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Abstract

Introduction. Mathematical tools integrated with satellite data are typically employed as the primary means for
studying aquatic ecosystems and forecasting changes in phytoplankton concentration in shallow water bodies during
summer. This approach facilitates accurate monitoring, analysis, and modelling of the spatiotemporal dynamics of
biogeochemical processes, considering the combined effects of various physicochemical, biological, and anthropogenic
factors impacting the aquatic ecosystem. The authors have developed a mathematical model aligned with satellite data
to predict the behavior of summer phytoplankton species in shallow water under accelerated temporal conditions. The
model describes oxidative-reduction processes, sulfate reduction, and nutrient transformations (phytoplankton mineral
nutrition), investigates hypoxia events caused by anthropogenic eutrophication, and forecasts changes in the oxygen
and nutrient regimes of the water body.

Materials and Methods. To simulate the population dynamics of summer phytoplankton species correlated with satellite
data assimilation methods, an operational algorithm for restoring water quality parameters of the Azov Sea was developed
based on the Levenberg-Marquardt multidimensional optimization method. The initial distribution of phytoplankton
populations was obtained by applying the Local Binary Patterns (LBP) method to satellite images of the Taganrog Bay
and was used as input data for the mathematical model.

Results. Using integrated hydrodynamic and biological kinetics models combined with satellite data assimilation methods,
a software suite was developed. This suite enables short- and medium-term forecasts of the ecological state of shallow
water bodies based on diverse input data correlated with satellite information.

Discussion and Conclusion. The conducted studies on aquatic systems revealed that improving the accuracy of initial
data is one mechanism for enhancing the quality of biogeochemical process forecasting in marine ecosystems. It was
established that using satellite data alongside mathematical modeling methods allows for studying the spatiotemporal
distribution of pollutants of various origins, plankton populations in the studied water body, and assessing the nature and
scale of natural or anthropogenic phenomena to prevent negative economic and social consequences.
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AHHOTanUA

Beeoenue. B xauecTBe OCHOBHOTO MHCTPYMEHTA MCCIIEAOBAHUH (DYHKIIMOHUPOBAHHS BOAHBIX YKOCHCTEM M MPOTHO3H-
pOBaHMsI U3MEHEHHS] KOHLEHTPALMH (DUTOIIAHKTOHA B MEJIKOBOTHOM BOJJOEME B JIETHUH MEpHoA OOBIYHO HUCIIONB3YeTCs
MaTeMaTHIEeCKUI MHCTPYMEHTapUi ¢ IPUMEHEHNEM CIIyTHUKOBBIX JTAHHBIX, YTO MO3BOJISIET OCYIIECTBIISATh KOPPEKTHBINA
MOHHUTOPHHI, aHAJIN3 U MOJCIHPOBaHNE TUHAMHUKH MPOTEKaHUSI OMOTCOXUMHUYECKHUX ITPOIECCOB B MPOCTPAHCTBE U BO
BPEMEHHU C YYETOM COBOKYITHOTO JIEHCTBUS psia (pU3NKO-XMMUYECKUX, OMOIOTHUECKUX M aHTPOIOTeHHBIX (haKTOPOB,
BIMSIOIINX HAa M3y4aeMyI0 BOZHYIO 9KOCHCTEMY. ABTOpaMu pa3zpaboTaHa MaTeMaTHYecKas MOZENb, KOPPEIUPYIOLIas CO
CITyTHUKOBOH MH(OpMAaIIHeH, II03BOJIAIONIAs IPOTHO3UPOBATh ITOBEACHHE JIETHIX BUI0B (PUTOIUIAHKTOHA B MEITKOBOHOM
BOJIOEME B YCIOBHUSIX YCKOPEHHOTO BPEMEHH, OIUCHIBATh OKUCIUTEIbHO-BOCCTAHOBUTEIbHBIE ITPOLIECCH BOAHOM Cpesibl,
cynbharpenyKIun, TpancGopMariu ONOTEHHBIX BeIeCTB (MHHEPAIBFHOTO MUTaHHUS (PUTOTUIAHKTOHA), U3y4JaTh Pa3BUTHE
3aMOPHBIX SIBIICHUH, BOSHUKAIONINX B PE3YJIbTAaTe aHTPOIIOTEHHON IBTPOHKAINH, CTPOUTH IIPOTHO3BI U3MEHEHHUS KHACIIO-
POAHOTO ¥ OMOTEHHOTO PEXUMOB (PYHKIIMOHUPOBAHHS BOJOEMA.

Mamepuanst u memoost. J1J11 MOIECTMPOBAHNUS YUCIEHHOCTH BHOBOTO COCTaBa JIETHETO (PUTOIUIAHKTOHA, KOPPETIHPYIO-
IIETO C METOJ[AMH YCBOCHHMSI CITyTHUKOBBIX JJaHHBIX, pa3pa0boTaH ONepaTUBHBIA aIrOPUTM BOCCTaHOBJICHHUS IIAPaMETPOB
KayecTBa BoJ A30BCKOTO MOPsI, KOTOPBI 0a3upyeTcst Ha METoJie MHOTOMEpHOii ontuMu3zanuu JleBenbepra-Mapksapara.
HauansHoe pacnpenesnenne (pUTOINTAHKTOHHBIX MOMYIIIINHN OBLIO MOYYeHO B pe3yibTare npuMeHeHus Mmeroga LBP (io-
KaJbHBIX OMHApHBIX MA0IOHOB) K KOCMHYECKHM CHUMKaM TaraHporckoro 3ajyBa M UCIIOJIb30BaHO B KAUYECTBE BXOTHBIX
JAHHBIX A7 pa3pabOTaHHOI MaTeMaTUYeCcKoil Moaeny.

Pesynomamut uccnedosanus. Ha 0CHOBE CKOMIUIEKCHPOBAHHBIX MOJIEIIEH THAPOIUHAMUAKA 1 OMOIOTHYECKON KMHETHKH,
a TaK)Ke METOJIOB YCBOCHHS CITyTHUKOBBIX JAHHBIX, pa3pab0OTaH MPOrpaMMHBII KOMIUIEKC, KOTOPHIH ITO3BOJISIET CTPOHUTH
KPAaTKO- M CPETHECPOUHBIE IPOTHO3bI SKOJIOTHUECKOH 00CTAaHOBKH MEJIKOBOIHBIX BOJOEMOB Ha OCHOBE Pa3JIMUHBIX BXOJI-
HBIX JaHHBIX, KOPPEIUPYIOMNX CO CITyTHUKOBOH MH(OpMAIHei.

Obcyrcoenue u 3axniouenue. B paMkax IpoBOAMMBIX UCCIEA0BAHUN COCTOSHUS BOAHBIX CUCTEM YCTAHOBIIEHO, UTO OJHUM
U3 MEXaHU3MOB MOBBIILICHHUS KaYeCTBa IPOrHO3UPOBAHUS OMOT€OXUMHUYECKHX IPOLIECCOB MOPCKHX SKOCHCTEM SIBISETCS
yYTOYHEHHE HadalbHBIX JAAHHBIX. YCTAHOBJIEHO, YTO HMCIIOJIb30BAHHUE CIIyTHHUKOBBIX JAHHBIX HApsIy C METOJaMH MaTeMa-
TUYECKOTO0 MOZAENHUPOBAHUS TO3BONAIOT U3y4aTh MPOCTPAHCTBEHHO-BPEMEHHOE pacIpeAeieHUe 3arpsA3HEHUI pa3IndHON
HPHPOJIBI, TUIAHKTOHHBIX MOMYJISIIUE UCCIIElyeMOTO BOAHOTO 00BEKTA, OLICHUBATh XapaKTep M MacIITaObl IPHUPOJHOTO I
TEXHOTEHHOTO SIBIICHHS VIS IPEIOTBPAIIECHNS HETAaTHBHBIX ITOCIEACTBUI SKOHOMHYIECKOTO U COLMATIBHOTO XapaKTepa.

KiaroueBrbie ciioBa: MPOTHO3UPOBAHUE, MMOITYJISIIIUA JICTHETO (I)I/ITOHJ'IaHKTOHa, HpI/I6p€)KHaH CHUCTEMA, CITYTHUKOBLIC JaH-
HBIC, YHUCJICHHBIN OKCIICPUMEHT
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Introduction. Remote sensing of the Earth (RSE) represents a modern and promising method for assessing the
biological state of shallow water bodies, as well as the dynamics of biogeochemical processes, including the behavior
of phytoplankton populations during the summer in shallow aquatic systems. A key challenge in this domain is
developing and implementing computationally efficient forecasting algorithms and providing them with real-world
input data. Addressing this challenge is fundamental to solving numerical modelling problems in hydrobiology for
water bodies in southern Russia.

Research in this field is actively conducted by both Russian and international scientists. For example, [1] describes
the application of remote sensing methods to map cyanobacterial blooms in lakes in northern Italy. The study in [2]
demonstrates the effectiveness of the Maximum Peak Height (MPH) algorithm of MERIS in extracting chlorophyll-a
(chl-a) concentrations as a tool for monitoring water body eutrophication. G.I. Marchuk, V.P. Shutyaev, G.K. Korotaev,
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and V.B. Zalesny have significantly contributed to data assimilation methods in atmospheric and ocean physics problems [3, 4].
A.A. Zelenko and Yu.D. Resnyansky have studied marine observation systems [5]. O.I. Krivorotko and S.I. Kabanikhin
developed algorithms for reconstructing disturbance sources in the nonlinear shallow water equations system [6].

The works of G.I. Marchuk and V.P. Shutyaev focus on iterative algorithms based on the theory of adjoint equations,
allowing the solution of variational data assimilation problems [7]. Y. Chao, H. Zhang, et al., in [8], proposed a three-
dimensional ocean modelling system for the California region that processes satellite data in real time. This ocean model
features a horizontal resolution of approximately three kilometers and employs a multi-scale three-dimensional variational
data assimilation methodology.

In [9], researchers Robertson R. and Dong C. compare several vertical mixing parameterization algorithms for oceanic
waters: modifications of the Nakanishi-Niino Mellor-Yamada algorithm (NN), the Large-McWilliams-Doney’s Kpp
algorithm (LMD), Mellor-Yamada 2.5 (MY), and four versions of the Generic Length Scale (GLS) algorithm. Algorithms
for processing satellite images to parameterize hydrodynamic and hydrobiological models and identify pollution zones
are also actively developed. Study [10] describes algorithms and provides code for automatic detection of upwelling
filaments (AFD) based on image processing and pattern recognition. Study [11] explores the potential use of Sentinel-2
satellite images with unmanned aerial vehicles for obtaining multispectral aerial photographs to detect marine surface
debris for monitoring, collection, and removal.

The aim of this study is to integrate effective mathematical modeling methods with satellite data assimilation
techniques to conduct detailed investigations into the functioning of aquatic ecosystems and forecast the dynamics of
summer phytoplankton population changes in shallow water bodies. This approach enables the observation and analysis
of the spatiotemporal dynamics of biogeochemical processes in shallow systems while accounting for the combined
influence of physicochemical, biological, and anthropogenic factors affecting the studied aquatic ecosystem.

Materials and Methods. The developed 4D mathematical model of summer phytoplankton evolution in coastal
systems is based on a system of unsteady partial differential equations with nonlinear source terms v :

aq, oq, 0q, 0q, 0 0q,
— tu—L+v—"+(w—w, | —L=p.Ag, +—| v.— |+ vy,
o ox oy (W) =g+ | v v, M

where u, v, w are the components of the velocity vector for convective transport; p,, v, are the coefficients of turbulent
transport in the horizontal and vertical directions, respectively; W, is the gravitational settling velocity of the i-th component
in suspension; A is the two-dimensional Laplace operator; y, are nonlinear source functions describing chemical and
biological processes; i is the type of substance, i € M = {P, MP, N, D, BT, BD, HS, S, SO,, O,}. The set of modeled
substances is detailed in Table 1.

Table 1

Set of Modeled Substances

No. Symbol Description
1 P Summer phytoplankton species
2 MP Phytoplankton metabolite
3 N Nutrients
4 D Detritus
5 BT Aerobic bacteria Thiobacillus
6 BD Anaerobic bacteria Desulfovibrio
7 H,S Hydrogen sulfide
8 S Elemental sulfur
9 SO, Sulfates
10 0, Dissolved oxygen

The source functions and model parameters are described in detail in [12]. Appropriate initial and boundary conditions
are incorporated into the model.

The presented mathematical model builds upon the foundational works of prominent researchers, including A.I.
Sukhinov, B.N. Chetverushkin, G.G. Matishov, E.V. Yakushev, and E.R. Weiner, among others [13, 14].

Development of a Software Suite for Research and Forecasting. The forecasting of phytoplankton dynamics in a
shallow waterbody during the summer period was carried out using the developed research and forecasting complex
(RFC), equipped with an integrable algorithm for interaction with geographic information systems (GIS). The software
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and algorithmic framework is designed to analyze and evaluate the scale of natural disasters (including eutrophication,
“blooming”, pollution by components of various etiologies, etc.) and to generate short- and medium-term forecasts of
their development in accelerated time frames, with the potential for mitigating economic and social impacts.

Given the rapid escalation of factors adversely affecting the progression of hazardous and emergency events (climatic
and anthropogenic), the use of modern and efficient forecasting methodologies integrated with GIS and satellite data is
highly relevant today.

Modelling the dynamics of biological and geochemical indicators of the shallow waterbody (the Azov Sea and the
Taganrog Bay) was carried out by solving direct and inverse remote sensing (RS) problems for aquatic environments. The
solution to the direct problem of remote sensing in the visible range involves determining the spectral dependence of the
reflection coefficient R = (1,-0,0,, B) as a function of the concentrations of water system components and their optical
properties [15]:

R, (%-00,.8)= T, L, (+0,6,.B,.1)/E, (+0,1), ®)

where A is the wavelength; B is the viewing angle of the water surface by the satellite sensor; 0, is the solar zenith angle;
T, is the solar light attenuation factor when passing through the “water-air” interface; £,(+0,)) is the illumination of the
water surface, and L (+0,0 ,8 ,1) is the brightness of the water surface, determined using remote sensing data.

The solution to the inverse problem is based on developing an algorithm for retrieving water parameters from satellite
data. Optical properties of water are influenced by living organisms, dissolved and suspended substances, micro-turbulent
inhomogeneities, and bubble gases. This study highlights the primary color-forming components (water, dissolved organic
matter (DOM); chlorophyll from phytoplankton (Chl), and mineral suspension (MS)), as well as the primary hydro-
optical water parameters (a — absorption coefficient; b, — backscattering coefficient). These parameters are convolutions

of the optical properties of the color-forming components, characterized by additive properties:

K

K
a=Y Ca;; b=> Chb,, ©))
k=1

k=1

where a;, b,; are the primary hydro-optical characteristics of the k-th component; C, is the specific concentration of the
k-th component. The set of spectral values of the a’, b," coefficients constitutes the hydro-optical model of the Azov Sea.
The coeflicient R = (A,~0,0,, B) is determined as a secondary hydro-optical characteristic of the aquatic environment,
describing water properties and brightness characteristics. It is calculated at the horizon based on the surface layer of the
water column and shows minimal dependency on 6 and f:

R, (mC.ab,)=a,+a b, (V) a(h)} +a,{b, () a(M)) (10)

where a,,k = 0,_2, b,(A), a()) are the known coefficients for each component of the aquatic environment (hydro-optical
model of the Azov Sea).

Let us describe the developed algorithm for retrieving water parameters of the Azov Sea, which is based on the
efficient Levenberg-Marquardt (LM) multidimensional optimization method. The concentration vector of color-forming
components was represented as:

xn? " me

c=(C,.C,.C,,).

To find the optimal concentration vector C an absolute minimum of the residual function f{C) was sought:

2

(€)= [S,-R,,(LC.ab,)] (11)
J
The expression for calculating the optimal vector C is as follows:
-1
Cpi =Co+ A (FF +u D) R, (1.C.a.b,), (12)
aRrsw(}\"Ck’a’bb) . . . . . e . . . .
where F, = °C is the matrix; p,_is the direction of minimization; D, is the diagonal of the matrix F,"F’;
k

A, is the step size of the optimization; T denotes the transpose operation.

Expressions (9) and the parameterization in (10) were used to calculate the spectral value of the reflectance coefficient
of the water column based on the concentration vectors of color-forming components. Calculations were performed for the
wavelengths 412, 443, 490, 510, 590, and 670 nm (corresponding to the Sea Viewing Wide Field Sensor (SeaWiFS) channels).



Comp ional Mathematics and Information Technologies. 2024;8(4):27—34. eISSN 2587-8999

In addition to synchronous remote sensing data from SeaWiFS sensors and the MODIS spectrometer, in situ
measurements of hydrodynamic, hydro-optical, and biogeochemical parameters of the studied water body were used to
verify the accuracy of the retrieved vector CoptC_{\text{opt} } Copt obtained using the LM algorithm. These measurements
included scattering, absorption, and attenuation coefficients for nine wavelengths in the spectral range of 412715 nm,
collected at each station during field expeditions.

A comparison of the measured and retrieved concentrations of color-forming components from satellite monitoring
data showed agreement, with a correlation coefficient averaging 0.75.

Results. A computational experiment was conducted based on integrated hydrodynamic and biological kinetics
models. The Taganrog Bay was chosen as the real modelling area since this part of the Azov Sea produces the majority
of phytoplankton biomass during the summer. A module for calculating biological kinetics processes was developed and
integrated into the “Azov3D” software suite [16—18].

The input data for the calculations included salinity and temperature distributions derived from cartographic information,
water flow velocity calculated using a hydrodynamic mathematical model, and processed long-term observational data on
the concentrations of nutrients and key phytoplankton species [19]. Additionally, the spatial distribution of phytoplankton
populations, obtained using the Local Binary Patterns (LBP) method applied to satellite images, was used as input data.
The method was developed by the authors of this research [20].

The LBP method enables the detection of the boundaries of phytoplankton “blooms” and pollutants, including oil
and petroleum products, in satellite images. Figure 1 a shows the initial satellite image captured on August 6, 2020, by
the Sentinel-2 L2A satellite [21]. Figure 1 b presents the initial distribution of phytoplankton populations, derived using
the LBP method, which serves as input data for the program module. The concentration values reflect typical summer
phytoplankton levels based on long-term observations.

The results of the software suite’s operation for a 30-day time interval and uniform initial distributions of phytoplankton
and nutrient substances are shown in Figure 2.

52
mg/l

3.9

2.6

1.3

0.0
b)
Fig. 1. Phytoplankton Images

a — Satellite image of the modeled area;
b — Initial distribution of phytoplankton populations
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4.68 2.03
mg/l mg/l
3.51 1.52
2.34 1.02
1.17 0.51
0.00 0.00
a) b)
0.72 0.011
mg/l mg/l
0.54 0.080
0.36 0.060
0.18 0.030
0.00 0.000
¢) d)

Fig. 2. Distribution of Concentrations in Taganrog Bay During the Summer Period
a — Chlorella vulgaris green algae; b — Aphanizomenon flos-aquae cyanobacteria; ¢ — Phosphates; d — Nitrates

Discussion and Conclusion. The research on the state of aquatic systems has revealed that one of the mechanisms
for improving the quality of biogeochemical process forecasting in marine ecosystems is refining initial data. In data
assimilation systems, alongside stationary measurements, methods for processing and assimilating satellite information,
which have been actively developed in the country over the past decades, have gained significant importance. It has
been established that using satellite data in conjunction with mathematical modelling methods enables the study of the
spatiotemporal distribution of various pollutants and plankton populations in the studied water body. This approach also
helps assess the nature and scale of natural or anthropogenic events to prevent adverse economic and social impacts.

The authors have developed a spatially heterogeneous mathematical model of summer phytoplankton evolution in
a shallow water body, numerically implemented in a research and forecasting complex (RFC). This complex integrates
with various GIS platforms and satellite data. The model provides real-time forecasting of changes in density and spatial
distribution of plankton populations. It also facilitates the study and analysis of redox processes, the transformation of
nutrients (mineral feeding of phytoplankton), and sulfate reduction occurring within the water column. Additionally, the
model examines the development of fish-kill events caused by anthropogenic eutrophication and predicts changes in the
oxygen and nutrient regimes of the water body.

The RFC enables the development of comprehensive preventive measures to ensure environmental safety and mitigate
economic damage in the studied region. The study also constructed an efficient and rapid algorithm for restoring water parameters
in the shallow region (Azov Sea), based on the effective Levenberg-Marquardt multidimensional optimization method.

The developed RFC can be effectively applied to generate short- and medium-term environmental forecasts for shallow
water bodies in Southern Russia. It utilizes diverse input information, such as the spatial distribution of phytoplankton
during the summer period, obtained using the Local Binary Patterns method applied to satellite imagery.
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