the
results and their interpretation, processing and description of the study results, discussion of
the work results, formulation of conclusions, preparation of the manuscript, text refinement

Nikolay V. Nikolskii — development and debugging of computer programmes for data
processing, algorithm programming, graph plotting, participation in discussion of the article
materials

All the authors have read and approved the final manuscript.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 39


mailto:AAC-6629-2020
mailto:AAC-6629-2020

Original article

Prospects for Radar Monitoring of Wind Speed,
Wind Wave Spectra and Velocity of Currents
from an Oceanographic Platform

Yu. Yu. Yurovsky, V. V. Malinovsky, A. E. Korinenko *,
L. A. Glukhov, V. A. Dulov

Marine Hydrophysical Institute of RAS, Sevastopol, Russia
* e-mail: korinenko.alex@mbhi-ras.ru

Abstract

The article aims to present the prospects of radar monitoring of the marine environment
from an oceanographic platform located near the village of Katsiveli on the South coast of
Crimea at the Black Sea hydrophysical sub-satellite test site of the Marine Hydrophysical
Institute of the Russian Academy of Sciences. Operation of the radar station from
the platform in Katsiveli would allow continuous round-view mode recording of the wind
speed fields, wind wave spectra, and a current velocity vector in the water area of a 1 km
radius with a resolution of up to 100 meters. The paper describes approaches and problems
in estimating wind speed fields, wind wave spectra, and current velocity vectors using
a navigation radar. It is shown that the already known methods developed in satellite and
ship radar are suitable for the reconstruction of the mentioned fields from the radar signal
if we use the results of wind wave-breaking studies carried out from the Katsiveli platform.
The approaches were tested in autumn 2022 from the Katsiveli platform using radar
stations MRS-1011 (X-band, electromagnetic wavelength 3 cm) and MRS-3000 (Ka-band,
electromagnetic wavelength 8 mm). Both stations have power and Doppler channels,
horizontal polarizations of emission and reception, and perform all-around scanning of
the water area at grazing angles to the sea surface not exceeding 10°. The specialized
experiment included the radar operation simultaneously with the standard equipment of
the platform, and data processing was based on the described recovery algorithms. As a result
of the experiment, it is shown that the recovered frequency spectra of wind waves agree
with the spectra measured with a conventional string wave recorder, the recovered spatial
fields of wind and currents meet the traditional concepts, and the field of curents agrees
qualitatively with the Doppler channel data. The data obtained with radar stations
demonstrate the possibility of recovery of wind speed fields, vectors of the velocity of
currents, and wave frequency spectra in a water area with a radius of about 1 km
with a spatial resolution of tens of meters. Radar monitoring from the Katsiveli platform
provides a technical base for studies of air-sea interactions and wave-current interactions
and for the development and validation of satellite technologies and regional models of
the marine environment.
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IlepcneKTHBBI PATHOJIOKAUOHHOTO MOHUTOPHUHIA
CKOPOCTH BeTPA, CIIEKTPOB BETPOBbIX BOJIH
U CKOPOCTH TeYeHHs ¢ OKeaHorpadguuyeckoi miargpopmsl
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AHHOTaAUHUA

Lenb cTaTbu — MpeaCTaBUTH MEPCICKTUBHI PaJUOJIOKAIIMOHHOTO MOHHTOPHUHTA MOPCKOM
cpenbl ¢ okeaHorpaduyeckoi TuIaTGopMbl, PACIONOKEHHONH BONM3U Tocenka Karusenn
Ha IOxnoM Gepery Kppima Ha UepHOMOPCKOM THAPOGH3MIESCKOM MOCITYTHUKOBOM ITOJIUTOHE
Mopckoro ruapodusudeckoro mHcTUTyTa PAH. PabGoTta paamonokannoHHOW CTaHITUH
¢ mwiatdpopmsl B Karupenu mo3Boimia Obl PErHCTPUPOBATH B HEMPEPHIBHOM PEKUME
KpyroBoro 0030pa MoJisi CKOPOCTU BETPa, CIEKTPOB BETPOBBIX BOJIH M BEKTOpPa CKOPOCTH
TEYEHUs B aKBaTOpuM paauyca 1 kM ¢ paspemenHueM g0 100 m. Omucansl NOAXOABI U
mpoOIeMbl TIPH OLIEHKE TOJIeH CKOPOCTH BETpa, CHEKTPOB BETPOBBIX BOJH M BEKTOpa
CKOpPOCTH TEUYCHHS C MOMOIIBI0 HABUTAIIMOHHOTO pajapa. [lokazaHo, 4TO JJIsi BOCCTaHOB-
JIEHUS] TIEPEYUCIICHHBIX TOJIEH MO0 CHUTHANy pajapa MPHUTOJHBI YK€ H3BECTHBIC METOJIBI,
Pa3BUTHIC B CITyTHUKOBOW M KOPAaOEIHHOW PaJHOJIOKAINU, €CIH BOCIIOIBE30BATHCS PE3YIlb-
TaTaMy UCCIIEOBaHUI OOpYIIIEHNH BETPOBBIX BOJIH, MPOBEACHHBIX ¢ TuaTGopmel B Kanusenu.
AmnpoOarus moaxoJ0B BhIMOHeHa oceHbro 2022 r. ¢ miardopmer B KanuBenn Ha ocHOBE
paanonoxannoHHEIX craHnuid MRS-1011 (X-amana3oH, [IMHA 3IEKTPOMArHUTHOM BOJHBI
3 cMm) u MRS-3000 (Ka-nuana3oH, AIHHA 3JICKTPOMAarHUTHOW BOJHEI 8§ MM). O0e cTaHIH
MMEIOT MOIITHOCTHBIE W JIOTIJIEPOBCKHUE KaHATBI, TOPU30HTAIbHBIC TIOJSIPU3AINH U3TYISHHS
U TpUeMa W OCYMIECTBISIOT KPYroBOH 0030p aKBaTOPUHU IOJ CKOJB3SAIIMMHU YTIIaMHU
K MOPCKOH MOBEPXHOCTH, He mpeBbimatomumu 10°. Crnenuann3upoBaHHbIA 3KCIIEPUMEHT
BKIIOYaNl paboTy paxapa OJHOBPEMEHHO CO INTATHBIM OOOpPYJOBAHHUEM IUIAT(OPMEL,
a o0paboTka JaHHBIX OCHOBBIBAJach Ha ONHCAHHBIX QJITOPUTMaX BOCCTAHOBJICHHS.
B pesynpraTe SKCIEpUMEHTa IOKAa3aHO, YTO BOCCTAHOBJICHHBIC YACTOTHBIC CIIEKTPHI
BETPOBBIX BOJH COTJIACYIOTCS CO CIIEKTPaMH, U3MEPECHHBIMU TPAIWIMOHHBIM CTPYHHBIM
BOJIHOTPa()OM, BOCCTaHOBIJICHHBIC MPOCTPAHCTBEHHBIC IMOJSA BETPAa M TCUCHHUU OTBEYAIOT
TPAJAMIIMOHHBIM TPECTABICHUSM, IPUYEM TI0JI€ TEYCHUU COTJIacyeTcsl Ha KadyeCTBEHHOM
YpOBHE C JAHHBIMH JIOTUIEPOBCKOTO KaHalna. JlaHHbIe, MOydYeHHBIE C IIOMOIIBIO PaIUOIOKa-
IUOHHBIX CTAaHIMH, JEMOHCTPUPYIOT BO3MOXKXHOCTH BOCCTAHOBJICHHS MOJEH CKOPOCTH
BETpa, BEKTOPOB CKOPOCTH TEYEHHS W YACTOTHBIX CIEKTPOB BOJHEHHS B aKBaTOPUU
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pagmycoM OKOJIO KHJIOMETPa C MPOCTPAHCTBEHHBIM pa3peIIeHHEM B JIECITKH METPOB.
PanmonokanoHHBI MOHUTOPHHT C maTdopMel B KaruBenn npegocTaBisieT TEXHUIECKYTO
6a3y Ay MCCIIeOBaHUI B3aMOICHCTBISL OKeaHa U aTMOC(epbl, B3aMMOAEHCTBUS BETPOBBIX
BOJIH ¥ TEUCHUH, IS OTPAOOTKH ¥ BAJMIAIMH CITyTHUKOBBIX TEXHOJIOTHH M PETHOHAIBHBIX
MO/IeJIeil MOPCKOM Cpeibl.

KnioueBble cioBa: pajnoioKaTop, MOpCKas IOBEPXHOCTb, yAenbHas >(PQEeKTUBHAS
IUTOIA(b PAacCEesiHUS, AOTUIEPOBCKUM CIEKTpP, CKaTTEPOMETpPHUs, CHEKTPHI BOJIH, CKOPOCTb
TEYEHHsI, HATYpHbIE H3MEPEHNs, MOHUTOPUHT, OKeaHoTrpaduieckas riathopma

BaarogapuocTu: paboTa BhIONHEHAa B pamkax rocszamganus MI'U PAH mo temam
Ne FNNN-2021-0005 u Ne FNNN-2021-0004.

JAnsi uutupoBanusi: [lepcrieKTUBBI PaaHOIOKAIIMOHHOTO MOHUTOPHUHIA CKOPOCTH BETPA,
CIEKTPOB BETPOBBIX BOJH M CKOPOCTH TEUCHHS C OKeaHOTpapuyeckoil miaTdhopmser /
1O. 0. KOpoBckwuii [u np.] // Dxonormueckas 0e30MaCHOCTh MPUOPEKHON U MIeTb(HOBOM
30H Mops. 2023. Ne 3. C. 40-54. EDN OFYNOG.

1. Introduction

From the stationary oceanographic platform near the village of Katsiveli
(hereinafter referred to as “the Katsiveli platform™), both specialized marine
experiments and continuous monitoring of the coastal zone (see, for example,
the collection D and the papers [1-5]), are traditionally carried out [6]. The platform
and its surrounding water area form an experimental test site (the Black Sea
hydrophysical sub-satellite test site (BHSTS) of Marine Hydrophysical Institute of
the Russian Academy of Sciences), where standard measuring equipment operates
[6], and some measurement data are displayed in real time on publicly accessible
websites (see, for example, current information about the state of the sea
on a constantly working website http://dvs.net.ru/mhiplatform/index.shtml). Over
decades of research, extensive archival data on the characteristics of the marine
environment at the test site and their variability have been accumulated [1, 6]. Thus,
there are ample opportunities both for optimal planning of experimental work
at the test site and for expanded control of external conditions during experiments.
Therefore, the conditions for carrying out work at the test site are similar to those
in the laboratory. Today, this kind of “in situ laboratories” is necessary primarily
for the developing and tuning the regional models of the marine environment and
validation of satellite technologies for ocean monitoring.

A natural step to strengthen the measuring capabilities of the “in situ
laboratory” in Katsiveli would be to carry out continuous radar monitoring of
the water area surrounding the platform with a radius of about 1 km (Fig. 1).
Such monitoring could provide fields of surface currents, surface wind speed and
wind wave spectra with a spatial resolution of up to tens of meters. A suitable
device for such purposes is a coherent navigation radar, capable of, in addition

D Ivanov, V.A., ed., 2010. Ecological Safety of Coastal and Shelf Zones and Comprehensive Use of
Shelf Resources. To 30th Years Anniversary of the Oceanographic Platform in Kaciveli — Results
and Perspectives. Sevastopol: MHL. Iss. 21, 265 p. (in Russian).
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to the standard reflection power, recording the signal phase (Doppler frequency
shift), and therefore the speed of the irradiated surface.

Fig. 1, a shows a schematic monitoring area; Fig. 1, b shows a real radar image
of its fragment; Fig. 1, ¢, d shows domestic radar stations (radars), purchased
by MHI to perform such work. The image (Fig. 1, ) shows the signal power, in the
field of which wind waves are clearly distinguishable. Each pixel in the image can
be considered as a “virtual station” where a time series of signal characteristics is
recorded. A set of “virtual stations”, shown schematically in Fig. 1, a, provides
detailed spatiotemporal fields of the studied characteristics of the marine
environment.
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Fig. 1. Radar monitoring from the Katsiveli platform: a — monitoring area
(the star denotes the platform location, the dots are virtual stations); b — radar
image of the rectangular area selected in Fig. 1, a; ¢ — MRS-3000 radar;
d—MRS-1011 radar
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Radar monitoring from the Katsiveli platform would provide an experimental
basis for carrying out relevant studies of the ocean-atmosphere interaction, wind
waves and currents interaction, conducting satellite experiments, developing and
validating of the regional marine environment models. At the same time,
the methods developed in recent decades for reconstructing wind speed, wind wave
spectra, and current speed from satellite measurements provide a theoretical basis
for the implementation of the project.

Radar measurements of the sea surface at small grazing angles not exceeding
10°, characteristic of coastal or marine radars, have backscattering features which
are determined not by the resonant Bragg scattering, but by reflection from
the breaking crests of wind waves (see, €.g. [7] and the references therein).

To solve applied problems, in particular, to restore wind speed, the geophysical
model functions (GMFs) constructed from radar data are used. In the paper [8],
it was proposed to use a third-order GMF to estimate wind speed from marine radars.
At wind speeds of ~ 4 and 22 m/s, the speed reconstruction errors were ~ 0.8 and
~ 0.1 m/s, respectively. An empirical GMF, taking into account the grazing angle
and the observation azimuth, is given in [5], where it is shown that the dependence
of the normalized radar cross-section on wind speed is described by a power
function with an exponent of 2.8.

Marine navigation radars are also widely used to determine marine
environment characteristics [9, 10]. To estimate the surface current velocity and
sea depth from the deformation of the dispersion curve, a technique was proposed
for analyzing sequences of images of a radar plan-position indicator [11],
subsequently improved to a commercial product [12]. In the same vein, other
methods for restoring sea surface monitoring are being developed. An example is
the WaMos system [13], which combines subsystems for observing waves, ice
conditions, oil spills, as well as its Russian analogue also known as SeaVision [14].
A new source of information, but one that has not yet fully revealed its potential,
is the Doppler velocity of scatterers, the measurement of which has become
relatively simple with the introduction of solid-state coherent radars [15].

The purpose of this article is to discuss the use of marine radars for monitoring
surface wind speed fields, wind wave spectra and surface currents from the Katsiveli
platform. Below, the radar equipment installed on the platform is described,
the ideology of obtaining estimates of the listed fields is presented, and preliminary
results of the in situ proof-of-concept experiments in the autumn 2022 are
presented.
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2. Data and methods

2.1. Equipment and general description of work

In the autumn of 2022, MRS-1011 and MRS-3000 radars were installed
on the Katsiveli platform (Fig. 1). Both stations operate on horizontal
transmit/receive polarization providing a 360-degree view of the water area
at grazing angles. The MRS-1011 station operates in the X-band (electromagnetic
wavelength 3 cm), generally accepted for marine radars. The MRS-3000 station
operates in the Ka-band (electromagnetic wavelength 8 mm), which is currently
considered promising for improving the spatial resolution of satellite radars [16].
Data collection is carried out on media located on the platform, and work
management and control of its correctness are carried out remotely via the Internet.

During the experiment , signals from an array of string wave gauges were
continuously registered from the platform. A detailed description of the equipment
used and the signal processing is given in sections 2.3 and 3.4 of the monograph
[6]. Wind speed and direction, air temperature and humidity, water temperature
in the upper 1-m layer were continuously recorded by a DavisVantagePro weather
station installed on the platform.

2.2. The ideology of wind speed recovery

The speed and direction of the surface wind for almost the entire World Ocean
are reconstructed using the data from satellite scatterometers using geophysical
model functions, which are estimated experimentally from sub-satellite oceanographic
buoy data. Analogs of the GMF for a radar operating from a platform can be
obtained using the same method, accumulating an array of simultaneous
measurements of the radar signal and wind speed using standard equipment
installed on the platform. However, unlike satellite scatterometers, a navigation
radar operates at grazing angles to the sea surface. This determines the GMF
specificity, since the observed radar scattering is formed only by the highest wave
crests visible from the radar location [17]. At wind speeds above 5 m/s, when
the radar signal from the sea surface is strong enough to operate the radar, such
crests typically correspond to breaking waves. The results of the studies of wave
breaking statistics obtained in recent years [18, 19], including the Katsiveli
platform [1, 4, 6], make it possible to predetermine the GMF shape for a radar
operating at grazing angles.

The wave breaking contribution to the normalized radar cross-section (NRCS)
of the sea surface is presented in the following form

Gy ® [G0updd, (1)

where cows 1S NRCS of the breaking zones; dg is the sea surface portion
covered by breaking. According to O. Phillips [20] and numerous studies based
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on his approach (see, for example, [4, 18, 19]), dg © k' A(k) dk, where A(k) dk is
the length of the breaking crests per unit surface area in the range of wave numbers
(k, k + dk). Following [21], we will describe the length of the crests of breaking
waves as

n+l
Ak ) :i @ , @)

where B(k, ¢) = k* S(k, ¢) is the wind wave saturation spectrum associated
with the elevation spectrum S(k, ¢); o and n are dimensionless parameters;
¢ is the direction of wave propagation. From expression (1) taking into account
B(k, @) oo (U?%c?)"" and formula (2), we obtain the relation for NRCS at grazing
angles
n+l
Uz\n
Swb * J‘G(]u'b[—z) dkde. 3)

¢
where ¢ is the phase wave speed; U is the wind speed. The power of the radar
signal received is described by the well-known radar equation

P= CwaR_3, (4)

where C is the radar parameter; R is the distance to the scatterer. From here, taking
into account (3), a general expression for (4) follows, which is a proxy for GMF:

P= C((Pr )Um’ (5)

where @, is the azimuth of radar observations, measured from the wind direction.

The constant m and the function C(@,) in (5) are determined experimentally
from arrays of simultaneous measurements of wind speed and radar signal. Such
an array was accumulated during measurements from the Katsiveli platform
with a radar with characteristics similar to the MRS-1011 station, as part
of the work supported by the state assignment of MHI RAS No. 0827-2014-0010
presented in the paper [5]. A summary of these data for a range of 200 m, chosen
as an example, is shown in Fig. 2. Functions C(¢,) for various wind speeds have
maximum values when measured against the wind, ¢ = 90° (Fig. 2, a). Dependence
of signal power on wind speed at @ = 90°is shown in Fig. 2, b, where a solid line
shows the power-law dependence of PU" at m = 2.8. Using expression (5) and
the obtained dependences of the signal power on the observation azimuth,
we estimate wind speed using the following formula:

U =(P/C(9,))"™, (©)

where @, is the radar-to-wind direction.
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Fig. 2. Radar signal power depending on the observation azimuth (@)
and wind speed (b)

As follows from formula (6), the values of U are satisfactorily described
by a power function U = (13.2 + 0.4)-P %30 * 002 The error in determining wind
speed obtained from the data presented in Fig. 2, b, is U = £0.1U. Thus,
for example, at U = 15 m/s, the accuracy of wind speed reconstruction is £1.5 m/s.

2.3. The ideology of recovering the spectra of wind waves and surface current
velocities

The ideology of estimating the spectra of wind waves and the velocity of near-
surface currents from radar images of the ocean surface has been known
for a relatively long time [22]. The characteristics of wind waves can be restored
by Fourier transform of the radar image fragments, as follows from Fig. 1, b, where
the waves are clearly visible. The resulting radar spectrum Sz(kx, k), where kx, &,
are the wave vector components, is related to the spectrum of sea surface elevations
S(kx, ky), as

SR(kx’ky):M(U’k’d))s(kx’ky)a (7

where M(U, k, ¢) is the modulation transfer function (MTF); k is the wave vector
magnitude, and ¢ is its direction, measured from the wind direction [23]. This
approach is similar to the reconstruction of wave spectra from ocean images
obtained by optical scanners [1, 24]. The three-dimensional function M(U, k, ¢)
for the case of radar at grazing angles was discussed in [14, 17, 23]. In principle,
its form can be obtained experimentally by performing simultaneous assessments
of wave spectra using a radar and an array of string wave recorders at known wind
speeds. With a known MTFM(U, £, ¢), the two-dimensional spectrum S(k., k,) can
be simply restored using formula (7).
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However, this approach requires extremely long expeditionary work.
A simplified approach is to replace the MTF with a constant My for the region of
the spectral peak of wind waves. Then the frequency spectrum of elevations S(f),
where fis the wave frequency, measured in Hz, can be found from as

Sr(f)=M(S(f),
where Sp(f)= fS g (k-cos(9), k -sin(0))k(dk / df )dd , and dk/df is determined from

the dispersion relation for surface waves

2nf =+ ghtanh(kH) +k,V, +k,V,, (8)

where g is the acceleration of gravity; H is the sea depth at observation point;
Vi and V), are the current velocity components. Within the framework of a simplified
approach for estimating wave spectra during measurements from a stationary
platform, the current speed can be set to zero. For the case of measurements from
the Katsiveli platform, when the wind wavelengths do not exceed the double depth,
the deep-water approximation can be used. Then the dispersion relation (8) is
reduced to 2nf = /gk and in this form is used to recalculate Sk(f, kv, k).

A simplified approach has recently been validated using both measurements from
a wave buoy and calculations using the WaveWatch-3 wave model [14].

The ideology of reconstructing the velocity of the near-surface current from
a sequence of radar images [22] is similar to the ideology of reconstructing currents
from optical images from satellites (see, for example, [25]) and video recordings
from an unmanned aerial vehicle [26]. Since a radar enables one to observe
variability of the wave field in space and time, by the three-dimensional Fourier
transform of a sequence of radar images it is possible to estimate the radar
spatiotemporal spectra Sk(f, kx, k). Since wind waves obey the dispersion relation
(8), the parameters f, k., k, of the spectrum Sk(f, kx, k) also satisfy equation (8).
Having a large set of points (f, k., k), we find the current velocity components
from the overdetermined system of equations (8). This approach, using video
recordings instead of radar image sequences, has recently been thoroughly
validated in a laboratory setup [27]. For radar monitoring from the Katsiveli
platform, this approach provides a radar estimate of the current velocity vector,
regardless of the mechanism of wave manifestation in the radar signal.

Measuring the radar signal phase makes it possible to estimate the Doppler
spectra of the sea surface Sp(f) formed by moving scatterers [2, 3]. The gravity
center of the Doppler spectrum, “Doppler centroid”,

fp = [ SpHdr /([ Sp(h)dr), ©)

contains information about the average value of the velocity component of
scatterers along the radar beam Vp: fp = kr Vp/n, where kr is the wave number
of an electromagnetic wave [28]. The fp field measured from satellites gives
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a qualitatively correct picture of the main ocean currents [28], which initiated
special projects SKIM (European Space Agency) and WaCM/DopplerScatt (NASA)
to develop satellite missions for Doppler current measurements [16]. However,
in addition to currents, a significant contribution to Vp is made by the slopes and
orbital velocities of energy-containing wind waves and wave breaking. Moreover,
during a strong storm, the raindrop fraction in the air distorts the Doppler signal
[3, 16, 28, 29]. The studies of Doppler shifts within the framework of radar
monitoring from the Katsiveli platform will make it possible, on the one hand,
to solve fundamental issues of the current reconstructing from space, on the other
hand, they will provide alternative estimates of current velocity in addition to
the estimates obtained by the dispersion relation analysis method.

Results

Fig. 3 demonstrates the radar monitoring capabilities confirmed during radar
testing. Fig. 3, a, b shows the spatiotemporal variability of the reconstructed wind
speed fields. In this case, a katabatic wind (“coastline”) was observed with
an average speed of 12 m/s. The areas of increased wind speed over a kilometer
in length, oriented approximately parallel to the coastline, were transported
with the wind speed towards the open sea. The figures show the same structure
with a time shift of about a minute.

Fig. 3, ¢ corresponds to the situation of rain in light wind conditions. The radar
signal is determined by volumetric scattering on raindrops, and the reduced field
shows horizontal distribution of the raindrop fraction in a layer of driving air with
a thickness of about the height of the radar installation (~ 10 m) [3]. This
distribution clearly shows a vortex structure. Radars make it possible to observe
frontal and vortex structures with scales from hundreds of meters to a kilometer,
evolving in the near-water layer of the atmosphere. Observations of such structures
using a line of optical sensors are described in [30].

Fig. 3, d shows an example of the reconstructed wave frequency spectrum.
The spectrum was estimated for the image fragment highlighted in Fig. 1, b with
a pink rectangle. Although the simplified method described above was used for
the calculation, comparison with the spectrum estimated from the wave gauge
record shows good agreement in the region of energy-carrying waves (Fig. 3, d).

Fig. 3, e shows an example of the reconstructed field of current velocity
vectors. An alongshore jet with a current velocity of 30—35 cm/s and a direction
coinciding with the direction of the wind and waves is deteced. The current
weakens in the wind shadow zone near the shore and on the seaward side. Fig. 3, f
shows the simultaneously recorded Doppler centroid field fp (9). Despite the fp
artifacts in the northern part, associated with the signal registration peculiarities,
both fields have a similar spatial structure. This can be considered as a confirmation
at a qualitative level of the assessment of the current field, performed on the basis of
fundamentally different data — using dispersion analysis of the radar signal power.
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4. Conclusion

This paper presents a project to equip the oceanographic platform in Katsiveli
with a radar station based on a marine radar in order to significantly expand
research capabilities of the “in sifu laboratory” at the Black Sea hydrophysical
sub-satellite test site. Operation of the station will make it possible to monitor
wind speed fields, wind wave spectra and current velocity vector in a water area
with a radius of 1 km with a resolution of up to 100 m. The study of these fields
is obviously of independent interest. However, when conducting experimental
work on the interaction of the ocean and the atmosphere, wind waves and currents,
as well as when developing and validating satellite technologies and regional
models of the marine environment, detailed information about the current fields of
wind speed and current velocity vector, as well as spectra of wind waves will
greatly enhance reliability and validity of experimental conclusions.

The article shows that recovery of the listed fields from a radar signal is based
on the already known methods developed for satellite and marine radar processing,
as well as on the results of studies of wind wave breaking conducted from
the Katsiveli platform. In order to test field restoration in the autumn of 2022,
a special experiment was carried out from the Katsiveli platform using two new
MRS-1011 and MRS-3000 marine radars, operating at electromagnetic wavelengths
of 3 cm and 8 mm. The approaches to estimating wind speed fields, wind wave
spectra, and current velocity vectors described in the article were applied to
the reconstruction of the listed fields.

A preliminary data analysis showed:

— The wind speed field contains propagating frontal and vortex structures
with scales from hundreds of meters to a kilometer, evolving in the surface layer of
the atmosphere, which were previously observed by other methods.

— The reconstructed frequency spectra of wind waves are consistent with
the spectra measured by a traditional string wave gauge.

— The current field contains an alongshore jet with maximum velocity values
reaching 35 cm/s; its direction coincides with the direction of wind and waves.
This current picture is qualitatively confirmed by the Doppler signal field obtained
from the radar.

The results of the work carried out demonstrate the prospects for continuous
radar monitoring at the Black Sea hydrophysical sub-satellite test site and
the associated new capabilities of the “in situ laboratory” in Katsiveli.

REFERENCES

1. Bondur, V., Dulov, V., Kozub, V., Murynin, A., Yurovskaya, M. and Yurovsky, Yu.,
2022. Validation of the Satellite Method for Measuring Spectra of Spatially
Inhomogeneous Sea Waves. Journal of Marine Science and Engineering, 10(10), 1510.
doi:10.3390/jmse10101510

2. Panfilova, M., Ryabkova, M., Karaev, V. and Skiba, E., 2020. Retrieval of the Statistical
Characteristics of Wind Waves from the Width and Shift of the Doppler Spectrum of
the Backscattered Microwave Signal at Low Incidence Angles. IEEE Transactions on
Geoscience and Remote Sensing, 58(3), pp. 2225-2231. doi:10.1109/TGRS.2019.2955546

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 51


https://ieeexplore.ieee.org/document/8936529?source=authoralert

10.

11.

12.

13.

14.

52

Yurovsky, Yu.Yu., Kudryavtsev, V.N., Grodsky, S.A. and Chapron, B., 2022.
Ka-Band Doppler Scatterometry: A Strong Wind Case Study. Remote Sensing, 14(6),
1348. doi:10.3390/rs14061348

Korinenko, A.E., Malinovsky, V.V., Kudryavtsev, V.N. and Dulov, V.A., 2020.
Statistical Characteristics of Wave Breakings and their Relation with the Wind Waves’
Energy Dissipation Based on the Field Measurements. Physical Oceanography, 27(5),
pp- 472—488. doi:10.22449/1573-160X-2020-5-472-488

Malinovsky, V.V., Korinenko, A.E. and Kudryavtsev, V.N., 2018. Empirical Model of
Radar Scattering in the 3-cm Wavelength Range on the Sea at Wide Incidence Angles.
Radiophysics and Quantum Electrinics, 61, pp. 98—108. https://doi.org/10.1007/s11141-
018-9874-7

Ivanov, V.A. and Dulov, V.A., eds., 2014. Monitoring of the Coastal Zone in the Black
Sea Experimental Sub-Satellite Testing Area. Sevastopol: ECOSI-Gidrofizika, 526 p.
(in Russian).

Ermoshkin, A.V., Bakhanov, V.V. and Bogatov, N.A., 2015. Development of
an Empirical Model for Radar Backscattering Cross Section of the Ocean Surface
at Grazing Angles. Sovremennye Problemy Distantsionnogo Zondirovaniya Zemli iz
Kosmosa = Current Problems in Remote Sensing of the Earth from Space, 12(4),
pp. 51-59 (in Russian).

Vicen-Bueno, R., Horstman, J., Terril, E., de Paolo, T. and Dannenberg, J., 2013. Real-
Time Ocean Wind Vector Retrieval from Marine Radar Image Sequences Acquired
at Grazing Angle. Journal Atmospheric and Oceanic Technology, 30(1), pp. 127-139.
doi:10.1175/JTECH-D-12-00027.1

Robinson, 1.S., Ward, N.P., Gommenginger, C.P. and Tenorio-Gonzales, M.A., 2000.
Coastal Oceanography Applications of Digital Image Data from Marine Radar.
Journal Atmospheric and Oceanic Technology, 17(5), pp. 721-735. doi:10.1175/1520-
0426(2000)017<0721:COAODI>2.0.CO;2

Huang, W., Liu, X. and Gill, E.-W., 2017. Ocean Wind and Wave Measurements Using
X-Band Marine Radar: A Comprehensive Review. Remote Sensing, 9(12), 1261.
d0i:10.3390/rs9121261

Young, I.R., Rosenthal, W. and Ziemer, F., 1985. A Three-Dimensional Analysis
of Marine Radar Images for the Determination of Ocean Wave Directionality and
Surface Currents. Journal of Geophysical Research: Oceans, 90(C1), pp. 1049-1059.
doi:10.1029/JC090iC01p01049

Senet, C.M., Seeman, J., Flampouris, S. and Ziemer, F., 2007. Determination of
Bathymetric and Current Maps by the Method DiSC Based on the Analysis of
Nautical X-Band Radar Image Sequences of the Sea Surface (November 2007).
IEEE Transactions on Geoscience and Remote Sensing, 46(8), pp. 2267-2279.
doi:10.1109/TGRS.2008.916474

Hessner, K.G., Nieto-Borge, J.C. and Bell, P.S., 2008. Nautical Radar Measurements
in Europe: Applications of WaMoS II as a Sensor for Sea State, Current and
Bathymetry. In: V. Barale and M. Gade, eds., 2008. Remote Sensing of the European
Seas. Dordrecht, The Netherlands: Springer, pp- 435-446.
https://doi.org/10.1007/978-1- 4020-6772-3 33

Tilinina, N., Ivonin, D., Gavrikov, A., Sharmar, V., Gulev, S., Suslov, A., Fadeev, V.,
Trofimov, B., Bargman, S. [et al.], 2022. Wind Waves in the North Atlantic from
Ship Navigational Radar: SeaVision Development and its Validation with the Spotter
Wave Buoy and WaveWatch III. Earth System Science Data, 14(8), pp. 3615—
3633. doi:10.5194/essd-14-3615-2022

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023


https://doi.org/10.3390/rs9121261

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Veremeev, V.I., Zacepin, A.G., Kulikova, D.U., Gorbunov, 1.G., Kukleev, S.B. and
Telegin V.A., 2019. On Measuring the Characteristics of the Sea Surface using
a Coherent Microwave Radar. In: MIREA, 2019. [Actual Problems and Perspectives
for the Development of Radio Engineering and Infocommunication (Radioinfocom
2019): Proceedings of the 4th International Scientific and Practical Conference).
Moscow: RTU MIREA, pp. 8-13 (in Russian).

Arduhin, F., Aksenov, Ye., Benetazzo, A., Bertino, L., Brandt, P., Caubet, E., Chapron,
B., Collard, F., Cravatte, S. [et al.], 2018. Measuring Currents, Ice Drift, and
Waves from Space: the Sea Surface Kinematics Multiscale Monitoring (SKIM)
Concept. Ocean Science, 14(3), pp. 337-354. doi:10.5194/0s-14-337-2018

Nieto Borge, J., Rodrfguez, G.R., Hessner, K. and Gonzalez, P.I., 2003. Inversion
of Marine Radar Images for Surface Wave Analysis. Journal of Atmospheric
and Oceanic Technology, 21(8), pp. 1291-1300. doi:10.1175/1520-
0426(2004)021<1291:I0MRIF>2.0.CO;2

Kleiss, J.M. and Melville, W.K., 2010. Observations of Wave Breaking Kinematics
in Fetch-Limited Seas. Journal of Physical Oceanography, 40(12), pp. 2575-2604.
doi:10.1175/2010JP0O4383.1

Sutherland, P. and Melville, W.K., 2013. Field Measurements and Scaling of Ocean
Surface Wave-Breaking Statistics. Geophysical Research Letters, 40(12), pp. 3074—
3079. doi:10.1002/grl.50584

Phillips, O.M., 1985. Spectral and Statistical Properties of the Equilibrium Range
in Wind-Generated Gravity Waves. Journal of Fluid Mechanics, 156, pp. 505-531.
doi:10.1017/S0022112085002221

Kudryavtsev, V., Hauser, D., Caudal, G. and Chapron, B., 2003. A Semiempirical Model
of the Normalized Radar Cross-Section of the Sea Surface. 1. Background Model.
Journal of Geophysical Research: Oceans, 108(C3), 8054. doi:10.1029/2001JC001003

Young, I.LR., Rosenthal, W. and Ziemer, F., 1985. A Three-Dimensional Analysis of
Marine Radar Images for the Determination of Ocean Wave Directionality and Surface
Currents. Journal of Geophysical Research: Oceans, 90(C1), pp. 1049-1059.
doi:10.1029/JC090iC01p01049

Plant, W.J., 1989. The Modulation Transfer Function: Concept and Applications. In:
G.J. Komen and W. A. Oost, eds., 1989. Radar Scattering from Modulated Wind Waves.
Dordrecht: Springer, pp. 155—172. https://doi.org/10.1007/978-94-009-2309-6 13

Kudryavtsev, V., Yurovskaya, M., Chapron, B., Collard, F. and Donlon, C., 2017.
Sun Glitter Imagery of Ocean Surface Waves. Part 1: Directional Spectrum Retrieval
and Validation. Journal of Geophysical Research: Oceans, 122(2), pp. 1369—1383.
doi:10.1002/2016JC012425

Yurovskaya, M.V., Kudryavtsev, V.N. and Stanichny, S.V., 2019. Reconstruction of
Surface Wave Kinematic Characteristics and Bathymetry from Geoton-L1 Multichannel
Optical Images from Resurs-P Satellite. Sovremennye Problemy Distantsionnogo
Zondirovaniya Zemli iz Kosmosa = Current Problems in Remote Sensing of the Earth

from Space, 16(2), pp. 218-226. doi:10.21046/2070-7401-2019-16-2-218-226 (in Russian).

Yurovsky, Yu.Yu., Kubryakov, A.A., Plotnikov, E.V. and Lishaev, P.N., 2022.
Submesoscale Currents from UAV: An Experiment over Small-Scale Eddies in the
Coastal Black Sea. Remote Sensing, 14(14), 3364. doi:10.3390/rs14143364

Smeltzer, B.K., Esoy, E., Adngy, A. and Ellingsen, S.A., 2014. An Improved Method
for Determining Near-Surface Currents from Wave Dispersion Measurements. Journal
of Geophysical Research: Oceans, 124(12), pp. 8832-8851. doi:10.1029/2019JC015202

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 53



28. Chapron, B., Collard, F. and Ardhuin, F., 2005. Direct Measurements of Ocean Surface
Velocity from Space: Interpretation and Validation. Journal of Geophysical Research:
Oceans, 110(C7), C07008. doi:10.1029/2004JC002809

29. Yurovsky, Yu.Yu., Kudryavtsev, V.N., Chapron, B. and Grodsky, S.A., 2018.
Modulation of Ka-band Doppler Radar Signals Backscattered from the Sea Surface.
IEEE Transactions on Geoscience and Remote Sensing, 56(5), pp. 2931-2948.
doi:10.1109/TGRS.2017.2787459

30. Titov, V.I., Artamonov, A.Yu., Bakhanov, V.V., Ermakov, S.A., Luchinin, A.G.,
Repina, [.A. and Sergievskaya, [.A., 2014. Monitoring of Sea Surface
with Optional Technique. Issledovanie Zemli iz Kosmosa, (5), pp. 3—14.
doi:10.7868/S0205961414050078 (in Russian).

Submitted 15.05.2023; accepted after review 08.06.2023;

s

revised 28.06.2023; published 25.09.2023

About the authors:

Yury Yu. Yurovsky, Senior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Phys.-Math.), Scopus
Author ID: 24377122700, ORCID ID: 0000-0002-9995-3965, SPIN-kon: 8482-5777,
yyyurovsky@gmail.com

Vladimir V. Malinovsky, Senior Research Associate, Marine Hydrophysical Institute of
RAS (2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Phys.-Math.),
ORCID ID: 0000-0002-5799-454X, ResearcherID: F-8709-2014, SPIN-koxa: 9206-3020,
Scopus Author ID: 23012976200, viadimir.malinovsky@mbhi-ras.ru

Aleksandr E. Korinenko, Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Phys.-Math.),
Scopus Author ID: 23492523000, ORCID ID: 0000-0001-7452-8703, SPIN-koa: 7288-
8023, korinenko.alex@mhi-ras.ru

Lev A. Glukhov, Junior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation)

Vladimir A. Dulov, Chief Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Dr.Sci. (Phys.-Math.),
ORCID ID: 0000-0002-0038-7255, ResearcherID: F-8868-2014, SPIN-koa: 8303-6244,
Scopus Author ID: 6602725409, dulov@mhi-ras.ru

Contribution of the authors:

Yury Yu. Yurovsky — development of methods and conduction of experimental studies,
processing, analysis, and description of the study results, preparation of the manuscript

Vladimir V. Malinovsky — problem statement, participation in discussion of the article
materials, preparation of the manuscript

Aleksandr E. Korinenko — development of methods and conduction of experimental
studies, processing, analysis, and description of the study results, participation in discussion
of the article materials

Lev A. Glukhov — review of literature on the study problem, qualitative analysis of
the results and their interpretation, discussion of the work results

Vladimir A. Dulov — general scientific supervision of the study, problem statement,
analysis and description of the study results, preparation of the manuscript

All the authors have read and approved the final manuscript.

54 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023


mailto:yyyurovsky@gmail.com

Hayunas cratbs
YIAK 551.435.32 (265)
EDN SAIMZC
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AHHOTaAN KA

B cBsi3u ¢ mpoGiieMoit pa3BUTHS PEKPEAIMOHHONW WHPPACTPYKTYPHI Topoaa dheneparsHOro
3Ha4eHns1 CeBacTOION PAaCCMOTPEHA JUHAMUKA aKKyMYJIATUBHBIX OeperoB BOJIM3H YCTHEB
pex Kaun u benpbeka. Llens craTtey — OnpenenuTh KOMUISCTBEHHBIE XapaKTEPUCTHKH W3-
MEHYHMBOCTH OeperoBoi JIMHUU. B ananm3 ObUT BKIIIOYEH TaKXKe IUISHK MUKpopaioHa Yuky-
€BKa, MMEIOINI OO0JIbIIOE pEeKpeallMoHHOe 3HaueHue. VIcronp30Bannuch JaHHble OLU(pOB-
K1 OeperoBbIX JIMHUH U3 KOCMUYECKHX CHUMKOB cepBuca Google Earth nns nepuona 2011—
2021 rr. m MaTepHaibl MOJICBBIX HAOMIOACHUH MOPCKOTO THAPOPH3MYECKOTO HHCTUTYTA
PAH. YcraHoBieHO, YTO paccCMOTpeHHbIe Oepera B IOCIEIHEE AECSATHICTHE HAXOIATCS
B IMHAMUYECKOM PAaBHOBECHH. 3HAYMMBIX TPEHAOB M3MEHEHHI CpPETHEro MOJIOKEeHHs Oe-
peroBoit muHUM He oOHapyx)eHo. OTMeUYeHO, YTO paHee OeperoBas JIMHUS TUBDKEH mpeTep-
Tiena 3Ha4NTEIbHbIE U3MEHEHUsS, CBSI3aHHBIC C aHTPOIIOTCHHOMN JEATEIbHOCTBIO (COKpalle-
HUE TBEPJIOTO CTOKa, JOOBIYa IeCKa, CTPOUTEIICTBO OEpPEro3amuTHBIX COOPYKEHHUH).
B kax7I0M M3 pacCMOTPEHHBIX IULSDKEH BBIACNCHBI PaOHBI ¢ MAaKCHMAaIbHBIMH U MUHU-
MaJIbHBIMA HM3MEHEHUSIMA O€peroBoil NHWHHM 3a MOCJIEAHEE AECSTUIETHE, NPUBOISTCS
KOMYECTBEHHBIE XapaKTePUCTUKU. PacCMOTpeHa MeXTrofoBasi U3MEHUUBOCTh CPEIHErO
TI0 AJIMHE TUISDKEH TostokeHus: 6eperoBoii inHuK. [1okazaHo, 4TO BHYTPUTOJIOBEIE H3MEHE-
HUSI TIOJIOKEHHsT OEperoBoi JIMHUM MOTYT INPEBBINIATh MEXTOooBble. Bo m30exanue J1ox-
HBIX BBIBOJIOB PEKOMEHAYETCS MIPU AHAIN3€ CIIyTHUKOBBIX JAaHHBIX MCIOIb30BATH HE TOJIb-
KO CHHUMKH, TIOJIydeHHBIC B KpaliHHE JIaThbl, a BCIO COBOKYITHOCTh MMEIOIIMXCS M300paxe-
Huii. [IpuBonsATCS NaHHBIE O AMHAMUKE aKKyMYJISITUBHBIX OEperoB ApYrux MpHYepHOMOP-
CKHUX CTPaH B CXOJHBIX IPUPOIHBIX yYCIOBHSIX.

KaoueBbie cioBa: OeperoBas IMHUS, KOCMUYECKHAE CHUMKH, YCThS PEK, IUISDK, aHTPO-
TOreHHOe Bo3zeiicTBue, YepHoe Mope
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Dynamics of Accumulative Shores of South-Western Crimea
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Abstract

In connection with the problem of developing the recreational infrastructure of the federal
city of Sevastopol, the paper considers the dynamics of accumulative banks near the mouths
of the Kacha and Belbek Rivers. The purpose of the article is to determine the quantitative
characteristics of the coastline variability. The analysis also included the beach of
the Uchkuevka microdistrict, which is of great recreational importance. We used data from
the digitization of coastlines of space images from the Google Earth service for 2011-2021
and materials of field observations of Marine Hydrophysical Institute of the Russian Acad-
emy of Sciences. It is established that the considered coasts have been in a dynamic equili-
brium in the last decade. Significant trends in changes in the average position of
the coastline were not found. It is noted that earlier the coastline of the beaches underwent
significant changes associated with anthropogenic activities (reduction of solid runoff, sand
mining, construction of coastal protection structures). In each of the considered beaches,
areas are identified with the maximum and minimum range of changes in the coastline over
the past decade, and quantitative characteristics are given. The interannual variability of
the coastline position averaged over beach length is considered. It is shown that intra-
annual changes in the coastline position can exceed interannual ones in magnitude.
To avoid false conclusions, when analyzing satellite data it is recommended not to use
the images obtained on the first and last dates of observations, but the entire set of available
images. The paper provides data on the dynamics of accumulative shores in other Black Sea
countries in similar natural conditions.

Keywords: coastline, space images, river mouths, beaches, anthropogenic impact
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Beenenne

B HacTosimiee BpeMs Ha pa3IM4HbIX aAMUHUCTPATUBHBIX YPOBHSX paccMaTpu-
BAIOTCSI IIPOEKTHI Pa3BUTHS PEKpealMoHHON MH(pacTpyKTypsl ropozna deaepaib-
Horo 3HaueHus Cesactomnons. [IpoTsbkeHHOCTh ero OeperoBoi IMHUK COCTABISIET
okono 170 kM (amnst cpaBHeHus: 6eperosast muHUs Pymbiaun — 225 kM, bonrapun —
300 xm). Hanbonee HaceneHHBIH 1 TPOTSHKEHHBIA yYaCTOK pernona (0Koo 73 kM) —
COOCTBEHHO CEBACTOIOJIBCKUE OYXTbl C HEMHOTOUYHCICHHBIMU IIDKAMH — MaJlo
IIPUTOACH IS PA3BUTUS PEKPEaLny, MOCKOIbKY IUIOTHO 3aCTPOEH M YBEJINYEHHUE
IUBDKHON TEPPUTOPHH 31IECh MMPAKTHYECKH HEBO3MOXKHO. [IpH 3TOM K HacTosIeMy
BpPEMEHHU BCJIEJICTBHE aHTPOIOTCHHOW AEATENBHOCTH 37I€Ch COXPAHHMIIOCH TOJIBKO
0.3 moronnsix kM nim 10 % ot panee cyliecTBOBaBIIMX Hanbojee LIEHHbIX Mecya-
HBIX TISDKEH [1].

56 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023



HOxHoe mobepexnse or M. XepcoHnec 10 M. Cstoro Hukomas (okono 72 km)
MPECTaBISIET COOOH TOPUCTYI0 MECTHOCTb C HEMHOTOYHCICHHBIMU IPUCIOHEH-
HBIMH BaJTyHHO-TaJICYHBIMH TISDKAMHE, OTIACHBIME M3-32 00BaJIOB M OMOJ3HEH. Pek-
peanroHHBINH NOTEHLMAN HaXOJsILIeics Ha 3TOM yyacTKe mooepexbs OyxTrl Jlacnu
mouty ucyepmnad. Ilosromy He yIUMBHUTENBHO, YTO BHHMAaHHE aIMHHHCTPAIUH
1 MHBECTOPOB OOpaIlleHO Ha CEBEPHYIO YacTh PErHOHa — MOOepeknse OT M. Trobek
1o M. Koca CeBepHast (oxoio 26 kM). OHAKO U 371eCh OObIIas 4acTh MOOSPEIKb,
XOTSl U MMEET OTHOCUTEIBHO LIMPOKHE IUISDKH, BMECTE C TeM SIBIIETCS 00Bajo-
U OTIOJI3HEONACHOM, TYT HEOAHOKPATHO (PUKCHPOBATUCH HECUACTHBIC Cy4ad. Tem
CYIIIECTBEHHEE 3HAUEHHUE, KOTOPOE MPHOOPETAIOT aKKyMYJISTUBHBIE IJISHKH TOJTHO-
ro npoduisi, pacoiIoKeHHbIE B JOJIMHHOM TOHIKEHHU NPUYCTHEBBIX YYaCTKOB
pex Kaun n benpbeka. Eme oanH msbk HenomHOro npoduiis pacroyiokeH Y MUKpPO-
paiiona YukyeBka. Bce Tpu mispka 3aHuMaioT 20 % mobepexbst 1 HIMEIOT OO0ITbIIoe
peKpearmoHHoe 3HaYeHNUE BBUAY XOPOIICH TPaHCIIOPTHON TOCTYImHOCTH (puc. 1).

AmnTpomnoreHHoe Bo3zaelcTBue Ha OeperoByro 30Hy Kpeima u Ceactomons
B IIocyieiHee BpeMs Bo3pactaeT. OcBoeHHe OeperoB, K COXKaJICHUIO, 3a4acTyIO CO-
MIPOBOXKIAETCSI HETaTUBHBIMU TOCJENCTBUSAMH (BIUIOTH 10 yTpaThl msbkeit). Kax

NPaBUJIO, OHM BO3HHMKAIOT BCIEICT-
| ' ' 3 ' BUE HENOCTAaTKA 3HAHUHA O JUHAMUKE
R \ OeperoBoil 30HBI, KOTOpPBIE HEOOXO-

44°44'0"

wr )f“ e p' o UMbl TIPY  OTIPENIEIICHUH BITUSHUS
1 ( peanm3aiyi  pa3MYHBIX  XO3SIACT-
o ' BCHHBIX [IPOEKTOB HA U3MEHEHHE CO-
CTOsIHUS OeperoB, 000OCHOBAaHUU CXEM
Oepero3anuThl U MPH PEIICHUN psizia
IPYTHX 3amad. ITO OCOOEHHO aKTy-
‘2' | QJIBHO, TTOCKOJBKY aJMHHHUCTpanyeit
N } CeBacromnons MNOJIMUCAHO COTJIaIle-
- HHUE O CTPOUTENILCTBE KPYIMHOTO PEK-
" 2" PEalOHHOTO KJIACTepa CTOMMOCTBIO
15 mapa. pyOuneii B paiioHe IUIsTKA
= BOU3M ycThs p. bennOek.
/ Panee B muTepaType B OCHOBHOM
CeBacTononk paccmarpuBaiiach AWHAMUKA TIecya-
_ HOTO IUIshKa B yCThe p. benbOek [2—4].
0651 2 & 4, | Tak, B pabore [2] Ha OCHOBaHMHU
" | anaimsa HaTYpHBIX HaOII0IeHUH
B 2007 u 2009 rr. OBUIO TOKAa3aHO,
Puc. 1.IImmku ceBepHoit uactu CeBacTo- YTO HauOoJee 3HAYUTENbHAS MEXK-
MoJIbCKOTO peruoHa: / — O6mm3 c. OprmoBka; TOXO0Bas U3MEHYUBOCTH IIOJIOKEHUSA
2— B MuKpopaiione JIrOMMOBKa; 3 — B MUK-  GeperoBOi JIMHUM XapaKTepHa JUis
popaiione YuKyeBKa CEBEPHOTO ¥ IEHTPAIBHOTO Y4YacT-
Fig. 1.Beaches in the northern Sevas- KOB, TI¢ pa3Max CMCIICHHUS IOCTH-
topol area: / — near the village of Orlovka; rtam 20 M. Ha 1oxxHOM y9acTke ObLTO
2 — in the microdistrict of Lyubimovka; grmeuyeno HEKOTOPOE BBIIBHIKCHUC
3 —in the microdistrict of Uchkuevka JIMHHUH ype3a BOAbI B CTOPOHY MOPSL.
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cHUMKH 1966 r. u nepBoro gecsatuietuss XXI B. OTMeueHo, 4TO 3a 3TOT NEPHOL
OeperoBasi TUHHS Ha I0KHOM YYacTKE BBIABHHYJACh B CTOPOHY MOPS MPUOIU3U-
tensHO Ha 2040 M. B [4] Ha ocHOBe aHamM3a KOCMHUYECKUX CHUMKOB 3a 2009—
2014 rr. oTMeyanoch, YTo IUIHK B pailoHe ycThs p. benbpOek B meaom oTcTymnai co
cpemHeit ckopocThio 1.4 M/ron. B 10xHON yacTn HaOMIOAANACh aKKYMYIIALAS, TIPH
STOM IUISDK BBIABUHYJCA B cpeaHeM Ha 10 M. B mieHTpanbpHON M CEBEPHOM YaCTIX
UK OTCTYHWI B cpeHeM Ha 15 M. Tam ke oTMeUeHO, UTO TUIUYHBIC 3HAUCHUS
MEXTO/IOBBIX KOJeOaHW! COCTaBISUTH OKOJO 12 M, MUHHMAalbHBIE — 5 M, Mak-
cuMabHbie — 10 30 M, HAUOOJBIITUM HU3MEHEHUSAM OBII TIOJBEP)KCH IICHTPATHHBIN
ydacTok. B pabote, MOCBAIICHHON COCTOSHHIO MOPCKUX OeperoB CeBacTOmos
Ha OCHOBE CONOCTaBJEeHUsI Tomnorpapuueckod kaptel 1955T. M KocMHUYeCKOro
canmka 2014 r., memaetcs BBIBOJ, UYTO «aKKyMYJSTHBHBIA Oeper B monmHe Kaum
OTCTYTAET CO CKOPOCTHIO 10 5 M B ToA!» [5, c. 241].

K mactosimeMy BpeMEHHW HAKOIUICH 3HAYUTEIHHBIA MACCHB KOCMUYECKUX
CHUMKOB, TTO3BOJIIOIINH TPOBECTH 0oJiee 0OOCHOBAaHHBINA aHAIN3 M3MEHEHUH T0-
JIO)KCHUST OeperoBoil TWHWUU BO BpeMeHHU. llenp mamHONW paboOTBI — OMpeneIuTh
Ha OCHOBE KOCMHYECKHX CHUMKOB KOJHUYECCTBEHHBIC XapaKTEPUCTHUKHU MEKIOJ10-
BOW M3MEHYHMBOCTU OEPETOBOI JTMHUM aKKYMYJSITHBHBIX OSpEeroB, MPHIISKAIIUX
K ycThsiM pek Kaum u benpOeka. Kpome sToro, B aHamm3 ObLT BKITFOUYCH TUISHK MUK-
popaiioHa YuKyeBKa, KOTOPBIH HaXOAWUTCA B Mpesenax abpa3sMoOHHO-OIMOJI3HEBOTO
Oepera u uMeeT OOJIBIIIOE PEKPEAITMOHHOE 3HAUCHHE.

MarepuaJbl 1 METOABI HCCJIETOBAHAS

B paGote ucnons3oBanuch JaHHbIe ONMU(POBKH OEPETOBLIX JTMHUN HA KOCMU-
YeCKHX CHUMKax cepBuca Google Earth nns neproma 2011-2021 IT. ¥ CITyTHHKO-
Beiii caumok CUHIA, caenannsiit B 1966 r. st United States Geological Survey
(USGS). Ilpn HamuImu HECKOIBKUX CHAMKOB 3a TOJl BRIOMPAJICS CHUMOK C MaKCH-
ManpHOH nmetanm3arueit. [loarn Bce cauMKH (9 13 11) OTHOCHITHCH K TEIIOMY ITe-
puoxy roaa.

Ilocne co3manust COOTBETCTBYIOIIUX CHUMKAM U(POBBIX MACCUBOB U 3arPy3KH
nx B ['MIC BU3yalbHO OTMEYAJIOCh UCKAXKEHHUE JIMHEHHBIX CTPYKTYP, O0YCIIOBIIEHHOS
MOTPEITHOCTSAMH, MOPOXKJACHHBIME B IMPOIECCE TCHEPUPOBAHUS HEPEPHIBHBIX CHUM-
koB. [locieqane cocTosT M3 TAIOBBIX MACCHBOB PA3IMYHOTO PAa3pEIICHISI, SIBIISO-
IIMXCSI OCHOBOM TEXHOJIOTMH CO3[aHMsi Kaprorpadudeckux cepsucos 2 [6, 7].
Hcnonp3yemsrii B padote cepBuc Google Maps TI03BOIISIET BHITIOIHATE BEKTOPHYIO
MIPOPHUCOBKY MHTEPECYIOUTNX O0BEKTOB C TOCTATOYHO BBICOKOH TOYHOCTHIO. DTOMY
CIOCOOCTBOBAIIH JIOTIOJTHHUTENBHO elle JiBa aKkTopa: He3HAYHTEIbHAast a0COIOTHAS
BBICOTA OOJIBIIMHCTBA OOBEKTOB B MIPUOPEIKHOM 30HE U PACIIOJIOKEHHUE JIMHUHA ype-
32 BOABI B FOPU30OHTAIBHON IJIOCKOCTU. {11 TONOJHUTENBHON KOPPEKLIMHM HCKa-
JKEHUI BBITIONHSIACH TPUBS3KA OUMU(POBAHHBIX JIMHUN K HETOABIKHBIM OOBEK-
TaM, B Ka4eCTBE KOTOPBIX YaIlle BCETO BEIOUPAIINCH YTIIOBBIE TOYKH OCTOHHBIX OVH.

l)ﬂaﬁymuﬂa U A., Banouna E. A. Vicnonp3oBaHHE JaHHBIX JTUCTAHIIMOHHOTO 30HIUPOBAaHUS
1t MoHuTopuHra sxkocucteM OOIIT. Mocksa, 2011. 88 c.

D Manvuuesa H. B. ABTOMATH3MPOBAHHOE ACIIH(BPOBAHHIE a9POKOCMHYECKUX H300PaKEHHI TECHBIX
HacaxneHnid. Mocksa : M31-Bo MOCKOBCKOTO rocyIapCcTBEHHOTO YHUBepcHUTeTa jeca, 2012. 151 c.
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sl manpHEWINEro aHaln3a HCIOJB30BAINCH OCHOBHBIE PACUETHBIE aJITOPHUT-
MBI, ONTHCaHHbIE B Moayse DSAS>. Moyib BHIIONHSET IOCTPOSHHE CEpHH JTHHHIA
MOTICPEYHBIX CEUCHHUM IUISDKA OT YCJIIOBHOW JIMHWH, NPHHATOM 3a 0a30BYIO udepe3
3aJlaHHOEe paccTosgHue. C yuyeToM NMpOTHKEHHOCTH TUBDKEN M JKelTaeMol JeTann3a-
LU TONEPEYHbIE CEUEHUs I BCEX TpeX IULDKEH MpoBOAMIUCH depe3 20 M.
B nanbHetieM paccTosHUS OT 0a30BOM JIMHUM JI0 JIMHUH ype3a BObI JJIs KaXI0T0
CEYEHHUS CBOIMIUCH B 3JIEKTPOHHYIO TaOJIHIly, CPEACTBAMU KOTOPOIl BEIYUCIIAIUCE
MaKCUMaJIbHbIE OTKJIOHEHHS (IOJOXKUTENbHBIC 3HAYCHUS pa3Maxa, He3aBUCHUMBIC
OT JaThl) M PACCTOSHUS MEXIY ABYMS JUHHSAMH, COOTBETCTBYIOLUIMMHU KpaHUM
naram (pe3yNbTHpYIolIe cMelieHus). ['paduku cMetenus 0eperoBoi JIMHUH 110~
CTpOEHBI Ha JIBYHAIpPaBJIEeHHON ocH abcuuce, MPH 3TOM HaIllpaBJIEHHE BIEBO COOT-
BETCTBYET BBIABIKCHHIO Oepera B CTOPOHY MODS, T. €. B 3allalHOM HAaIlpaBJICHUH.
Kpome cryTHMKOBBIX NaHHBIX, HAMH HCIIOJIb30BAINCh MATEPHAJbl IOJIEBBIX Ha-
6moiennit Mopckoro ruapodusndeckoro nHctutyta PAH.

Pe3y.]'leaTbI H 06cy)w]elme

Axxymyasimusnviti Oepee 6 paiione ycmuvs p. Kauu. TIpoTsSikeHHOCTH THISDKA
B 3TOM paiioHe 0KoJo 1.4 KM, C F0)KHOW CTOPOHBI UMEIOTCS J[Ba yJacTKa C MEPIIeH-
TUKYISIPHBIMU Oepery KaMeHHbIMH HaOpockamu. C y4eTOM ATOTO ISl pacyeToB
JUTMHA IPUHAMAJach paBHON 1.2 KM.

[upruna msHka, CIOXKEHHOTO XOPOIIO COPTHPOBAHHBIM CPEAHE3EPHUCTHIM
MECKOM C MEJIKOM rayibkoi, B HacTodiee BpeMsa coctasisier oT 30 g0 50 m. Teuio-
BYIO TPaHUILY TUISDKA HA PsIJIe YIaCTKOB BBIJCIHUTH CII0KHO, ITOCKOJIBKY 3/1€Ch PacIo-
JIO’)KEHBI BOTHOOTOOWHAs cTeHKa (rmoctpoeHa B 2009 r.), HCKyCCTBEHHBIA Bal M He-
KOTOpBIE Jpyrue 00beKTHl. Y CTheBas 30Ha C(OPMUpPOBaHa AJUTIOBHEM ¢ Mpeoliiaia-
HUEM TJIMH U TIECKOB. | €0JI0rN4ecKoe CTPOCHUE CBUICTEIBCTBYET O TOM, YTO HA 3TOM
MeCTe paHee PacIoarascs JIMMaH, 3aI0THEHHBIH BIIOC/IEACTBAN aILTIOBHEM *.

EcrectBenHbIit ruaponoruueckuid pexxum p. Kauu cunbHo usmened. Ha peke
COOPY’KEHBI JIBa KPYITHBIX BOJIOXpaHWIHNINA — baxumcapaiickoe (6.9 muH. M3, TI0-
ctpoero B 1934 r.) u 3aropckoe (27.8 muH. M%, 1975 r.), uT0o Hapagy ¢ oTOOpOM
BOJIBI Ha XO3SUCTBEHHBIC HYK/IbI IPUBEIIO K 3HAYUTEITFHOMY COKPAIICHHUIO TBEPIO-
ro CTOKa peku. B Hacrosimee BpeMs CTOK pEKH JaKe€ B MEPHO], HHTCHCUBHBIX aT-
Moc(hepHBIX 0CaIKOB He3HaUNTEIeH (pHC. 2).

[pu 3amomHEHUN MPYIOB, PACTIOIOKEHHBIX B IPUYCTHEBOM y4acTKE, B OTICIb-
HBIC MEPUOJIBI CTOK OJM30K K HYJI0. MeCTO BHaJICHUS PEKU B MOpPE U3MEHSCTCS
TOJIBKO B TIpeZeiiax IMOJIOCH INIshKa B 00€ CTOPOHBI, B ocHOBHOM 10 100 M, B Ooiee
peakux cimydasx — 10 250 M OT cpemHero moyioxkeHus. lHorma ycTee He conmpurKa-
CaeTCsl HEMOCPEJACTBEHHO ¢ MOpeM, a 00pa3yeT HEOOJBIIYIO JIATYHY, Mapaljieiib-
HYyI0 OeperoBoil JIMHUU U OTWICHCHHYIO BOJIHOIPUOOWHBIM BaJIOM, 4epe3 KOTOPBIi
Boaa pumbTpyeTcs B Mope.

3 URL: https://www.usgs.gov/centers/whemsc/science/digital-shoreline-analysis-system-dsas (date of
access: 07.09.2023).

 3enxoeuu B. I1. Mopdonorus 1 IMHAMHKA COBETCKHX Geperos Uepsoro mops. Mocksa : M31-Bo
AH CCCP, 1958. T. 1. 187 c.
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Puc. 2.Bun na yctee p. Kauu ¢ tora B nepuoj CHIIBHOTO MaBOJKa
19 urons 2021 r.

Fig. 2.View of the Kacha River mouth during a strong freshet,
19 June 2021

s onpeneneHusi TMHAMUKY O€pErOBOM TMHUN UCTIONB30BalIUCh 62 monepey-
HBIX CeueHMs IUisbka (puc. 3). AHaNM3 MoKa3al, YTO HAUOOJIBIINK MaKCUMaJIbHBIA
pa3Max CMeIIeHUs MOJI0XKeHUsI OeperoBoil IMHUN XapaKTepeH s y4acTKa K ceBe-
py ot yctbs p. Kaun, rae on mocruraer 26 M npu cpensem 3Hadennu 20 M. Toapko
B CEBEPHOI 4YacTH, mpuMbIKaromied k knudy Ha npotsbkeHnn 200 M, cpeiHee 3Ha-
YeHHEe CMEIIeHUsI yMeHbIIaeTcs A0 13 M mpu MakcuMainbHOM 16 M.

Ha yuactke 1oxHee ycThbs p. Kaun MakcumainbHbIM pazMax CMEIIEHUsS YMEHb-
maercs 1o 16 M, a cpennmii 1o 13 M. Ecnu OpaTh M3MeHEHHS MEXIy KpaiHUMU
naramu (2011-2021 rr.), TO OOHapyKUBaeTCs Apyras KapTHHA. 3a yKa3aHHBIN Iie-
PHOJI IOJIOBHHA y4YacTKa K CEBEPY OT YCThs BBIABHHYJIACH B CTOPOHY MOPS Ha pac-
crosHre 10 10 M (B cpemHem Ha 6 M), a JOpyras MOJOBWHA, MPHUMBIKAIOLIAS
K yCTBIO, oTcTymuia f0 15 M (B cpemHeM Ha Te ke 6 Mm). [pyrumu cinoBamu,
Ha 5TOM y4YacTKe M3MEHWIACh KOHQHTrypauus Oepera. YUacTOK e OKHEE YCTbs
B LIEJIOM, 32 HEOOJIBIIMM HCKIIIOUEHUEM, BBIABHHYJICS B CTOPOHY MOPS B CpelHEM
Ha pacCTOfHUE 10 5 M mpu Makcumyme 11 M.

W3 aHanu3a BHOHO, YTO MaKCHUMAaJbHBI pa3Max CMEILEHHs CYILECTBEHHO
OoJblIIEe TTOYTH MO BCEH MPOTSHKEHHOCTH IULSDKA, YeM 3HAaUCHMS CMEIIEHUs 3a pac-
CMaTpUBAaEMBIN IIEPHOA. DTO TOBOPUT O TOM, YTO IPU aHAJIM3€ TEHACHIMH H3Me-
HeHHs OeperoBoil JTMHUU HYKHO YYUTBIBATh MEKIOJOBYIO M3MEHYHMBOCTH. Heco-
MHEHHO, YTO HEOOXOIUMO TaKKE€ YUYUTHIBATh U CE30HHYIO M3MEHYHMBOCTbH, OJHAKO
HUMeroleecs B HACTOSIIEE BpeMs KOJTUYECTBO CHUMKOB B T€UEHHE T0/1a HE T03BO-
JISIeT 3TO clenaTh. B Hamiell paboTe 10 HEKOTOPOH CTENEeHU dTa mpodieMa CHUMa-
€TCs WCIOJIb30BaHHEM CHHUMKOB, CACTAaHHBIX B TEIUIBIA MEPHOA TojAa, KOrjaa H3-
MEHUYUBOCTh O€peroBoi JIMHUKY MUHUMAJIbHA.
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Puc. 3.Cxema ceuenuii Ha Tuspke BOImM3M ycTbs p. Kaun (a); pa3max cMemmeHni
OeperoBoil TMHUU 32 BeCh Mepro (b); HTOTOBBIC CMEIICHUS OEPEroBOM JIMHUHU Me-
KAy KpaltHIMH 1aTamH (c)

Fig. 3.Map of transects on the beach near the Kacha River mouth (a); coastline
displacement span for the whole period (b); resulting coastline displacements be-
tween the first and last dates of observations (c)

Ha puc. 4 mpuBenena MexXroJoBasi U3MEHUNBOCTh OEperoBOi JIMHUH, paccyu-
TaHHas 10 BCEH MHe Tisbka. M3 Hero BUAHO, 4TO Ha oHE HEOOJBIIOrO OTPHUIIA-
TenpHOro TpeHna (orcrynanus Oepera Ha 0.38 m/rox) HabmromaroTCsl KOJeOaHUS
c pasmaxoM a0 10 M, ocobenHo Boipaxennsie ¢ 2017 r. CpaBHeHue OeperoBbIX
muHIE 1966 1. 1 2021 1. mokasano, 9TO B CEBEPHOM YacTH IUIHKA CyMMapHOE OT-
cTynanue coctaBmwio 15-20 M, a B roxHON — 10 40 M. PakT OTCTyMaHUS MOKHO
CBSI3aTh CO 3HAUNTEIBHBIM COKpAIICHHEM NOCTYIUIEHHS TBEPABIX HaHOCOB p. Kauwn,
BBI3BAaHHBIM BBOZIOM B SKCIUTyaTallMIO 3arOpcKOro Boxoxpanmimima. Heooxommmo
Tak)Ke OTMETHTB: B padote [5] mokazaHo, YTO Ha MeCTe paHee BBEIPOBHEHHOTO Oe-
pera ceifuac o0Opa3oBajiach BOTHYTOCTb O€peroBOi JIMHUM, COBNAJAAIOIIAs C ILIf-
xeM B ycThe p. Kaun. JlelicTBUTENbHO, Takas TEHACHIMS MPOCIEKUBACTCS, OTHAKO
aBTOp OTHOCHT 3TO K mepuony mocie 1985 r., u3 4yero nensaer HEBEpHBIN BBIBOJ,
YTO UK OTCTYMAET CKOPOCTBIO 5 M/ron. HeT coMHeHu#, 4To paHee MUK HUCTIbI-
TaJ 3HAYUTENBFHOE OTCTYyIMaHHUe, BEI3BAHHOE, BO-IIEPBBIX, JOOBIUEH MecKa, KOTopas
MpoBOAMIACh Ha pacctosHuu okono 200 M or Oepera pedysiepamMu B TeUeHHE
1950-x rr. (MecTopoxaeHne «CeBacTOMONBCKHIT»), 2 BO-BTOPBIX, U3-32 COKpaIle-
HUS TBEPJOTO CTOKa B pe3yibTaTe 3aperynupoBaHus pekd. OTHAKO MMEIoIue
JaHHBIE HE TIO3BOJIAIOT KOJIWYECTBEHHO OICHUTH OTCTYNAaHWE OEperoBOi JIMHUH
n3-3a 3THX (HaKTOPOB.
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Puc. 4. MexronoBas "3BMEHYMBOCTb CPEIHETO MO AJMHE IUISKEH
MIOJIOXKECHUS OeperoBoit TUHUHA. [IpsMble JIMHUY — TUHEHHBIC TPEHIBI

Fig. 4. Interannual variability of the coastline position averaged
over beach length. The straight lines are linear trends

CTpOUTENbCTBO TOMEPEUYHON KaMEHHOW HAaOPOCKH B IOKHOM HYacTH IUISKA
3HAYUTEIHHO MOBIMSJIO Ha €ro JUHAMUKY. [1o HamM HaOIIOAEHUAM, TIPU FOKHBIX
U I0TO-3allaIHBIX IITOPMaXx, KOTJa JBM)KEHUE JOHHBIX HAHOCOB HAIIPaBJIECHO K ce-
BepY, 37IeCh HaOIIOTAIOTCS SIBIIEHUST HU30BOTO pa3MbIBa. HECKOIBKO TakHX cly4yaeB
3aMKCUPOBAHO W Ha CIyTHUKOBHIX CHUMKax. OtcTymanue Oepera B paioHe
KaMeHHOH Habpocku MoxkeT gocturath 10-20 m. Ilpu 3TOM 3aTSKHBIE IITOPMBI
MOTYT YTpOXKaTh IIEJIOCTHOCTH MNPUOPEKHBIX CTPOSHHH, TaK KaK pacCTOSHHUE
JI0 HUX OT ype3a cokparraercs A0 10 M, 9To SBHO HEIOCTAaTOYHO Il 3 (PeKTHBHO-
r'O TalleHUs BOJTHOBOM SHEPTHH.

AxxkymynsamusHulil bepee 6 paiione ycmwsi p. beavoex. [nspx momuaoro npodumns
MuKpopaiioHa J[foOnMoOBKa, He3aJepHOBaHHAS YacTh KOTOPOTO WMEET I PUHY
1m0 70-80 m mpu mpotskenHocTH 1.1 kM, pacmoyioxeH B ycThe p. bembOek.
OH clo)XeH NPEeUMYIIECTBEHHO IIE€CYaHbIM MAaTepHUalioM, a HEMOCPEICTBEHHO
BOJNH3M ype3a BOABl — IPaBHAHO-TalleYHbIM. [IpuMEbIKatomuii Kk HEMy C fora yda-
CTOK OBIBIIETO abpa3rOHHOTO 00BALHO-OIOJI3HEBOTO Oepera B koHie 1970-x rT.
Obu1 TeppacupoBaH. Torga ke TaMm ObLIO MOCTPOCHO Oepero3aluTHOE COOpyKe-
HUE, COCTOAIIEeE U3 HAOEPEIKHOMU, MTOATIOPHON CTEHBI M CUCTEMBI U3 ILIECTH OYH, 4TO
MIPUBENI0 K YaCTHIHON OJIIOKMPOBKE BIOJIEOEPEroBOro MoTokKa HaHOCcoB. K ceepy
OT IUISDKA TIOJHOTO TPOQWIIs pacnoioKeH MPUCIOHEHHBIH K TTHHUCTOMY KIH(y
U TaKoH ke M0 BEUIECTBEHHOMY COCTaBY IUISDK InpuHON 25—40 M. Oba misbka oT-
HOCSITCSA K OJHOW JINTOAMHAMHYECKOU siueiike. CeBepHOU ee IpaHHLEeH SABIAETCA
10)KHas rpanuiia bosbioro JIroOMMOBCKOTO OIMOJI3HS [8], 10)KHOM — ceBepHas OyHa
BBIIICYTIOMSIHYTOM cUCTeMBl U3 mecTH OyH. Tak e, kak u Ha p. Kaue, panee Ha
MeCTe MOHMEHHOW [IONMHBI CYIIECTBOBAJ JIMMAaH, BIIOCICACTBUH MEPEKPHITHIH
cBepXy ammoBueM .

Bennbex — camas momHoBomHas peka Kpeima. K HacTosiieMy BpeMeHH ToOcIie
OKOHYaHUsI CTPOUTENbCTBA B 1964 . Tpex BogoxXpaHWIHUIL o0mMM 00beMoM OoJiee
12 mmH. M’ 3aperymupoBaso Beero 20 % ee cToka. IlocTyIuIeH e aLTIoBHS B Teue-
HUE TojJja KpaiiHe HepaBHOMepHO. DopMupoBaHue OrOKETa TUIHKEOOPa3yOMEro
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Marepuaia W COOTBETCTBYIONINE H3MEHEHWS B AWHAMHUKE OEpeTroBOW JWHUU
B HaMOOJBIIEH CTEIEHN OMpEACISIOTCS TepepacipeielieHneM 00beMOB HAaHOCOB
BO BI[OHB6CpCFOBOM HaIllpaBJICHUU U MOCTYIVICHUEM aJlJItOBHA C TBECPAbBIM CTOKOM
p. benb6ek. Jlpyroit MCTOYHMK IMOCTYIUIEHUS MaTepuana — OeperoBas W TOHHAsS
abpasusa. Bxkiag mocnemHei B OIOKET HAHOCOB M3-32 OTCYTCTBHS HAOIOIEHUI
OCTaeTcsl AUCKYCCHOHHBIM BOIPOocoM. OcoOEHHOCTBIO ATOTrO paiioHa MOOepexbst
SIBIISIETCSL CYIIECTBOBAHME HAIMPABIEHHOTO C CeBepa Ha IOT Pe3yJbTUPYIOIIEro
3a roJi TOTOKa HAHOCOB.

ITocne cunbHBIX IITOPMOB B MPHOOIMHON 30HE 0Opa3yeTcs BOJHONPUOOWHBIN
BaJI, 3aMPAIOIINNA YCThE, TIPU STOM PEYHbIE BOJBI IIOCTYMAIOT B MOPE, (PUIBTPYACH
yepe3 3T0T Bai. llo HammM HaOIrOAEHUSIM, AN €ro o0pa3oBaHMs HEOOXOIMMBI
JIBA OCHOBHBIX YCIIOBUS: CHIJIBHBIA U MPOJOIKUTEIHHBINA (DPOHTAIBHBINA 3aIiaHbBII
mMTOPM U cnaboe TeueHue peku. [Ipu roro-zamagHbIX MTOPMaX YCThE OOBIYHO
OTKJIOHSIETCS BIPABO, U B OTOM Cllydac TCUCHHE PEKH HAIPaBJICHO MapaliebHO
Oepery Ha paccrostauu 10 200 M. [Ipu ceBepo-3amagHbIX MITOpMax YCTbE paHee
AHaJIOTUYHbIM o6pa30M OTKJIOHSIIOCH BJIEBO. B KPUTHYCCKUX ClTydasix € IMOMOLIbIO
OyJIbJI03epPOB TIPOPHIBAIN UCKYCCTBEHHOE PYCIIO PEKH.

B 2010 r. roxxHee yCThsl ATl 3aIIUTHI IUIsDKa Oblila OCTpoeHa OyHa U3 KaMeH-
HOW HaOpOCKH, CTYNEHYATBIM COOPY)KEHHEM YKpEIUICH JIeBBIH Oeper ycThs. Yron
HaKJIOHA OYHBI B CTOPOHY MOPSI COCTAaBJISIET OKOJIO 3° M paBEH €CTECTBEHHOMY VK-
JoHy mspka. [sok mokpsul OyHY CBepXy HMECKOM M CTaOMIHM3UPOBAIICS B TEUCHHUE
MEPBBIX TPEX JIET Tociie cTpouTenscTBa. [locae okoHuanus paboT ycThe PEeKH CTa-
JIO CMeNIaThCs TOIBKO BIPABO, K ceBepy. B HacTosmee BpeMs BepXHsIsl 4aCTh OyHBI
00Ha)XKaeTCs TONBKO TOCHE CHIBHOTO M MPOAODKUTEIBHOTO MITOPMa C OBICTPHIM
3aTyXxaHueM 0 MEPBOTO IITOpMa C MEIUICHHBIM 3aTyxaHueM. B mepuon katactpo-
(hnueckoro maBoaka B utoHe 2021 T. CHUIBHBIM TEUEHHUEM PEKU OTMBLIO TOJIBKO HE-
OOJIBIIYIO YaCTh COOPYXKEHHSI, KOTOpas 3aTeM B TeUEHUE HECKOJIBKUX JHEW OISTh
MOKPBLJIACH TIECKOM.

AmHanu3 u3MeHeHus1 OeperoBol JTMHUM TTOKa3bIBAET, YTO (JOPMUPOBAHKE ILISHKA
Ha 3HAYUTENHHOW IJIOMAAM LEHTPaJIbHOTO YYacTKa IUISDKAa paHee MPOHCXOIUIIO
B pe3yJbTaTe MeaHApUpOBaHus YCThbs p. benbOek B 000MX HampaBiIeHUSIX OT YCThSI.
[ocne crpoutenscTBa OEPEro3alUTHOIO COOPYKEHHUS, KOTOPOE HUCKIIIOUMIO TTOBO-
POT YCTBsI PEKH B F0)KHOM HAIPaBJICHUH, BIUAHUE 3TOTO (paKTopa Ha KOHPHUTYPALIHIO
OeperoBoil IMHUKM B CEBEPHOM YacTH PE3KO BO3pOCiO. B pesynpTare mMaBOAKOB HE-
OJTHOKPATHO HaOIIOAANICS TPOPHIB PEeKH BAOIL Oepera mapajuieibHO OeperoBOMy
BaJly B CEBEpHOM HampaBiieHWH Ha paccrosHue a0 400 M, o0pa3oBaHHEe OCHOBHBIX
Y BTOPUYHBIX BaJlOB. JTO COIPOBOXKAAJIOCH pa3pylIeHHEM OeperoBbIX IOCTPOEK,
MOJAMBIBOM KiH(a M OpyrMMH HEraTHBHBIMH TOCIEACTBUSAMH. B mepuoj oueHb
CHJIbHBIX MABOJKOB Ha MpoTshkeHuH 10 200 M IUISHK MOXKET CHIIBHO Pa3MBIBAThCS,
OJTHAKO TIOCIJI€ YMEHBIICHHUS CTOKA JIOBOJIIHO OBICTPO BOCCTaHABIMBAETCS (PHC. 5).

Jlst onipenenieHrst TMHAMUKA OE€peroBOM JTMHUH HCIIONB30BaIkCh 105 momepey-
HBIX ceueHUH msbKa (puc. 6). M3 pucyHka BUIHO, YTO HAMOOBIINHA pa3Max cMelIe-
HUsL OeperoBOil JIMHWW XapaKTepeH ISl KOPOTKOTO yJacTKa K CeBepy OT YCThS
p. bensOek mpotsbkeHHOCTRIO 260 M. 31eCh MaKCHMalTbHAS BEIMYMHA COCTABIISCT
30 M npu cpeanem 3HaueHun 20 M. K ceBepy OT 3TOro y4acTka Ha NpPOTSHKEHUH
900 M 10 ceBepHOI IrpaHHULBI IUISHKA MaKCHUMalIbHBIE 3HAUCHHS COCTABIAIOT 13 M
ipu cpeareM 8 M. K 10Ty OT ycThs pekn 3Ha9eHHsI HECKOJIBKO BBIIIE: MAaKCUMAIIbHBIE
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Puc. 5. Bun Ha ycthe p. benpbek ¢ rora B mepuo] CHIBHOTO Ia-
Bozaka 19 urons 2021 r.

Fig. 5. View of the Belbek River from south during a strong fre-
shet, 19 June 2021

10 23 M, a cpeJiHre 1o ATOMY y4acTky 14 M. HeoOxoauMo oTMETUTh, UTO Hanbosee
BBICOKHME 3HaYCHHS Pa3Maxa CMEICHHS BBIACISIOTCS B Y3KOH 30HE MPOTKEHHOCTHIO
60 M, mpuMBbIKaroLe K OyHe Ha 10)KHOW TpaHMLe IUIKA, Y KOTOPOM MPOUCXOIMT,
B 3aBUCHMOCTH OT HAIIPaBJICHUS BIOJHOEPETrOBOTO IBIKEHHUS HAHOCOB, TTONICPEMEH-
HO pa3MbIB WIN aKKYMYJIALUS IUSDKHOTO MaTepuaa.

Wsmenenns mexny kpaitnumu gatamu (2011-2021 rT.) OTHOCHTENBEHO HEBe-
mukd. K ceBepy oT ycTbs p. benpOex bk B 3TOT MEpHOA OCTaBaJICS OTHOCUTEINb-
HO CTaOMJIBHBIM, C HEOOJIBIIMMHU CMEIIICHUSAMH B Mpejaeax +5...8 M. B 10xkHoM ke
4acTu MO BCeW AMMHE HaOMI0Naloch BBIIBM)KEHHE Oepera Ha paccTOSIHUE B Cpell-
HeM 110 10 M. I'paduk MeXTog0BOM N3MEHUYUBOCTH CPEAHETO 10 JJIMHE MOJI0KEHHS
OeperoBoil JIMHUHU MOKA3bIBACT CTATUCTHYECKU He3HauuMbld TpeHa (—0.07 m/rom)
Ha (poHe MeXToMOBBIX KoseOanuii 10 9 M (2013—-2014 rr.). MOXHO OTMETUTH, YTO
Mocje 3TOro MEepPHOAa MEXKIoJOBble M3MEHEHHsS ObUTH KpaiiHe Mamsl — 1...4 M
(puc. 4). Panee mpoBeZicHHbIE HAMH TaX€OMETPHUUECKHE M3MEPEHUS MTOKA3ajH, 9T
BHYTPHUTOAOBEIE m3MeHeHus1 gocTurann 20 m [2].

Ecnu Opate nepuog 1966—2021 rr., To B 11esioM 3a 55 seT 3aMKCUPOBaHO BbI-
JBIKEHUE OSperoBoil IMHUK B I0)KHOW YacTH IUIDKA, BEIMYNHA KOTOPOTO B Cpell-
HeM coctaBwia 30 M, i 0.5 mM/roa. B ceBepHOl 9acTH, Tlie pacroyiokeH KU,
Habmromanoch oTcrymanue ypeza Ha 10-20 M ¢ yBelMUeHHEM K ceBepy, HIIH
B cpeaneM 0.3 m/ron. Bmecte ¢ Tem 0OmbIas 4acTh U3MEHEHUH MPOH30IIIIa MEXK-
oy 1966 u 2005 rr. [3]. BeposarHee Bcero, 3TOT MepHO[ €Ie MEHBIIE, OIHAKO
UMeroIrecs JaHHble HE TMO3BOJSIIOT cAeNaTh Oosee OOOCHOBaHHBIN BBIBOJL.
MBI cBSI3pIBaGM 3TH M3MEHEHHUS CO CTPOUTEIILCTBOM HabepexkHo# mmmHoi 600 M
W mecTH OyH JUTMHOM 65 M Kak/1as Ha I0)KHOM rpaHHMIle IUIshKa, KOTopoe ObLIO Hava-
T0 B 1982 1. 1 3aBepmieHo B 1989 1. Kak n3BecTHO, momnepedHble THAPOTEXHUIECKHES
COOPYXEHHSI CIOCOOCTBYIOT HAKOIUICHHIO IUISHKEBOTO MaTepualla WM pa3MbIBY.
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Puc. 6. Cxema ceueHuii Ha mshKe BOIM3K ycThs p. benbOek (a); pazmax cMmemeHui
GeperoBoii MHUN 3a Bech Tepuol (b); HTOroBbIE CMEIIEHUS OEperoBoOil JTMHUM MEXIY
KpaifHUMU aTaMu (c)

Fig. 6. Map of transects on the beach near the Belbek River mouth (a); coastline dis-
placement span for the whole period (b); resulting coastline displacements between
the first and last dates of observations (c)

Hammm nabmroneHus Mokaszaiad, 4YTO HAKOIUIEHHE 3/€Ch BBIPAKACTCS HE TOJIBKO
B BBIIBIDKEHHH Oepera, HO W B YBEIWYEHHHM BEPTHKAIbHONH MOIIHOCTH IUISKA,
MIPH 3TOM HU30BITOYHBIM MaTEepHaIT Jaxke mepedpackiBaeTcs depe3 rpeObeHp OyH.

B 3axmouenne otmetnM, uto B 2021 1. B paiione c. BepxnecanoBoe Ha p. benb-
Oek Ol mocTpoeH Bogo3abop. [lepBolil Tox SKCIUTyaTally MoKa3al, YTo B O€TOH-
HOM JIOJKE pyCiia PEeKH 1O JUTMHE COOPYKEHHsI OUYeHb OBICTPO HAKaIUIMBAIOTCS Ha-
HOCBHL. JTO TpeOyeT NEepHOAMYECKON OYMCTKH, B PE3yJbTaTe Yero IOCTYIUICHHE
HaHOCOB B INISDKHYIO 30HY OyZleT yMEHBIIAThCS.

Insoe Vukyesxa. I'paHumnamu IUIsbKa MUKpOpailoHa YUKyeBKa Ha CEBEpE
MO’KHO CUMTAaTh O€3bIMSHHBIN MBIC K IOI'Y OT OTMEYEHHOI'O BBILIE Oepero3amuTHO-
I'0 COOPYXEHHUS U3 HAOEPEIKHON U MIeCTH OYH, Ha 0T — IPYroi OE3bIMSHHBIH MBIC.
[Tk nveet uHy 1.2 kM, mmpuHa ero ot 20 1o 50 M npu TunuyHOH okoso 30 M.
[Insk MPUCITOHEHHBIH, CIIOKEH XOPOILIO COPTHPOBAHHBIM MECKOM C BKIIOUYCHUSMH
MEJIKOW TallbK{, B THUTY IUISDKa HaOepekHas W pa3HOOOpa3Hble 0OBEKTHI, HE00XO0-
IUMbIe UL ero dKcIutyaTtanuy. [Ispk sBisieTcs: OMHUM U3 OCHOBHBIX PEKpeallioH-
HbIX 00bekToB I. CeBacronoins. Iluranue msbka paHee OCYIIECTBISUIOCH 3a CUET
nepeMelleHns MaTepuaina U3 ycThs p. benbOek B 10)KHOM HampaBieHHU U MPOAYK-
TOB pa3pyLICHHUS CYIIECTBOBABILEro 3/1eCh N0 TeppacupoBanus knuda. [locne co-
OpYKECHHUSI HA0epEKHOW M OYH K CeBepy OT IUIsKa STOr0 HCTOYHHUKA HE CTaJIo.
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K coxaneHuto, OTCYTCTBHUE XOPOIIO BBIPAKEHHBIX OPHUEHTHUPOB HA CHUMKAX
1941 r. 1 1966 r. He NO3BOJIAET BBHIOIHUTH NPUEMIIEMYIO TI0 TOYHOCTU T'€ONpPH-
BS3KY, OJJHAKO Ka4eCTBEHHBIM aHANN3 CBUICTENBCTBYET, MO-BUAMMOMY, 00 OTHO-
CUTEIBHO HEOOJIBIIONW MHOTOJIETHEW M3MEHYMBOCTH Kak IUIOIIAAW, TaK W KOH(H-
rypauun wispka 3a 80 set (puc. 7). MOXHO OTMETHTH JJake HEOONbIIOE yBeIrYe-
HUE IIMPHUHBI IUIDKa B 1966 1. o cpaBHeHMIo ¢ 1941 r.

s onpeneneHust TMHAMUKU O€peroBOil TMHUK UCTIONb30Banuch 60 momnepey-
HBIX cedeHuH mspka (puc. 8). M3 prcyHKa BUIHO, YTO B II€JIOM Ha OOJbIIEH JIHHE
pa3Max MHOTOJIETHHX CMEIIEHHI OeperoBOi JTMHUM OTHOCHTEIBHO HEBEIMK U JIe-
KUT B mpezaenax 6—13 M npu cpeaHem 3HadeHun 9 M. Toibko Ha HEOOJBIIOM
y4acTKe B CEBEPHON YacTH MpoTskeHHOCThIO 140 M oH Bo3pacTaet o 15-20 m.
Usmenenns mexnay kpaiaumu gatamu (2011-2021 rr.) OTHOCHTENBHO HEBEIIUKH.
B 10xHOI1 NOJOBHUHE MUIsHKa OHU TIOYTH HYJIEBBIE, & B CEBEPHON — B CpellHEM 7 M
npu Makcumyme 10 M. MexXromoBsie H3MEHEHHUS CPETHETO MOJIO0KEHUsT OeperoBoit
JIMHUY KpaiiHe Maiel (puc. 3), OHU HE MPEBHITIAOT 1—2 M, THHEHHBINA TPEHT CTaTH-
ctudecku He 3HauuM (—0.1 M/Tox).

Bwmecte ¢ TeMm, Kak MOKa3bIBAIOT HAIIKW HAOIIOACHUS, BHYTPUTOJOBbIC H3MEHe-
HUSL MOTYT OBITh Oosiee 3HAuMTENbHBIMH. Tak, B pe3ynbraTe IEHCTBUS IITOpMa
penkoil MOBTOpsieMOCTH (IJIaBHBIM 00pa3oM H3-3a €r0 aHOMAaJbHOM IPOMOJIKH-
TenbHOCTH) 18—19 okTa0ps 2013 T. B CeBEpHOM 4YacTH IUISDKA HA MPOTSHKCHUU
360 M MIsHKHBIE HAKOIUICHHSI OBUIM YaCTHYHO CMBITHI (pHC. 9).

Puc. 7. Paifon mmpka MukpopaiioHa YdkyeBka — adpogoro 1941 r.
(a), crytHUKOBBIE CHUMKH 1966 T. (D) 1 2021 T. (¢)

Fig. 7. The beach area of the microdistrict of Uchkuevka — aerial pho-
to dated 1941 (a), satellite images dated 1966 (b) and 2021 (c)
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Puc. 8. Cxema ceueHuil Ha sDKe YuKyeBKa (a); pa3Max CMEIICHHH OeperoBoit
JIMHUY 33 BeCh Tepro (b); NTOroBbIE CMEIIEHUS OEPEroBoil IMHUM MEXIy KpaHUMHU
Jatamu (¢)

Fig. 8. Map of transects on the beach near Uchkuevka Beach (a); coastline dis-
placement span for the whole period (b); resulting coastline displacements between
the first and last dates of observations (c)

B ThIOBO# yacTH misxka 00pa3oBaiCsl BEIPAXKCHHBIN OEpEroBOM YCTYII, BO3JIE
ype3a OOHaXHJIMCh BAIyHbI, IPUYEeM 3HAUMTEIbHAs 4acTh MaTepuana Oblia mepe-
MenieHa K ory. O0beM Iecka M rpaBusi, IEPEMENICHHOTO K IOTY M BBIHECEHHOTO
Ha NIyOWHY C OJIHOTO IMOTOHHOTO METpPa ITUIsKa U TIOABOJIHOTO CKIIOHA, OIICHUBAJICS
Hamu B nipeaenax ot 20 mo 35 M. OO0t 00beM yMEHBIIIEHUS TUISHKA B CEBEPHOU
gacTy cocTaBun okono 10 Teic. M. IlupHHA MUIska B CEBEPHOM YACTH yMEHBIIH-
mack Ha 5—10 M, Ha Takylo k€ IPUMEPHO BEITUYHHY BBEIIBHHYJICS O€per B I0KHOM
YacTH BIUIOTH A0 Oe3bIMSHHOTO MbIca. Ha 10)KHOHW MOIoBMHE Ha ydacTke Oepera
IPOTSHKEHHOCTBIO 550 M 06BbeM IUISHKHOTO MAaTepHaa yBETHUMICS Ha 5—6 ThIC. M,
a OKOJIO TIOJIOBUHBI CMBITOTO B CEBEPHOM MOJIOBUHE MaTepHaia yiulio Ha TI1yOuHy.
K ampenro — mato 2014 r. monokeHne ype3a MmouTH BOCCTAHOBHIIOCH, OTHAKO BILIOTh
1o 2017 r. B ceBepHO# YacTH OTMedYatach HeCTaOMIBLHOCTD. [leproanuecku Oeper
OTCTyMan Win BeiBUrasics Ha 10—15 M, mo3xke cran 0ojiee YCTOWYMBBIM, OJTHAKO
MIPEeXHUH MPO(UIH MIISHKa HE BOCCTAHOBIUICSA. XapaKTEPHO, YTO, TIOCKOJIBKY 3TO
coObITHE 3aUKCUPOBAHO B POMEXKYTOK MEXKy CHUMKAMH, OHO HHKaK HE Mpo-
SIBUJIOCH Ha rpaduke MEXroJoBOH M3MEHYMBOCTH CpPEeAHEH MIMPUHBI IJIsKa
(cm. puc. 3). MIHTepecHO CpaBHUTH TUHAMHKY PAaCCMOTPEHHBIX BBILIE IUISHKEH C Au-
HaMUKOH aKKyMYIIITUBHBIX OEpEeroB B CXOIHBIX IMPHPOIHBIX YCIOBUSIX APYTHUX
MIPUYEPHOMOPCKUX CTPaH.
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Puc. 9. CesepHas yacth mshka YukyeBka 18 oktsops 2010 r. (a), 2 HOAOps
2013 . (b)

Fig. 9. The northern Uchkuevka beach on 18 October 2010 (a), 2 November
2013 (b)

B Hacrosiee BpeMs U3 001Ie#H IMHBI OeperoBoii JIMHUH AeabThl JlyHast Oosee
ITOJIOBUHBI TOJIBEP’KEHO pa3MbIBY, Ha 30 % oTMedaercsa akkymynsanus, 15 % Haxo-
JSITCSL B TMHAMUYECKOM PABHOBECHU U OTHOCHTENBHO CTAOMIIBHBI, THIIUYHBIE CKO-
poctH pa3meiBa 10 5—25 m/rof [9]. Takoe cOOTHOLIEHHE PYMBIHCKHE YUEHBIE CBS-
3BIBAIOT CO CTPOUTENBCTBOM IUIOTHH AJISI THAPOIHEPIeTUIECKUX LeJIeH, CoopyKe-
HUEM pa3IM4YHbIX HACBINEH, CIPSIMICHUEM PYCla U IPYTUMH I'HIPOTEXHUYECKUMU
paboramu B HKHEeM TeueHHH JlyHas, B pe3yibTaTe Yero roJoBOM CTOK HaHOCOB
cokparmics Basoe [10, 11]. IIpoOaeMHBIM SIBJISCTCS 3HAMEHUTHIA IUIDK Mamast
B Pymbinun. Mmesmmnii eme B 1960-x rr. mupuny 100 M, k 1985 1. oH yMeHbIIMI-
ca 1o 50 M. B mocnenyromume 15 neT mishk IpoAoIKal YMEHBIIATHCS CO CpPEeHEN
cKopocThio 2.25 m/rox. IlpuunHa — THAPOTEXHUUECKOE CTPOUTEIBCTBO, U3-3a KO-
Toporo ObUT 3a0J0KUpOBaH BAOIbOEperoBoi mepenoc HanocoB [12]. B 1980-x rr.
B Bapuenckom 3anuse (Boarapus) Obliia mocTpoeHa MpuOpekHas qam0a U cucTeMa
HENPOHUIAEMBIX OCTOHHBIX OYH, M3-32 3aHOCUMOCTHU (papBaTepoB PEryISIpHO MPO-
BOAMIIOCH AHOYTyOneHue. Kpome atoro, B mocinenHue AeCATHICTHS NPaKTHKOBA-
JIOCh CTPOUTEJILCTBO 3laHUH HENOCPEACTBEHHO Ha IULDKAxX. Bes 3Ta nesrenbHOCTh
MpHBela K HApYLUICHUIO ECTECTBEHHBIX AMHAMHYECKHX MPOILECCOB, a OeperoBas
nuHUsS BapHeHckoro 3anuBa Obuta HeoOpaTUMO N3MeHeHa. Tak, 10 BMeNIaTeIbCTBa
4eJI0BEKa IULDK AcCIapyXoBO IOCTOSHHO POC M3-3a pasrpy3KH 3[€Ch ABYX BCTpeU-
HBIX IOTOKOB HaHOCOB, a B HACTOsIIEE BpeMs JJIMHA ero ymMeHblunack Ha 800 M.
B pesynbprare HapymeHus eCTECTBEHHOTO MTUTAHUS MPUIETAIONINX [1€CUaHbIX ILIs-
JKel OTNIEIbHBIC IUISHKHU WM UCUE3JIH, WU CYIIECTBEHHO COKpaTUiIUCh[13—15].

3akiouenue

Ha ocHoBaHMM BBIIEH3TOKEHHOTO MOKHO CIENAaTh CJIEAYIOIINE OCHOBHBIE
BBIBO/JIBL.

1. AkkyMmynsTHBHBIE Oepera B JOJMHHBIX NMOHIKeHHAX pek Kaun u benpbeka
TaKxe, Kak U UK YUKyeBka, B mocieanee necsatuierue (2011-2021 rr.) Haxo-
IITCS B JUHAMHYECKOM PAaBHOBECHH. 3HAYMMBIX TPEHIOB M3MEHEHHU CpEIHEro
noJyioxeHus: 6beperoBoit muuum s nepuoaa 2011-2021 rr. ue oOHapyxeHo. Panee
IUBDKA UCTIBITATIA 3HAYUTENbHBIE N3MEHEHHsT OEpEeroBOi JIMHAM, CBS3aHHBIE C aHTPO-
MOreHHON JeSITeIbHOCTHIO (COKpAIIeHHEe TBEPAOTO CTOKa, OOBIYa MecKa, CTPOH-
TENBCTBO OEPETO3aLIUTHBIX COOPYKEHHH).
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2. Haubompmmii MaKCUMaIIbHBIA pa3Max CMEIIeHUs OeperoBoil TMHUH B Tie-
puoxa 2011-2021 rr. xapakTepeH AJA ydacTKa K ceBepy OT ycTha p. Kauun — 26 m
npu cpenHeM 3HaueHnu 20 M. Ha ydactke roxHee ycThs p. Kaunm MakcuMaibHBII
pa3Max cMelleHusl yMeHblaeTcs 10 16 M, a cpenuuii 1o 13 m.

3. Hambompmmwmii pazMax CMEUICHHS TTOJOKEHHUS OSperoBOi JIMHUU B TIEPHOJ
2011-2021 rr. xapakTepeH A yyacTKa MpOTsHKEHHOCTHIO 260 M K ceBepy OT yCThs
p- benrbex — 30 M npu cpennem 3HaueHun 20 M. K ceBepy OT 3TOro ydacTka,
Ha npoTspkeHnH 900 M 0 ceBepHOM IpaHHULbI IUISHKA, MAKCUMaJbHbIE 3HAUYCHHS
cocTaBIAOT 13 M mpu cpegHeM 8 M. K rory oT ycTesl pekn MakCHUMallbHbIEC 3Ha4e-
Hus 23 M, a cpenaue 14 M. HaubGounee BhicOKHME 3HAUCHUST pa3Maxa CMEICHHUS BbI-
JEISIOTCS B Y3KOU 30HE MPOTSHKEHHOCTHIO 60 M, IPUMBIKaroIeil K OyHe Ha I0KHOH
TpaHMLe TUIsDKA, Y KOTOPOH HaOIro#aeTcs, B 3aBUCMMOCTH OT HApaBJICHUs BIOJIb-
OeperoBoro JBMKEHHUS HAHOCOB, TONIEPEMEHHO Pa3MbIB HIIH aKKyMYJISIIHSL.

4. Ha OoOnpmiedt nnuHe Tiska YukyeBka B mepuon 2011-2021 rr. pasmax
MHOTOJIETHUX CMEIIEHHH OeperoBoil JHMHUM OTHOCUTENBHO HEBEIHK U JICKHUT
B nipenenax 6—13 M npu cpeaHem 3HaueHHH 9 M. Tonbpko Ha HEOOJBIIIOM yYaCTKE
B CEBEPHOI1 yacTH MpoTsHkeHHOCThI0 140 M oH Bo3pacTaet A0 15-20 m.

5. MakcumanpHass MEXroaoBasi U3MEHYMBOCTh CPEIHETO MO JJIMHE MOJIOXKE-
Hus 6eperoBoil muHuK nocturaet 10 M amns wisbked B yeTbax pek Kaun u benwbe-
Ka, 10 2 M JJIs TUIsDKa Y UKyeBKa.

6. BHyTpHuronoBble M3MEHEHHUS TOJIOKEHHS OEPETOBOM JMHUM IO BEIUYHHE
MOTYT MPEBBIIATh MEKIOJ0BbIE. [Ipy aHamM3e CITyTHUKOBBIX JAHHBIX JUIS ONpese-
JICHUs TUHAMUKU OeperoBbIX JIMHUM HEOOXO0AMMO MCII0Ib30BATh HE TOJIBKO CHUMKH,
[IOJIydEHHbIE B KpaliHUE aThl, @ BCIO COBOKYITHOCTh MMEIOLIUXCS H300paXKeHUH.
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3assenennulii K100 a8MoOpPo8:

Topsuxkun FOpuii HukonaeBu4 — mocraHoBKa mpoOieMsl, 00pabOTKa W aHAIHU3 JaHHBIX,
MIOATOTOBKA TEKCTA CTAaThU

ﬂOJIOTOB BsiueciaaB BajleHTHUHOBUY — o6pa60T1<a W aHAJIU3 JaHHBIX, IIOAIOTOBKAa TCKCTa
CTaTb! U WIIFOCTPATUBHOTO MaTe€pualia

Bce asmopul npouumanu u 0006punu OKOHYAMENbHbI 6aPUAHIT PYKONUCHU.
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Approaches to Formation of the Ecological Framework
of the Western Coast of Sevastopol
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Abstract

For the first time, the paper proposes an outline of an ecological framework for the western
coast of Sevastopol. An ecological framework is a network of protected areas and objects of
different status represented by areal, linear and point elements. The studying of the bottom
landscape structure and hydro-botanical survey of the coastal zone were carried out
in summer 2020. Based on the obtained data, a map of underwater landscapes in the study
water area was made. Six underwater landscapes dominated by key macrophyte
species were identified in the landscape structure: Ericaria crinita, Gongolaria barbata,
and Phyllophora crispa. For each underwater landscape, the phytocenosis is described,
and quantitative and qualitative indicators of macrophytobenthos are calculated (species
composition of macrophytes, presence of protected red-listed algae species, phytomass
stock of macroalgae and its dominant species). Based on the landscape approach, spatial
and functional conservation elements (key. transit, buffer and restorative) were identified
taking into account the indicators of the vegetation component of underwater landscapes.
It was revealed that for the coastal area under study the key water areas include underwater
landscapes with “Cystoseira” phytocenosis, the transit ones include landscapes
with “Cystoseira” — Phyllophora phytocenosis, and restorative ones include landscapes
with Phyllophora phytocenosis. All elements of the ecological framework have different
protection regimes and are of different types of nature management. The obtained results
and proposed approach can be used to form an ecological framework of the marine areas of
Sevastopol and the Republic of Crimea.

Keywords: underwater landscapes, macrophytobenthos, protected water areas, landscape
approach, Black Sea.
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IMoaxoanl K GOPMHUPOBAHUIO IKOJOTHIECKOI0 KapKaca
3anaaHoro npudpexnbs CeBacTonoJs

T. B. Ilankeesa ! *, H. B. Muponosa !, A. B. [TapxomeHnko >

Y ®OI'BYH ®UL] Unemumym 6uonozuu 1oxcrvix mopeti umenu A.O. Kosanescrkozo PAH,
Cegacmononw, Poccus
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AHHOTaAUHUA

BriepBrie mpeyiockeHa CcXema 93KOJIOTHYECKOTO Kapkaca Uil 3amaJHOro TNPHOPEkKbs
CeBacTonoms. DKOJOTHYECKHH KapKac TPEACTaBIsIeT CO00H CeTh MPUPOIOOXPAHHBIX
TEPPUTOPHIA 1 OOBEKTOB Pa3HOTO CTaTyca, COCTOSIINX W3 IUIOMAIHBIX, IHHSWHBIX U TOYCYHBIX
aeMeHTOB. Pa0oThl M0 mM3ydeHuto JaHmmadTHOW CTPYKTYpHI JHA H TUAPOOOTAaHHYECKAsS
CheMKa MPUOPEKHON 30HBI IPOBEeHHI B JieTHH neprox 2020 . Ha ocHOBe moTydeHHBIX
CBEICHMH COCTaBleHAa KapTa IMOJBOAHBIX JAHJMA(PTOB HCCIEAYEeMOH aKBaTOPHUH.
B nanmmadTHON CTPYKType BBIAENCHO IIECTh MOMBOMHBIX JIAHMIIA(PTOB C JOMHUHHUPOBAHHEM
KIIIOUEBBIX BUIIOB MakpouToB: Ericaria crinita, Gongolaria barbata w Phyllophora crispa.
Jis KaXkI0ro MOABOAHOTO JaHAmadTa OnucaH (UTOLEHO3, PACCUUTAHBI KOJIMYCCTBEHHBIC
1 Ka4eCTBEHHBIE MOKa3aTenu MakpopuToOeHToca (BUIOBOI COCTaB MakpO(GUTOB, HATUYNE
OXpaHSAEMBIX KPAaCHOKHIDKHBIX BHJIOB BOIOPOCIEH, 3amac (pUToMacchl MaKpOBOJOPOCICH
1 BXOJAIIMX B €€ COCTaB JOMUHHPYIOUMX BUIOB). Ha ocHOBe manmmadTHOrO moaxosa
C YYETOM IIOKa3aTeliell pacTUTENFHONW KOMITOHEHTHI ITOJBOAHBIX JIAHAIIA(TOB BEIICICHBI
MIPOCTPAaHCTBEHHO-(PYHKIMOHATBHBIE TPHPOJOOXPAHHBIE JIEMEHTHI (KJIIOUEBBIE, TpPAH3UTHBIE,
Oy(epHBIC 1 BOCCTAHOBUTEIBHBIC). BRISBIICHO, UTO HAa M3y4aeMOM IPUOPEKBE K KIFOUCBBHIM
AKBATOPHSM OTHOCSITCS MTOABOJHBIE JIAHAIIA(THI C «IIUCTO3MPOBBIMY (PUTOIIEHO30M, K TPAH3HT-
HBIM — C «IHCTO3UPOBON-QUIIOGOPOBBIM, K BOCCTAHOBHTEIBFHBIM — ¢ (QHILIO(QOPOBBIM.
Bce ameMeHTBI 3KOIOTHYECKOT0 KapKaca MMEIOT pa3HbIe PEKHMBI OXPAaHBl M OTHOCSATCS
K pasHbIM THIIAM IPHPOJIONONB30BaHMA. [l0JTy4eHHBIE pPE3YNbTaThl M IPEIOKESHHBIN
ITOJIXO MOTYT OBITh NCTIOIB30BAaHBI A1 (POPMHUPOBAHUS SKOIOTHIECKOTO KapKaca MOPCKHUX
akBaTopuii CeBactonoist u Pecy6muku KpbiM.

Kiaw4yeBbie cjoBa: MOABOAHBIC JaHIMA(THL, MAKPOPUTOOEHTOC, OXpaHIEeMbIe aKBATOPHH,
nanamadTHeIA oaxon, YepHoe Mope
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Introduction

Specially protected natural reservations (SPNR) play an important role
in preserving biological and landscape diversity. One of the recognized forms
of territorial nature conservation is creation of ecological networks. Currently,
the concept of ecological networks for land territories has been quite fully
developed [1]. Models of regional ecological networks have been proposed for
a number of constituent entities of the Russian Federation [2, 3]. However, the lack
of a unified legislative framework, generally accepted methods and approaches
makes it difficult to create regional and national ecological networks, especially
for territories with anthropogenically transformed landscapes. In recent years,
approaches - to the formation of marine ecological networks have been actively
developed — mainly in regions where marine reserves have been created [4, 5].
Nevertheless, “the criteria for identifying and optimal areas of the main structural
elements, and especially the issues of their connection into a functionally integral
system” remain insufficiently developed [1, p. 134].

In 2008, a regional ecological network project was developed for the Autonomous
Republic of Crimea and the city of Sevastopol. In addition, other schemes of
ecological networks for Crimea are presented in the scientific literature [6, 7].

In the coastal waters of the Crimean Peninsula, 13 coastal elements of the eco-
network have been identified (8 eco-centers and 5 eco-corridors). The SPNR
of Sevastopol, which include marine protected areas (MPA), are located within
the boundaries of the Heraclea and Aya Sarych seaside eco-centers, as well as
the Kalamitskiy seaside eco-corridor ¥. Most of the Crimean MPA are isolated, have
a small area and have a low protection status, which does not allow them to fully
carry out environmental protection tasks. The research carried out at the Crimean
MPA shows that currently there is degradation of natural bottom complexes
associated with an increased anthropogenic load [8].

In this regard, the ecological network elements of Crimea, including the city of
Sevastopol, are in the need of developing an ecological framework of sustainability,
consisting of interconnected spatial-functional environmental elements (key, transit,
buffer and restoration) [9]. The works of a number of authors highlight the use
of this approach to form ecological networks and their elements in land landscapes
[10, 11]. With the landscape approach, attention is focused on “landscape diversity,
environment-forming functions of geosystems, material and energy flows in the land-
scape” [1, p. 133]. The use of the landscape approach for marine ecological

D Kelleher, G. and Recchia, C., 1998. Lessons from Marine Protected Areas around the World. Parks,
8(2), pp. 1-4. Available at: https://parksjournal.com/wp-content/uploads/2017/06/parks 8 2.pdf
[Accessed: 12 September 2023].

2 Salm, R.V., Clark, J.R. and Sirila, E., 2000. Marine and Coastal Protected Areas: A Guide for
Planners and Managers. Washington DC: IUCN, 371 p. Available at: http://
seaknowledgebank.net/sites/default/files/marine-and-coastal-protected-areas-a-guide-for-planners-
and-managers_0.pdf [Accessed: 12 September 2023]

3 TNU, 2008. [Development of Regional Ecological Network Scheme of Autonomous Republic of
Crimea: Report on Research Project]. Simferopol, 312 p. (in Russian).
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networks raises certain methodological difficulties due to poor development of
theoretical foundations of underwater landscape science [9, 12].

One of the most important components of underwater landscapes is bottom
vegetation, which is considered an indicator of morphological complexes of horizontal
division of landscape structure. It is known that macrophytobenthos is the main
production link of the Black Sea shelf and plays a leading role in stabilization and
self-regulation of coastal ecosystems. Based on the fact that macrophytes actively
respond to environmental changes, their quantitative and qualitative indicators can
be used as criteria for identifying elements of an ecological network [8, 13].

The coastal zone of the western part of Sevastopol, which is distinguished
by its biological and landscape diversity, was chosen as a model region. Currently,
this zone is being actively developed — projects to develop infrastructure
in the coastal zone are being implemented here. In this regard, it is relevant
to develop recommendations for conservation of underwater coastal landscapes.

The purpose of this article is to develop an outline of the ecological framework
of the western coastal area of Sevastopol.

Materials and research methods

The coastline length of the western coast of Sevastopol (Cape Kosa Severnaya —
Cape Tubek) is about 26 km. The coastal waters are characterized by shallow
depths and bottom slopes. On the bench, sandy and pebble bottom sediments are
developed, replaced by a blocky pile [14]. The water area is located within
the boundaries of the Kalamitskiy seaside eco-corridor of the ecological framework
of the Crimean Peninsula. The SPNR is represented by the natural monument
“Cape Lukull Coastal Aquatic Complex (CAC)”, the length of its coastline reaches
3448.6 m, the width of the water area is 300 m. The total area of the natural
monument is 128.5 ha, of which the territory area is 15.1 ha, and the water area is
113.4 ha.

The work to study the bottom landscape structure of the coastal zone was
carried out on the basis of general provisions of the underwater landscape research
program in the summer of 2020 [15]. The underwater landscaping work was
carried out from small vessels using light diving equipment. When studying
the structure of coastal landscapes, we used the method of landscape profiling
with a description of profiles and key areas [16]. Landscape profiles were compiled
for 10 profiles (Fig. 1). Landscape profiling made it possible to identify underwater
landscapes and establish their boundaries. To create a landscape map, we used
the QGIS 2.18.25 software package and the electronic basis of the navigation map.
A combined analysis of bathygraphy, maps of lithological composition and diving
survey data made it possible to extrapolate areas of the bottom with similar
parameters to identify the boundaries of underwater landscapes. The results of
generalization of studies of the landscape structure of the western coastal region of
Sevastopol are reflected on the landscape map.
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Fig. 1. Schematic map of the location
of landscape and hydrobotanical profiles
in the coastal zone Cape Kosa Severnaya —
Cape Tubek (Roman numerals stand
for profiles)
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The study of bottom vegetation was carried out according to generally
accepted methods ¥. To study the composition and structure of macrophytobenthos,
we used materials from hydrobotanical surveys carried out on the same profiles.
The sampling was carried out at depths of 0.5; 1; 3; 5; 10 and 15 m, where four
counting areas measuring 25 X 25 cm were laid. The algae identification was
carried out taking into account the latest nomenclature changes 3. The resources of
macroalgae (t, wet weight), the stock of phytomass of macrophytes and the key
species of algae included in its composition (t-ha™!, wet weight) were calculated
using a method modified for marine research [8]. The water area was determined
using the QGIS program.

The criteria selected for identifying elements of the ecological network were
quantitative and qualitative indicators of macrophytobenthos (species composition
of macrophytes, presence of protected Red Book species of algae, stock of phytomass
of macroalgae and its key species, share of Ericaria crinita (Duby) Molinari &
Guiry = Cystoseira crinita and Gongolaria barbata (Stackhouse) Kuntze = Cystoseira
barbata in the total reserves of macrophytes), characterizing the plant component
of underwater landscapes. When working on the article, we used annotated lists of
algae recorded in the area of the western coast and the natural monument “Cape
Lukull Coastal Aquatic Complex (CAC)”, given in the articles by L.LK. Evstigneeva
and [.N. Tankovskaya [17, 18].

Based on the mapping of underwater landscapes, qualitative and production
characteristics of macrophytobenthos, a functional-areal distribution of the main
elements of the ecological network (key environmental (protected cores), buffer
protective, transit and restorative water areas) is proposed.

Results and discussion

In the landscape structure of the coastal zone, six underwater landscapes were
identified with the participation of dominant species of macrophytes: Ericaria
crinita, Gongolaria barbata and Phyllophora crispa (Hudson) P.S. Dixon (Fig. 2).
The developed coastal landscape map is a cartographic basis for identifying water
areas that form elements of the ecological framework.

For each landscape contour, quantitative and qualitative indicators of
macrophytobenthos were calculated and presented in the table.

Based on the landscape approach, taking into account the values of the plant
component of underwater landscapes, a map was drawn up and elements of
the ecological framework of the western coast of Sevastopol were identified (Fig. 3).

The underwater landscapes located within the boundaries of the natural
monument “Cape Lukull Coastal Aquatic Complex (CAC)” belong to
the key environmental water areas (protected cores) (KEWA) (Fig. 3).

4 Kalugina-Gutnik, A.A., 1969. [Study of the Black Sea Bottom Vegetation Using Lightweight
Diving Equipment]. In: Academy of Sciences of the USSR, 1969. [Marine Underwater Studies].
Moscow: Nauka, pp. 105-113 (in Russian).

5 Guiry, M.D. and Guiry, G.M. 2023. AlgaeBase. National University of Ireland, Galway. [online]
Available at: http://www:algaebase.org [Accessed: 12 September 2023].
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Fig. 2. Schematic map of the landscape
structure of the coastal zone (Cape Kosa
Severnaya — Cape Tubek): / — boulder
benches with dominance of Ericaria crinita
and Gongolaria barbata; 2 — upper shore-
face consisting of psephitic sediments
predominated by Ericaria crinita and
Gongolaria barbata; 3 — upper shoreface
consisting of sandy sediments with small
ripple marks (riffles), devoid of bottom
vegetation (species of Ericaria crinita and
Gongolaria barbata or Padina pavonica
and Dictyota fasciola dominate on some
clumps); 4 — upper shoreface consisting
of psephitic deposits predominated
by Gongolaria barbata with mosaic
alternation of pebble and gravel deposits
and shell fragments predominated
by Phyllophora crispa; 5 — gently dipping
accumulation plain formed by psammitic
deposits with inclusion of shell fragments
predominated by Phyllophora crispa;
6 — gently dipping accumulation plain
formed by sandy sediments, with no bottom
vegetation
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The landscape structure of this protected water area is dominated by underwater
slopes dominated by Cystoseira species (Ericaria crinita and Gongolaria barbata),
where the phytocenosis Ericaria crinitatGongolaria barbata was recorded at depths
of 0.5-5 m.

On the underwater slope at a depth of 0.5-1 m, a block-boulder bench with
a predominance of Ericaria crinita and Gongolaria barbata (1) was recorded
(Fig. 2). The plant component of this landscape is characterized by high species
diversity (Table) — five species of algae listed in the Red Book of the Russian
Federation, the Republic of Crimea and the city of Sevastopol are registered here
(Stilophora tenella (Esper) P.C. Silva, Laurencia coronopus J. Ag, Osmundea
hybrida (A.P. de Candolle), Ericaria crinita and Gongolaria barbata). The largest
reserve of phytomass of macrophytes and their dominant species of Cystoseira
(Ericaria crinita and Gongolaria barbata) is noted here (Table). The share of these
algae in the total reserves of macrophytobenthos is maximum (86 %) (Table).

The underwater slope, composed of coarse sediments, dominated by Ericaria
crinita and Gongolaria barbata (2), located at depths of 1-5 m, is distinguished
by the greatest species diversity compared to other studied landscapes of the western
coastal region (Table). The number of red-listed species of macrophytes reaches six
(in addition to the above species, with the exception of Osmundea hybrida,
Phyllophora crispa and Osmundea pinnatifida (Hudson) Stackhouse were
discovered). The phytomass reserve of macrophytes, as well as Ericaria crinita and
Gongolaria barbata, is slightly lower than at depths of 0.5-1 m (Table).

According to the information about the composition and structure of macro-
phytobenthos collected along the western coast of Sevastopol using a similar
method by A.A. Kalugina-Gutnik and N.M. Kulikova [19] in 1964, we calculated
the stock of Cystoseira phytomass in this selected landscape. Thus, a comparative
analysis showed that at depths of 1-5 m the phytomass reserve of Ericaria crinita
and Gongolaria barbata was 40.7 t-ha™!, which is approximately one and a half
times lower than in 2020.

However, it is well known that at present, along the coast of Crimea,
significant compaction of Cystoseira thickets is observed everywhere in the upper
and middle sublittoral zone, while degradation and transformation of bottom
vegetation is recorded in the lower zone [8]. Thus, over the past 56 years, the safety
of the water area belonging to the KEWA has remained quite high.

In the rest of the coastal waters of the study region, the underwater landscapes
dominated by Cystoseira, due to their environmental value, should be considered
as restorative water areas (RWA). In the future, in this part of the coastal zone
it is expected to reduce the influence of anthropogenic impact, and in certain cases
it is necessary to take special measures to restore biotopes and landscapes
as a whole.

For an underwater slope composed of sandy sediments with small ripple
marks (ripples), devoid of bottom vegetation, where individual blocks are
dominated by the species of Ericaria crinita and Gongolaria barbata or Padina
pavonica and Dictyota fasciola (3), at depths of 1-5 m the phytocenoses of
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Ericaria crinita + Gongolaria barbata or Padina pavonica + Dictyota fasciola are
characteristic. This landscape also shows high species diversity and the presence of
red-listed species (Table). The phytomass reserve of macrophytes, Ericaria crinita
and Gongolaria barbata, is significantly lower (Table). However, this isolated
underwater landscape is characterized by an intensive exchange of material flows
due to the movement of fine-clastic clay-sandy material by alongshore currents.
In addition, this landscape provides the necessary connection between the underwater
landscapes of the KEWA and RWA and provides an opportunity for distribution,
migration and genetic exchange of aquatic species. Thus, this underwater landscape
corresponds to the transit water area (TWA) of the coastal area under study,
while in marine protected areas it must be included in the TWA.

Species composition and productivity of macrophytobenthos in the underwater landscapes
of the western coast of Sevastopol

Number of protected .
. .. Lo Total biomass of,
Species composition of algae algae species listed tha!
in Red Book of
2 s | = 3
0 3 S
g | 5 - 2| 8 L5 &
3 Q e £ 5 8 BRES g
g = = £ 5 = s | £8 3
= = 5 g b g 2 S s S 3 g
5 g g o g |z S & & | 35| S
s = ) M g 2 = S | = S
z 2 [ e kS = S go 2
o) = n = 5 g NS =
E 5| 2 38| &
) ~ [ G)
1 40 12 7 21 1 4 1 78.8  67.8 0
2 49 8 8 29 2 2 69.1  49.1 0.1
3 40 9 8 23 1 5 0 17.1 13.1 0
4 43 8 8 27 2 6 1 40.2  20.1 2.4
5 30 6 7 17 1 3 1 394 130 3.1

Note: the numbering and description of underwater landscapes corresponds to the information
presented in the text and in Fig. 2. Information on the algal species composition by depth is given
in[17, 18].

9 Dovgal, 1.V. and Korzhenevskiy, V.V., eds., 2018. The Red Data Book of Sevastopol. Sevastopol:
ROST-DOAFK, 432 p. (in Russian).

7 Ivanov, S.P.and Fateryga, A.V.,eds.,2015. Red Book of the Republic of Crimea. Animals. Simferopol:
ARIAL, 440 p. (in Russian).

® Bardunov, L.V. and Novikov, V.S, eds., 2008. [Red Data Book of the Russian Federation (Plants
and Fungi)]. Moscow: Tovarishchestvo Nauchnyh Izdaniy KMK, 885 p. (in Russian).
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It is characteristic that within the boundaries of the Kalamitskiy eco-corridor
there is no sufficient number of natural cores, which is one of the prerequisites for
the creation of the natural monument “Cape Kosa Severnaya Coastal Aquatic
Complex (CAC)”. Previously obtained research results in this coastal area indicate
high floristic and landscape diversity in the depth range of 0.5—-10 m [20]. The algal
flora contains species of macrophytes included in the Red Book lists of the Russian
Federation, the Republic of Crimea and Sevastopol (Phyllophora crispa, Stilophora
tenella, Ericaria crinita, Gongolaria barbata, Laurencia coronopus, Nereia
filiformis (J. Ag.) Zanard.). The indigenous phytocenoses of these underwater
landscapes are characterized by a high degree of preservation, which makes it
possible to recommend the water area near Cape Kosa Severnaya as promising
for conservation and to include it in the KEWA.

The role of a buffer water area (BWA) is played by an underwater slope
composed of coarse clastic sediments, dominated by Gongolaria barbata,
mosaically alternating with pebble-gravel deposits with broken shells, dominated
by Phyllophora crispa (4) (depth 5-10 m). The phytocenoses of Gongolaria
barbata and Phyllophora crispa are described. This underwater landscape occupies
the peripheral parts of the KEWA, RWA and TWA, and therefore performs
a protective function of the water areas and ensures optimal functioning of
protected species. Uniqueness of this underwater landscape lies in the fact that it
represents a transitional strip where several perennial phytocenoses occur
simultaneously at the same depth, and their distribution is determined by
the peculiarities of bottom lithology. At these depths, there is a gradual change
in the composition of bottom vegetation along the illumination gradient.
The reserves of phytomass of macrophytes and Cystoseira are decreasing, but this
indicator is increasing in Phyllophora crispa (Table). The contribution of Ericaria
crinita and Gongolaria barbata to the total macrophyte reserves does not exceed
50 %.

In this area in 1964, the phytomass reserve of Ericaria crinita and Gongolaria
barbata was 24.8 t-ha”!, and the phytomass reserve of Phyllophora crispa was
2.6 t-ha™! in the depth range of 5-10 m [18]. These values are only slightly higher
than comparable values in 2020 (Table), confirming the relatively unchanged state
of benthic vegetation in the study area in this depth interval.

At a depth of more than 10 m, a slightly inclined plain, composed of
gravel-sand deposits with broken shells and dominated with Phyllophora
crispa (5) was recorded. For this underwater landscape, the maximum supply
of Phyllophora crispa was noted (Table). The share of Cystoseira species is
less than 33 % (of the total macrophyte reserves). More than half a century ago,
at depths of 10—-15 m, the stock of Phyllophora crispa phytomass reached
9.7 t-ha™!, which is three times higher than the value recorded in 2020 [19].
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A sharp decline in the stock of Phyllophora crispa phytomass indicates the need
to preserve this landscape. Since this species is protected at the international, state
and regional levels ¥, the underwater landscapes with phyllophora phytocenosis
must be classified as RWA.

The obtained research results indicate that at present, underwater landscapes
and their plant components are distinguished by a high degree of preservation
in the coastal waters of the western coast of Sevastopol. This is confirmed
in the article by LK. Evstigneeva and LN. Tankovskaya [21]. According to
the work of these authors, the results of phytoindication along the western coast of
Sevastopol show a widespread dominance of oligosaprobic macrophyte species,
an abundance of mesosaprobic species and a small share of polysaprobic species,
which corresponds to the ratio of saprobiological groups in clean areas of the sea.
Taking into account high biological and landscape diversity of the studied region,
it is advisable to develop an ecological framework of the coastal zone, which will
make it possible to identify areas with different environmental management
regimes.

Thus, when identifying the main structural elements of the ecological
framework of the western coastal area of Sevastopol, the biocentric and landscape
approaches were used for the first time. As studies have shown, both approaches
to the formation of the ecological framework of the coastal zone are complementary
and reflect different aspects of its organization. It is characteristic that with
a biocentric approach, special attention is paid to the preservation of living
organisms (species diversity of aquatic organisms, presence of rare and endangered
species, etc.). Thus, in the paper by S.E. Sadogursky and colleagues [22], it was
noted that the qualitative and quantitative indicators of coastal marine biota are
highest in areas where thickets of macrophytes are noted. It should be noted that
some indicators of macrophytobenthos presented by the authors in the article
correspond to the criteria for a comprehensive assessment of the ecological state of
marine natural complexes, which underlie the protection of the marine environment
in the European Union '%. The landscape approach enables us to identify the main
framework-forming underwater landscapes, as well as to determine their relative
positions, ensuring ecological balance in the coastal zone. At the same time, the use
of two approaches for the formation of ecological networks of marine areas
requires further development and additional field research.

Conclusions:

1. For the first time, an ecological framework has been developed for
the western coast of Sevastopol and its functional elements have been identified.
It is shown that for its formation it is advisable to use complementary approaches:
landscape and biocentric.

9 Rodwell, J.R, Garcia Criado, M., Gubbay, S., Borg, J., Otero, M., Janssen, J.A.M., Haynes, T.,
Beal, S., Nieto, A. [et al.], 2016. European Red List of Habitats. Part 1: Marine Habitats.
Luxembourg: Publications Office of the European Union, 52 p. https://doi.org/10.2779/032638

19 EU, 2008. Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008.
Marine Strategy Framework Directive. Available at: https://eur-lex.europa.eu/legal-content/
en/ALL/?7uri=CELEX%3A32008L0056 [Accessed: 12 September 2023].
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2. The coastal zone of the studied region was mapped, six underwater
landscapes were identified, and a map of the landscape structure was compiled.
It is shown that the landscape map is a cartographic basis of the ecological
framework.

3. Quantitative and qualitative indicators of macrophytobenthos were
calculated and used as criteria to substantiate the ecological framework elements.

4. It has been established that for the coastal region under study, KEWA
include underwater landscapes with Cystoseira phytocenosis, TWA — landscapes
with Cystoseira — Phyllophora phytocenosis, and RWA — landscapes with Phyllophora
phytocenosis. All elements of the eco-framework have different environmental
management regimes.

5. The obtained results and the proposed approach can be used to form
the ecological framework of the marine waters of the city of Sevastopol and
the Republic of Crimea.
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Abstract

The article proposes a model for assessing ecological risk taking into account the intra-
annual dynamics of the main components of the ecosystem. Based on model calculations,
ecological risk assessments are given for variations in the intra-annual state of low-productive
ecosystems of the Arctic shelf and the effect of technogenic stressors. The proposed ap-
proach combines ecological risk models and observational data. The calculations made
it possible to obtain model estimates of the intra-annual dynamics of ecological risk and
permissible impacts on ecosystems from stressors in the conditions of development of
Arctic shelf resources. The obtained preliminary results of calculations allowed us
to identify areas of increased risk and take into account the different degree of requirements
for the exclusion of type 1 and 2 errors due to the specifics of ecological safety tasks.
An important practical result of the development of the risk assessment methodology is
the identification of time intervals of impacts at which a dangerous situation is hidden
by external well-being (type 2 error). The conducted modelling studies allow reallocating
safety expenditures throughout the year so as to reduce risks during hazardous periods of
offshore resource development and exclude cost overruns during relatively safe times.
In other words, it is possible to resolve environmental and economic contradictions in risk
management.
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system, mathematical modelling, phytoplankton biomass. anthropogenic impact
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BiausiHMe BHYyTPUTOA0BOM JUHAMUKHA KOMIIOHEHTOB
IKOCHCTEMBI HA IKOJOTMYECKHI PUCK: MOJeJIbHbIC OLIEHKH

H. B. CoJyioBLeBa

Hucmumym oxeanonocuu umenu I1. I1. Illupuwosa PAH, Mocxkea, Poccus
e-mail: soloceanic@yandex.ru

AHHOTANHUA

[IpennoskeHa MoeTb OIEHKH YKOJIOTHIECKOTO PHUCKA C YYETOM BHYTPHUTOJ0BOM JTUHAMHUKHU
OCHOBHBIX KOMIIOHEHTOB JKOCHCTeMBI. Ha OCHOBE MOJEIBHBIX pPAcUeTOB JAHBI OLCHKH
9KOJIOTMUECKOT0 PHUCKA MPU BapHalUsSIX BHYTPUTOJOBOTO COCTOSHUS HU3KOIPOIYKTUBHBIX
9KOCHCTEM apKTHYECKOro meibha U ASHCTBHUA TEXHOTCHHBIX CTPeccopoB. IIpoBemeHHbBIC
pacdeTsl TTO3BOJIIIIN TOTYYHTh MOJICIEHBIC OIICHKH BHYTPUT'OIOBON AMHAMHUKH IKOJIOTHYE-
CKOI'0 PHCKa U JIOIYCTUMOTrO BO3/IEMCTBUS Ha SKOCUCTEMBI CO CTOPOHBI CTPECCOPOB B YCIIO-
BHAX OCBOCHHS PECYPCOB apKTHUECKOro menbda. [lomyueHrple TpeaBapuTeIbHBIE PE3yIIb-
TaTBl PacYeTOB MO3BOJIIIIN BBICTUTH OOJIACTH MOBHIICHHOTO PUCKA U YUECTh Pa3IHIHYIO
CTETEHb TPEOOBAHMI K MCKIIOYCHUIO OMMHUOOK 1-ro m 2-ro pojaa, 00yCIOBICHHBIX CIICIHU-
(UKo 33124 IKOJOTHUECKON 0€30MacHOCTH. BakHBIM MPaKTHUYSCKUM PE3yJIbTaTOM pa3pa-
OOTKM METOIVKH OIIEHOK PHCKa SBIIETCS BBIABICHHE BPEMEHHBIX HHTEPBAJIOB BO3ICH-
CTBHIH, MPU KOTOPBIX OMACHAs CUTyallusl CKPBITa BHEIIHUM OJiaronoiyddeM (omudka 2-ro
pona). [IpoBeneHHbIE MOJIEIBHBIE UCCIIEIOBAHUS OTKPHIBAIOT BO3MOXKHOCTD Tepepacipeie-
JISATH SKOHOMUYECKHE 3aTpaThl Ha OE30MaCHOCTh B TEUEHHE TOf[a TaK, YTOOBI CHU3UTH PUCKU
B OIACHBIC MEPUOMBI Pa3pabOTKH MOPCKUX PECYPCOB M HCKITIOYHTH TEPEPACXON CPEICTB
B OTHOCUTENBHO Oe3omacHoe Bpems. JIpyrMMH CIIOBaMH, MOXHO CHH3UTHh DKOJIOTO-
SKOHOMHUYECKHE IPOTUBOPEUHS B YIPABICHUN PUCKOM.

KamoueBbie cJIOBa: MOJEIh SKOJOTHIECKOTO PUCKA, BEPOSATHOCTH JOITYCTUMBIX BO3-
JCHCTBUH, apKTHUCCKUH 1IeNb(d, IKOCUCTEMa, MaTeMaTHYSCKOE MOJISIIMpOBaHKe, Ornomacca
(DUTOIIAHKTOHA, AHTPOIIOTEHHOE BO3/ICHCTBHE

BuaaromapHocTH: paboTa TMOATOTOBICHAa B paMKax TOCYIapCTBEHHOTO 3aJaHUs
Ne 0128-2021-0004. ABTOp BBIpa)kaeT OJIArOAPHOCTH PYKOBOAMTEISIM JIAOOpaTOpHUi
Wucruryra okeanonorun uM. 1. I1. IllupmioBa PAH, B yacTHOCTH ZOKTOPY OHOJIOTHYECKUX
Hayk B. A. CunkuHy, 3a 00Cy)XIeHHe HAIpaBJICHUH MOJAEIUPOBAHHUS SKOJIOTHYECKOTO PHCKA,
akanemuky Poccuiickoii akanemun Hayk M. B. @auHTY 32 OpraHu3anuio 3KCreIULUOHHBIX
pabor B Mopsx ApKTHKH M A0KTOpy reorpaduyeckux Hayk E.E. Cosre (M['M PAH)
3a TIOMOIIlb ¥ MOJJIEPKKY paboThl MPH IMPEACTABICHUH B KypHaNT «JKoJoruveckas 0es-
OITaCHOCTH TMPHOPEKHOHN U MIETHPOBOIT 30H MOPS».

Jdas nutuposanusa: Conosvesa H. B. BnusHue BHyTpUTOAOBONW JMHAMHUKU KOMIIO-
HEHTOB YKOCHCTEMBI Ha 3KOJIOTMYECKUIl PUCK: MOJEIbHBIC OLCHKHU // DKoyorundeckas 6es-
OITaCHOCTH MPHOPEKHOH 1 menbpoBoii 30H Mops. 2023. Ne 3. C. 86-97. EDN JKDPNP.

Introduction

The relevance of ecological risk assessments as integral characteristics of
the state of marine ecosystems is determined not only by the wide range and rate of
change in parameters, but also by the presence of processes of various genesis
in oceanologically contrasting water areas. Intensive development of marine
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resources causes the effect of technogenic stressors on natural processes of various
origins: hydrophysical, hydrochemical, hydrobiological, geological. In this case,
there is a need for an integral quantitative assessment of the state of marine ecosys-
tems under such conditions. It is not possible to obtain a reliable risk assessment
within a single discipline. The very concept of ecological risk requires interdis-
ciplinary approaches as an integral characteristic of the state of the ecosystem.
In this case, contradictions can arise in combining the requirements of each of
the disciplines separately. Thus, in the practice of developing shelf resources,
economic and ecological requirements are directed differently.

When making business decisions, as a rule, economic indicators come to the fore,
which is reflected in the main accepted form of ecological risk assessment, which
comes down to assessing the following product: event probability * damage.
In this case, priority is given to the economic component [1] and leads to a de-
crease in the importance of assessing the ecological component in projects aimed
at the development of shelf resources.

For the Arctic shelf, the task of calculating the dynamics of ecological risk is
especially relevant in connection with increasing climate change and the prospec-
tive development of the mineral and biological resources of the region. In this
sense, understanding the dynamics of marine ecosystems in the context of global
changes [2] makes it possible to calculate risks [1-7]. Existing approaches to eco-
logical risk assessments can take into account a combination of stressors of differ-
ent nature and the diversity of responses of marine ecosystems to external effect
[4]. For the Arctic marine ecosystems, risk assessment methods ERA [4] in combi-
nation with the dynamic object-oriented Bayesian network DOOBN [8] and DBN
[9] are known. To assess the risk of oil spills in the Arctic, models have been
developed taking into account the toxicity of biotransformation [10].

The analysis of current situation with risk assessments shows that to increase
the efficiency and relevance of methods, the most preferable way is to combine
different approaches. Ecological risk assessment using system models at various
levels of ecosystem organization is an evolutionary step in maintaining ecological
safety. However, it is not enough to take into account the cumulative effect of
stressors under static conditions only. It is necessary to combine the dynamics of
stressors with the dynamics of ecosystem functioning. In order to advance in this
direction, this article proposes an approach based on the synthesis of probabilistic
risk models and field observation data.

The purpose of the research was to obtain model assessments of the influence
of the intra-annual dynamics of ecosystem components (in particular, phytoplank-
ton) on the dynamics of ecological risk under the influence of technogenic stress-
ors. Observational data on phytoplankton biomass in low-productive ecosystems of
the Arctic shelf were used for the modelling.
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Materials and methods

For model studies of intra-annual risk variations in low-productive ecosystems
of the Arctic shelf, observational data on seasonal variations in phytoplankton bio-
mass in the Kara, Laptev, East Siberian Seas and main waters of the Chukchi Sea
were used [11-21]. The low productivity of ecosystems in these water areas is stip-
ulated by strong density stratification due to the intense desalination of the surface
5—12-meter water layer effected by the river flow into the marginal Arctic seas
[12, 13]. Seasonal convection on the Arctic shelf for the most part does not over-
come the stability of density stratification [21], and the process of enrichment of
the photic layer with nutrients does not occur [12, 13]. This natural barrier is not
weakened by such modern climate changes as an increase in the ice-free period
and warming of the surface layer of water [13, 21]. Such features determine
the low level of productivity and effect the ecological risk under the influence of
stressors in the conditions of shelf resource development.

The ecological risk is regarded as the probability of death of a biological sys-
tem (in particular, a population) under conditions of anthropogenic impact during
a fixed period of impacts from stressors. The impact of technogenic stressors and
their multiple combinations is reflected in the natural intra-annual dynamics of
ecosystems with periods of outbreaks and declines in the biomass of ecosystem
components.

The risk-based ecological safety criterion has the following form [22]
K = {y <y,}, where y — ecological risk; y, — permissible risk.

Aty <y,, a decision is made on ecological safety, at y >y, — on ecological dan-
ger [22]. It is impossible to obtain the exact value of ecological risk y in principle.
It is possible to obtain only upper y and lower y risk assessments (y <y < y).
The value of permissible ecological risk lies in the interval between upper y and
lower y assessments. For the criterion of ecological safety, the upper estimates

K=1{ySy,} will be used.

We will take into account L stressors (i =1,_L) that have a negative impact
on the ecosystem functioning under natural conditions. Let us assume that
the stressors can take k states (k =1,_K ). Such states include, for example, normal
operating conditions and emergency events in the operation of technical means
effecting the ecosystem. In accordance with Boole's inequalities,

maxy; =y; Sy <y, =ZI.L:1yl- , where y; — risk from the i-th stressor [23, 24].
1

Ecosystem components (biomass of populations of organisms) can experience rises
and falls during the year: M — number of periods of rise and fall during the year

(m= I,_M). Observational data give maximum values of population biomass

on rises Nmax and falls N... We will take into account the imposition of the effects of
technogenic stressors on the natural dynamics of the ecosystem, for example,
by modelling the impact of a technical resource development system
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in the k-th state on the aggregated component of the ecosystem (phytoplankton)
with seasonal variations in its biomass.

In the general case, for intra-annual risk depending on time we have the fol-
lowing relations [5-7, 23, 24]

K M K M
yk(t)<zqk Zpkmykm zqu(pamyam+pamyam)k zqkya(t)
k=1 m=1 k=1 m=l1
1-Ev(1)/N (1)
ya(t)s(l_N/{vrmX’
ar

t

Pam = ;n’p'am m Zm 1(t +1'y,

M , K
Zmzl(pan1+pam)=1’ Zk:]qkzl’

where y; — risk from a separate i-th impact from stressors (a technical object);
gk — probability of the k-th state of a technical object; p.x — conditional proba-
bility of the m-th state of the ecosystem at the k-th state of the technical system;
vimk — conditional risk from a separate i-th impact factor for the k-th state of a tech-

nical object, and the m-th state of the ecosystem; Ev(¢) — mathematical expectation

of the population biomass value; yi(¢) — intra-annual biosystem risk at the k-th state
of a technical object; p.» — probability of a biosystem being in the m-th intra-annual
state of biomass rise; y., — risk at biomass rise; y'.» — risk at biomass fall;

¥ . — €cological risk throughout the year; y» — biosystem risk probability at the -th

state of a technical object and the m-th state of the biosystem; ¢, — duration of bio-
mass rise; ¢ — duration of biomass fall. Formula (1) is used for the normal distribu-
tion of a random variable.

The model of intra-annual risk variations (1) makes it possible to move on
to the assessment of the dynamics of the probability of acceptable impacts
from stressors on the ecosystem. This hierarchy of actions reflects the priority
of the environmental component in the development of marine resources [21].
For the case where the permissible probability of impacts depends on time QO(t),
the ecoscreening equations [23, 24] were expanded to the following form [7]

1 for y,(H)<yy,

0@t) = y‘(f) for y; <y () <1, )
k

yd fOI' yk(t)zl,

where QJ(f) — maximum permissible probability of anthropogenic impact on the
ecosystem; yi(¢) is determined by equations (1); ys — maximum permissible risk for
the ecosystem under various requirements for maintaining environmental quality.
The probability of the state of technical systems (accident, normal operating
conditions, degree, and modes of impact) taken into account in the technical op-
eration project, also represents the input data for the risk model. Approximate
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acceptable risks of the impact of stressors on marine ecosystems were used
for the calculations (Table).

According to data [25], the range of probability values of acceptable ecologi-
cal risk for various types and stages of technological activity on the shelf ranges
from 1077 to 107", To calculate O(f), values y,; were selected that correspond to in-
creased (ys=107), average (y,=10"%), and insignificant (y;=10") requirements
for the ecosystem quality. Probability g of the technical system being at the 4-th
state (we assume k = 3) was chosen from the range from 107 to 10™! (Table). Proba-
bility values of low g1 = 107, average ¢» =107, and high ¢; = 10 'event frequency
were chosen (Table).

The proposed method takes into account the ecosystem aggregated compo-
nents. The efficiency of the method is confirmed by the results of calculating
the risk for the aggregated component of the initial link of the food chain — phyto-
plankton.

Acceptable risks of stressors on marine ecosystems at the main stages of oil and gas re-
sources development [25]

. I t scal .

Type of anthropogenic rrpact sca'e Estimated

impact on ecosystems Spatial Temporal permissible risk
Seismic exploration Local Temporary 107!
Exploratory well drilling Topical Short-term 1077
Field operations from sin- s
gle platforms Local Temporary 10
Regional field work Regional Long-term 1072
Construction of platforms, . 5 1n7
pipelines, etc. Topical Temporary 10—-10
Operation of pipelines . s
in accident-free mode Regional Long-term 10
Tanker shipping . 4
in accident-free mode Sub-regional Temporary 10
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Generalization of the method to the case of all main components of the ecosystem
will reveal the most vulnerable link in the food chain, which will determine the risk
for the entire ecosystem. Model relations (1)—(2) generalized to the case of J popu-
lations make it possible to determine acceptable values of the probability of im-
pacts from stressors in relation to the j-th population of the ecosystem. If the exist-
ence of all J populations is equally important to us, then the reliability of technical
systems affecting the ecosystem should be subject to the requirement of an ac-
ceptable annual probability of accident Q(¥), satisfying the following condition

O( =minQ(r); [22,23].
J

Observations of phytoplankton biomass are used as input data to the risk
model. Summarizing observation data on the seasonal variation of phytoplankton
biomass in the Kara, White, Laptev, East Siberian, and Chukchi Seas [11-20],
we chose values Nmax, Ner, Pams Plam, E_v(t) as input parameters of the risk model.

The results of ecosystem modelling can also be used to obtain input data
for the risk model [26, 27]. But with little knowledge of the seasonal dynamics
of biomass of the main components of the Arctic shelf ecosystems, especially
in connection with new climate changes, ecosystem modelling is still difficult.
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Fig. 1. The annual course of phytoplankton biomass according to
gener-alized observations of freezing waters (/) [28]; the Barents,
White and Chukchi Seas (2) [29]; non-freezing waters (3) [30];
the coastal part of the Kara Sea (4) [30]; the Kara, Laptev, East Siberian
Seas (5) [11-20]
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Dynamics of phytoplankton biomass in highly productive ecosystems with two
maxima (the Barents, Bering, Chukchi (Barrow Canyon) [12, 13], White Seas,
estuarine and slope frontal zones) and low-productive (the main water area of
the Kara and Chukchi Seas, Laptev, East Siberian Seas [11-20]) vary greatly
(Fig. 1). No spring phytoplankton blooms in a significant part of low-productive
areas (the Kara Sea) confirmed by expeditionary observations [11-20], are
stipulated by stable density stratification. Based on the above expeditionary
observations, the following values were selected for a low-productive ecosystem:
Noax = 1.7-10° mg/m?®, N, = 10 mg/m®, pum = tu/t = 1/6, and Ev(r) (curve 5
in Fig. 1) as input values to risk model (1).

Calculation results

Calculation according to model (1)—(2) showed that intra-annual variations
in ecological risk yx (Fig. 2, a) ranged from 0 to 0.8. Calculated permissible impact
probability values Q(¢f) from 0 to 0.2 correspond to the specified probabilities
of impacts from stressors (Fig. 2, b). This is typical throughout almost the entire
year except for the phytoplankton biomass peak (Fig. 2). Only at the phytoplankton
biomass peak (Fig. 2, b), an impact probability of 80 to 100 % can be assumed
for a low-productive ecosystem.

The performed calculations confirm the initial assumption about the influence
of the intra-annual dynamics of ecosystem components on the intra-annual dynam-
ics of risk. Confirmation of such an influence results in adjustments to static matrix
risk assessment methods.

The results obtained made it possible to calculate the dependence of the per-
missible probability of impact on the ecosystem on the ecological risk Q(yi)
in the range of values g;=10"-10" and y,=10"-10" (Fig. 3). The calculation
revealed areas of increased danger and relative safety (Fig. 3) under various com-
binations of impacts and the required environmental quality.

An important practical result of the conducted research can be considered
the emerging opportunity to identify type 1 and 2 errors. The peculiarity of envi-
ronmental problems in the presence of type 1 and 2 errors is associated with differ-
ent severity of the consequences if they persist. The concepts of errors are taken
from statistical theory, and type 1 error means mistaking a safe situation for a dan-
gerous one, while type 2 error corresponds to the fact that a dangerous situation is
hidden by external well-being [21-23]. In the case of type 1 error, excessive reinsur-
ance associated with a false alarm is not as dangerous, although it involves unreason-
able costs, as type 2 error. Model calculations (Fig. 3) revealed such areas. Analysis
of all combinations of impacts and environmental quality requirements possible
in practice will make it possible to determine the areas of such errors. In its turn,
this will allow reallocating environmental safety expenditures throughout the year
in order to minimize costs. In other words, harmonization of environmental and
economic requirements for the safe development of shelf resources is achieved.
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Fig. 2. Generalized annual course of phytoplankton biomass in low-
productive ecosystems of the Arctic according to observations [11-20]
and model intra-annual variations of ecological risk values (a) and the annual course
of the permissible probability of impacts O(f) from stressors in the range of values
qr=107-102; y,= 1071073 (b)

Increasing the accuracy of ecological risk assessments requires the use of large
volumes of data on processes of different nature: physical, chemical, biological,
geological, technogenic. In our case, part of the data used on the components of
ecosystems, on stressors of technogenic and natural origin relates to parameters
that undergo quick changes in the water layer. This part of the data satisfies
the 3V requirements characteristic of BigData [31], which will make it possible
to link the proposed risk assessment approach with BigData technologies
in the future. The synthesis of BigData modelling and technologies is stipulated
by the need to analyze quickly all possible combinations of stressors of different
nature with a large number of parameters and to impose impacts on the spatiotem-
poral natural dynamics of the ecosystem in real time [31]. In this sense, remote
sensing data is of great importance, providing information on the oceanological
parameters of the marine environment, including hydrobiological ones, in particu-
lar the concentration of chlorophyll a [25, 26].
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Conclusions

In this work, the influence of seasonal dynamics of ecosystem components
on ecological risk intra-annual variations is confirmed by model calculations.
The results obtained are one of the stages in creating a quantitative method for cal-
culating risk, taking into account not only the parameters of stressors, but also
intra-annual variations in the state of the ecosystem under natural operating condi-
tions. An important result of the research was the calculation of the dependence of
the permissible probability of impact on the ecosystem on ecological risk Q(yx),
which made it possible to identify the areas of type 1 and 2 errors.

Improvement of the assessment of ecological risk requires expanding data
on stressors of technogenic origin. The influence of various modes of technological
processes, degree, frequency, and time of impacts of technical systems and human
economic activities in the shelf waters must be taken into account in the dynamics
of both technogenic processes and the ecosystem itself. Expanding the range and
content of risk model input data will make it possible to bring the proposed method
closer to BigData technologies.

Preliminary calculations of intra-annual risk variations presented in this paper,
performed in accordance with the proposed methods in order to identify dangerous
situations, showed the efficiency of the approach and the possibility of extending
the calculations to marine ecosystems of various water areas.
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Abstract

During exploitation of nuclear power plants, biofouling forms in the elements of
the technical water supply circuit, which results in equipment malfunction, underproduction
of electricity, and economic losses. One of the methods to prevent biofouling on immersed
surfaces is ultrasound exposure. To study the peculiarities of biofouling development in water
pipelines of a nuclear power plant, the impact of an ultrasonic device on the formation
of benthic diatom algae (Bacillariophyta) — the primary stage in the succession of
the microfouling community — was assessed. Microperiphyton consisting of diatoms,
bacteria, and protozoa, forms biofilm on surfaces and promotes active development
of macrofouling community leading to further reduction of efficiency of nuclear power
plants. Long-term experiments were carried out in the laboratory and nearshore marine area
to study the influence of ultrasonic device at different power and duration of exposure
on periphyton development on steel and concrete samples. It was found that increasing
the intensity of the ultrasonic device has a pronounced effect on microfouling of substrates
reducing the abundance and species richness of diatoms. Based on the results, it was
recommended to extend the experiments using a full-function ultrasonic device of higher
power during exploitation of a nuclear power plant.

Keywords: biofouling, ultrasonic protection methods, nuclear power plant process
equipment, benthic diatom, Bacillariophyta

Acknowledgments: The work was carried out in the Benthic Ecology Department of
the Federal Research Center of IBSS under state assignment no. 121030100028-0
(“Regularities of formation and anthropogenic transformation of biodiversity
and bioresources of the Azov-Black Sea basin and other regions of the World Ocean™) and
under initiative works of VNITAES JSC. The authors are grateful to leading engineers
of IBSS S. A. Trofimov and Yu. I. Litvin and to engineer of VNITAES JSC S. L. Tarasyuk
for carrying out the experiments, as well as to head of Laboratory of Microscopy of IBSS
V. N. Lishaev for SEM microphotographing.

For citation: Nevrova, E.L.. Petrov, AN., Moroz, N.A. and Kasyanov. A.B., 2023.
Experimental Study of Ultrasound Effect on Microperiphyton of Artificial Substrates
for Fouling Protection of Technical Water Supply Circuit of Nuclear Power Plants.
Ecological Safety of Coastal and Shelf Zones of Sea. (3). pp. 98-113.

© Nevrova E. L., Petrov A. N., Moroz N. A., Kasyanov A. B., 2023

This work 1s licensed under a Creative Commons Attribution-Non Commercial 4.0
International (CC BY-NC 4.0) License

98 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023



JKCNepUMEHTATbHOE H3yYeHUEe BO3/IeliCTBHS YIbTPa3ByKa
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AHHOTaAUHUA

HpI/I OKCILUTyaTalluhd aTOMHBIX BHGKTpOCTaHHI/Iﬁ B JJICMCHTAaX CHUCTCMBbI TCXHHYCCKOIO
BOJIOCHaO)XKEHHST (POPMHPYIOTCSI OMOIIOMEXH, NPHUBOSIINE K HAPYIICHHUIO SKCILTyaTallin
000py10BaHMs, HENOBHIPAOOTKE D3JIEKTPOSHEPTMH W HKOHOMHYECKMM IoTepsM. OnHuM
U3 METO/OB TpPENOTBpAlIeHHs OMOOOpacTaHWs Ha TOTPYKHBIX ITOBEPXHOCTSX SBIISIETCS
BO3JeHcTBUE ynbTpa3Byka. C LEenblo M3y4eHHs OCOOCHHOCTEH pa3BHTHs OMOOOpacTaHus
B BOJOBOJAaX aTOMHOW 3JIEKTPOCTAHIMM OLEHEHO BO3JCHCTBHE YJIBTPA3BYKOBOTO
yCcTpoiicTBa Ha (OpPMHpPOBAHME TaKCOIleHAa OEHTOCHBIX AMATOMOBBIX BOJOpOCIEH
(Bacillariophyta) — mepBHYHOTO 3BeHA CYKIIECCHH COOOIIECTBAa MHKPOOOpACTaHUA.
MukponepuduTOH, COCTOSIIMN U3 TNaTOMOBBIX, OaKTEpUi M NMPOCTeHIINX, o0paszyeT 6uo-
IUICHKY Ha TIOBEPXHOCTSIX M CHOCOOCTBYET aKTUBHOMY Pa3BHTHIO COOOIIECTBa MakpooOpac-
TaHUs, IPUBOJ K JaTbHEHIIEMy CHIDKEHHIO 3(Q(QEKTHBHOCTH aTOMHBIX JJIEKTPOCTAHIIHN.
B ycnoBusix sabopatopuu M1 MOPCKOM aKBaTOPHH IPOBEICHBI JUTUTEIbHBIC SKCIIEPUMEHTHI
TI0 MCCIIEIOBAHUIO BIMSHUS pabOTHl yJIbTPa3BYKOBOTO YCTPOWCTBA MPH Pa3HOI MOIIHOCTH
U TPOJODKUTENLHOCTH M3JIy4eHUs Ha pa3BuTHE TepupuToHa Ha obOpasiax cybcrtpara
13 cTanu u 0eToHa. BEISABICHO, YTO MOBHIICHHE HHTEHCHBHOCTH PabOThI yIBTPa3ByKOBOTO
YCTPOMCTBA OKa3bIBaeT BBIPAKEHHOE BIIMSIHWE Ha MUKpOOOpacTaHus cyOCTpaToB, CHMXKas
INIOTHOCTH IIOCCJICHUSA W BHJ0BOC 00raTcTBO JAUATOMOBBIX. Ilo wroram HCCIICAOBAHUA
PEKOMEHIOBAHO PACIIMPEHHE AKCIIEPIMEHTOB C HCHOIB30BAaHHEM IOJHO(GYHKINOHATEHOTO
yIBTPa3BYKOBOTO YyCTpOMCTBa OoJjiee BBICOKOH MOIIHOCTH MPH DKCIUIyaTallud aTOMHOW
3IEKTPOCTAHIINH.

KiawueBble cioBa: 6nooOpactaHue, ynbTpa3ByKOBBIE METOABI 3AIUTHL, TEXHOJIOTHIECKOEe
obopynosanue ADC, 6eHrocHble tMaToMoBble, Bacillariophyta

BaarogapHocTH: Wccle0BaHNE TPOBEIEHO B oT/eNe dKonoruu oeHroca ®UL] MubIOM
PAH mo roc3aganmro Ne 121030100028-0 (tema: «3akoHOMEpHOCTH (POPMHUpPOBAHHUS U
AHTPOIIOTEHHAs TpaHCPopManus OnopazHooOpasust u bruopecypcoB A3o0Bo-UepHOMOPCKOTO
OacceitHa M Jpyrux paiioHOB MUpPOBOrO OKeaHa»), a TaKKEe B PaMKaX HWHUIIMATUBHBIX
pabor AO «BHMUMADCy». ABtops! Omaromapus! Bed. umk. MHBIOM C. A. Tpodumony,
0. U. JlutBuny, unmxk. 1 xar. AO «BHHUHUADC» C. JI. Tapacioky 3a NOMOILb
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Jdass uuTupoBaHus: DKCIEPUMEHTAIHHOE HM3YYEHHE BO3JECHCTBHS YIbTpPa3ByKa
HA MHKPOIIEpU(UTOH HUCKYCCTBEHHBIX CyOCTPATOB C LENBIO 3alIUTHl OT OHMOMIOMEX CHCTEM
TEXHHYECKOTO BOJOCHAOXeHHs aTOMHBIX 3nekrpocranuuii / E. JI. HeBpoma [m ap.] //
Okonoruyeckas 0e30macHOCTh NPUOpEKHOH u menbdoBoit 30H Mops. 2023. Ne 3. C. 98-
113. EDN JCUYKV.

Introduction

In recent decades, there has been a tendency to rearrange thermal and nuclear
power plants (TPP, NPP) to sea coasts to take in large volumes of water required
for technical water supply circuit (TWSC). This raises various problems related
to the development of fouling organisms in water pipelines. Conventionally, these
problems are divided into three types [l]: physical fouling of pipelines and
operational biofouling caused by it; mechanical damage and death of hydrobionts
(plankton and larvae of benthic species, fish eggs, and juveniles) after their passing
through water supply circuits [2]; impact of waste water (including thermal water)
on coastal aquatic ecosystems [2,3]. Thus, marine fouling is both an environmental
and anthropogenic-technological phenomenon that must be taken into account
when developing a concept for biofouling protection [1, 4].

The formation and growth of fouling communities (micro- and macrophytes,
mollusks, barnacles, tubular polychaetes, ascidians, etc.) on the TWSC of an NPP
is facilitated by a bacterial-algal biofilm, the initial stage of periphyton succession
on the submerged equipment surfaces in water. Intensive development of fouling
in the NPP heat sinks and replenishment supply reservoirs results in complex
disruptions to the TWSC and corrosion intensification. Moreover, the working
cross-section of pipelines and heat exchangers decreases, technological systems
(including safety ones) fail, which leads to a decrease in the efficiency of NPP
power units and economic losses [5—7]. In recent years, the total damage from
biofouling at NPPs and TPPs has exceeded 11 billion rubles.

Anti-biofouling measures are divided into physical, chemical, and
biological or complex [1, 5, 8]. Physical methods include cleaning the TWSC
with compressed air, increasing the temperature of water in pipelines, cathodic
protection, generating an electric field, ultraviolet (UV) or ultrasonic (US)
exposure [1, 4, 8]. US anti-fouling methods include sounding of equipment, which
causes a cavitation effect in the tissues of aquatic organisms, thus reducing their
ability to settle on the substrate and grow subsequently [1, 6]. It is known that
almost complete death of the larvae of a bivalve mollusk zebra mussel, is caused
by continuous ultrasonic exposure with a power of 100-800 W, a voltage of 438 V,
and a frequency of 17-22 kHz for several days, while the percentage of death
increases sharply when increasing sound pressure frequency and strength [5, 6, 9, 10].
High energy consumption can be stated as the disadvantage of this method.

Some of the most pressing challenges for RosEnergoAtom JSC are to monitor
the biofouling development, to take preventive measures, and to minimize its
impact on the operation of the NPP TWSC [6]. Based on the implementation of
the preliminary project results “Development of Technology for Combating
Biofouling of Technological Equipment of Circulating Water Supply Circuits
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at Nuclear Power Plants (AP-19/246)” by All-Russian Research Institute for Nuclear
Power Plants Operation JSC, it was revealed that the ultrasonic device (USD) is
an effective anti-fouling tool. Thus, its using promotes to perform comprehensive
preventive protection of equipment from fouling and avoids shutting down
the TWSC, taking it out for repairs and cleaning [1, 6]. Tests in the Laboratory of
environmental protection in the Rostov NPP showed that a prototype of the USD
destroyed the druses of the zebra mussel (Dreissena polymorpha L.) that were
strongly adhered to the water-immersed elements of the TWSC [6].

In 2021-2022, together with the Benthos Ecology Department of the Federal
Research Center of IBSS, the advanced USD exposure on the formation of fouling
on artificial substrates was tested. The laboratory stage of the experiment was
performed under conditions that simulating marine environment; the experiment
in the water area was performed in the marine water areas near the building of
Radiobiological Department (RBD) of the IBSS.

The choice of benthic diatoms (Bacillariophyta) as test objects is based
on their importance in aquatic ecosystems as a primary trophic link, mass
distribution and predominance in microphytobenthos in terms of numbers, high
biomass, and huge species richness [11]. Due to their sensitivity to environmental
factors, diatoms can be indicators for the water quality assessing, as well as in testing
the effectiveness of anti-fouling devices and biocidal paints and varnishes [11-13].
Microfouling, consisting of bacteria, diatoms and protozoa, forms a primary
biofilm on underwater surfaces, including the TWSC [7, 12], which provides to
the active development of the macrofouling community and leads to a further
decrease in the NPP operating efficiency [7, 14].

This work is aimed to evaluate the USD efficacy with different operation
modes for protecting hydrotechnical facilities from microfouling based on studying
of benthic diatoms taxocene structure during long-term laboratory and field
experiments. The tasks are as follows: 1) to identify differences in the abundance
and species richness of benthic diatoms during the formation of microphytoperiphyton
on concrete and steel plates; 2) to assess the dynamics of diatom fouling intensity
of various substrates in the control and under different operating modes of the USD.

Material and methods

During the first stage, in laboratory conditions simulating marine environment,
the following samples of the substrate were used: metal plates 5.5 x 6.5 cm from
A-3 stainless steel and M-500 concrete plates 10 x 18 cm. The samples were fixed
on holders and placed in 40-liter containers — control (CC) and test (TC) ones,
13 pieces of steel and concrete plates in each (Fig. 1, a, b). The containers were
filled with natural seawater taken from Sevastopol Bay. The water in the containers
was changed every two days, and each series of experiments was run for four
weeks. During the experiment, periphyton components were successively deposited
on steel and concrete samples: bacteria — diatoms — zoobenthos larvae. The TC was
treated with ultrasound generated by a cassette of five high-frequency emitters with
their constant power of 500 W, frequency of 27.1-27.3 kHz and current strength of 3 A.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 101



Fig. 1. Long-term laboratory experiment: a — control container (CC)
with concrete and stainless steel plates; b — test container (TC) with
the ultrasonic device (USD) and similar plates; ¢ — devices for setting
the time and power modes of USD operation (fop) and HAILEA
device for water cooling and temperature control (bottom)

The frequency of USD exposure was three times a week for 4 hours (Fig. 1, ¢).
The distance from the USD to the water surface in the TC was 10 cm; the CC was
isolated from the ultrasonic unit with sheets of foam plastic, plexiglass, and dense
rubber 1.5 cm thick. To avoid heating of sea water in the TC during the USD
operation, a HAILEA device was used, which thermostated the water temperature
in both containers to 19.0 + 0.5 °C (Fig. 1, ¢). The laboratory experiment included
constant lighting conditions (8/16 hours) and ventilation necessary for the alive
organisms. The experiment continued for four months (September to December
2021).

Every month, two samples of concrete and steel plates were removed from
each container, microphytoperiphyton from their surface was scraped off from area
of 5.5 x 6.5 cm and rinsed with filtered sea water. The total volume of each lavage
was adjusted to 100 ml, the cells were counted with Carl Zeiss Axiostar+ light
microscope x 400 (LM). Taxonomic identification of diatoms was carried out using
permanent slides and micrographs obtained with Hitachi SU3500 scanning electron
microscope (SEM).

To assess the microperiphyton abundance, diatom cells were counted
in a Goryaev chamber (hemocytometer) in duplicate, then the results were
recalculated per 1 m? of substrate surface [11]:

_ (aV)
(S-10™* 7-107)

b
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where a — number of cells in 0.007 mm?; V' — specified sample volume, 100 mm?;
S — sample surface area, in our experiment — 35.75 cm?.

For the second stage of experiment (in the seawater area), control (CS) and test
(TS) stands were made with steel and concrete plates attached to them. The stands
had been exposed for five months (from April to September 2022) at a depth of
0.5-0.7 m at the water area bottom (Fig. 2). The USD was installed above the TS

Fig. 2. Long-term experiment in the water area: a — general view of the control
stand (CS) with concrete and steel plates; b — sampling by a diver; ¢— USD
installed above the test stand (TS); d — devices for setting and maintaining
the time and power modes of USD operation; concrete plates after 5-month
exposure: e — control; f — after exposure to USD; steel plates after S-month
exposure: g — control; & — after exposure to USD; i — control (fop) and test
(bottom) stands after 5-month exposure to sea water
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on a floating platform and was protected by a special cover from the wave,
precipitation, and solar irradiation impact (Fig. 2, ¢). The distance from the emitters
to the water surface was 20 cm. The control stand (CS) was installed in the water
area at a distance of 30 m from the TS behind a concrete block, which shielded
the CS from the USD exposure. During the experiment, the water temperature
in the water area increased seasonally from 10 to 25.0 £ 0.5 °C. Every month,
two plates of each type of substrate were removed from both stands and
the abundance and species richness of diatoms were determined in the laboratory
using the aforementioned method [11].

During the first 3 months, the TS was exposed to USD with the following
working parameters: power — 500 W, frequency — 27.5 =+ 5 % kHz, current
strength — 3 A, period of operation — three times a week, 4 hours a day. Since July
2022, duration of TS treatment with the USD was extended to 8 hours a day,
five times a week (Fig. 2, d). The experiment was terminated on 21.09.2022,
due to beginning of storm season.

Results and discussion

Laboratory experiment. After the first stage of experiment, different conditions
of sea water in containers were observed. In the TC, the concrete and steel plates
remained visually clean, and the water was clear throughout the whole observation
period. The water in the CC became muddy after two weeks (despite the regular
water replacement every two days), probably due to metabolites released
by fouling organisms and diatom polysaccharides. During the experiment,
the parameters of abundance and species richness of diatoms in the CC on both
concrete and steel plates significantly exceeded the level in the TC (Fig. 3). After
four months, the average abundance of diatoms on concrete in the CC was
90.327-10° ind./m?, the number of species was 14 (Fig. 3, a), and in the TC —
only 0.893-10° ind./m?, with 3 species (Fig. 3, b), respectively. It should be noted
that in the first month of US exposure, diatom cells were not observed on the steel
plates in the CC and TC. This fact can be caused by the smoothness of the steel
surface, which does not facilitate the settling and primary adhesion of diatoms and
larvae of microzooperiphyton organisms. After four months, the average
abundance of diatoms on steel plates in the CC was 124.28-10° ind./m?, the number
of species was 11 (Fig. 3, ¢), and in the TC the abundance was 7.14-10° ind./m? and
3 species only (Fig. 3, d).

Based on the laboratory experiment result, it was concluded that even with
a relatively weak power of ultrasonic sounding, the USD exposure provided
preventive protection of concrete and metal substrates from colonization by the main
components of phytoperiphyton. In addition, the effect of US exposure resulted
in the mechanical cleaning the plates’ surface from contaminants and hydrobiont
metabolites.

Field experiment. During the field experiment in the water area, which
included the fouling formation, the following phyto- and zoocomponents of
periphyton sequentially settled on metal and concrete substrate: bacteria, diatoms,
macrophytes seedlings (Chlorophyta, Ochrophyta, Rhodophyta), larvae of mollusks,
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Fig. 3. Laboratory experiment:
values of benthic diatoms in the control
and exposed to the USD on concrete
(a — CC; b — TC) and steel plates (¢ —
CC; d — TC). The bars are abundance
and the circles are species richness of
diatoms

polychaetes, and barnacles. Varia-
bility in parameters of micro-
phytoperiphyton on both types of
substrates was revealed. It might
be caused by a number of reasons,
including changes in the hydrolo-
gical regime and activation of
diatoms reproduction as a stress
response to the USD impact
in the initial period of experiment.

The results of the first month
of field experiment showed that
USD action with its power of
500 W, sounding frequency of
27.5+ 5% kHz, and current strength
of 3 A with the exposure
duration four hours a day, three
times a week, significantly
stimulated micro-phytoperiphyton
development on concrete and
steel samples at the experimental
stand (TS) (Fig. 4).

At the first month of exposure,
the lowest abundance of diatoms
was observed on the CS concrete
and steel plates (45.5-10° and
14-10° ind./m?, respectively).
On the contrary, the abundance of
diatoms at the TS were tens of
times higher than at the CS:
1302:10° ind./m? on the concrete
samples and 472-10% ind./m?
on the steel ones.
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the CS (see Fig. 2, i). The same pattern was observed upon final examination:
the phytoperiphyton density on concrete and steel plates at the CS differed
significantly (see Fig. 2, e, f) from such samples at the TS (see Fig. 2, g, A).
The lowest abundance of diatoms at the final stage of experiment was observed
in the TS steel plates fouling (121-10° ind./m?). Twice as many cells were recorded
on the steel CS samples — 228:10° ind./m? (Fig. 4, ¢, d). On the TS concrete
substrate, the abundance of Bacillariophyta was four times lower (385-10° ind./m?)
than at the CS (1553.5-10° ind./m?) (Fig. 4, a, b). Obviously, the intensity of diatom
colonization of a smooth surface of steel plates is lower than that on concrete
substrate with a rough surface providing better cell adhesion. Importantly,
the abundance of diatoms on both types of plates at the TS after five months of
exposure to the increased USD operation mode reduced significantly in compare to
the initial stage of the experiment.

Within microphytoperiphyton 30 mass benthic species belonging to 21 genera,
17 families, 13 orders and 3 classes of Bacillariophyta were identified (Fig. 5).
Representatives of class Bacillariophyceae predominated with 22 species against
5 species from class Fragilariophyceae and 3 species from class Coscinodisco-
phyceae. Regardless of the experimental conditions and type of substrate, small-
celled species from genera Navicula Bory 1822 and Nitzschia Hassall 1845,
characterized by the highest division rate and resistance to stress factors,
sharply prevailed.

At the fifth month of experiment on concrete plates at the CS, the maximum
abundance of Nitzschia sp.1 and Navicula perminuta Grunow (1178.5-106 ind./m?
and 831-10° ind./m?, respectively) was marked. The list of subdominants included
Thalassiosira excentrica (Ehrenb.) Cleve (203.5-10° ind./m?), Nitzschia longissima
(Bréb. ex Kiitz.) Grunow (87-10° ind./m?), Caloneis liber (W. Sm.) Cleve
(31.5-10° ind./m?), Nitzschia sp. 2 (19-10° ind./m?), Amphora marina (W. Sm.)
Chase (11-10° ind./m?), Licmophora gracilis (Ehrenb.) Grunow(9-10%nd./m?),
Pleurosigma elongatum W. Sm. (4.5-10%nd./m?), Cylindrotheca closterium
(Ehrenb.) Reimann et Lewin(4-10° ind./m?), Entomoneis paludosa (W. Sm.)
Reimer (3-10° ind./m?). The abundance of other species varied from 0.5 to
2.5:106 ind./m>.

Thus, an increase in the duration and frequency of the USD action after five
months of exposure in the marine water area had a pronounced inhibitory effect
on the diatom taxocene formation (the main component of microperiphyton),
contributing to reducing in its abundance and species richness on both types of
substrate. In general, the results from our experiments are consistent with
the previously obtained results of other researchers on assessing the ultrasound
effect on the resistance and survival of different groups of fouling. In particular,
it was shown [10] that even with a short-term (up to 1-2 min.) of USD exposure
with a frequency about 17 kHz and sound pressure from 1700 to 5000 bar, loss of
ability to settle and subsequent almost 100% elimination of zooperiphyton larvae
(cyprises of barnacles, etc.) were registered. Combined application of USD (power
0.12 kW and frequency 25 kHz) and 30 W UV-lamp revealed that UV-US effect

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 107



Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023

108



Fig. 5. Dominant species of benthic diatoms on concrete and steel substrates (SEM):
a — Navicula perminuta; b — Nitzschia sp.1,; ¢ — Navicula parapontica;d — Tabularia affinis,
e — Nitzschia sp.2; f— Licmophora gracilis; g — Microtabella delicatula; h — Entomoneis
paludosa; i — Thalassiosira excentrica;, j — Grammatophora marina;, k — Amphora sp.;
| — Actinocyclus subtilis, m — Amphora marina;, n — Nitzschia hybrida; o — Striatella
unipunctata; p — Caloneis liber;, q — Licmophora flabellata; v — Campylodiscus thuretii;
s — Trachyneis aspera; t — Pleurosigma elongatum;, u — Plagiotropis lepidoptera;
v — Ardissonea crystallina; w — Nitzschia longissima. Scale bar: a, c,e, f, g, k, m — 5 pm;
b-3um;d h i j o, s r—10um;/ p,s—20 um; g, t —50 pm; u — 30 pm; v, w— 100 pm

on fouling of water supply device lead to significant decrease in the occurrence of
Ciliata and Oligochaeta after 72 hours of exposure, but at the same time it had not
noticeable effect on the number of amoebae, rotifers, and other forms of parasitic
ciliates [9].

We have to point out that effect of microalgae development stimulation
observed at the beginning of the in situ experiment was noted before ! as the first
stage (activation) of a test object response when exposed to various toxicants,
electromagnetic fields, and other stressors [13, 14]. Apparently, this phenomenon
is stipulated by the short-term reaction of microalgae to the USD impact, which
is expressed by mobilization of their adaptive capabilities and cell division
intensification [15]. At the third month of the USD exposure with increased
parameters, a reduction of abundance of diatoms was noted, that reflects a falling
resilience at the second stage of stress (inhibition). It is known that the USD
sounding to a biological object and their direct impact can destroy the membranes
and organelles of unicellular organisms, as well as inactivate its enzymes [15-17].

And finally, at the fifth month of the experiment, the third stage of stress
begins (depletion of adaptive capabilities and elimination of diatoms), which was
expressed in the diatom cells number reduction by several times on both types of
substrates at the TS. The ultrasound spreads well over a large area in water and can
prevent the attachment of free-living forms of organisms, especially microperi-
phyton, destroy microplankton and bacteria even at a distance from the operating

USD, thereby worsening the food resource of predators, and also suppress

D Gelashvili, D.B., 2016. [Principles and Methods of Ecological Toxicology]. Nizhny Novgorod:
1zd-vo NNGU, 704 p. (in Russian).
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the viability of some groups of fouling. The effectiveness of ultraviolet and
ultrasound combined treatment to increase water quality during its purification and
disinfection from pathogenic organisms when used in aquaculture and in closed
water supply circuits has been approved [17, 18].

It should be noted that US sounding, unlike hard radiation, do not have
an accumulating effect, therefore long-term US action with low intensity does not
cause any noticeable changes in periphyton organisms. In contrast, short-term high-
power pulse US treatment can have a more pronounced efficacy on fouling than
weak, but continuous US exposure. However, even with prolonged US exposure
by a weak and obviously non-lethal doses, it is still impossible to establish
the degree of periphyton inhibition only by the absence of a response from organisms.
Thus, there can be no signs of suppressive effect to different groups of biota when
the ultrasound action is below a threshold level, but the opposite effect can occur —
referring to the aforementioned stimulation of the development and growth of
fouling organisms, as was observed at the TS in the initial stage of the field
experiment.

Based on the experimental results in the water area, we can conclude that since
the sensitivity of different groups of periphyton to ultrasound treatment is different,
we have to find universal threshold parameters to achieve the greatest USD effect
(excluding hard doses dangerous for biota). For example, larvae of barnacles can
die and fall off experimental plates even at low levels of the US action, while
adhered juvenile barnacles or small mollusks can remain viable even at higher
sounding levels. To improve the USD efficacy, the seasonal aspects of periphyton
succession on various substrates should also be taken into account. Evidently that
during the spring-summer’s peak fouling development and the highest intensity of
formation of the primary biofilm on the TWSC surfaces, the USD action should be
higher than at the autumn-winter period.

In general, the results of laboratory and field studies revealed that the problem
to provide the US protection of TWSC equipment against biofouling should
be solved not only by increasing the USD power and intensity, which apparently
causes the rapid and complete death of all ecological and taxonomic groups
of periphyton on treated surfaces. Also, one should define such parameters
of sounding that can preventively supress the fouling: settling and adhesion
of microphytes, macrophytes, and zoobenthos, their subsequent growth and
development. It seems important to expand laboratory and field experiments
in order to study the US action of various durations and frequencies on the survival
and development of different groups of periphyton to achieve the maximum effect
in TPP and NPP TWSC protection. Minimisation the negative impact of ultrasound
on the state of other components of aquatic ecosystems of water-cooling reservoirs
should also be taken into consideration.
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Conclusion

The stimulation of microperiphyton development on both concrete and steel
substrates at the initial stage of the experiment studying the ultrasound effect was
revealed.

Increasing the duration and frequency of the USD exposure had a pronounced
effect on the diatoms — main component of the microperiphyton on concrete
and steel substrates. After five months of the experiment with the increased USD
intensity, a significant reducing of abundance and species richness of diatoms
on steel and concrete was registered, compared to previous months. Small-celled
species from genera Navicula and Nitzschia dominated on both types of substrate,
regardless of the experimental conditions. A total of 30 species of benthic diatoms
belonging to 21 genera, 17 families, 13 orders and 3 classes of Bacillariophyta
were marked.

The results of laboratory and field tests make it possible to recommend
to extend the experiments using a full-function USD of higher power directly
during the exploitation of an NPP.
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Are Polymer-Based Single-Use Face Masks
Subject to Biofouling in Seawater?
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Abstract

The paper presents for the first time the results of an experimental study of the species
composition and quantitative characteristics: species richness (S), abundance (N) and
biomass (B) of the microalgae and cyanobacteria in the fouling of synthetic single-use face
masks as a technogenic substrate. Fouling experiments were conducted for two months and
for one year in 2021-2022 in Karantinnaya Bay (the Black Sea). The surface of masks and
microfouling suspensions were studied using light and electron microscopy. In total,
48 taxa from 5 phyla were noted: Cyanoprocaryota — 3 species, Bacillariophyta — 36,
Dinophyta — 6, Haptophyta — 2, Ochrophyta — 1. After a two-month exposure of masks,
30 species were found, and 40 species were found after a one-year exposure, 22 species
were shared. For the first time for the bay, we have identified benthic species of diatoms
Cocconeis guttata and Karayevia amoena. Out of 14 benthic typical colonial fouling
species of diatoms, Tabularia fasciculata was on all masks with 100 % occurrence.
Solitary-living species were also recorded among the frequently encountered ones:
potentially toxic Halamphora coffeiformis and bentoplanktonic Cylindrotheca closterium.
The features of the mask fouling at different exposure periods in the sea are the absence of
the formation of diatoms colonies, unlike fouling on other anthropogenic and natural
substrates, and low quantitative characteristics at different periods: after a two-month
exposure, the corresponding values were: S — 10-15 species, N — 9200-13100 cells/cm?,
and B — 0.001-0.02 mg/cm?; after a one-year exposure, the same were: S — 8-14 species,
N — 49008400 cells/cm?, B — 0.01-0.03 mg/cm?.

Keywords: diatoms, cyanobacteria, microalgae, fouling, single-use face masks, Crimea,
coastal waters, Black Sea
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MeJULIMHCKHE MACKH B MOPCKOM Boxe?
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AHHOTAUHUA

BriepBrie npecTaBiIeHBl Pe3yIbTaThl SKCIEPUMEHTAIBHOTO M3YYEeHNS BUJOBOTO COCTaBa U
KOJIMYECTBEHHBIX XapPaKTePHCTUK (OOMINE BHIOB, YHCIEHHOCTh M OHOMAacca) MHKPOBOIO-
pocnelt 1 uaHoOaKkTepuii B 00pacTaHWM CHHTETHYECKUX MEIULIMHCKHX MacoK B Ka4ecTBE
TEXHOTeHHOTrOo cyOctpara. B 2021-2022 rr. B 6. Kapanrtunnoit (UepHoe mope) Obun
MIPOBEAEHBI IKCIIEPHMEHTHl M0 OOpacTaHMIO B TEUYEHHE JIBYX MECAIEB M OJHOTO TOja.
[ToBepXHOCTP MacoK ¥ CYyCIIEH3MH MHKPOOOpAacTaHWH W3ydalnd C HCHOJIB30BAHUEM
CBETOBOW W JIJIEKTPOHHON MHKpOCKOIUH. Becero oOHapykeHO 48 TaKCOHOB M3 5 OTIEIOB:
Cyanoprocaryota — 3 Buma, Bacillariophyta — 36 BumoB, Dinophyta — 6 Bugos, Haptophyta —
2 Buna, Ochrophyta — 1 Bux. Ilpu AByXMecsSUHOW IKCHO3UIIMHE MacoK HaiineHo 30 BUIOB,
pu roguaHOi — 40, ipu 3ToM 22 Braa ObUIH 0OIMIMMU. BriepBeie st OyXThl HAMH yKa3aHbI
OCHTOCHBIC BHIBI JHATOMOBBIX Bogopociieii Cocconeis guttata m Karayevia amoena.
W3 14 meHHATHBIX THIWYHBIX KOJOHHAIBHBIX BHIOB-OOpacTaTeliell TMaTOMOBBIX BOJOPOCIIECH
Ha Bcex Mackax co 100 %-Ho# BctpedaeMocTbio otMeueH Bun Tabularia fasciculata, cpenn
OJMHOYHOXKMBYIIMX BHIOB YacTO OTMEYAJIMCh MOTEHUMAIbHO TOKCWYHBIA Halamphora
coffeiformis n 6enrorankTonublii Cylindrotheca closterium. OCOOEHHOCTBIO 0OpacTaHUs
ABJISIETCSI OTCYTCTBHE 00pa30BaHMs KOJOHHH JHUAaTOMOBBIX BOJOPOCIEH, B OTIMYHE OT oOpac-
TaHUS Ha JPYTUX aHTPOIOTEHHBIX M NMPHUPOAHBIX CyOCTpaTax, M HHM3KHE KOJIMYECTBEHHBIC
MOKa3aTeNd TPH Pa3HBIX CPOKaX SKCHO3UIMU — MPH ABYXMECSYHOW COOTBETCTBYIOLIHE
3HAYEHHS COCTABIAIM: oOmtne BunoB — 10—15 BumoB, unciaeHHocTs — 9200—13 100 ki1./cMm?
u Ouomacca — 0.001-0.02 mr/cm?, nmpu roauMuHOW — 0oOWIME BMIOB — 8—14 BHIOB,
yucineHHocTs — 4900-8400 kin./cMm?, 6uomacca — 0.01-0.03 mr/cm>.

KnwueBbie cao0Ba: aHaTOMOBBIC BOJOPOCIH, IMAHOGAKTEPHH, MHKPOBOIOPOCIH,
obpacraHue, CHHTETUYEeCKUE METUIIMHCKIE MAaCKH, KPhIMCKOe pubpexbe, UepHoe Mope

BaarogapHocTH: pabora BBINONHEHAa IO TeMe rocyaapcTBeHHoro 3amanus OUIL
NHBIOM PAH «MccnenoBanne MeXaHW3MOB YIPaBIEHUS MPOAYKIIMOHHBIMU MPOIIECCAaMHU
B OMOTEXHOJIOTHYECKUX KOMIUIEKCAX C IENbI0 pa3pabOTKH HAayYHBIX OCHOB MOJY4YEHHS
OMOJIOTMYECKH AKTHBHBIX BEIIECTB M TEXHHYECKHX IIPOJYKTOB MOPCKOTO TI'€HE3HCa»
(momep roc. peructparuu 121030300149-0). Beipaxxaem 61aromapHocCTh TII. H. C., A. 0. H.
B. U. Psabymko 3a muero m3ydenust u nomuepxkky, C. B. IllypoBy — 3a ot6op mpod u
ruaposornueckue usmepenus, B. H. Jlumaesy — 3a 06paboTky marepuina B COM.

das unutupoBanus: bougapenko A. B., Pabymko JI. W., Bnarmamna A. A.
[ToxBep>keHs! 1 OMO0OPACTAaHUIO CHHTETHIECKHE MEAUITMHCKIE MAaCKH B MOPCKO# Boze? //
Okonornyeckas 6e30mMacHOCTb NMPHOpPEXHOH 1 menbdoBoit 300 Mopst. 2023. Ne 3. C. 114-
128. EDN MYZVXK.
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Introduction

The plastisphere of the World Ocean contains 8—12 million tons of waste, and
in recent years, due to the COVID-19 pandemic that has covered the entire world,
single-use three-layer face masks have been added to the variety of anthropogenic
debris entering marine ecosystems and accumulating there. Based on the annual
estimate of global production of 52 billion masks, researchers estimate that
1.56 billion masks entered the World Ocean in 2020 (Fig. 1), representing between
4680 and 6240 tons of plastic pollution [1].

Like any other type of solid human-made waste entering marine ecosystems,
face masks are an additional anthropogenic substrate for colonization by various
organisms, mainly micro- and meiobenthic forms. The most studied substrates
atypical for the natural habitat of hydrobionts in the sea include substrates of
anthropogenic origin (glass, wood, plastic, synthetic polymer-based materials, etc.),
which are populated mainly by bacteria, diatoms and cyanobacteria V) and participate
in the transformation of the substrate and its partial utilization in the sea in different
ways [2—-12].

It has also been noted that bacteria, fungi, cyanobacteria and mainly diatoms
create persistent biofilms on plastic and glass materials, subsequently competing
for the substrate ! with invertebrates and macrophytes [5, 13].

As a substrate, a three-layer face mask represents a set of polymer-based fibers
that form a textile fabric. Such masks are made from various non-woven materials,
most often spunbond, mainly spunbond polypropylene. Spunbond is a microporous
material that is resistant to aggressive environments and water, as well as to high
and low temperatures. It has high
strength, does not rot or mold.
It is indicated that in the environ-
ment this material does not have
any ability to form toxic com-
pounds, and this determines its
environmental safety [14].

However, the polymer-based
material of single-use face masks

determines the process of their

long-term degradation under Fig. 1. Used polymer-based single-use face masks
natural conditions in the sea. Washed up on the coast (URL: https://oceansasia.org)

D Balycheva, D.S., 2014. [Species Composition and Structural and Functional Characteristics of
Periphyton Microalgae of Anthropogenic Substrates in the Crimean Coastal Part of the Black Sea.
Extended Abstract of Doctoral Dissertation]. Sevastopol, 24 p. (in Russian).
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In this case, the destruction of synthetic fabric occurs almost immediately after
entering the aquatic environment and is accompanied by the gradual release of
microscopic polypropylene fibers that are capable of absorbing organic and
inorganic pollutants, which leads to the toxicity of microplastics [12]. Consequently,
masks have become a potential source of microplastic pollution of marine
ecosystems with a known negative impact on various communities of aquatic
organisms — from microforms of animals and plants to the largest representatives of
the living world [12, 15-18].

It should also be taken into account that the polypropylene density (0.91 g/cm?)
is less than the water density (0.99 g/cm?), and the outer layer of face masks is
waterproof, so such personal protective equipment can move for a long time
by currents in the water column of seas and oceans. Species that have colonized
the surface of this substrate in one area can be transported over significant
distances and become invasive in new water areas. In addition, biofilms formed
in the water column on artificial polymer substrates can lead to the loss of
buoyancy of these materials and their subsequent burial in bottom sediments,
i. e., transition from one biotope to another. All this indicates the global scale of
the problem of marine plastic pollution and the relevance of studying physico-
chemical and biological processes in the plastisphere. The Black Sea is an inland
body of water, which makes it very difficult to protect its biota from pollution,
especially from plastic waste.

In connection with the above stated and also due to the lack of data
in the literature concerning the biodegradation of face masks that run into the sea,
the question comes up whether these synthetic materials are colonized at all and
whether the processes of their biodestruction occur under the influence of microalgae
and cyanobacteria at different exposure periods in the sea.

The purpose of this article is an experimental study of the species composition
and quantitative characteristics of microalgae and cyanobacteria in the fouling of
polymer-based single-use face masks at different exposure periods in Karantinnaya
Bay (the Black Sea).

Materials and methods

To study the species composition, number, and biomass of the microalgae and
cyanobacteria fouling single-use face masks in the sea, as well as to visually assess
the integrity of the synthetic material after different periods of stay in sea water,
the following experiment was carried out. A vertical collector, which consists of
perforated plastic containers fixed on a rope with a buoy and an anchor with masks
attached to them, was mounted in the area of a mussel and oyster farm
in Karantinnaya Bay (44°61'83" N, 33°50'34"” E) (Crimean coastal waters of
the Black Sea). Holes in the walls of the containers provided constant access of sea
water with micro- and meioorganisms living in it. The location depth of
the containers was 3 m. At the same depth, a hermetically sealed cylinder with
masks was fixed in sterile sea water. Accordingly, such masks were not exposed to
the biotic factor while maintaining the influence of a number of abiotic factors,
such as temperature, salinity, illumination, hydrodynamics, etc.
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Some of the experimental masks were taken out two months (from
05.10.2021 to 10.12.2021) and a year (from 05.10.2021 to 09.11.2022) after their
immersion in the sea. The masks remaining on the collector are the subject of
subsequent study of fouling processes and observation of the polymer-based
material degradation with longer exposure.

During the two-month exposure of the material, the water temperature varied
within the range of 12.8-19.6 °C, and the salinity made 17.84-18.07 PSU.
During the one-year exposure, the water temperature had positive values with its
minimum in February 2022 (8 °C) and maximum in August (26.1 °C), and water
salinity varied within the range of 17.84-18.52 PSU.

In the laboratory, the masks were cleaned of fouling. The study of
the qualitative and quantitative characteristics of microalgae and cyanobacteria
on the surfaces of the masks and in the resulting suspensions was carried out
in light microscopes (LM) such as Olympus CX31 and Axioskop 40 (C. Zeiss)
at a magnification of 10 x 20, 10 x 40, and 10 x 100. For a detailed study of cell
morphology and identification of the species of diatoms, sample preparation was
carried out for examination in a scanning electron microscope (SEM) Hitachi
SU3500. Samples were prepared in two ways. In the first case, fibers and pores
on the surface of single-use face masks were studied without treating the material
with acids. At five points on the mask fabric, squares measuring 0.5 X 0.5 cm
were randomly selected and cut out, left to dry completely in air, and then a thin
layer of gold — palladium was sprayed on. The second case was to treat
the resulting suspensions with acids according to the methods [19, 20] to clean
the shells of diatoms and obtain their photographs, which was necessary for species
identification.

Determination of the species composition of microalgae and cyanobacteria
was carried out using monograph [21] and a number of papers - 3> 4- -9 Names
are given according to the algae database 7. The species richness (S), abundance
(N), and biomass (B) of living microalgae cells were taken into account
in a Goryaev chamber (hemocytometer) with a volume of 0.9 mm? according to
the formulas of V.I. Ryabushko [22]. The species richness was determined
as the number of species found in the counting chamber when viewing samples
from each specific sample of experimental material.

2 Guslyakov, N.E., Zakordonets, O.A. and Gerasimyuk, V.P., 1992. [4tlas of Benthic Diatoms of
the Nortwestern Black Sea and Adjecent Waterbodies]. Kiev: Naukova Dumka, 112 p. (in Russian).

3 Konovalova, G.V., 1998. [Dinoflagellates of Far East Seas of Russia and Adjacent Water Areas of
the Pacific Ocean]. Vladivostok: Dalnauka, 298 p. (in Russian).

4 Komarek, J. and Anagnostidis, K., 1999. Cyanoprokaryota. 1 Teil: Chroococcales. Siifwasserflora
von Mitteleuropa. Bd 19/1. Heidelberg, Berlin: Spektrum Akademischer Verlag, 523 p.

9 Witkowski, A., Lange-Bertalot, H. and Metzeltin, D., 2000. Diatom Flora of Marine Coast. Part I.
Iconographia Diatomologica. A.R.G. Gantner. Vol. 7, 925 p.

® Ryabushko, L.I. and Begun, A.A., 2016. [Diatoms of Microphytobenthos of the Sea of Japan
(Synopsis and Atlas)]. In two volumes. Sevastopol: PK “KIA”.Vol. 2, 324 p. (in Russian).

7 Guiry, M.D. and Guiry, G.M. 2023. AlgaeBase. National University of Ireland, Galway. [online]
Available at: https://www.algaebase.org [Accessed: 31 August 2023].
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Results and discussion

LM and SEM-based visual analysis of surface samples of face masks over
the exposure period of two months and one year in Karantinnaya Bay near
the mussel and oyster farm showed that all layers of three-layer masks were
saturated with detritus, silt and sand fractions, juvenile barnacles, fragments of
mollusk shells, etc. (Fig. 2). Particularly pronounced sediment was observed
on masks after a one-year exposure, on which a larger amount of detritus was noted
(Fig. 2, b).

A study of the outer and inner layers of single-use face masks after a two-
month exposure showed that there were no attached microalgae cells or their
colonies on the fibers and in the pores of the polymer-based material (Fig. 3, a, b).
The species observed in our experiment were found separately; they lay freely
on the canvas (Fig. 3, ¢) or among the fibers.

Meanwhile, many authors note that during the formation of biofilms
on the surface of various artificial substrates, some species of diatoms Cocconeis,
Amphora, Achnanthes, Mastogloia, Karayevia, etc. are capable of attaching
directly to the polymer-based material [6, 11, 23]. The ability of individual diatoms
to modify the structure of the substrate due to dense attachment to its surface
or even penetration into it is also indicated [23, 24].

In total, 48 species of microorganisms belonging to 5 phyla: Cyanoprocaryota
— 3, Dinophyta — 6, Haptophyta — 2, Ochrophyta — 1, Bacillariophyta (the most
diverse) — 36 species and IST belonging to 28 genera (see Table) were noted
in the fouling of masks at different exposure periods.

Analysis of the species structure of diatoms shows that Bacillariohyceae
(9 orders, 16 families, and 21 genera) is the basic class of their diversity, which is
typical for the microphytobenthos of the Black Sea.

Fouling of masks after a two-month exposure is represented by 30 species,
including 3 species of cyanobacteria and 27 species of microalgae, of which
20 belong to phylum Bacillariophyta, 4 — to Dinophyta, 2 — to Haptophyta, 1 —
to Ochrophyta (Table).

Fig. 2. Light microscope (LM): meiobenthic fouling of the surface of face masks after
a two-month (@) and one-year (b) exposure to the sea
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Fig. 3. The inner layer of a face mask of a two-month
exposure: LM — polypropylene fibers (a), scanning electron
microscope (SEM) — fiber pores (b); surface of the inner layer (c).
Scale bar: 1000 um (a), 100 pm (), 10 um (c)

The fouling of masks after a one-year underwater exposure amounted to
40 species and IST, of which 1 species each belongs to phyla Cyanoprocaryota and
Ochrophyta, 32 — to Bacillariophyta, 4 — to Dinophyta, 2 — to Haptophyta
(see Table). At different exposure times, 22 species were shared on the surface of
the masks. For the first time for Karantinnaya Bay, we have identified benthic
species of diatoms Cocconeis guttata and Karayevia amoena.

Most of the stated fouling microalgae are typical inhabitants of sea benthos,
whose life activity is closely related to different types of substrates. The share of
benthic species accounts for 67 %, planktonic species — 20 %, benthic-planktonic
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The occurrence of microalgae and cyanobacteria species in the fouling of single-use
face masks for 2021-2022 at different exposure periods in Karantinnaya Bay (Crimea,
the Black Sea)

Exposure
period

Taxon
Two One

months year

Bacillariophyta phylum

Achnanthes brevipes C. Agardh 1824 *

Amphora ovalis (Kiitzing) Kiitzing 1844 *

A. pediculus (Kiitzing) Grunow 1875 *

Ardissonea crystallina (C. Agardh) Grunow 1880 *
Caloneis liber (W. Smith) Cleve 1894 * -
Cerataulina pelagica (Cleve) Hendey 1937 ** +

+ o+ 4+ +
+ o+ o+ o+ o+

Cocconeis guttata Hustedt et Aleem 1951 *
C. placentula Ehrenberg 1838 * -
C. scutellum Ehrenberg 1838 * -
Coscinodiscus sp. **

Cylindrotheca closterium (Ehrenberg) Reimann et Lewin 1964 ***
Grammatophora marina (Lyngbye) Kiitzing 1844 *

Diploneis bombus (Ehrenberg) Ehrenberg 1853 *

D. smithii (Brébisson) Cleve 1894 *

Halamphora coffeiformis (C. Agardh) Levkov 2009 *

Haslea subagnita (Proschkina-Lavrenko) Makarova et Karayeva 1985 *

+ o+ o+
+ o+ o+ o+ o+ o+ o+ o+ o+

+ o+ +

Karayevia amoena (Hustedt) Bukhtiyarova 1999 * -
Licmophora abbreviata C. Agardh 1831 * -
Lyrella abrupta (W. Gregory) D.G. Mann 1990 * -

Navicula ammophila var. intermedia Grunow 1882 * +

+ + + + +

Neosynedra provincialis (Grunow) D.M. Williams et Round 1986 * -

Nitzschia lanceolata var. minor (Grunow)
H. Peragallo et M. Peragallo 1900 *

N. sigma (Kiitzing) W. Smith 1853 * -
Odontella aurita (Lyngbye) C. Agardh 1832 ***
Paralia sulcata (Ehrenberg) Cleve 1873 ***
Parlibellus delognei (Van Heurck) E.J. Cox 1988 *
Rhabdonema arcuatum (Lyngbye) Kiitzing 1844 * -
Tabularia fasciculata (C. Agardh) Williams et Round 1986 * +

I
+

+ o+ o+
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Continued

Exposure
period
Taxon
Two One
months year

T. parva (Kiitzing) D.M. Williams et Round 1986 * + +
Toxarium undulatum Bailey 1854 * - +
Trachyneis aspera (Ehrenberg) Cleve 1894 * - +
Tryblionella coarctata (Grunow) D.G. Mann 1990 * +
T. hungarica (Grunow) Frenguelli 1942 * + -
T. punctata W. Smith 1853 * + +
Thalassionema nitzschioides (Grunow) Mereschkowsky 1902 *** + +
Thalassiosira sp. ** + +

Dinophyta phylum
Amphidinium sp. ** +
Prorocentrum compressum (Bailey) Abé ex Dodge 1975 ***
P. cordatum (Ostenfeld) J.D. Dodge 1976 *** - +
P. lima (Ehrenberg) F. Stein 1878 * - +
P. scutellum Schroder 1900 ** + +
Protoperidinium brevipes (Paulsen) Balech 1974 ** -

Haptophyta phylum
Anacanthoica acanthos (Schiller) Deflandre 1952 **
Emiliania huxleyi (Lohmann) W.W. Hay et H. Mohler 1967 **

Ochrophyta phylum
Octactis speculum (Ehrenberg) F.H. Chang, J.M. Grieve et . 4
J.E. Sutherland 2017 **

Cyanoprocaryota/Cyanobacteria phylum

Microcystis wesenbergii (Komarek) Komarek ex Komarek 2006 * +
Pseudanabaena minima (G.S. An) Anagnostidis 2001 ** -
Spirulina tenuissima Kiitzing 1836 ** + —
Total taxa: 30 40

* benthic species; ** planktonic species; *** benthic-planktonic species.
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species — 13 % (Table). This ratio is close to the ratio on other artificial and natural
substrates, which is described in the research work " and in [4, 8, 9]. Diatom genera
Cocconeis and Tryblionella, which include three species each, are characterized
by the greatest diversity. The other ones are represented by one or two species
(Table). Dinoflagellates of genus Prorocentrum (4 species) during two-month and
one-year exposures were presented by two and three species, respectively. These
algae, like diatom Halamphora coffeiformis, are potentially toxic species for biota
and human [25].

Typical colonial benthic fouling species were found on the surface of the masks.
They are Tabularia fasciculata, T. parva, Grammatophora marina, Achnanthes
brevipes, Ardissonea crystallina, Parlibellus delognei, with benthic-planktonic
species Thalassionema nitzschioides. Colonial species Toxarium undulatum,
Odontella aurita, Licmophora abbreviata, Rhabdonema arcuatum were found only
after a one-year exposure, while planktonic Cerataulina pelagica and bentic-
planktonic Paralia sulcata were found only after a two-month exposure. Some
species of diatoms are shown in SEM images: Cocconeis placentula (a), C. guttata
(b), Th. nitzschioides (c), C. closterium (d), A. brevipes (e), A. pediculus (f),
Karayevia amoena (g), Halamphora coffeiformis (h) (Fig. 4).

Cosmopolitan species T. fasciculata showed the maximum occurrence (100 %).
Other species A. pediculus, C. closterium, Gr. marina, H. coffeiformis, Tabularia
parva, Thalassiosira sp., dinophyte Prorocentrum scutellum, and haptophyte
Emiliania huxleyi made 67 %, other species — from 17 % to 50 %.

It should be noted that, in comparison with other artificial substrates that we
studied earlier, single-use face masks with two-month and one-year exposures
turned out to be the least susceptible to fouling. Thus, in an experiment
on the colonization of various polymer-based materials by organisms in Karantin-
naya Bay in the summer and autumn period of 2018, it was shown that the surfaces
of the plates were densely populated by various meiobenthos fouling species:
bryozoans, hydroids, tunicates, etc., and 94 species were registered as part of
microphytofouling, including diatoms (67) and cyanobacteria (27) [8]. In addition,
20 species of diatoms, which form the basis of the floristic diversity of fouling, are
common to masks and various polymer-based substrates.

On all experimental samples of the studied polymer-based materials, massive
colonial species Gr. marina and Licmophora abbreviata were constantly observed,
somewhat less commonly — Tabularia tabulata and T. fasciculata, which are
characterized by adhesion to various natural and artificial substrates and formation
of colonies that can also attach to polymer-based material.

As for face masks, we noted a similar picture, however, of 14 colonial fouling
species detected, microalgaec were mainly represented individually, without
the formation of colonies.

In addition to the floristic study of fouling on masks, despite the low
quantitative indicators, we presented the corresponding values of the detected
species concerning the species richness (S), abundance (), and biomass (B), using
a counting chamber. After a two-month exposure, S varied within 10-15 species,
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F i g. 4. Some diatoms in the fouling of single-use face masks surface, SEM:
Cocconeis placentula (a), C. guttata (b), Thalassionema nitzschioides (c),
Cylindrotheca closterium (d), Achnanthes brevipes (e), Amphora pediculus (f),
Karayevia amoena (g), Halamphora coffeiformis (h). Scale bar: 1 pm (q, f, g), 2 pm
(e, h), 10 um (b, ¢, d)
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N — 9200-13100 cells/cm?, B — 0.001-0.02 mg/cm?. After a one-year exposure,
the corresponding values were as follows: S — 814 species, N — 4900-8400 cells/cm?,
and B — 0.01-0.03 mg/cm?.

It is interesting to compare our information with data obtained from studying
periphyton microalgae on experimental glass plates exposed in another part of
the same bay from January 2007 to February 2008 for different periods (short-term
— from 4 to 20 days; long-term — from 1 to 13 months) [4]. Right on the 20th day,
a weak fouling of diatoms and then macroalgae seedlings was noticed on the plates,
with its maximum in the spring at the end of a one-year exposure in water. A total
of 99 taxa of microalgae are indicated from the following phyla: Bacillariophyta — 85,
Dinophyta — 5, Chlorophyta — 4, Haptophyta — 2, and cyanobacteria — 3. 17 species
of diatoms, 2 species of dinophytes, and one species each of haptophyte algae and
cyanobacteria were shared by the glass plates and masks. During the cumulative
exposure, the abundance of microalgae fouling of glass plates varied during
the year from 26900 to 2180800 cells/cm?, and the biomass varied within the range
0f 0.002-0.543 mg/cm?.

It is shown in [12] that microplastics formed as a result of the degradation of
masks are released into the environment almost from the first hours of its occurrence
in it and contribute to an increase in the number and species diversity of the marine
bacterial community. It is likely that masks become an attractive substrate
for a variety of auto- and heterotrophic bacteria, which we have not studied.

Analysis of our own and literary sources showed that any substrates in the sea
became colonized by microorganisms of plant and animal origin. As for microalgae,
benthic diatoms have the greatest species diversity. Their richness and quantitative
characteristics often depend on the type of substrate, season of the year, and
environmental factors of the habitat.

The masks in Karantinnaya Bay were colonized by microalgae and cyanobacteria
not so intensively as other anthropogenic substrates. This is especially true
for the masks with a one-year exposure, which were subjected to the longest
turbulent disturbances.

Conclusion

During the study period, 48 species from 5 phyla were noted: Cyanoprocaryota —
3 species, Bacillariophyta — 36, Dinophyta — 6, Haptophyta — 2, Ochrophyta — 1.
After a two-month exposure, 30 species were found, and 40 species were found
after a one-year exposure, 22 species were shared. For the first time for the bay,
we have identified benthic species of diatoms Cocconeis guttata and Karayevia
amoena. Out of 14 benthic typical colonial fouling species of diatoms on the surface
of masks, cosmopolitan species Tabularia fasciculata showed the maximum
occurrence (100 %). Solitary-living species were also recorded among
the frequently encountered ones: potentially toxic Halamphora coffeiformis and
bentoplanktonic Cylindrotheca closterium.

The features of the fouling of polymer-based single-use face masks at different
exposure periods in the sea are the absence of formation of typical fouling species
colonies and the lowest quantitative characteristics of microalgae compared
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to other anthropogenic and natural substrates: after a two-month exposure,
the following species richness (S) was identified — 10—15 species, abundance (V) —
920013100 cells/cm?, and biomass (B) — 0.001-0.02 mg/cm?; after a one-year
exposure: S — 8-14 species, N — 4900-8400 cells/cm?, B — 0.01-0.03 mg/cm?.
Biodegradation of single-use face masks exposed to seawater for a year under
the influence of microalgae and cyanobacteria manifests itself to a weak degree.
Therefore, it is necessary to study this process with a longer exposure, taking
into account the physicochemical factors affecting the polymer-based substrate.
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Hydrocarbons Composition of Water and Suspended Matter
of the Ham Luong River (Southeast Asia)
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! 4.0. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia
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Abstract

The qualitative and quantitative composition of water and suspended matter hydrocarbons
was assessed. The transformation of these compounds during their migration in the «water-
suspensiony» system of the river delta in a tropical climate was studied on the example of one
of the deepest branches of the Mekong River (Ham Luong River) in Vietnam. The material
for the study was samples of surface and bottom water taken along the riverbed in November—
December 2022. The physicochemical parameters of the environment were measured
using a multimeter in situ. The qualitative and quantitative composition of hydrocarbons
in the water and suspended matter was determined by gas chromatography on the basis of
the Scientific and Practical Center for Spectrometry and Chromatography of the FRC IBSS.
Biogeochemical markers of the origin of hydrocarbons were used to identify probable
sources of organic matter. Individual physicochemical indicators of the aquatic environment
(pH, O, salinity, temperature, concentration of suspended matter) were characteristic
for the rivers of the lower Mekong River and were within the limits characterizing
the favorable state of the reservoir during the wet season. The content of hydrocarbons
in the water of the Ham Luong River averaged 0.061+0.019 mg'L™!. These indicators were
quite high, exceeding the sanitary standards (0.05 mg-L™') for fishery reservoirs, or ap-
proaching this value. The concentration of hydrocarbons in suspended matter averaged
0.019+0.009 mg-L!. An increase in the content of hydrocarbons in the suspended phase
was noted in the area where the river flows info the sea, in comparison with the sections of
the river located upstream. Hydrocarbons in the water were of mixed origin, and contained
both biogenic components of autochthonous and allochthonous origin, and traces of oil
pollution. In suspended matter, along with biogenic compounds, there are also biodegraded
petroleum compounds. Organic compounds, both of allochthonous and petroleum origin,
coming from the catchment areas of the Ham Luong River, which is especially pronounced
during the wet season, as well as from the surface of the river, further undergone biotrans-
formation during the transition to a suspended state. As a result, the composition of
n-alkanes in suspended matter differed significantly from that in water samples.

Keywords: hydrocarbons, n-alkanes, water, suspended matter, biogeochemical markers,
tropical river, Mekong River, Ham Luong River, Vietnam
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Y1i1eBoAOPOAHBIH COCTAB BOAbI M B3BECH PeKU XaMJIYOHT
(FOro-Boctounas A3usn)
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icnoe omoenenue Coemecmnozo Poccuiicko-Bvemnamcrkozo Tponuueckozo
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AHHOTAUHUSA

IIpoBeneHa olLieHKa KaueCTBEHHOTO M KOJIMYECTBEHHOIO COCTaBa YIIEBOAOPOAOB BOJIbBI
1 B3BEIICHHOTO BEIIECTBA C YUETOM HMX TPaHC()OPMAIMH IIPH MUTPAMH B CUCTEME BOZA —
B3BECh JENBTHI PEKH Ha MPUMEPE OAHOTO M3 CaMbIX IOJHOBOAHBIX PyKaBOB MEKOHTa
(p. XamiryoHT) Ha TeppuUTOpUH BbheTHaMa B yCIIOBHSAX TPONUYECKOTO KinMarta. Marepua-
JIOM JAJIs1 UCCIIE0BAHUSI TIOCITY KU NTPOObI MOBEPXHOCTHONW U NMPUIOHHON BOJBI, OTOOpaH-
HBIE BJIOJIb pycia peK B HosiOpe — aekadpe 2022 r. du3nuKo-XxMMHUECKHUE ITapaMeTphl cpe-
JI61 I3MEPSIIIH i Situ C TIOMOIIBIO MyNbTUMETpa. KadecTBEeHHBIN 1 KOJIMYECTBEHHBIH COCTaB
YIJIEBOZOPOIOB B BOJIE M B3BECH OIIPENEIUTH METOJIOM ra30Boi xpomarorpaduu. s unen-
TU(QUKAIUA BEPOSITHBIX MCTOYHHUKOB MOCTYIUICHHSI OPTaHMYECKHX BELIECTB HCITOIH30BAIN
OMOTEOXMMUYECKHE MapKephl MIPOMCXOKICHHUS YIIIEBOAOPOAOB. 3HAUCHUS OTAENBHBIX (H-
3UKO-XIMHUYECKIX IOKa3areneii BogHo# cpensl (pH, O,, coneHocTs, TeMneparypa, KOHIICH-
Tpanus B3BEIIEHHOTO BEIIECTBA) SABJIAIOTCS XapaKTEPHBIMH AJISI HCCIIEyeMOil p. XaMITyOoHT.
OTH 3Ha4YEHHUsI HAXOOWINCh B MpenesaX, XapaKTepU3YIOIIUX OJIaromnoixydyHOe COCTOSHHE
BOJJOEMa BO BIIaKHBIH ce30H. ConeprkaHue yIiIeBOIOPOIOB B BOJE p. XaMIIyOHT B CPEIHEM
coctapiasio 0.061 £0.019 mr'n™!. JlanHOe 3HaueHME SABNAETCA JOCTATOYHO BHLICOKUM
1 npeBbluaeT canuTapHsie HopMbl (0.05 Mr-r™!) ans peIGOXO3ACTBEHHBIX BOJOEMOB
WM npubIKaroTes K HUM. KoHIEHTpanus yrieBoJOopOAOB BO B3BEIICHHOM BELIECTBE
cocrasnsuia B cpeauem 0.019 £ 0.009 mrn L. B paiione BnageHus pekd B MOPE COEPIKAHKIE
YIJICBOIOPO/IOB BO B3BEIICHHOW (ha3e OBIIO BBIIIE, YEM HA ydacTKaxX PEKH, HAXOAAIINXCS
BBIIIIE IO TEYCHHUIO. YTIICBOIOPOXBI B BOAE OBUIM CMEIIAHHOTO IPOMCXOXJeHUs. Bo B3Be-
IIEHHOM BEIIECTBE HapsAy C OMOT€HHBIMH COEAMHEHUSIMH OTMEYAIOTCS TakXke Ownozerpa-
TUPOBAHHBIC COCOMHEHUS HE(TSHOW MpHpombl. B pesynsrare 6moTpaHCchOpMAaIul cOCTaB
H-aJIKaHOB B TIPO0ax B3BEIIEHHOTO BEUIECTBA U B ITPO0aX BOMBI CYIIECTBEHHO Pa3IMIacTCs.

KiawudeBble cl0Ba: yIIeBOJOPO/bI, H-aJIKaHBI, BOJA, B3BECh, OMOTCOXMMHUUECKUE Map-
KEpbl, TPOIIMYECKas peka, peka MekoHr, peka XamilyoHr, BbeTHam
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Bretnamckoro Tpomuueckoro HayyHO-HCCIEJOBAaTEIBCKOTO M TEXHOJIOTMYECKOIO LEHTpa
(CPBTHUuTL)) «Oxoman 2-3.4. DxocucTeMa peKH MEKOHT B yCIOBHAX TJI00aIbHBIX
KIMMAaTH4ECKUX HM3MEHEHHH M aHTPONOre€HHOTO BO3JAEHCTBUS», TEMBI TOC3aJaHHS
OI'BYH OUL] «MuCcTHTYT Ononoruu 1okHBIX Mopei mMenn A. O. KosameBckoro PAH
(®UL UsbIOM) «MonucMmonorndeckiue u ONOTeOXUMHUIECKAE OCHOBBI TOMEOCTa3a MOp-
ckux sKocuctem» (Ne roc. peructparmuu: 121031500515-8).

Jdas nuTHUpPOBaHUSA: YIIICBOIOPOIHBIA COCTaB BOABI U B3BecH peku Xamiyonr (FOro-
Bocrounas Aswust) / O. B. ConoBbéBa [u sip.] // Dxonoruueckasi 06€30macHOCTh MPUOPEKHOM
u menbdoBoii 300 Mopst. 2023. Ne 3. C. 129-142. EDN DHTIBX.

Introduction

The total area of Vietnam's inland water bodies is about 6 % of the country's
territory, so water resources are essential to the region's economy [1]. The Mekong
River is one of the most important river systems in Vietnam and the twelfth longest
river in the world [2]. One of the Mekong’s branches with the highest water content
is the Ham Luong River, which is 70 km long and 2800 m wide, it has an average
depth of 11.3 m and an average water discharge " of 10.2 m's™".

There are more than three thousand rivers and streams in Vietnam (over
a hundred of them flow into the sea), many of them are characterized with a high
degree of water pollution. The most polluted (due to various causes) are the Cau,
Dai, Thi Vai, Dong Nai and Mekong Rivers. A 2018 report by the Ministry of Nat-
ural Resources and Environment of Vietnam notes that in the river catchment area,
water pollution occurs due to mining activities. In the middle and lower reaches of
the rivers (in these areas, cities, industrial areas, and rural settlements are usually
located), their ecological state is deteriorating due to all kinds of waste entering the
water. The pollution degree depends on hydrological factors (their influence
increases in the dry season), as well as on the degree of control over pollution
sources. In almost all ecologically unfavourable areas, organic substances are the
cause of pollution [3].

Natural waters are a complex mixture of solutions of mineral salts and gases,
as well as organic compounds in suspended and dissolved forms. At the same time,
the content and qualitative composition of organic matter in a water body are
determined not only by the natural features of the latter, but also by the nature and
degree of influence of human activity on the water body [4]. Among important fac-
tors affecting the redistribution of organic matter in water, including hydrocarbons
(HC), there are also physical and chemical parameters such as pH, salinity, temper-
ature, etc. The pH level determines the development and activity of many organ-
isms, the aggressiveness of water impact on metals and concrete. The water pH
level also influences the processes of transformation of various forms of nutrients

D Phung Thai Duong, 2015. [Ecological and Geochemical State of the Mekong River Mouth
(Republic of Vietnam) Based on Studies of Bottom Sediments]. Extended Abstract of Doctoral
Dissertation. Tomsk: NITPU, 26 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 131



and changes the toxicity of pollutants 2. Oxygen dissolved in water is one of the most
important biohydrochemical indicators of the environment. It ensures the existence
of aquatic organisms and characterizes the quality of water [5] used for various
economic purposes. Oxygen deficiency is more often observed in water bodies
with high concentrations of organic pollutants and in water bodies containing
a large amount of nutrients and humic substances. In addition, oxygen concentra-
tion determines the direction and rate of processes of chemical and biochemical
oxidation of organic and inorganic compounds 2.

HC genesis can be identified using various markers. In order to differentiate
allochthonous and autochthonous origin, the ratio of terrigenous and autochthonous
compounds C31/Cy9, C31/Cy7, the ratio of low-molecular-weight and high-molecular-
weight homologues (LWH/HWH) is often used [6, 7]. Some biomarkers allow
specifying the biogenic nature of compounds, in particular to assess the contribu-
tion of herbaceous and woody vegetation to the formation of the allochthonous
component of HCs entering the bottom sediments. These are, e. g., C31/Cy9 and
ACL ratios [7]. To differentiate the petroleum and biogenic origin of detected
HCs, such ratios are used as the carbon preference index (CPI), in particular CPI,
(calculated for the high-molecular-weight part of the spectrum), ACL, LWH/HWH,
and the ratio of isoprenoid alkanes (pristane and phytane), both one to the other and
to individual normal homologues (Pr/Ph, C7/Pr, Cis/Ph) [6, 7].

The work aims at assessment of the qualitative and quantitative composition of
HCs in water and suspended matter of the Ham Luong River given the transfor-
mation of these compounds during their migration in the water—suspension system.

Material and methods

The material was water samples taken in November — December 2022 along
the Ham Luong River riverbed (Stations 9—/3) taking into account the location
of large industrial and urban facilities along its banks (Fig. 1). Sampling at each
station was conducted in the cross section of the riverbed at three points (the right
and left banks, the centre). Bottom and surface water was sampled in the central
part of the riverbed, while near the banks, only surface water was sampled.
The numbering of stations was retained in accordance with the schedule pro-
gramme of Vietnamese rivers studies jointly with the Southern Branch of Joint Vi-
etnam-Russia Tropical Science and Technology Research Center (JVRTSTRC).
Chemical and physical characteristics of surface water (pH, Eh, salinity, tempera-
ture) of the Ham Luong River were determined in situ by the staff of the Environ-
mental Analysis Laboratory of the Southern Branch of the JVRTSTRC using a YSI
Professional Digital Sampling System (ProDSS) multi-parameter probe. Sample
preparation was carried out in laboratory conditions by extraction of water samples
with hexane . The resulting extract was purified on a glass column filled

2 State Standard, 1978. [Nature Protection. Hydrospere, Use and Protection of Waters. Main Terms
and Definitions] (in Russian).

3 Barabashin, T.O., ed., 2018. [Guidance Manual on Chemical Analysis of Aquatic Ecosystem Ele-
ments. Primary Toxicants in Water, Bottom Sediments, Hydrobionts]. Rostov-on-Don: MiniTaip,
436 p. (in Russian).
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Fig. 1. Map of water sampling stations in the Ham Luong
river (Vietnam) during the wet season, 2022

with aluminium oxide to remove polar compounds, concentrated to 1 mL and
transported to the FRC IBSS laboratory.

Suspended matter was collected by vacuum filtration using a vacuum pump,
Bunsen flask, filter unit and nitrocellulose filters with a pore diameter of 0.45 pm.
The volume of filtered river water varied according to the rate of suspended matter
deposition on the filters and was taken into account when calculating the hydrocar-
bon content of the suspension. The filters were dried under natural conditions,
stored in a desiccator, and transported in airtight ziploc bags.

An aliquot of the extract (1 pul) was injected with a microsyringe into the
heated to 250 °C evaporator of a gas chromatograph Kristall 5000.2 with a flame
ionisation detector (FID). HC separation was performed on a TR-1MS capillary
column 30 m long, 0.32 mm in diameter, and with the stationary phase film thick-
ness of 0.32 um (TermoScientific). The column temperature was programmed
from 70 to 280 °C (rate of temperature rise: 8 °C-min '). The carrier gas (nitrogen)
flow in the column was 2.5 mL-min"' without flow splitting. The detector tempera-
ture was 320 °C.

Quantitative determination of HC content was carried out by absolute calibra-
tion of FID by HC mixture (ASTMD2887 Reference Gas Oil standard sample
(SUPELCO, USA)), that of n-alkanes — by a paraffinic HC standard sample in hex-
ane with mass concentration of each component 200 pug-mL ™' and of pristane +
phytane — 100 pg-mL ™" in hexane (SUPELCO, USA).

Determination of HCs and n-alkanes was carried out at the Scientific and Edu-
cational Center for Collective Use “Spectrometry and Chromatography” of
FRC IBSS. To process the results for the determination of HC concentrations,
Chromatek Analytic 3.0 software was used (absolute calibration and percentage
normalization method).
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US-EPA indices * applicable to water bodies of different climatic zones were
used to assess the well-being of waters of the study area by individual indicators,
which allows using them for tropical water bodies as well [8, 9]. Correlation analy-
sis was performed using Microsoft Excel 2010 analysis package. The strength of
the correlation relationship was estimated based on the correlation coefficient (R).
The approximation coefficient (R?) was used to estimate the reliability of approxi-
mation of dependencies by a linear function.

The markers of HC genesis were determined according to the following ratios:

— CPL (Carbon Preference Index) = (1/2){(Cas + Ca7 + Ca9 + C31 + C33 + C35) /
(Caa+ Ca6+ Cos+ C30+ Cin+ C34) + (Cos + Co7 + Co9+ C31 + C33+ Css) / (Cop + Cog +
+ C30+ Cs2 + C34 + Csp)};

— Pr/Ph — pristane to phytane ratio;

— LWH/HWH — low-molecular-weight homologue to high-molecular-weight
homologue ratio;

— (51/Cy9 — n-alkane Cs; to n-alkane C)9 ratio;

— (51/C17 — n-alkane Cs; to n-alkane C,7 ratio;

— (51/Cy9 — n-alkane Cs; to n-alkane Cyy ratio;

— C17/Pr —n-alkane C,7 to pristane ratio;

— C1¢/Ph —n-alkane Cjs to phytane ratio.

Results and discussion

The water temperature in the study area was around 29 °C (28.83-29.33 °C).
Salinity ranged from 0.08 to 0.23 PSU and corresponded to fresh water. A regular
increase of this parameter was observed while moving downstream (Fig. 2).
At Stations //—13 the salinity was the same (0.08-0.09 PSU), at Station 70 it was
0.15 PSU, and at the most seaward Station 9 it increased up to 0.23 PSU. Together
with salinity, the suspended matter content of water was increasing (R = 0.97,
R?=0.93), growing approximately twofold in the mixing zone (Station 9) (Fig. 2, a).
The suspended matter content at the sampling stations varied from 23 to 110 mg-L™!
(Fig. 2, b) with a tendency to increase as we moved towards the river mouth.
It should be noted that in most parts of the riverbed the suspended matter content
in the bottom layer was on average 1.9 times higher than that in the surface layer.
The exception was Station 9 located at the river mouth, where the suspended matter
content at the surface was 1.4 times higher than that in the bottom layer.

Thus, a joint increase in salinity and suspended matter content was observed
while moving downstream of the river. The marginal filter phenomenon formed
in the river — sea mixing zone is described in the literature [10], where an increase
in suspended matter content is observed as salinity increases up to 5 PSU while one
moves towards the salt-water areas. This fact is associated with active processes
of coagulation and flocculation, when dissolved organics, iron, aluminium,

Y US-EPA, 1986. Quality Criteria for Water 1986. Washington, DC, USA: Office of Water
Regulations and Standards, United States Environmental Protection Agency, 394 p. Available at:
https://www.epa.gov/sites/default/files/2018-10/documents/quality-criteria-water-1986.pdf
[Accessed: 27 September 2023].
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Fig. 2. Salinity (PSU) and concentration of suspended solids (mg-L™")
in the water of the Ham Luong River (Vietnam) during the wet season, 2022:
a — the ratio of salinity and suspended matter concentration; b — salinity (dots)
and suspended matter concentration (triangles) at sampling stations

and a number of other elements pass from solution into suspension under the in-
fluence of electrolyte. Probably, we observed the increasing intensity of this very
process in the study area even at an insignificant increase of water salinity.

According to monitoring studies ¥, suspended sediment concentrations
in the Mekong River branches, particularly the Ham Luong River, vary consid-
erably ranging from 2.3 to 593 mg'L™' with an average value of 80.6 mg'L™".
Suspended matter concentrations depend on the season greatly: they decrease sig-
nificantly from April to November and increase as the monsoon season begins.
Thus, the average value * for the dry season is 36.9 mg'L ™", and for the wet season
it is 124 mg'L™". In the material we sampled in December 2022, the average sus-
pended matter concentration was 58 mg-L™".

The water pH at all stations ranged 7.4-7.6, which corresponds to drinking wa-
ter. According to the monitoring survey data®, pH values in the lower reaches of
the Ham Luong River are in the range of 6.3-8.7 (average 7.7). The values we ob-
tained fall within this range and correspond to the target values (6-9)* of WQIhh
(Water Quality Index for the Protection of Human Health) [11].

The dissolved oxygen content also varied insignificantly within the range
of 5.14-5.57 mg'L"". The oxygen content in the water complies with the health
standard values © for fishery water bodies (> 4 mg'L™"), though it was slightly be-
low the steady-state concentrations for this temperature range (7.62-7.52 mg'L™")
[11], which is suggestive of active biological processes in the river waters.

3 Mekong River Commission, 2018. Lower Mekong Regional Water Quality Monitoring Report.
Vientiane, Lao: Mekong River Commission.

9On 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 oxygen concentration in the lower reach of the studied river ranges from 4.12
t0 9.27 mg'L™" (average 6.45 mg-L™")*. The obtained values are typical for the wa-
ter body and correspond to the target indicator (not less than 5 mg'L ™).

Thus, the studied indicators were typical for the Ham Luong River and were
within the limits indicating the favourable condition of the water body during
the study season.

The HC content in the water of the Mekong River brunch under the study (Ham
Luong River) ranged from 0.042 to 0.076 mg'L™' (average 0.061 + 0.019 mg'L™")
(Fig. 3). These values are quite high and exceed the health standard limits
(0.05 mg'L™") for fishery water bodies® or are near this value. Since the river un-
der study is used both for fishing and aquaculture, these indicators characterize its
unsatisfactory condition. The content of n-alkanes in the water was 0.015-
0.043 mg'L™" (average 0.028 = 0.012 mg'L™"). The proportion of n-alkanes to total
HC content ranged from 31 to 57 % (average 44 + 8 %). The reduced proportion of
n-alkanes from HCs was at Station 9 located in the area, where the river flows
into the sea. In general, HC and n-alkane concentrations changed synchronously
(R=0.91).

The HC content in suspended matter was in the range of 0.011-0.37 mgL™
(average 0.019 £ 0.009 mg'L™") (Fig. 3). It is noteworthy that the HC content
in the suspended phase increased near Station 9 compared to upstream river sections.
This fact, as noted above, can be associated with the transition of substances from
the dissolved to suspended state with increasing water salinity in the river — sea mixing
zone [12]. The HC content in the suspended matter correlated with its total amount
(R=0.78), which indicates a substantial contribution of biological processes
to the suspended matter formation.

The concentration of n-alkanes varied from 0.004 to 0.10 mg'L™' (average
0.006 + 0.002 mg'L™") representing 28-41 % (average 36 + 4 %) of the hydrocarbon
mixture. Based on the small standard deviation, this fraction was quite constant, which

0.10 - 0.10 -
@ cn—alk a @ Cn-a]]v; b
(x} g C
0.08 - Cre 0.08 - Ve
006 006
S 004 O 0.04
0.02 0.02 4
0 0
9 10 11 12 I3 9 10 11 12 I3
Station Station

Fig. 3. Hydrocarbon concentrations (mg-L") in water (4) and suspended
matter (B) of the Ham Luong River (Vietnam) during the wet season, 2022
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may be a consequence of the uniformity of HC input sources and conversion
mechanisms at the different sampling stations. The contents of HC and n-alkanes
in the mixture varied synchronously (R = 0.98). For both water and suspended mat-
ter, the proportion of n-alkanes from HCs decreased in the area, where the river flows
into the sea (Fig. 4).

The share of HCs in suspended matter accounted for 20 to 75 % (average
34 £ 21 %) of HCs in water as a whole. That is, the range of values was rather
wide. This indicator for n-alkanes ranged within 13—-68 % (average 29 + 20 %),
which also characterizes the instability of this indicator.

At all stations, n-alkanes from C7 to Cs; were identified in the unfiltered water
sample. At Stations //-13, the compound Cs; was also identified. In general,
the distribution of n-alkanes was uniform, which may indicate the presence of
compounds of petroleum origin (Fig. 5). A Ci7 peak was noted, which is associated
with planktonic production [6]. Another group of Cy—Cs maxima stands out.
The odd-numbered compounds in this range are genetically associated with terres-
trial vegetation (C,7, Cy9) [6]. The even-numbered compounds (Cae, Cag) are proba-
bly related to bacterial synthesis ” [13] and also correspond to the presence of hu-
mus admixture in organic matter and macrophyte production [14]. Given that sam-
pling was carried out during monsoon rains, the washout of humus compounds
from the adjacent territories is not improbable.

In the suspended matter, n-alkanes were present in the C;7—Cs; range. Com-
pounds with a higher molecular weight were not recorded. At Station /3, the heavi-
est homologue was Csg, and at Station /0 it was Cs;. The main peak in the compo-
sition of n-alkanes in the suspended matter corresponded to Ci; (19-27 %).
It is due to active primary production [15, 16], which intensifies in the wet season
because of the active input of biogenic compounds and high oxygenation of water
[16]. The analyzed suspended matter probably had a significant number of phyto-
planktonic organisms in its composition. At Stations 9 and /0, the second peak cor-
responded to Cz; (13 and 16 %), also of phytoplanktonic genesis. In general,
the graph of n-alkane distribution in the suspended matter was smoother than that
in water, which may indicate a deeper transformation of organic matter in the sus-
pended matter. Thus, n-alkanes present in the suspended phase are predominantly
autochthonous in nature and are associated with phytoplankton and bacterial
production.

7) Poshibaeva, A.R., 2015. [Bacterial Biomass as Petroleum Hydrocarbon Source]. Extended
Abstract of Doctoral Dissertation. Moscow: 24 p. (in Russian).
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Fig. 5. Distribution of n-alkanes in water (a) and suspended
matter (b) of the Ham Luong River (Vietnam) during the wet
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To identify potential sources of HC inputs, individual markers of organic mat-
ter genesis were calculated (Table). For water, the carbon preference indices for
the high-molecular-weight region were almost the same and slightly exceeded
a figure of one, which may be a consequence of the presence of oil contamination.
The pristane to phytane ratio was also characterized by low values, which is typical
of the presence of oil. The ratio of n-alkane C,7 to pristan, C;7/Pr (Table) character-
izes the presence of fresh oil. At the same time marker Cig/Ph = 1 (Table), which
indicates the presence of both fresh and degraded petroleum products.

It is known that the suspended matter is characterized by CPI values > 1 [6].
In this study, this ratio was below a figure of one for the high-molecular-weight
region, which indicates the predominance of biogenic and transformed petroleum
HCs in the suspended matter phase. The pristane to phytane ratio Pr/Ph (Table) is
indicative of the presence of oil, and Cis/Ph shows the predominance of its biode-
graded components.
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Calculated biogeochemical marker values for water and suspended matter of the Ham Luong
River (Vietnam), 2022

Water Suspended matter

Marker Station number

9 10 11 12 13 9 10 11 12 13

CPI, 1.2 1.2 1.3 14 1.4 0.5 0.7 0.7 04 0.6
Pr/Ph 0.2 0.1 0.0 0.0 0.2 0.3 0.2 0.1 0.1 0.1
LWH/

HWH 0.9 0.3 0.5 0.5 0.4 1.4 1.2 1.0 0.8 1.4

C/Crg | 0.7 3.5 1.7 43 2.0 0.3 0.3 23 1.0 0.0
C31/Crr 0.2 0.8 0.3 0.9 0.5 0.1 0.1 0.2 0.2 0.0
C/Cy | 04 0.6 0.4 0.6 0.4 0.5 0.2 0.5 0.8 0.0
C1/Pr 21.0 492 1034 438 195 57 251 64.0 243 302
Cis/Ph 0.9 0.9 1.0 0.7 1.0 0.3 0.6 0.4 0.3 0.5

Thus, there is a situation when water contains both fresh and degraded oil,
while biodegraded compounds of oil origin prevail in the suspended matter.
It is known that during sedimentation oil components actively degrade [17], which
is the reason for the presence of transformed compounds in the suspended phase.
It is natural to expect active biodegradation processes of introduced organic com-
pounds in the warm waters of the Ham Luong River. In some cases, even in Arctic
ocean areas, in spite of low temperatures, the transformation of anthropogenic hy-
drocarbons goes so quickly that natural compounds dominate in the water and bot-
tom sediments [18].

The markers allowing differentiating between autochthonous and allochtho-
nous compounds (Csi/Ci7, C31/Cio) indicate the predominance of compounds com-
ing from land into water. In the suspended matter, based on the marker values, al-
lochthonous compounds are of subordinate value, which links the suspended matter
to the productive and destructive processes in the riverbed. The LWH/HWH ratio
(Table) for water corresponds to the predominance of terrigenous HCs [18].
In the case of suspended matter, this marker has high values, which can sometimes
be a sign of fresh oil input. The main contribution to the sum of low-molecular-
weight homologues in this case is made by Ci7 and C,;, the share of which is
by times higher than the specific weight of other n-alkanes. Therefore, we can
speak about the predominance of autochthonous compounds, which indicates
active production processes in the water body.

The HCs in water are of mixed origin and contain both biogenic components
of autochthonous and allochthonous nature and traces of oil pollution. In the sus-
pended matter along with biogenic compounds, biodegraded compounds of oil nature
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are also observed. Organic compounds of both allochthonous and petroleum origin
come from the Ham Luong River catchment areas (which is especially pronounced
during the wet season) as well as from the river surface. Further, these compounds
undergo biotransformation after becoming suspended. As a result, the composition
of n-alkanes in the suspended matter samples and integrated water samples differs
significantly. This process is active, in part due to the high water temperature typi-
cal of the tropical region. Active biological processes in the river waters are also
indicated by a slightly reduced oxygen content relative to steady-state concentra-
tions, which is probably intensively consumed for oxidation of organic compounds.

Conclusion

Values of some physical and chemical parameters of the aquatic environment
(pH, O., salinity, temperature, suspended matter concentration) were typical
for the Ham Luong River and were within the limits indicating the favourable con-
dition of the water body during the study season.

The HC content in the water of the studied branch of the Mekong (Ham Luong
River) ranged from 0.042 to 0.076 mg'L™", averaging 0.061 + 0.019 mg'L™". These
values are quite high and exceed or are close to the health standard values
(0.05 mg'L™") for fishery water bodies.

The HC content in the suspended matter ranged from 0.011 to 0.37 mg'L™",
averaging 0.019 + 0.009 mg'L™'. An increase in HC content in the suspended phase
was observed in the area where the river flows into the sea compared to the up-
stream sections of the river.

The HCs in water are of mixed origin and contain both biogenic components
of autochthonous and allochthonous nature as well as traces of oil pollution.
In the suspended matter along with biogenic compounds, biodegraded compounds
of oil nature are also observed. Due to active washout from the catchment area
of the Ham Luong River (which is especially pronounced in the wet season) and
from the surface of the river, organic compounds of various origins undergo signif-
icant biotransformation during transition into the suspended phase. As a result,
the composition of n-alkanes in suspended matter samples and in integrated water
samples differs significantly.
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