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Abstract
The winter peak of phytoplankton bloom in the Sevastopol Bay is reproduced using the 3D

water quality model MECCA using meteorological data for January 2003. A detailed dy-
namic pattern of currents’ variability, temperature, salinity, concentration of phytoplankton
biomass and phosphate phosphorus is reproduced. The formation of an anticyclonic eddy
in the central region of the bay is demonstrated, which led to an increase in the phosphorus
phosphates concentration and phytoplankton bloom. The maximum of phytoplankton
bloom (0.056 gC/m® was observed on the 23rd model day in the central part, then
the maximum concentration of biomass decreased to 0.047 gC/m? in the central and eastern
parts of the bay. There was also a decrease in phosphorus phosphates concentration from
the maximum 0.0085 gP/m?® on January, 10 to 0.0049 gP/m? on January, 23 in the central
part of the bay. The concentration of phytoplankton biomass increased until January, 23,
and then decreased, the phosphorus phosphates concentration decreased throughout
the whole calculation period. The estimates obtained in the course of numerical modelling
generally agree with the observational data. The performed study can serve as a basis
for the development and application of a model approach to monitoring and managing of
ecosystem processes on shallow water. Using this model, it is possible to calculate various
scenarios for the bay eutrophication in case nutrients are discharged.
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AHHOTANUA

B pabore BocnpoM3BOIUTCS 3UMHMI MUK IBETEHUS (UTOIIaHKTOHA B CeBacTOIOIBCKOM
OyXTe Cc MOMOIBIO TpeXMepHOit Mozenu kadectBa Boj MECCA ¢ ucnonb30BaHUEM METEO-
JaHHBIX 3a siHBapb 2003 r. Bocnpoun3sseneHa feTaiabpHas JUHAMUYECKash KapTHHA U3MEHYH-
BOCTH TEYEHHUH, TEMIIEpaTypbl, COJIEHOCTH, KOHLEHTpalnuu Ouomacchl (PUTOIUIAaHKTOHA
u dhochopa dpocharos. [Tokazano oOpa3oBaHNEe aHTUIHUKIOHUYECKOU BUXPEBON sUCHKH
B IICHTPAJILHOM paiioHe OYXTHI, KOTOPOE IPHUBENO K YBEIHUYCHHUIO KOHIIEHTpanuu Qocdopa
(ocdaroB u BeTeHHIO (PUTOIIAHKTOHA B 3TOM paifoHe. MaKCUMyM IIBETEHHUS (PUTOILIAHK-
toHa (0.056 rC/M®) Habmonancs 23 sHBaps B HEHTPAILHOM paiioHe, 3aTeM MaKCHMalbHas
KOHIeHTpanus 6uomaccsl cHmsmnack 10 0.047 rC/m® B 1eHTpanbHOM M BOCTOYHOM paifo-
Hax OyxTbl. Takxke MpOCIIeKMBAaeTCs yMEHBbIIEHHe KoHIeHTpamuu ¢ocdopa docdaror
ot MakcumanbHEBIX 0.0085 TP/m® 10 smBaps 1o 0.0049 rP/m° 23 sHBapss B LEHTpaIbHOM
paiione OyxTbl. KoHneHTparus 6nomaccsl GUTOINIAaHKTOHA pacTeT 10 23 sHBaps, a 3aTeM
CHMXaeTCs, KOHIeHTpaust Gpocdopa GocdaToB cHIKaETCS Ha MPOTSHIKEHUH BCETO pacyerT-
Horo nepuoya. OLeHKH, MOJy4eHHbIE B X0JIe YHCICHHOTO MOJISIMPOBAHUS, B LIEJIOM COOT-
BETCTBYIOT JaHHBIM HaOJto/eHUH. BBINOIHEHHOE HCClIeIOBaHUE MOXKET CIIY)KHUTh OCHOBOW
JUISL Pa3BUTHSL U IPUMEHEHHSI MOJICJIBHOTO 110JIX0/1a K MOHUTOPUHTY M YIPABICHHUIO SKOCH-
CTEMHBIMH TIPOLIECCAMH B MEJKOBOJHBIX BogoeMax. C IMOMOIIBIO TaHHOW MOJENH MOXKHO
paccumTaTh pa3NYHBIC CLIEHAPUH 3BTpodrpoBaHMs OYXTH MpH cOpocax B Hee OMOTCHHBIX
BEIIIECTB.

KaoueBbie caoBa: Onomacca (UTOIUIAHKTOHA, IBETEHHE (PUTOIUIAHKTOHA, OMOTEOXH-
MHYECKOe MOJCINPOBAHKE, THAPOIMHAMUYECKas MOeNb, CeBacToNoabCKas OyxTa

BiaarogapHocTH: aBTOpPBl BHIPaXAIOT OJIArOTapHOCTH NOKTOPY reorpapuyeckux Hayk
Cogre Enene EBreHbeBHe 3a 06CykIeHIE PYKOIIMCH 1 LIEHHBIE 3aMeuanys. PaboTa BeIIOJIHEHA
B pamkax rocynapcrBenHoro 3ananus ®I'BYH ULl MI'U nmo teme Ne FNNN-2021-0005
«[TpubpesxHbIe UcCIeJOBAHUM.

Jas nurtupoBanus: Crenuyk K. A., Xmapa T. B. 3uMHMIA MK 1BeTeHHUs (UTOTLIAHK-
ToHa B CeBaCTOMOJBCKON OYXTe MO pe3ysbTaTaM YHCICHHOTO MOICIHPOBAHUS // DKOJIOTH-
yeckast 0e30MacHOCTh MPHOPEKHONH H mienbhoBoil 30H Mops. 2023. Ne 2. C. 91-104.
EDN PLLXAZ. doi:10.29039/2413-5577-2023-2-91-104

Introduction

The coastal areas of the sea, especially closed and semi-closed water areas,
which include Sevastopol Bay, experience a significant man-caused load. Limited
water exchange with the sea results in the pollution of the bay and prevents rapid
self-purification. The stationary sources of pollution are economic and recreational
facilities located on the shores of the bay, as well as ship moorings. More than thir-
ty temporary and permanent wastewater and municipal sewage outlets, as well as
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runoff from the river Chernaya
L0 1 . transport untreated or conditionally
- C r) » treated waters with pollutants of
e EX various nature to the bay. The con-
sequences of such discharges de-
pend on a number of physical,
chemical and biological processes,
the result of which is the response
Fig. 1. Sevastopol Bay zoning according to  of phytoplankton.
the pollution level [2]: W — mild pollution zone; Depending on the localization
E — moderate pollution zone; C —strong pollu-  of pollution sources, morphometric
tion zone; S — very strong pollution zone characteristics and hydrometeoro-
logical conditions, both relatively
clean zones and zones of a stable high level of pollution (e.g., Yuzhnaya Bay) are
formed in Sevastopol Bay [1]. According to the pollution level, the water area of
Sevastopol Bay was divided into four zones (Fig. 1) [2].

When assessing the ecological state of the Sevastopol Bay ecosystems, it is
also necessary to take into account the seasonality of biological processes (warm
and cold periods), which determine the inclusion of nutrients in the composition of
the waterbody primary production, their deposition in bottom sediments, and sub-
sequent recycling resulted from the destruction of organic matter.

The winter period is one of the most important seasons for the shallow water
ecosystems. The winter phytoplankton bloom in the bay is stipulated by an increase
in the supply of nutrients resulted from the decomposition of organic matter in deep-
er layers with good vertical mixing throughout the entire water column of the bay.

An increase in the eutrophication level of a waterbody is one of the negative
results of human impact on nature due to the saturation of the water area with nu-
trients, which is accompanied by an increase in phytoplankton biomass. Phyto-
plankton, being the initial element in the food chain of an aquatic ecosystem,
produces organic matter with higher energy content from inorganic substances
with low energy content. Phytoplankton can indicate the state of the ecosystem,
because the state and development of zooplankton and fish depends on it.

Previously, the problem of the phytoplankton biomass modelling in Sevastopol
Bay was solved using a 2D ecological model of the reaction-diffusion class [3].
In this model, the photosynthetic rate does not depend on the concentration of
nutrients due to the fact that the bay is excessively enriched with them. Among
other things, there is no dependence on water temperature. The only factor limiting
the process in this model is light. Using a 3D physical and biochemical model [4],
the concentration fields of phytoplankton biomass and nutrients in Sevastopol Bay
were calculated for wind conditions prevailing in July, while in this work the pho-
tosynthetic rate depended on the concentration of nutrients and light.
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The aim of this work is to study the formation of the winter peak of phyto-
plankton bloom in the waters of Sevastopol Bay based on mathematical modelling,
taking into account the variability of temperature and water dynamics in winter,
as well as to assess the effect of phytoplankton bloom on changes in the eutrophi-
cation level of the bay.

Materials and methods

Using a numerical non-stationary 3D model MECCA ¥ (Model for Estuarine
and Coastal Assessment) and chemical and biological module, the fields of varia-
bility of phytoplankton biomass, phosphate phosphorus, ammonium nitrogen, ni-
trates and nitrites, and oxygen in Sevastopol Bay in the period from January 1
to January 31 of the model year were calculated. Model days correspond to
the days of the month. Previously, this model was standardized in a 1D version
in order to obtain the specific rates of chemical and biological processes and coef-
ficients reflecting the characteristics of the environment and external factors in em-
pirical equations [5]. Using a standardized 1D version of the model, the annual var-
iation of the phytoplankton biomass, the content of phosphorus phosphates, ammo-
nium nitrogen, nitrite nitrogen and nitrate nitrogen, and oxygen in Sevastopol Bay
was calculated. In addition, the annual variation of the E-TRIX eutrophication in-
dex was calculated both in the entire bay and in each of its zones [6, 7]. The results
of calculations using the hydrodynamic module of the MECCA model 3D version
are presented in [8].

The mathematical structure of the chemical and biological module of
the MECCA model is based on the synthesis of known theoretical and applied wa-
ter qualitymodels [9]. When constructing the module, it is taken into account that
the rates of phosphatization and ammonification of organic matter can be different.
Inclusion of concentrations of nitrogen and phosphorus organic and inorganic
forms in the structure of the model as variables makes it possible to automatically
take into account possible differences in the ratios between nitrogen and phospho-
rus in the composition of autochthonous and allochthonous (including those com-
ing from anthropogenic sources) organic matter. The combination of phosphorus
and nitrogen cycles in the model is based on the equation of phytoplankton dynam-
ics, which describes the primary production of organic matter by phytoplankton
in the process of photosynthesis, as well as the replenishment of inert organic mat-
ter (in units of phosphorus and nitrogen) as a result of respiration, natural death
rate, and phytoplankton grazing.

The following hydrochemical and hydrobiological characteristics are consid-
ered as model variables: phytoplankton biomass Bpn, constant Prop and labile Pipep
fractions of organic phosphorus in detritus,constant Paop and labile Pigop fractions
of dissolved organic phosphorus, mineral dissolved phosphorus Pgip, constant Nipon
and labile Nipon fractions of organic nitrogen in detritus, constant Nyon and labile
Nigon fractions of dissolved organic nitrogen, ammonium nitrogen Nnns, nitrogen of

) Hess, K.W., 1989. MECCA Programs Documentation. Washington, D.C.: U.S. Department of Com-
merce, 266 p. Available at: https://repository.library.noaa.gov/view/noaa/19301/noaa_19301_DS1.pdf
[Accessed: 08 June 2023].
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nitrates and nitrites Nnoz+no2, CONStant Cipoc and labile Cipoc fractions organic carbon
in detritus, constant Ciqoc and labile Ciqoc fractions of dissolved organic carbon, dis-
solved organic carbon emitted by algae Cexdoc, dissolved oxygen O [10].

The model uses the assumption of the constancy of the organic matter chemical
composition in accordance with its stoichiometric model (CH20)106(NH3)16H3POs.
Thus, the ratio between carbon, nitrogen and phosphorus in organic matter is
C:N:P = 106:16:1 (umol) 2. Since mineral phosphorus limits the phytoplankton
bloom, we present the equations of phytoplankton biomass and phosphate
phosphorus.

Phytoplankton biomass Bgn (gC/m?):

9Bon _

dt
where t — time, day; T — water temperature, °C; Gg — specific gross production,
1/day; ko— specific metabolic rate (respiration), 1/day; kg, — Specific rate of grazing

of phytoplankton by zooplankton and natural death rate of phytoplankton, 1/day,
which are written as the following functional dependencies:

[Gg — kpr (T) — kgrz(T)]Bph,

GB = GBmaXGT (T)G| (T )GNP(Ndin , Pdip)a
1 %n 2.718f
G(1)=—= [f,(1,)dZ = @ fexp(-R,, ) —exp(-R, )],
AZ ; o

RO :I_a' Rzi = RO eXp(—OtZi) ) Az = Ziyg —Zis
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f, (1) :II—Zexp(l—l—ZJ, I, =1, exp(-az),

opt I opt

. N . Py
Gyp(Ngi, Py )= min dn___ St
NP( din dlp) {Kmn + Ndin Kmp+Pdip

where Ny, =N, +N

no3+no2?

e91(T’Tm)2, ecm T <T_,

52T~ ecmn T>T_,

GTG):{

Ko (T)=1,Gg + 1,002,
(20)07-29),

grz

Ky (T) =K

arz

Here, Gemax — maximum specific gross production, 1/day; 1. — average daylight flow
of photosynthetically active radiation (PAR) that penetrates the sea surface, W/m?;

2) Alekin, O.A. and Lyakhin, Yu.l., 1984. Chemistry of the Ocean. Leningrad: Gidrometeoizdat,
343 p. (in Russian).
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lopt — optimal irradiance for photosynthesis, W/m?; fq — proportion of daylight hours
per day and night period (0 < fg < 1); I, — irradiance at depth z, W/m?; a — integral
coefficient of PAR intensity attenuation with depth; Kmn, Kmp — half-saturation con-
stants of the utilization rate of nitrogen and phosphorus mineral forms by phyto-
plankton, respectively, g/m*; T — water temperature optimal for algae growth, °C;
c1, G2 — coefficients that determine the nature of the temperature influence on
the growth of algae in the ranges above and below Tm, 1/°C?; ry — proportion of
algae production that is spent on the photosynthesis energy supply; r, — specific
algae metabolic rate at 20 °C, 1/day; 0, — coefficient of temperature influence
on metabolic rate; kq,(20) — specific rate of grazing and death of phytoplankton
at 20 °C, 1/day; 04, — coefficient of temperature effect on the rate of algae grazing
and death.
Mineral dissolved phosphorus Pip (rP/m?):

dP,
a = Och fdip (kpr (T) + kgrz(T))Bph +

dt
(@)
+(k a0Omran Praop T KiniapOmiae Pla )—2
mrdpYmrdp ' rdop midp Y midp " Idop Ko e)

2

_apc(l_ fexB )GBBph'

where apc — coefficient expressing the stoichiometric ratio between carbon and
phosphorus in organic matter, gP/gC; Kmrp — Specific rate of mineralization of dis-
solved organic phosphorus stable fraction at 20 °C water, 1/day; Omp — tempera-
ture coefficient; kmgp — Specific rate of mineralization of the dissolved organic
phosphorus labile fraction at 20 °C water, 1/day; Omigp — temperature coefficient;
K,, — process half-saturation constant in relation to available oxygen concentration,
g0./m?; fgi, — proportion of mineral phosphorus in the algae metabolic secretions,
remains of dead and grazed algae; fexe — proportion of algae primary production
that is excreted as dissolved organic matter. The parameters and empirical coeffi-
cients used in the calculations are shown as follows:

GBmax «+vveveenes 1.88 1/day Ogrzeeeemeeeenreeeseneenes 11

CL wrrerrerreennennens 0.006 1/°C? OpC eeenrerrenneennenns 0.022 gP/gC
G2 e 0.006 1/°C? Flip coverereeereennns 0.2

T e 9.5°C Kirdp «ovveevevenenenns 0.01

Kimn coeeeeeeeenns 0.025 gN/m? Omrdp «veveverererenns 1.08

Kinp ceeeeveeneens 0.0025 gP/m? Kimldp-«ceeverervenens 0.1

Fg ceeeeeneneneees 0.2 OmIdp eeereeeerennens 1.08

Fb cvereererererenans 0.01 Ko, oo, 1 gC/m®

Opr cvevereirrenenns 1.067 FexB cveverreiireinnns 0.1

Kgzr vvevereeneenenn 0.05 1/day

During calculations, the water area of the bay was covered with a grid of
47 x 97 nodes with a step of 80 m and was divided into 10 model levels along
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the vertical in the o-coordinate system. Data on air temperature and wind impact
were estimated from measurements at the hydrometeorological station at Cape Pav-
lovsky on the southern shore of Sevastopol Bay. Urgent data on wind speed and
direction, air temperature for 2003 with a 6-hour interval, monthly average data
on humidity and cloud cover for 2003 were used for modelling.

At the boundary between the bay and the open sea, average monthly values of
temperature, salinity, phytoplankton biomass, phosphorus phosphates, nitrogen
nitrates, nitrites and ammonium, oxygen on the surface and at the bottom were set.
At the boundary between the bay and the river, daily values of temperature, salini-
ty, phytoplankton biomass, phosphorus phosphates, nitrogen nitrates, nitrites and
ammonium, oxygen on the surface and at the bottom of the river were set.
The initial fields of temperature, salinity, phytoplankton biomass, content of nutri-
ents and oxygen were set to be horizontally homogeneous.

Results

The cumulative effect of a number of factors, among which air and water tem-
perature, waterbody hydrodynamic regime, and concentration of nutrients (mainly
inorganic phosphorus), plays a significant role in the development of phytoplank-
ton in shallow water areas.

The air temperature in January 2003 was characterized by strong fluctuations
(from -5 to 15°C) in the first half of the month and was relatively stable
(about 5 °C) in the last third of January (Fig. 2). Such changes in air temperature
affected the surface water temperature in the bay. In situ data analysis showed that
the low air temperature in January 2003 led to the upper water layer cooling [11].

In January, low salinity was noted. The main reason for its change in the study
area is a salinity decrease in the surface layer caused by rains during the survey
period and just before [11].

The wind regime is the main factor determining the dynamics of waters
in shallow water areas. Fig. 3 shows the windroses in Sevastopol Bay in January
2003: from 1 to 19 January, from 20 to 26 January, and from 27 to 31 January.

T,°C | |
10 :f\‘w 1 1 \l l!‘l | A IAI
3= \‘ \ SV A A.J\Jﬁ’ ha| \ﬂj"
-5 11 WY . 1]
-10 ‘ \ ‘ \ : \
0 10 20 30
January 2003

Fig. 2. Changes in air temperature in Sevastopol Bay area
in January 2003
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Fig. 3. Windroses from 1 to 19 January (red col-
our), from 20 to 26 January (blue colour) and from 27
to 31 January (green colour) 2003

In the first half of the month, the wind regime
was very variable. Winds of all directions were
observed with the predominance of southerly winds.
From January 20, mainly northerly and northeast-
erly winds were observed, which from January 27
changed their direction to the south, southwest.

The structure and speed of currents in a reservoir affect production processes
both directly and indirectly. The direct effect is manifested in the mechanical effect
on the growth and development of phytoplankton, and the indirect effect is shown
through the change in the physical and chemical conditions of algae vegetation.

The distribution of currents and water temperature in the Sevastopol Bay was
obtained using a 3D hydrothermodynamic model. The pattern of currents in the bay
is influenced by shallow depths, as well as by the large length and indentation
of the coastline. The structure of the currents corresponds to the average climate
for the winter period, obtained in [12] with an easterly wind. According to the cal-
culation results, the current is directed from the bay to the open sea, while
the highest vorticity is typical for the eastern part of the bay (Fig. 4).

Wind direction and bottom topography have the main effect on the formation
of currents in the central region of the bay. In winter, there is almost no fresh water
inflow from the river Chernaya. During the period of winter cooling, a sharp cool-
ing of surface waters and activation of convective mixing lead to the appearance of
many irregular structures in the overall flow pattern. One of the eddies is observed
in the central region.

Figures 5 and 6 show the dynamics of phytoplankton biomass, phosphate phos-
phorus for the 10th, 17th, 23rd, and 29th model days. The table shows the values

10 cm/s

Fig. 4. Map of currents on the bay water surface on the 23rd model day
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Variability range (above the line) and average values (under the line) of the phytoplankton
biomass concentration Ben, gC/m?®, and phosphate phosphorus PO4, gP/m?, in the Sevasto-

pol Bay areas

Concentration

Model day Area
Ben PO4
W 0.0222-0.0355 0.0011-0.0069
0.0307 0.0059
s 0.0272-0.0385 0.0032-0.0078
0.0332 0.0064
10 c 0.0325-0.0444 0.00590.0094
0.0404 0.0086
E 0.0238-0.0432 0.0009-0.0094
0.0383 0.0085
W 0.0235-0.035 0.0014-0.0041
0.0306 0.0033
s 0.0306-0.0387 0.0025-0.0048
0.0343 0.004
17 c 0.0401-0.0526 0.0053-0.0067
0.047 0.0061
E 0.0282-0.0525 0.0007-0.0068
0.0488 0.0061
W 0.0242-0.0472 0.0012-0.0038
0.0416 0.0032
s 0.0301-0.051 0.0022-0.0042
0.0411 0.0034
23 c 0.0455-0.056 0.0045-0.0053
0.0537 0.0049
E 0.0294-0.0553 0.0006-0.0053
0.0504 0.0048
W 0.0221-0.0343 0.0009-0.0021
0.0291 0.0016
s 0.0294-0.036 0.0009-0.0021
0.0332 0.0016
29
c 0.0377-0.0472 0.0027-0.0041
0.0429 0.0033
E 0.029-0.0474 0.0006-0.0043
0.0436 0.0039
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Fig. 5. Phytoplankton biomass concentration, gC/m?,
on the 10th (a), 17th (b), 23rd (c) and 29th (d) model days
in Sevastopol Bay
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Fig. 6. Phosphate phosphorus concentration, gP/m?,
on the 10th (a), 17th (b), 23rd (c) and 29th (d) model days
in Sevastopol Bay
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of these indicators on average, as well as their range of variability in the western
(W), southern (S), central (C), eastern (E) areas of the bay according to zoning
in [2] (see Fig. 1). The highest concentrations of phytoplankton biomass and phos-
phorus phosphates over the entire model period are observed in the eastern and
central regions. The maximum phytoplankton bloom is observed on the 23rd model
day — 0.056 gC/m? in the central region, then the maximum biomass concentration
decreases to 0.047 gC/m? in the central and eastern regions. In addition, in the cen-
tral region of the bay, a decrease in the concentration of phosphorus phosphates is
observed from the maximum 0.0085 gP/m? on the 10th model day to 0.0049 gP/m?
on the 23rd model day. This confirms the fact that phosphorus, being the limiting
element, is consumed by phytoplankton.

The blooming area in the central region can be explained by the formed eddy,
due to which an area with an increased concentration of phosphorus phosphates,
as well as an increased temperature, compared to other areas of the bay, appeared,
which is a favourable factor for the development of algae. If the phytoplankton bi-
omass concentration increases on average in the bay from 0.0357 gC/m?
on the 10th model day to 0.0467 gC/m? on the 23rd model day, and then decreases
to 0.0372 gC/m?® on the 29th model day, then the concentration of phosphorus
phosphates during the entire model period decreases from 0.0074 gP/m?
on the 10th model day to 0.0028 gP/m? on the 29th model day. This fact also indi-
cates the consumption of phosphorus phosphates by phytoplankton and, due to its
shortage by the end of the model period, a decrease in the concentration of phyto-
plankton biomass. The results obtained are in good agreement with the experi-
mental data described in [11, 13, 14].

Conclusion

The performed numerical modelling of the winter phytoplankton bloom
in the Sevastopol Bay under the meteorological conditions of January 2003 makes
it possible to trace the dynamics of phytoplankton and phosphorus phosphates
in different regions of the bay. The peak of phytoplankton bloom is observed
on the 23rd model day in the central region of the bay, while the concentration
of phosphorus phosphates decreases throughout the model period. The maxi-
mum values of the concentrations of these parameters in the central region of
the bay are stipulated by the formed eddy and increased water temperature.
The estimates obtained in the course of numerical simulation generally agree with
the observational data.

Despite the fact that, in the absence of observational data, the results of model-
ling serve only as an indirect estimate, their use will help advance the understand-
ing of the mechanisms of ecological processes and outline the direction of future
clarifying studies. Through modelling, it is also possible to calculate various sce-
narios for the bay eutrophication with an increase in the volume of nutrients dis-
charged into it.

The performed study can serve as a basis for further development of the model
approach and its application to the monitoring and management of ecosystem pro-
cesses in shallow waterbodies.
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