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Abstract

The paper uses the 2012-2020 joint oceanographic database of MHI RAS and SB FSBI
SOI to estimate the self-purification capacity of Sevastopol Bay ecosystems in relation
to biogenic nitrogen and phosphorus. The assimilation capacity and its specific value were
calculated using the balance method. The paper estimates the average and maximum
concentrations of inorganic phosphorus (POs) and nitrogen (NO2, NOs, NHy), as well as
the average and maximum rates and time of removal of these nutrients from the bay
ecosystems. The paper shows changes in the percentage of forms of inorganic nitrogen
(NO3, NO3, NH4) in the water area of all parts of Sevastopol Bay for two periods (1998—
2012 and 2012-2020). These changes had a greater impact on the content of the reduced
form of ammonium nitrogen which has increased in all ecosystems of the bay in recent years.
Changes in the self-purification capacity of the bay ecosystems were manifested as a spread
of data on the assimilation capacity of the study ecosystems in relation to nutrients.
At the same time, the lowest self-purification capacity was observed for the ecosystem of
the eastern part of the bay. The paper assesses possible causes of the observed situation,
which are associated with changes in the wind regime over the bay water area in the last
decade and the resulting formation of the system of surface currents. The surface currents
in the bay under prevailing easterly winds were calculated using the computational modeling
method. The paper shows that an increase in the frequency of such winds contributes
to increased ventilation of the waters of Yuzhnaya Bay and a more intense input of
pollutants in the westerly direction. The paper analyzes the reasons for deterioration
in the self-purification ability of the eastern part of the bay in the last decade in relation
to all inorganic forms of nitrogen and phosphates. It was shown that changes in the self-
purification ability of ecosystems throughout the Sevastopol Bay waters were associated
with an increase in the recreational load on the bay coast.
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AHHOTAINA

Ha ocHoBe cBoaHO# 0a3bl okeanorpaduueckux nanHsix MI'M PAH nu CO ®I'BY 'OUH
3a 2012-2020 rT. BBHITOTHEHHI OLEHKH CAMOOYHCTHTEIBHOH CIIOCOOHOCTH JKOCHCTEM
CeBacTonosnbCcKoi OyXTHl B OTHOLIEHHMM OMOTEHHBIX 3IE€MEHTOB — a3ora u (docdopa,
paccunTaHHble OAJIAHCOBBHIM METOOM IO BEJIIMYMHE ACCHMIIISIIMOHHONW EMKOCTH U e
yaenbHoH BenmurHe. OLEHEHbI CpeJHIEe 1 MaKCUMaJIbHbIE KOHIIEHTPAMH HEOPTraHUIECKUX
tdopm pocdopa (PO4) u azota (NO2, NO3, NHy) 3a yka3zaHHBIH TIEpHO, a TAKKE 3HAYCHUS
cpenHed M MaKCHMaJIbHOM CKOPOCTH M BPEMEHH YIAICHHs 3THX OHOTEHHBIX 3JIEMEHTOB
u3 skocucteM OyxTbl. [lokazaHbl U3MEHEHHUS B TPOIIEHTHOM COOTHOILIEHNH (POpM HEOpraHu-
gyeckoro azota (NO2, NOs3, NH4) B akBaTtopuu Bcex yacteii CeBaCTOIONBCKOM OYXTHI 32 J[Ba
nepuoza (1998-2012 rr. u 2012-2020 rr.). DT U3MeHeHHs B OOJIbILEH CTENEHH OTPAa3UIINCh
Ha COJICP)KaHWU BOCCTAHOBJICHHOW (POpMBI a30Ta aMMOHUsI, KOTOPOE 3a IMOCIETHHUE TI'OJIbI
YBEJIMYHMIIOCH B OKOCHCTEMaxX BCeil OyXThbl. I3MeHEeHUs] cCaMOOYMCTHTENLHOI ClIOCOOHOCTH
9KOCHCTEM OYXTHI NPOSBUIIUCH B pa3dpoce NaHHBIX 00 aCCUMWIISILIMOHHOW €MKOCTH HCClie-
JYeMBIX 3KOCHCTEM B OTHOIIEHWM OWOTEHHBIX JIEMEHTOB. IIpm 3TOM Hambosee HH3Kas
CaMOOYHCTHUTENBHAS CIOCOOHOCTh HAOMIOJAETCS B 3KOCHCTEME BOCTOYHOW 4YacTH OYXTBHI.
O1eHeHb! BO3MOXHBIE TPUYNHBI HAOIIOAAEMON CUTYaINH, KOTOPBIE CBSI3aHbI ¢ I3MEHEHUAMHA
BETPOBOTO pEXMMa Haj aKkBaTopueil OyXTbl B IOCIEAHEe NecsaTuieTue u (Gopmupyro-
HIEHCs MO €0 BIUSHUEM CHCTEMOI MOBEPXHOCTHBIX TEYEHUH. METOIOM MaTeMaTH4eCKOro
MOJICITHPOBAHMS PACCUNTAHbI TIOBEPXHOCTHBIE TEUCHHS B OyXTe NMpH Ipeoliiaalomunx BeTpax
BOCTOUHBIX HampaBieHuil. [lokazaHo, 4TO yBelIW4eHHE MEPUOAUYHOCTH IEHCTBHUSA TaKUX
BETPOB CIIOCOOCTBYET YCHJICHUIO BEHTWISLMK BoA FOkHO# OyXThl 1 Oojee HMHTEHCHBHOMY
MOCTYIJICHUIO 3arpsA3HAIONIMX BELIECTB B 3alaJHOM HampasieHuu. IIpoaHanmsmpoBaHbI
NPUYHMHBI YXYALIEHHUS! CAMOOYHCTHTEIFHOH CIIOCOOHOCTH BOCTOYHOW YacTH OyXThl B OTHOLIIE-
HHUHM BCceX HeopraHmdeckux (Gopm azora u ¢ocdaTtoB B nocnenuee necstuierne. [lokazaHo,
YTO M3MEHEHUs] CAMOOYMCTHUTENILHOW CHOCOOHOCTH SKOCHCTEeM Bced akBatopun CeBacto-
TTOJILCKON OYXTHI CBSI3aHBI C POCTOM pEKpEalliOHHON HArpy3KH Ha moOepexbe OyXTHI.

KaroueBbie cioBa: CeBacTomonbsckas OyxTa, OHMOTEHHBIE >JIEMEHTHI, OMOTEHHBIHN a30T,
OmoreHHBIH (ocop, IKOCHCTEMa, CAMOOYHINEHNE, CAMOOYHCTUTENbHAS CIIOCOOHOCTB,
ACCUMHJISIIUOHHASI €MKOCTh, TOBEPXHOCTHBIE TCUCHUS

BaaromapHocTu: padora BBRIOJIHEHA B paMKax rocynapcrBerHoro 3aganus ®I'BYH MI'U
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Introduction

Sevastopol Bay is one of the city-forming factors of Sevastopol, and it serves
as an indicator of the ecological health of the region. The bay is a semi-enclosed
estuarine-type water area with a length of about 7 km, a maximum width of up to
1 km, and a mirror area of over 7 km?. Water exchange in the bay is hindered,
besides, it is constantly under active anthropogenic impact. Systematic studies
of water quality in Sevastopol Bay began in 1975 after the introduction of
the programme of the National Environmental Monitoring and Control Service [1].
The results of hydrological and hydrochemical studies of Sevastopol Bay " have
been repeatedly reviewed in the literature (e.g., [2, 3]). These works show that
depending on the localisation of pollution sources, bottom shape and hydrometeo-
rological conditions, both relatively clean zones and those with a persistent high-
pollution level (e.g., Yuzhnaya Bay) are formed in Sevastopol Bay. According
to the pollution level, the bay water area was divided into four areas [3] (Fig. 1).

Ecological well-being of shallow-water marine ecosystems, irrespective of
environmental protection measures, is determined primarily by their self-purification
capacity, the intensity of which depends on a number of mutually causal factors.
The capacity of shallow water area ecosystems for self-purification can be assessed
by calculating their assimilation capacity (AC) in relation to a priority pollutant or
a complex of pollutants.

Sevastopol Bay is a water body with complex geographical and hydrological-
hydrochemical characteristics. This implies the presence of fresh water sources and
zones of their mixing with sea waters, as well as heterogeneity of the anthropogenic
load. Therefore, the water area should be zoned and the self-purification capacity
(AC of the ecosystem) should be calculated for each zoned area.

W \/\“
f % C
o %S % - 1? L , F i g. 1. Zoning of Sevastopol Bay
& @‘\S according to the anthropogenic
= ! influence level: W — western area,
5 \“\, \ % E —castern area, C — central area and
E Chemaya River  §_ southern area (from work [3])

) Konovalov, S.K., Romanov, A.S., Moiseenko, O.G., Vnukov, Yu.L., Chumakova, N.I. and
Ovsyany, E.I., 2010. [Atlas of Oceanographic Characteristics of Sevastopol Bay]. Sevastopol:
ECOSI-Gidrofizika, 320 p. (in Russian).
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The article analyses the self-purification capacity of the eastern, central, western
parts of the bay and Yuzhnaya Bay, as well as the water area of the entire Sevastopol
Bay. Several works [4-7] consider the self-purification capacity of the Sevastopol
Bay ecosystem in relation to all forms of inorganic nitrogen and inorganic
phosphorus. They study the ecosystem of the entire bay or its separate parts (western,
central, eastern ones and Yuzhnaya Bay) using calculated data on the hydrodynamics
of the bay waters. Thus, [4] compared the ecosystem self-purification capacity for
the western part of the bay bordering the open sea in relation to all forms of inorganic
nitrogen and that for the southern, most polluted part of the bay. The work [5]
estimates the self-purification capacity of ecosystems of the whole Sevastopol Bay
in relation to reduced forms of nitrogen (nitrites and ammonium).

In [6], the self-purification capacity of the bay ecosystems in relation to
all inorganic forms of nitrogen is compared, and trophic state indices for the studied
ecosystems are given. The work [7] studies the self-purification capacity
for the ecosystems of Yuzhnaya Bay and the eastern part of Sevastopol Bay (which
is under the influence of the Chernaya River runoff during flooding and low water
periods) in relation to phosphates under changes in the hydrodynamic regime
of the bay. The works [4—7] share the fact that the self-purification capacity of
the Sevastopol Bay ecosystems was calculated based on the oceanographic database
of MHI RAS for 1998-2012.

Seasonal water dynamics in some parts of Sevastopol Bay was calculated
using the hydrothermodynamic module of the numerical three-dimensional
nonstationary model MECCA (Model for Estuarine and Coastal Circulation
Assessment) [8]. The results obtained for the eastern part of the bay and Yuzhnaya
Bay are presented in [7], and those for the central part of the bay are given in [5].

The study aims to calculate the self-purification capacity of the ecosystems
for all parts of Sevastopol Bay in relation to inorganic nitrogen and phosphorus
using the database of MHI RAS and SB FSBI SOI for 2012-2020, taking into
account changes in the hydrometeorological situation in the last decade.

Study methods and materials

The authors used the joint database of archival materials of MHI RAS and
SB FGBU SOI for 2012-2020, including 8277 determinations of phosphate, nitrite,
nitrate and ammonium content. To assess the AC of the selected areas of
Sevastopol Bay, 5567 concentration values of the above indicators were selected
(Table 1).

The AC of ecosystems of the selected areas of Sevastopol Bay was calculated
using the balance method [9]. When using this method, to calculate the integral
time of pollutants staying in the studied ecosystem is the most complicated part.
This time is largely determined by physical and chemical properties of a particular
pollutant, hydrodynamic parameters of the water area and a complex of processes
(physical, chemical, microbiological) responsible for the destruction of pollutants
or their removal from the studied water area.
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Table 1. Concentration of inorganic phosphorus and nitrogen compounds in different
parts of Sevastopol Bay (according to database of MHI RAS and Sevastopol Branch of SOI)
in 2012-2020

Compounds Mean content for | Concentration Stapdgrd Number gf
the period, uM/L | range, pM/L deviation determinations
Phosphates 0.10 0-3.65 0.082 1520
Nitrites 0.24 0-7.67 0.711 1354
Nitrates 5.70 0-67.28 1.765 1355
Ammonium 1.40 0-40.66 1.021 1338

The final formulae for estimating the mean value A, and standard deviation
VD[ A,;] of the AC of a marine ecosystem () in relation to the i-th pollutant are

as follows:

N2
_ s s
A,,”—:M-vi, D[Amf]_[Qizjth”J -D[v;].

maxi “maxi

where O, — water volume in the calculation area; Cur; — threshold concentration of
a pollutant; Cmaxi — maximum concentration of a pollutant in the ecosystem;

vi — rate of pollutant removal from the ecosystem, the mean value v, and

dispersion D[v;] of which are determined by the original algorithm [10].

Results and discussion

Comparison of relatively new data for 2012-2022 with the materials of
previously published studies (1998-2012) showed a significant change in the content
of biogenic forms of nitrogen and phosphorus in the waters of the selected areas of
Sevastopol Bay. Table 2 presents the mean and maximum values of the con-
centration of inorganic phosphorus and nitrogen compounds in different parts of
the bay in 2012-2020.

Thus, over the study period 2012-2020, the mean phosphate content either
remained unchanged (the eastern part of the bay) or decreased by 0.02-0.06 uM/L
(in all other water areas). Maximum concentration values increased significantly
in the eastern part (2.6 times) and decreased slightly in the rest of the bay.
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Table 2. Content (uM/L) of inorganic phosphorus and nitrogen compounds in different
parts of Sevastopol Bay in 2012-2020

(PO#) / (NO) / (NO3")/ (NH4) /
Area Phosphates Nitrites Nitrates Ammonium
Mean | Max | Mean | Max | Mean | Max | Mean | Max
Yuzhnaya Bay 0.10 095 023 254 1479 28640 1.59 16.02
Eastern part 0.15 365 030 7.06 371 6728 225 40.66
Central part 0.07 066 0.19 518 2.08 14.67 1.05  9.94
Western part 0.07 077 023 7.67 222 829 072  9.09

The nitrite content increased in all parts of the bay: the maximum
concentration in the eastern part was 7.06 uM/L, in the western part — 7.67 uM/L.

A 1.1-fold and 1.6-fold decrease in the mean and maximum nitrate content
(to 2.22 and 8.29 puM/L, respectively) was observed in the waters of the cleaner
western part of Sevastopol Bay. In the other selected water areas, an increase
in concentration was observed. In the central part, the maximum value was
14.7 uM/L, in the eastern part — 67.3 pM/L, and in Yuzhnaya Bay — 286.4 uM/L.

In the ecosystem waters of all parts of Sevastopol Bay, the average
ammonium content increased by 0.15-1.20 uM/L, while the maximum content
decreased by 1.5 times in the central part of the bay and changed slightly
in the western part (decreased to 9.09 pM/L). At the same time, the maximum
values of this indicator doubled in Yuzhnaya Bay (up to 16.02 uM/L) and increased

eightfold in the eastern part (up to 40.66 uM/L).
Fig. 2 shows that in the last decade the percentage ratio of different forms of

inorganic nitrogen has changed in all parts of Sevastopol Bay. This mostly
concerns the content of the reduced form of nitrogen — ammonium. In recent years,
an increase in its content has been observed in all water areas of the bay,
with the largest increase (from 23 to 36%) in the western part of the bay.
Apparently, the presence of Khrustalny Beach in this part of the bay and the growth
of recreational load on the water area have an impact. At the same time, the nitrate
content decreases (Fig. 2). In the western part of the bay their content decreased
from 72 to 59%. The smallest changes in the content of inorganic forms of

nitrogen are observed in the water area of Yuzhnaya Bay.
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A comparative analysis of the removal rate and time for inorganic forms of
nitrogen and phosphorus in the Sevastopol Bay ecosystem in 2012-2020 and
in the previous period 1998-2012 showed different trends of changes in these
parameters in the water areas of the selected areas. Thus, the time of phosphate
removal from the ecosystems of all parts of the bay has decreased in recent years,
but still remains maximum in the eastern part of Sevastopol Bay (Table 3). Obviously,
the decrease in the time of phosphate presence is due to an increase in the average
elimination rate everywhere except in Yuzhnaya Bay, where this rate decreased from
0.007 to 0.005 uM/(L-day). The maximum estimated phosphate removal rate
(0.039 uM/(L-day)) was recorded in the central part of the bay, while in the other
areas, the removal rate did not exceed 0.023-0.024 uM/(L-day).

In the eastern and central parts of Sevastopol Bay, an increase in the average
nitrite removal rate by 2.3-2.5 times was observed. The maximum values of
the indicator were determined for the eastern and western parts of the bay (0.085
and 0.097 uM/(L-day), respectively). In the central part, the removal rate decreased
from 0.126 pM/(L-day) in 1998-2012 to 0.062 pM/(L-day) in 2012-2020.
Nitrite removal time decreased for all parts of the bay except the western part,
for which there was an increase in the time nitrite was in the ecosystem
with a relatively stable elimination rate.
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Table 3.Rate vi (uM/(L-day)) and time ¢- (day) of removal of inorganic phosphorus and
nitrogen from different parts of Sevastopol Bay in 2012-2020

(PO / NOY)/ NO3) / (NH4) /
Area Phosphates Nitrites Nitrates Ammonium
Vi t Vi t Vi t Vi t

Yuzhnaya Bay 0.005 1822 0.006 33-37 0.536 22-28 0.033 49-53

Eastern part 0.005 30-38 0.010 2529 0.051 63-72 0.029 76-81
Central part 0.008 9-15 0.007 24-27 0.048 4043 0.031 3442
Western part 0.006 13-22 0.013 15-18 0.037 5861 0.036 20-29

A clear pattern is observed for nitrates: even a small increase in their removal
rate from Yuzhnaya Bay and the central part of Sevastopol Bay reduces
the elimination time. On the contrary, when the removal rate of nitrates from
the water area of the eastern and western parts of the bay significantly decreases
(by 2.7 and 7.5 times, respectively), their elimination time considerably increases
(by 2.3 and 7.4 times, respectively). The maximum removal rate (2.098 uM/(L-day)),
as in the previous period, was observed in Yuzhnaya Bay, while in the other areas
it did not exceed 0.396 uM/(L-day).

During the study period in all parts of the Sevastopol Bay water area, as shown
above, the ammonium content increased. Its average removal rate decreased
threefold in the Yuzhnaya Bay water area and 5.8 times in the western, cleanest
part of Sevastopol Bay. The maximum removal rate in all selected areas did not
exceed 0.181 puM/(L-day) compared to the maximum of 0.940 pM/(L-day)
observed in the previous calculation period (1998-2012, western part of the bay
[5]). The drop in the rate of ammonium removal caused an increase in the time
required for self-purification of the ecosystems. Thus, the staying time of
ammonium in the waters of Yuzhnaya Bay and in the eastern part of Sevastopol
Bay increased by 2.8 and 2.3 times, respectively. As for the water area
of the western part of the bay, the estimated time increased more than eight times.

Of particular interest is the information on specifying the ability of ecosystems
of all parts of Sevastopol Bay to self-purification according to the AC value
for the last decade (Table 4), in particular by its specific, i. e. calculated per fixed
unit of volume (in our case per 1 litre), value (ACspec.), which allows levelling

the differences in the volume of different parts of the Sevastopol Bay water area.
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T able 4. Characteristics of capacity of the study water areas of Sevastopol Bay to self-
purification ACgpec. (WM/(L-day)) and AC of water area (t/year) in 2012-2020

(PO4#) / (NO2)/ (NO3) / (NH4%) /

A Phosphates Nitrites Nitrates Ammonium
rea

ACgpec | AC | ACypec | AC | ACspec | AC | ACqpee | AC

Yuzhnaya Bay 0.0076 0.89 0.0046 024 1524 79.86 0389 20.39

Eastern part 0.0017 025 0.0029 0.19 0565 3737 0.142 941
Central part 0.0111  2.89 0.0026 030 2315 269.75 0.519 60.43
Western part 0.0070 2.69 0.0034 0.58 3.003 519.04 0.571 98.69

In the period under consideration 20122020, in relation to phosphates,
the minimum ACg... value was observed in the eastern part of the bay —
0.0017 uM/(L-day). According to the calculated AC of this water area, up to
0.25 tonnes of phosphorus per year can enter the ecosystem without damage to
the latter. In the previous calculation period 1998-2012, this value was 0.64 tonnes
of phosphorus per year, i. e. the permissible level threshold decreased by 2.6 times
[7]. For the Yuzhnaya Bay ecosystem, the value was 0.0076 uM/day or 0.89 t/year,
indicating a slight decrease in the permissible level threshold (0.93 t for 1998-2012
[7]). The western part of the bay is also characterised by a similar value of
ACspec. The increased self-purification capacity of the central part is offset by
the difference between the volumes of its water area and that of the western part,
so the AC values of these parts are close (2.89 and 2.69 tonnes of phosphate
per year, respectively). For comparison, in 1998-2012, the difference was more
significant — 1.17 and 2.00 tonnes of phosphate per year [7], indicating
an improvement in the current situation.

In relation to nitrites, it is important to note a significant decrease in the self-
purification capacity of the western part of Sevastopol Bay. Thus, in comparison
with the previous calculation period (1998-2012), the ACspec. decreased 14.3 times,
which resulted in a 12.6-fold decrease in the AC of this water area (7.38 and
0.58 tonnes of nitrite per year, respectively). The ecosystem of the central and
eastern parts of the bay also showed a decrease in AC, but it was not so sharp —
up to 0.30 and 0.19 tonnes of nitrite per year, respectively, against 0.48 and
0.39 tonnes of nitrite per year in the previous period [6]. In the southern part
of the bay, no changes were observed in the two periods: ACspec. Was
0.005 uM/(L-day), AC of the water area was 0.24-0.25 t/year.
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The ACgpec. value in relation to nitrates in the ecosystem of the eastern part of
the bay did not change significantly in comparison if compared with the previous
calculation period. In the last decade, the ecosystem of this area has been
characterised by the weakest self-purification capacity. The self-purification
capacity of the Yuzhnaya Bay ecosystem more than doubled, reaching the nitrates
removal limit of 79.86 t/year. The AC of the central part of Sevastopol Bay
changed even more, reaching a value of almost 270 tonnes of nitrates per year,
ACspec. increased from 0.614 to 2.315 uM/(L-day) compared to the previous
calculation period. As in the case of nitrites, the western part of the bay bordering
the open sea has experienced a decrease in self-purification capacity, with
519 tonnes of nitrates per year over the last decade, compared to 882 tonnes
per year for 1998-2012. [6].

With respect to ammonium, the minimum ACg.. value was observed
in the ecosystem of the eastern part of the bay — 0.142 uM/(L-day), which
corresponds to an AC of 9.41 tonnes of ammonium per year. High values of ACqpec.
are observed for the ecosystems of the western and central parts of the bay — 0.571
and 0.519 pM/(L-day), respectively, which corresponds to an AC of the water area
of 98.69 and 60.43 t/year. For comparison, based on the data from 1998-2012,
these values were 6.90 tonnes of ammonium per year for Yuzhnaya Bay, 8.36 t for
the eastern part of the bay, 9.33 t for the central part of the bay, and 93.40 t
for the western part of the bay [5]. Thus, for the water areas of the eastern and
western parts of the bay, the changes in self-purification capacity in relation
to ammonium are insignificant. However, despite a significant increase
in ammonium concentration in the central part of the bay, the self-purifying
capacity of its ecosystem has improved. Apparently, the relevant hydrometeorolo-
gical conditions and hydrodynamics of waters in the bay may have played
a significant role. A slightly less significant improvement of the self-purification
capacity took place in Yuzhnaya Bay, where the ACgpc. increased from 0.132 to
0.389 uM/(L-day).

Thus, there is a large spread of data on the AC of the ecosystem in relation
to both a particular nutrient and each separate part of the water area of Sevastopol
Bay. The distribution of nutrient concentrations between different parts of
Sevastopol Bay is somewhat inconsistent with the changes in the AC value. This is
due to the complexity of AC, which is determined by processes of different nature.

The information presented in Table 4 allows us to assess the current situation
for each specific water area with respect to all nutrients by the value of their
specific assimilation capacity.

Thus, the obtained results made it possible to assess the general state of
Sevastopol Bay ecosystems by the AC value:

Yuzhnaya Bay. For phosphates — slight decrease in ACspec.; for nitrates and
ammonium — increase in ACqpec., and for nitrites — no change. In general, the situation
has improved.

Central part of the bay. For phosphates — significant increase in ACspec;
for nitrates and ammonium — significant increase; for nitrites — decrease. In general,
the situation has significantly improved.

Eastern part of the bay. For phosphates — decrease in ACgpec.; for nitrates —
insignificant decrease; for ammonium — insignificant increase; for nitrites —
significant decrease. In general, the situation has deteriorated.
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Western part of the bay. For phosphates — increase in ACspec; for nitrates —
significant decrease; for ammonium and nitrites — decrease. In general, the situation,
as in the eastern part, has recently deteriorated.

To provide the reasons for this situation, it is necessary to consider the changes
in the hydrometeorological situation for the last decade.

Due to the zonally elongated orientation of the bay surrounded by high shores,
the prevailing wind directions are easterly (23.1%) and southerly (19.6%) [11].
The changes in wind recurrence by direction for two periods (1998-2012 [11]
and 2012-2020? are presented in Fig. 3.

Fig. 3, b shows that in the modern period, the duration of easterly winds
increased to 35%, and the share
of southerly winds significantly N N
decreased compared to the pre-
vious decade (Fig. 3, a). As is
known from the data of [7], it is .j\“ ﬁﬂf\‘\
the southerly winds that compli- "‘ i
cate the water exchange in Yuzh- el

<

SW . SE SW SE

naya Bay with the water area
S a 5 b

of the entire Sevastopol Bay.

To establish the reasons for g. 3. Wind rose for the Sevastopol water area
the differences in the ACspec.  in 1998-2012 (@) and 2012-2020 (b)

values in the ecosystems of

different parts of the bay, let us consider the features of their hydrodynamic
situation calculated using the hydrothermodynamic module of the numerical three-
dimensional non-stationary model MECCA [8] at prevailing winds of eastern
directions (Fig. 3, b). The results of the currents calculation obtained for the water
area of Sevastopol Bay are presented in Fig. 4.

Fig. 4 shows that the increase in the easterly wind recurrence observed
in the last decade contributes to increased ventilation of the Yuzhnaya Bay waters
and their transfer to the western part of the bay. Yuzhnaya Bay is characterised
by a hindered water exchange with the adjacent water area. The waters of the bay
receive record volumes of residential and storm water runoff, moreover, there are
berths in its water area.

When northerly and northeasterly winds prevail over the bay water area,
a surface drift current directed along the bay axis to the west is formed.
This favours more intensive water inflow into Yuzhnaya Bay both in the surface
and bottom layers. The northerly and northwesterly winds cause a surge effect
and the corresponding compensatory rise of water from the bottom horizons
to the surface of the middle part of Yuzhnaya Bay [7].

2)Raspisanie Pogody, Ltd. [Weather Archive Sevastopol]. 2023. [online] Available at: https://rp5.ru/
Apxus_nioroasl_B_Cesacromone [Accessed: 10 December 2023] (in Russian).
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&

F i g. 4. Map of surface currents in Sevastopol Bay under
an easterly wind of 5-10 cm/s

Let us focus on the peculiarities of the dynamic regime in the central part of
the bay as a possible reason for the increase in the self-purification capacity of its
ecosystem in the last decade. Due to the location of the central part of the bay,
the currents here are determined mainly by the wind. Under the influence of
the easterly wind, a direct flow of the west direction is formed in the surface water
layer, which also persists under the northerly and southerly winds and contributes
to the transfer of pollutants to the western part of the bay (Fig. 4).

According to the work [5], in the central part of Sevastopol Bay there are
two counter flows — one from east to west from the Chernaya River and the other
from the open part of the sea. This contributes to the formation of a buffer zone
in the central part of the bay, in which multidirectional flows carrying pollutants
are “closed”. This is explained by the orientation and morphometric characteristics
of the bay, as well as by the inflow of river water from the east, which creates
a slope of the water surface and causes runoff currents.

The eastern part of Sevastopol Bay receives water from the Chernaya River,
the major runoff (up to 80%) of which occurs in winter and spring. During
the high-water period with weak winds, the runoff currents caused by the inflow of
the Chernaya River waters become predominant. The deterioration of the self-
purification capacity of this part of the bay in the last decade is associated with
an increase in the flux of biogenic nitrogen and phosphorus with the runoff of
the Chernaya River. This flux is especially intensified during the formation of
winter and spring floods, when distributed surface flood waters spread up to
the Neftyanaya Gavan area. Flood waters contain elevated levels of silicium,
nitrates, ammonium and phosphorus, which enter the river and bay waters from
residential waste-water in the lower reaches of the river, as well as from sewage
discharges from settlements and enterprises located in the water protection zone.
More detailed information on the influence of the regimes of a particular winter
and spring flood and summer low water of the Chernaya River in 2015 on the self-
purification capacity of the eastern part of the bay is presented in the work [12].
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For this part of the Sevastopol Bay water area, the peculiarities of the bottom
structure are also significant. Longer removal of phosphates in the eastern part
of Sevastopol Bay (Table 3), observed by us in the last decade, may indicate their
accumulation in bottom soils and increase the risk of secondary pollution of
the water area. Thus, the work [13] provides data, obtained in the expedition of
MHI RAS, on an artificial deepening of the bottom (depths of 19—20 m) in the area
of the floating dock located near the southern shore of the eastern part of
Sevastopol Bay are given. This deepening of the bottom in the eastern part of
the bay resulted in reductive conditions under which, due to hypoxia, phosphorus
accumulated in bottom sediments can re-enter the bottom water layer [7]. This also
favours the oxidation of organic matter at the expense of nitrates with the formation
of ammonium and nitrites.

Recently, some decrease in the self-purification capacity of the ecosystem of
the western part of the bay has been observed, especially in relation to inorganic
forms of nitrogen (Table 4). This is associated both with the hydrodynamic regime
(Fig. 4), according to which the transport of pollutants, including nutrients,
is carried out in the western direction, and with the growth in the number of
sources of nutrient inputs as a result of increased recreational load on the bay coast.

Conclusions

Based on the consolidated database of archival materials of MHI RAS and SB
FGBU SOI for 2012-2020, the authors used the balance method to calculate
the value of assimilation capacity AC of the Sevastopol Bay ecosystems in relation
to biogenic forms of nitrogen and phosphorus as well as its specific component
ACspec., which allows calculating the differences in the volume of the studied parts
of the bay.

Mean and maximum concentrations of inorganic forms of phosphorus (PO4)
and nitrogen (NO,, NOs, NHs) for the specified period were estimated, values of
mean and maximum rates of removal of the mentioned nutrients from the bay
ecosystems were obtained, and the time of their removal from the bay ecosystems
was calculated.

The paper presents the results of comparison of changes in the percentage
of inorganic nitrogen forms (NOz, NOs;, NH4) in the water area of all parts of
Sevastopol Bay for two periods (1998-2012 and 2012-2020). These changes
mostly influenced the content of the reduced form of ammonium nitrogen.
In recent years, its content has been increasing in all water areas of the bay,
with the greatest increase observed in the western part of the bay — from 23 to 36%.
The mean and maximum concentration of nitrites (NO») in the ecosystems of all
parts of the bay is only increasing. The maximum concentration value was observed
in the eastern and western parts of the bay (7.07 and 7.67 uM/L, respectively).

It is shown that over the last decade certain changes in the self-purification
capacity of the bay ecosystems have occurred, which manifested themselves
in a large variation of data on the value of assimilation capacity of the studied
ecosystems with respect to both a specific nutrient and the ecosystem of each
separate part of the bay water area. For all studied water areas of Sevastopol Bay,
in some cases, improvement of self-purification capacity was observed, whereas
in some cases, deterioration was noted.
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Thus, the self-purification capacity of the Yuzhnaya Bay ecosystem improved
in relation to nitrates and ammonium and deteriorated in relation to phosphates.

For the central part of the bay, an increase in the self-purification capacity
for phosphates, nitrates and ammonium and a decrease only for nitrites was noted.
In general, the situation has significantly improved.

For the ecosystem of the eastern part of the bay, which is under the influence
of the Chernaya River runoff, a decrease in the self-purification capacity in relation
to phosphates and all forms of nitrogen has been observed in the last decade.
Therefore, the ecosystem condition has deteriorated, too.

For the ecosystem of the western part of the bay, a decrease in the self-
purification capacity for all inorganic forms of nitrogen and a slight increase in that
for phosphates were observed. In general, as in the eastern part of the bay,
the ecosystem condition has deteriorated.

It is shown that the data on the state of Sevastopol Bay ecosystems, obtained
in this work, can be associated with changes in the wind regime over the water area
in the last decade and the system of surface currents formed under its influence
in the water area of the bay. In addition, the current state of the bay ecosystems
is associated with an increase in the number of sources of nutrients as a result of
the growth of recreational load on the bay coast.
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