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Abstract

Introduction. Pollution of shallow waters is becoming an increasingly serious problem. It is important to study the
mechanisms of pollution distribution in them to protect and restore such vulnerable ecosystems, it is necessary to develop
strategies for the development of sustainable and environmentally friendly use of natural resources, minimizing the
negative impact on the environment. Part of this work is the construction of a mathematical model for the spread of
pollutants (in particular, phosphates) in shallow reservoirs. The aim of the work is to construct scenarios for changes in
the concentration of phosphates at various parameters of the model.

Materials and Methods. The phosphate transport mathematical model in a shallow reservoir is described, implemented
using a modified alternating triangular iterative method to solving grid equations.

Results. The developed mathematical model is numerically implemented in the form of a software module. This model
is an important tool for assessing and predicting the various pollution sources impact to the water quality of ecosystems
such as lakes and reservoirs.

Discussion and Conclusion. The resulting model can be used to analyze various pollution scenarios, for example, to
determine optimal waste management strategies and prevent pollution of water resources. In addition, the software
module developed by the authors allows you to simulate the process of the phosphates concentration changing and can
be useful for conducting scientific and engineering research in the aquatic ecology field and developing effective methods
for adapting hydrobiocenosis to changes in the aquatic ecosystem.
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HETaTHBHOTO BIMSAHMS Ha OKPYXKAIOIIYI0 cpeny. YacTblo 3ToH paboThl ABIAETCS HOCTPOCHUE MAaTEMaTHUSCKONH MOJEIH
pactpoCTpaHeHUsl 3arpsA3HeHUH (B 4aCTHOCTH, (ocdaToB) B MENKUX BojoeMax. Llenbio paboTsl SBIACTCS MOCTPOCHUE
CIleHapHeB U3MEHEHNUS KOHIEHTpaliK (ochaTroB NP pa3INIHBIX TapaMeTpax MOJCIIH.

Mamepuanvt u memoost. C MOMOIIBI0 MOAU(DUIUPOBAHHOTO TIONEPEMEHHO-TPEYT0IEHOIO HTEPALlIOHHOTO METOJIa pelie-
HUS ceTouHbIX ypaBHeHui (MITTM) cozgaeTcs MaTeMaTudeckast MOZENb TpaHCHopTa (pocdaToB B METKOBOAHOM BOZIOEME.
Pe3ynomamut uccnedosanus. PazpaboranHas MaTeMaTHyeckas MOJACIb YHCICHHO Pealli30BaHa B BHJE MPOrPaMMHOTO
MOAYJIsL. DTa MOAEIb MPEACTABISIET cOO0W BayKHBIM MHCTPYMEHT JJISl OLIEHKH M POTHO3UPOBAHMS BO3JCHCTBHS pa3iiny-
HBIX MICTOYHHKOB 3arpsi3HEHUs Ha KaueCTBO BOJ| SKOCHCTEM, TAKUX KaK MOpE, 03€pO U BOIOXPAHUIIHUILE.

Obcyscoenue u 3axntouenue. I1omydeHHas MOIEIb MOXKET OBITh HCITONB30BaHA TS aHAJIM3a PA3IMYHBIX CLIEHAPUEB 3arpsi3-
HEHHS, HAITPUMED, [UTs ONPE/IeTICHAs ONTHUMAJIBHBIX CTPaTeruid YIIPABICHUs OTXONAMH H TPEIOTBPAIICHHUS 3arpI3HEHHUS BO-
JHBIX pecypcoB. Kpome Toro, paspaboTaHHBIIT aBTOpaMu MPOTrpaMMHBIN MOJYJIb ITO3BOJISIET MOJICITMPOBATH MPOLECC N3MEHE-
HHS KOHIIEHTpalu# (ochaToB 1 MOXKET OBITh MOJIE3CH JUIS TPOBENICHHUS HAYYHBIX U HH)KCHEPHBIX UCCIIEJOBAHUI B 00J1aCTH
BOJIHOM HKOJIOTHH U pa3paboTKH 3P (PEKTHBHBIX METOZIOB aAaNTAMK THAPOOHOIIEH03a K M3MEHEHHUSIM BOJHOM SKOCHCTEMBL.

KioueBble ciioBa: MaTeMaTHuecKast MOZIEINb, 3arpsA3HSIONINE BellecTBa, (pochaThl, MEIKOBOJHBIH BOIOEM, aITOPUTM,
MIPOTrPaMMHBIA MOYITh
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Introduction. Shallow waters are vulnerable ecosystems exposed to various sources of pollution. This is becoming
an increasingly serious problem, especially for systems such as the Azov Sea, Tsimlyansk and Rybinsk reservoirs, small
lakes, etc. Pollution of shallow waters occurs due to emissions of various harmful, toxic and insufficiently purified
substances that can have a negative impact on living organisms and ecosystems of reservoirs. Waste from agricultural
production, industry, and transport become permanent sources of pollution of water systems. Mathematical modelling
makes it possible to better understand the mechanisms of pollution transfer, changes in their concentrations and the
impact on the environment. This, in turn, will help to develop effective measures to prevent and reduce pollution of
reservoirs, as well as to assess the effectiveness of actions already taken.

Various pollutants have a wide range of properties characteristic of them, and the methods of their transportation
in water systems also differ. Some substances may be soluble in water and evenly distributed in it, while others may
accumulate in the form of particles or settle to the bottom of a reservoir. This can cause an uneven distribution of
pollutants in the aquatic environment and have a negative impact on living organisms. It is also important to take into
account factors related to the biological activity of pollutants. Some substances can undergo biochemical decomposition,
which affects their concentration and degree of toxicity. In addition, pollutants can accumulate in living organisms,
causing significant harm to them. For example, heavy metals accumulate in the tissues of fish and other aquatic organisms,
which can lead to violations of their vital functions and even threaten human health when eating such fish and other
aquatic organisms. For effective control and prevention of pollution of reservoirs, it is important to investigate not only
the physico-chemical properties of pollutants, but also the parameters of the surrounding aquatic environment, the activity
of biological processes and ecological interactions of aquatic organisms.

Phosphates are chemical compounds that affect water quality by stimulating excessive growth of blue-green algae.
Although all plants need phosphates for normal growth, the concentration of phosphorus in surface waters should be
only 0.02 parts per million. The presence of a high concentration of phosphates makes the water cloudy, it turns green,
and has a low oxygen content. The excess amount of phosphates in the water feeds algae, which grow uncontrollably in
aquatic ecosystems, produce harmful toxins during decomposition and create an imbalance that leads to the destruction
of other forms of life. During flowering, and then the death of microalgae, anaerobic decomposition products are formed,
hydrogen sulfide appears and fish starvation occurs. Fig. 1 a demonstrates a dangerous phenomenon — the “blooming
of waters” of the Taganrog Bay in the summer, caused by the ingress of biogenic substances (nitrogen, phosphorus,
silicon compounds) into the reservoir with the drains of the Don, Kuban, etc. rivers, as well as by settling on the surface
of the reservoir from the air. Fig. 1 b demonstrates the same phenomenon in the Tsimlyansk reservoir, Fig. 1 ¢ shows
that even at the Rybinsk reservoir located much to the north, at low air temperature, the water turns green. The problem
of “blooming” water and interruptions in the water supply of cities cannot be completely solved only by such methods
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as the introduction of chlorella or silver carp [1, 2]. It is necessary to know where the largest amount of these algae will
accumulate (including in order to reduce the cost of methods to combat them). This problem can be solved on the basis
of mathematical modelling of the process of spreading pollutants, including the main types of biogens. These include
phosphorus, sodium and silicon compounds. The model is based on the assumption that a decrease in the concentration of
phosphates occurs, among other things, due to its consumption for the growth of phytoplankton cells.

a) b) ¢

Fig. 1. Aquatic ecosystems exposed to the dangerous phenomenon of “blooming waters™:
a — Taganrog Bay of the Azov Sea; b — Tsimlyansk reservoir;
¢ — Rybinsk reservoir

Mathematical modelling of the transport of pollutants in reservoirs is an effective method used in environmental
research. This approach makes it possible to study pollution propagation processes more deeply and systematically,
predict their potential consequences, and contribute to the development of effective strategies for the management and
protection of water resources [3, 4].

Materials and Methods. The mathematical model of transport of pollutants (PS), which makes it possible to assess
and predict the impact of various sources of pollution on water quality in a shallow reservoir, has the form:

oS, oS,

—+u—+v%+(w—w l.)%=u,-ASi +
ot Ox oy &7 0z

i(v,. %]—(ki +d)S, +y,(x,p,2,1), (M
oz oz
where S, is the concentration of the i-th impurity, i = 1,_6 , and 1 is total organic nitrogen (N); 2 is phosphates (PO,); 3 is
phytoplankton; 4 is zooplankton; 5 is dissolved oxygen (O,); 6 is hydrogen sulfide (/,S); U = (u, v, w)* is the velocity vector
of the water flow; w_ is sedimentation rate; u, ,v, are the coefficients of turbulent exchange, respectively, in horizontal
and vertical directions; £, is the solubility coefficient for PS, loss — for oxygen and hydrogen sulfide, mortality — for
hydrobiont; d, is the coefficient of reduction of PS due to the eating of blue-green algae (cyanoprokaryotes), reduction
due to respiration (for oxygen) and chemical reactions (for oxygen and carbon dioxide), the coefficient of eating away of
hydrobionts by representatives of higher trophic levels; y, is the chemical and biological source (drain) [5].

Initial and boundary conditions are added to the system (1), taking into account the type and concentration of PS
deposited on the surface of the reservoir from the air environment.

The solution area G of the problem is an enclosed basin bounded by the undisturbed surface of the sea z = 0, the bottom
H,= H (x, y) is the depth to the solid surface of the reservoir (excluding sediments). Boundary conditions:

— on the sea surface: z =~ (x, y, 1): S, = ¢, (S)), @, where are the known functions;

— on the ocean bottom z = H (x, y) for the velocity of flow and adhesion:

oS,

u=0,v=0,w=0,§5=0,ectuU >0, —~=0, ecru U <0; %:

-€.5.,
on 0z

where n is the vector of the external normal to the surface, ¢, is the absorption coefficient of the i-th component by bottom
sediments.

In the formulation of the initial boundary value problem for the system , it is sufficient to set the initial conditions for
the functions u, v, w, S;:

u(x, y,z, 0) = u (x ,, 2); v(x, y, z, 0) = v (x, y, 2); w(x, y, z, 0) = w(x, y, 2); S, = Sl.’o, i= 1,_6
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The initial model of hydrophysics is solved by the pressure correction method, while the system is divided into two
subtasks: the first includes the equations of diffusion, the second of convection and continuity.

The results of the study. Let us consider discrete analogues of the convective (S’ ) and diffusion transfer (uS ; )')C
operators for the concentration of phosphates S,, which can be written as follows:

i+ ‘_Si' Si'_Si— j
(% )i,juS; = (% )[,jui+l/2,j # + (42 )[,ju[—]/Z,j jle ’ 2)
’ Si+'_i' Si'_Si—'
(qO)i,j(HS;)X :(ql)i,jHiJrl/Z,j I’th : _(qZ)i,jHi*I/Zsj’/h—ZLJ_ )

axSi,j +Bx ,
h

x

- ‘(% )i,j - (qz )i,j‘”i,j

where q,, q,, g, are the occupancy coefficients of control areas; o, B are the coefficients in boundary conditions [6].

To determine the approximation error of expressions (2), (3), we define the calculated area. Expression (2) can be
considered in the case (ql)iyj = (qz)l._/. = 0, while we will assert that the error of approximation of the resulting expression
is equal to the error of the original expression. To determine the approximation error of expression (3), two cases need
to be considered: the first case does not take into account the influence of the boundary (q),,= (qz)w,
takes into account the influence of the boundary (‘11)1-_,- =1; (qZ)i,j = 0, because the approximation (3) can be written through
a linear combination of approximations obtained in the two cases described earlier. Thus, to determine the errors, it is

=1, the second one

sufficient to investigate the accuracy of the following approximations:

— the discrete analogue of the convective transfer operator in the absence of the influence of the boundary of the region

S,

i+,

i+1/2, "

S S -8
.J ij i-1,j 4
Ui, @)

2h

X X

'_
uS, =u

— the discrete analog of the diffusion transfer operator in the absence of the influence of the boundary of the domain

S, Si,j _Si—l,j

Si+1,j TR
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To find the approximation error of expression (4), it is necessary to use the Taylor series expansion relative to the node
(i, ) of the values of the functions in the nodes (i + 1, /) and (i — 1, j):
(] " hf 3
i =S, + (Si,j) h+ (Si,j) 7+O(hx )’

i+l,j
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Taking into account the approximation (4), we write as

uS' = Uisira,j ;”f—l/w (Si’j)' +W(Si’jy h, +O(hf).

Taking into account the expression

— 2 p—
Uisya, it Uiy —2”i,j +0(hx ), Uiniya,; Uiy, _O(hx)y

we establish that the discrete analogue of the convective transfer operator will take the form

S, . =S S . -S. . '
”i+1/2,j%+”i—1/2,ijm= i,j(Si,j) +O(h.f)~

To find the approximation error of expression (5), we use the Taylor series expansion at the node (7, j) of the calculation
function S at the nodes (i + 1, /) and (i — 1, /) [7, 8]:
2

S, =S, +(S,.,j)'hx+(sl.,j)"hz~* o),

i+l,j

i, =S, —(s,)n +(Sl.,j)”%+0(h3).

i-1,j ij x
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Taking into account the approximation (5), it will be written as:

!

(“‘S;) X ZWQS}JY +W(Si,j)" +(u'i+l/2,j _p’i—I/Z,jXSi,j)mh_g+0(hj)'

x

Taking into account the expressions:

Wiy T Wi, = ZlJ-i,j +0(h.f)’

Riviya, ;= Ry, = (Hi,_; )’ h, + O(hf )’

we obtain that the discrete analog of the diffusion transfer operator, in the absence of the influence of the boundary of the
domain, will take the form [5]:

S. . —S =S Y
Hi+1/2,j%‘“m/z,j%:(ui,,/(si,_/)) +0(hj)-

X X

To calculate the relative error of the solution, the formula was used [8]:
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Fig. 2. Distribution of the PS concentrationa — ¢ =5, n =0,005,v=0,1,d=1;b—t=20,u=0,01,v=0,1,d=1;
c—1t=60,u=0,005,v=0,1,d=1;d—¢t=100,u=0,01,v=0,1,d=1
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The minimum relative error takes the value 0.002 with an optimal time step of 0.001. During the study, various
estimates of the error of the scheme for solving the PS propagation equation were considered, and the time step was
optimized. Consider the following scenario: convective transport is practically nonexistent. A constant uniform function
of the pollution source on the surface of the area. Type of impurity: heavy uniform; source of contamination /= 10. Fig. 2 shows
the change in phosphate concentration with a decreasing coefficient of d = 1 in a vertical section based on a numerical
experiment with the developed software module.

The proposed model makes it possible to study the processes of propagation of various types of pollutants from the
surface of the reservoir, taking into account their dissolution and subsidence to the bottom. The results of calculations
of the spread of pollutants with different flow rates, diffusion coefficients, intensity of polluting effluents and solubility
coefficients of various phosphates are presented. A comparative analysis of the obtained results was carried out, which
showed that the developed model adequately reflects the process of transport for. The numerical experiments used
a developed software module that implements an algorithm for a mathematical model of the spreading and dissolution of
phosphates with different solubility coefficients. This module allows you to predict and visualize the process of transport
of pollutants in aquatic ecosystems.

Discussion and Conclusion. An adaptive modified alternately triangular iterative method was used to solve the
problem of PS transport in a shallow reservoir obtained during the discretization process. To improve the accuracy of
calculations, schemes of increased order of accuracy have been developed, which provide a better approximation of the
boundaries of the sections of the medium. The developed model can be used to analyze various scenarios of pollution
of aquatic ecosystems and determine the optimal measures to prevent or reduce their pollution. For example, it can help
determine the optimal locations for sewage treatment plants or evaluate the effectiveness of measures to reduce pollutant
emissions. In addition, the developed algorithm of the software module allows monitoring water pollution in real time,
which allows you to quickly respond to possible threats to the environment and take the necessary measures to protect
water resources.
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Bce aBTOpEHI cenany 3KBUBAJICHTHBII BKIIaJ B MOATOTOBKY ITyOJIMKALIUH.

Kongpnuxm unmepecos
ABTOPBI 3asIBISIOT 00 OTCYTCTBUH KOH(IMKTAa HHTEPECOB.

Bce asmopel npouumanu u 0000puniu OKOHUAMENbHBLU BAPUAHI PYKONUCH.

53


https://orcid.org/0000-0001-7257-962X
https://mathscinet.ams.org/mathscinet/MRAuthorID/1189339
https://www.scopus.com/authid/detail.uri?authorId=57190226179
mailto:nikitina.vm%40gmail.com?subject=
https://orcid.org/0009-0003-4244-2712
mailto:t.lyashchenko%40tmei.ru?subject=
https://orcid.org/0000-0002-8323-6005
https://mathscinet.ams.org/mathscinet/MRAuthorID/948540
https://www.scopus.com/authid/detail.uri?authorId=57203921718
mailto:cheese_05%40mail.ru?subject=
https://orcid.org/0000-0001-7257-962X
https://mathscinet.ams.org/mathscinet/MRAuthorID/1189339
https://www.scopus.com/authid/detail.uri?authorId=57190226179
mailto:nikitina.vm%40gmail.com?subject=

