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Abstract

Introduction. The increasing anthropogenic impact on water bodies necessitates integrated solutions to assess
environmental risks. Literature describes the stages of risk assessment, the possibilities of environmental management,
and expert analysis, while risk modeling in this field is being investigated. However, the potential for predicting risks to
water quality and biodiversity during frequently performed hydraulic engineering works such as dredging has not been
fully explored. The relevance and practical significance of such an approach are evident. This study aims to develop a
mathematical model and software package that can assess risks to species diversity of the ecosystem of a shallow
reservoir ecosystem during work in its water area.

Materials and Methods. The starting point for the simulation was a description of the movement of water masses based
on the Navier-Stokes equations and the continuity equation at variable density. We used the diffusion-convection
equation to predict the transfer of suspended and dissolved particles, as well as to assess the impact of impurities during
eutrophication. To create the algorithm, we utilized the terms and definitions defined by the state standard for risk
management in emergency situations.

Results. To test the solution, we took data on hydro-mechanical work in the port area of Arkhangelsk. We visualized
the concentration fields of suspended particles 0, 15, 30 and 45 minutes after the soil was unloaded. It was found that
during the settling of the suspension, the area of its distribution expanded significantly, and this was fully consistent
with the data of field experiments during dredging. We calculated and tabulated the volumes of contaminated water at
soil dumps in three sites (with a single discharge and in total). To assess the risks to the Sea of Azov, we used the
maximum concentrations of pollutant (copper) obtained through measurements, modeling and remote sensing of the
Earth. In tests to determine the potential danger of the substance, we assumed that its concentration caused a reaction in
50% of organisms. For fish, the potentially dangerous concentration was 4 mg/l with a duration of 96 hours of exposure.
For zooplankton — 50 mg/l and 48 hours. For microalgae, 20 mg/l and 72 hours. The normalized risk value R, = 0.52
was obtained. The risk of copper concentration of 80 pg/l in the waters of the Azov Sea was recognized as significant.
A tendency towards increasing salinity and stratification of water masses in terms of oxygen content has been
identified, consistent with the findings of expeditionary research.

Discussion and Conclusion. The developed approach has allowed us to assess the change in the quality of the waters of
the Azov Sea and describe some transformations of the water area. Specifically, we are talking about the distribution of
suspended particles and areas of their deposition. These processes can lead to changes in the bottom topography, which
in turn can reduce the species diversity of the ecosystem.

Keywords: hydrochemical parameters of the water area, forecasting the spread and deposition of suspended particles,
modeling the spread of pollutants, reducing the species diversity of the aquatic ecosystem
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AHHOTANUA

Beedenue. Ycunenue aHTPOIIOT€HHOTO BO3JICHCTBISI Ha BOJIHBIE 00BEKTHI TPEOYeT KOMITJIEKCHBIX PEIICHHUH /sl OLIEHKH
9KOJIOTUYECKHUX PHCKOB. B nuTepaType oOmUCaHbl 3Tamlbl OLEHKH, BO3MOXHOCTH HKOJIOTHUECKOTO MEHEIKMEHTa U
9KCIEPTHOTO aHaim3a. Mcciemyercss MoAeIMpoBaHWE PHUCKOB B JaHHOW cdepe. [Ipu 3TOM He M3ydyeH MOTEHIHAI
MIPOTHO3UPOBAHUS PUCKOB JJIsI COCTOSHHS BOABI M OMOPa3HOOOpa3usi B X0JI€ YaCTO BBIMOIHIEMBIX THAPOTEXHUYECKUX
paboT, HarpuMmep JHOYTIyOneHusl. OueBHIHBI aKTYaIBHOCTh M BOXKHOE MPUKIAIHOE 3HAYCHUE Takoro noaxoja. Llens
UCCIICIOBAaHUS — OMHCAHHE MaTEeMAaTHYeCKOH MOJEeNH M MPOrpaMMHOTO KOMIUIEKCA, KOTOPHIE MO3BOJAT OIICHHWBATh
PHCKH TSI BUZIOBOTO Pa3HOOOPA3Hs 3KOCHCTEMBI MEIKOBOJHOTO BOJIOEMA IIPH MTPOBEACHNH PA0OT B aKBATOPHH.
Mamepuanst u memoodpt. VICXOOHOH TOUKON MOAETMPOBAaHMSA OBLIO OIMCAHHE MpoLEecca ABMKEHHUS BOJHBIX MAaccC IO
ypaBHeHusIM HaBbe — CTOKCa M HEpa3pbIBHOCTH NPH NEPEMEHHOM IUIOTHOCTH. YpaBHEHHE IU(QPy3UN-KOHBEKINN
WCIIOJIB30BAIM JJIsI TPOTHO3MPOBAHUS MTEPEHOCa B3BEIICHHBIX M PACTBOPEHHBIX YaCTHUIl M OICHKU BIMSHUS TpHMeEcer
npu 3BTpodukammu. Co3maBas anropuTM, 33A€HCTBOBAIM TEPMHUHBI M ONpENeNeHus], IpHHATEe PoccTanmaproM uis
yIIpaBJICHUS] PUCKaMH B UpE3BbIUAHON CUTYaIHH.

Peszynomamut uccnedosanusn. JIjisi TECTUPOBAHUS PEIICHHS B3SUIM JaHHBIE O THAPOMEXaHUUYECKHX paborax B paioHe
nopta ApxaHrenbcka. Busyanusupopany 1nosisi KOHIEHTPAUK B3BEIIEHHBIX yacTul, yepes 0, 15, 30 u 45 MunyT nocne
BBITPY3KH TPyHTa. YCTaHOBJIEHO, YTO B MpOILECCE OCElaHMs B3BECHM 00JIAaCTh €€ PacHpOCTpaHEHHs 3HAYUTEIILHO
pacimupsercs, ¥ 3TO MOJHOCTbIO COIVIACYeTCsl C JaHHBIMH HATYpPHBIX 3KCIEPUMEHTOB TMpH IPOBEIECHHU
JHOYTITyOUTENbHBIX paboT. PaccunTanu n cBenu B TabIMIly 0ObeMbl 3arpA3HEHHOM BOJBI IPH OTBaJIaX IPyHTa HA TPeX
ydacTkax (TIpH OTHOKpaTHOM cOpoce M B cymme). [[msd omeHkH pHCKOB A30BCKOTO MOps Opaju MaKCHMallbHBIe
KOHLIEHTPALUH 3arpsI3HSIOLIECTO BellecTBa (MEIM), MOTyUYeHHbIE B XOZ€ 3aMEPOB, MOJECINPOBAHUS U AUCTAHIIMOHHOTO
30HIMpOBaHKNA 3eMi. B TecTax Uit ompeneneHus MOTCHIMAIbHON ONACHOCTH BEIIECTBA MCXOIMIIM U3 TOTO, YTO €T0
KOHIIEHTPALUs BBI3bIBACT peakuuio y 50 % opranusmoB. s ppIO MOTEHIMANBHO OMacHast KOHIEHTpanus — 4 Mr/i
TP ATUTEIBHOCTH BIUSHUS 96 4. J{ns 3oormurankrona — 50 mr/m u 48 4. s mukpoBopopocineit 20 mr/m u 72 .
[Momy4eHo 3HaueHNE HOPMAIM30BAaHHOTO prcka — R, =~ 0,52. [Ipu3HaH 3HaYUMBIM PUCK KOHIIEHTpauuu meau 80 MKr/i
B BOIaXx A30BCKOTO MOpsi. BbIsiBieHa TEHIEHIMS YBEINYEHHSI COJIEHOCTH A30BCKOTO MODPS M CTPaTU(QHKAIS BOJHBIX
Macc IO COJIePKaHHIO KUCIOPOAA, UYTO COTJIACYETCs C pe3yIbTaTaMH SKCIEJUIIUOHHbBIX HCCIIEIOBAHUM.

Obcyxcoenue u 3aknrouenue. PazpaboTaHHBINH 0IX0/1 O3BOIMI OIICHUTH H3MEHEHHE KadecTBa BOJ A30BCKOTO MOPS U
OIMCATh HEKOTOPBIE TpaHC(HOPMAINY aKBaTOPUH. Peds HIIET, B YACTHOCTH, O PaclpOCTPaHEHUH B3BEUIICHHBIX YaCTHI] U
0 paiioHax X oceJaHus. YKa3aHHBIE MPOLECCHl 00YCIOBIMBAIOT U3MEHEHHE penbeda THa, KOTOpOe, B CBOIO OYepesb,
MOJKET IIPUBECTH K COKPAIICHHUIO BUIOBOTO COCTaBa BOAOEMA.

KiroueBble ciioBa: TUAPOXUMHUYCCKUC IMapaMCTPhbl aKBATOPUH, TPOTHO3 PACIIPOCTPAHCHUS U OCAXKICHUSA B3BCIICHHBIX
JacTul, MOACINPOBAHUC PACHPOCTPAHCHUA 3arpA3HAIOMINX BCHICCTB, COKPAIICHUEC BUAOBOI'O pa3H006pa3H${ BO,Z[HOﬁ
3KOCHCTCMbI

Bﬂarouapnocw[. ABTOpLI BbIpaKaroT 6naroaapHocn) peaakuu MU pPCUHCH3CHTaM 3a BHHUMATCJIBHOC OTHOLICHUE K
CTaTbh€ U 3aMCYaHUsI, KOTOPLIC ITO3BOJIMIIN TOBBICUTH €€ Ka4€CTBO.

duHaHcupoBaHue. lccienoBanue BBHINONHEHO Npu (UHAHCOBOH moanepkke PH® B pamkax HayqHOro mpoekTa
Ne 21-71-20050.
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Introduction. The development of the economy is accompanied by large-scale works on the territory of water bodies.
The examples include the construction of the Golden, Russian and Crimean bridges, dredging in order to expand water
areas for navigation, laying underwater gas and oil pipelines, and much more. Fundamental part of such projects is the
assessment of potential environmental impacts and risk forecasting. In Russia, these issues are regulated by the
Requirements for Environmental Impact Assessment Materials'. Additionally, GOST R ISO 14001-2016, which is the
official translation of the international standard ISO 14001:2015, is used to define the activities of enterprises and their
environmental management systems when forming applications and implementing projects. It is worth noting that the
current version of the standard is focused on preventing emergency situations, rather than eliminating their consequences.

The authors of [1] identify three stages of environmental risk assessment, while work [2] describes five stages.
Paper [3] focuses on the risks of oil and gas companies. It also discusses positive aspects of the implementation of an
environmental management system.

A significant part of the materials is devoted to the development of corporate environmental management systems to
ensure international or national security in the field of ecology [4]. In[5], the correlation of the company's
environmental responsibility and the value of its shares on the stock market are studied. A similar problem is considered
in [6]. The point is that the environmental responsibility of the French company has affected the growth of its market
value. The impact on the capitalization of the Green Company Awards was assessed, which recognizes the best
facilities and enterprises from the point of view of ecology [7]. In many cases, an expert approach to assessing
environmental risks of companies is taken into account [8]. However, it has significant drawbacks related to the
subjectivity of conclusions and the complexity of processing a large amount of information in conditions of
uncertainty [9]. Therefore, mathematical methods of risk assessment are more preferable.

Paper [10] describes popular approaches to risk assessment with an emphasis on the index approach. In [11], the
authors consider a model for assessing environmental risks using the Dempster-Schafer evidence theory, which has
proven itself well in solving problems under conditions of uncertainty. Nevertheless, its practical application is
complicated by the need for many complex calculations, including combined ones. Article [12] describes a
mathematical model based on a probabilistic approach and the determination of the integral value of risk assessment.
The literature does not consider the possibility of predicting a set of risks for the state of water and biodiversity when
performing hydraulic engineering works. However, it is precisely this approach that should be recognized as relevant,
having obvious practical significance at the present stage of economic development.

The aim of the presented study was to describe a mathematical model and a software package that allowed assessing
vulnerabilities and risks for the hydrochemical parameters of water area and species diversity of the ecosystem of a
reservoir when deepening the bottom of a shallow reservoir. First of all, it concerned forecasting the propagation and
deposition of suspended particles. These processes significantly affect the relief of the bottom surface. In addition,
zones of distribution of pollutants were modeled. Their toxicity can become a factor in reducing the species diversity of
aquatic ecosystems.

Materials and Methods. To predict the results of anthropogenic impact on a reservoir ecosystem (for example,
during dredging), a comprehensive mathematical model of suspended particles movement in the water environment was
proposed. It took into account wind currents, the movement of the aquatic environment and river flows, water body
geometry, turbulent exchange, and variable density of the aquatic environment, which could be influenced by factors
such as salinity or suspended matter. The model also considered the deposition rate of each particle fraction, determined
by its size and shape. In addition, it could be supplemented by a model for reservoir eutrophication, which would take
into account nutrient levels and their impact on processes within the reservoir.

Problem statement

A model of water movement. To describe the movement of water masses in a water body, we used a hydrodynamic
model [13]. This model included the following expressions:

1. Navier—Stokes equations of motion:

Ou ou ou ou 10P 0 ( 6uj 0 ou 0 ( 614)
— 4 U—+V—FWwW—=———t— | p— |+ —| p— [+ —| vV— |,
ot ox %)% Oz pox ox\' ox) oy\ oy) 0Oz\' oz

ov ov  0Ov ov 10P O ov o ov o( ov
— At U—FV—FW— = —F—| f— [+ —| p— [+ =] v— |, (1)
ot ox Oy Oz poy ox\' ox) oy oy

ow ow  Ow ow 1oP 0O ( GWJ 0 ow 0 ( 6wj
— At U—t+V—FW—=———t—| p— |+ — | p— |[+—| V— |+ g.
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' On approval of requirements for environmental impact assessment materials. Order of the Ministry of Natural Resources and Ecology of the
Russian Federation. URL: https://docs.cntd.ru/document/573339130 (accessed: 26.02.2024). (In Russ.).
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Here V= {u,v,w} — velocity vector of the water medium [m/s]; P — pressure [Pa]; p— density [kg/m’];
1, v— horizontal and vertical components of turbulent exchange coefficient [m?/s]; g — acceleration of gravity [m/s?].
2. Continuity equation in the of variable density:
op O(pu) 0(pv) Olpw)
ot ox oy oz
The initial and boundary conditions for the system of equations (1) and (2) were described in detail in [13].
A model for suspended particles propagation. To predict the transport of both suspended and dissolved particles,
we used a diffusion-convection equation [14]:

6i+6(uc,)+8(vc,)+6((w+ws,r)cr) :g(uai}g(uacrji(vacrj”” )
ot ox oy 0z ox\' ox ) oy\' oy ) 0Oz\ 0Oz

where ¢, — concentration of the r-th fraction of suspension [mg/l]; w,, — rate of gravitational deposition of the r-th
fraction of suspension [m/s]; F. — intensity function of the sources of the r-th fraction of suspension [mg/(1-s)].

System of equations (3) was considered under the initial and boundary conditions described in detail in [14].

Based on system (1)—(3), it was possible to simulate the processes of movement and deposition of suspended
particles during dredging, as well as consider the possibility of optimizing the areas of soil dumps. It was advisable to
use these models to reduce harm to the ecosystem of a reservoir.

An eutrophication model. To assess the effect of impurities, let us consider a model of eutrophication of waters

based on diffusion-convection equation [15]:

0 s
as, , o(us,) o(s,) (w+w,,) r):g(“as,}g 35 +§(Vas,j+F” W
ot ox oy 0z ox\' ox ) oyl oy 0z

(@)

0z

where S, — concentration of the r-th impurity [mg/1]; w,, — rate of gravitational deposition of the r-th impurity [m/s];
F, — function describing the intensity of a chemical-biological source of the r-th impurity [mg/(1-s)].

System of equations (4) was considered under the initial and boundary conditions, which were given in [15].

You can use (4), in particular, to describe:

— the influence of impurities entering the reservoir as a result of anthropogenic impact, for example, in an
emergency situation or wastewater discharge;

— processes of oxidation and reduction of manganese;

— oxidation of hydrogen sulfide;

— calculation of the concentration of dissolved oxygen in water.

Data on the location of sources can be obtained using remote sensing of the Earth.

An algorithm for assessing the risk of anthropogenic impact. Known approaches to risk understanding were
systematized in [16]. This paper used the definition of risk according to GOST R 55059-20122. Risk is the probability
of an emergency or the expected amount of damage associated with the realization of an adverse events. Let us consider
an example when impurities enter the water that negatively affects the ecosystem:

R=Efs E;. (5)
Here R — risk factor; Efs — potential danger or toxicity of the impurity; Es — exposure factor or the amount of
impurity in terms of one biological target. For a reservoir, the exposure factor could be calculated using formula:

Eg =8P kg, (6)
where S — impurity concentration specified or calculated based on model (4); Ps — hydrolysis rate index;
kg4 — bioaccumulation® or accumulation factor (for example, heavy metals) [17].

In world practice, it is customary to use a set of standardized tests* to determine the potential danger of an impurity
or a contaminant Efs. In the European Union countries, quantitative assessments of the toxicity of the substance
described below are distinguished.

— NOEC — no observed effect concentration, the maximum inactive concentration of the substance. As a rule, this
concentration, compared with the control one, does not cause a statistically significant negative effect (the probability of
its occurrence does not exceed 0.05) during a given exposure time.

2 GOST R 55059-2012. Safety in emergencies. Emergency risk management. Terms and definitions. Moscow: Standartinform, 2018. 8 P. (In Russ.)

3 Methods for Measuring the Toxicity and Bioaccumulation of Sediment-Associated Contaminants with Freshwater Invertebrates. Second edition.
Washington: United States Environmental protection agency; 1994. 148 p.

* Guidance on information requirements and chemical safety assessment. Appendix R10-2 Recommendations for nanomaterials applicable to Chapter
R.10 Characterisation of dose [concentration] — response for environment. European Chemicals Agency. URL: https://echa.europa.eu/guidance-
documents/guidance-on-information-requirements-and-chemical-safety-assessment (accessed: 26.02.2024).
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— LOEC — lowest observed effect concentration. Its action causes a response from the tested organisms. These can be
metabolic disorders, as well as disorders of growth, development, reproduction, and even death. LOEC values are higher
than NOEC values. If the effect (percentage of effect) of LOEC is known, you can roughly determine
NOEC: NOEC =LOEC /2 (at 10% < LOEC < 20%). That is, if LOEC affects 10-20% of the study population, then the
NOEC value can be roughly defined as half of LOEC.

— MATC — maximal acceptable toxicant concentration. This is a calculated parameter defined as the geometric
mean of NOEC and LOEC;

— EC, — effect concentration (concentration of the effect at which x% of the effect is observed compared to the
control group). That is, it is the concentration of a substance at which a response is observed in x% of the tested
organisms. For example, at ECso concentration, 50% of organisms react. A statistical method (for example,
regression analysis) is often used to calculate this criterion. At the same time, it is necessary to use a sufficient
number of concentration groups (doses), since the accuracy of the assessment depends on the number and range of
concentrations, and not on the sample size for each concentration. Along with the abbreviation EC, abbreviations
LC; or L(E)C,are used.

Within the framework of this study, three sets of tests applicable to natural water bodies were considered.

Results. Based on the considered models and approaches to risk assessment, the five-step algorithm described
below was formed.

Step 1. Study of the characteristics of the water area (geographical, climatic, hydrological). This step also meant
considering potential sources of suspension and impurities, such as work on the expansion and cleaning of the water
area, river runoff, industrial discharges, shipping, etc. It was also necessary to determine the volume of suspended
material that could be present.

Step 2. Modeling scenarios for the propagation of suspensions and impurities based on equations (1)—(4).

Step 3. Assessment of toxic effect Efs according to three selected tests.

Step 4. Assessment of risk factor for each substance based on (5)—(6) and calculation of normalized risk factor
R, € [0, 1]. For normalization, we used formula (S — Snin)/(Smax — Smin), Where Spin and Spax — minimum and maximum
concentrations of the substance in question.

Step 5. Formulation of preliminary conclusions. We considered the risk to be high at R,>0.55, significant at
0.3 <R,<0.55 and absent at R, <0.3.

Steps 2—4 can be repeated if you need to determine the best way to carry out the work. For example, during
dredging, it was possible to simulate the distribution of suspended solids for various soil discharge points and assess the
damage caused to the ecosystem.

A software package in C++ has been developed for the numerical implementation of models (1)—(4) and the above-
described risk assessment algorithm for anthropogenic impact. It combined four software modules. The purpose of each
of them is described below.

1. Calculation of the three-dimensional velocity vector of the aqueous medium based on the system of
equations (1)—(2). Complex geometry of the computational domain was taken into account.

2. Calculation based on the system of equations (3) of the transfer of suspended particles and their settling. In this
case, we mean a multicomponent suspension.

3. Modeling of eutrophication of a reservoir based on system of equations (4). Phyto-, zooplankton, as well as
13 chemical elements and their compounds, which significantly affected the hydrobiological processes of the reservoir,
were taken into account. These were dissolved oxygen, iron, sulfur, hydrogen sulfide, sulfates, sulfites, nitrogen,
ammonium nitrogen, nitrites, nitrates, phosphates, silicates, silicic acid.

4. Assessment of risks of anthropogenic impact based on the algorithm described above.

Modeling of the processes of movement and sedimentation of suspension during soil dumping. The developed
software package simulated siltation processes of navigable channels of the Don. In addition, it allowed us to study the
transport of suspended particles and the reshaping of the bottom surface in the Azov Sea. Special attention was paid to
the coastal and estuarine zones. In addition, the software was used to assess the environmental condition of water areas
during dredging operations in the Dvina Bay of the White Sea.

As an example, let us consider modeling the processes of movement and deposition of suspended matter during
work on expanding the water area [18]. To this end, we used data on work in the Arkhangelsk port area. To simulate the
propagation and deposition of suspended particles, a 3 km long section along the flow direction was taken as the studied
area of the reservoir. Its width was 1.4 km, its depth was 10 m.

Physical parameters of the aqueous medium and suspended matter:

— flow velocity — 0.2 m/s;

— suspended matter density — 1,600 kg/m>;

— suspended matter deposition rate — 2.042 mm/s;
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— content of particles with a diameter of less than 0.05 mm in the soil — 26.83%;

— volume of the discharged bulk material — 741 m3,

Parameters of the calculated area:

— step along horizontal spatial coordinates — 20 m;

— height step — 1 m;

— estimated interval — 2 hours;

— time step — 1 minute.
Figure 1 shows the concentration fields of suspended particles (in mg/l) corresponding to different time intervals. A
three-dimensional slice shows a section of the calculated area with a plane that passes through the discharge point and is

formed by vectors directed vertically and along the flow (from left to right).

z, m z, m
mg/l mg/l

58,900 491

44,175 368
-5 -5
29,450 245
14,725 123
10 0 10 0
0 500 1,000 X, m 0 500 1,000 X, m
a) b)
z, m
mg/1 m/l
227 56
= 170 42
-5

113 28
57 14

0 ~10 0

0 500 1,000 X, m 0 500 1,000 X, m
c) d)

Fig. 1. Fields of concentration of suspended particles (in the “depth — width” section of the reservoir) at different time intervals from
the moment of soil unloading: a — 7'=0; b— T'= 15 min; ¢ — 7'=30 min; d — T = 45 min.
The color scale indicates the concentration of the suspension. The horizontal axis represents data on the width of the reservoir, while
the vertical axis represents data on depth
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Based on the results obtained, the volume of polluted water was calculated at soil dumps at three discharge
sites (Table 1).

Table 1
Volumes of polluted water during soil discharge at three sites, million m?
Volume of polluted water at one Total volume of polluted water
discharge, taking into account
the concentratiQn of suspended matter taking into account the concentration
. in water Volume of suspended matter in water
Site .
of discharges
from 0.25 | from 20 from 0.25 from 20 Total
more than more than
100 mg/1 100 mg/1
to 20 mg/1 | to 100 mg/l to 20 mg/l |to 100 mg/1
1 0.890 0.245 0.150 124 110.36 30.38 18.6 159.34
2 0.813 0.202 0.105 50 40.65 10.10 5.25 56.00
3 0.889 0.240 0.150 45 40.01 10.80 6.75 57.56

It can be seen from the table that when the soil was discharged, a high concentration of suspension was fixed in a
relatively small volume of water (this is, for example, part of the water that was mixed with the soil). A larger
amount of water had a lower concentration (such as water in the immediate vicinity of dumped soil). Significant
amounts of water were polluted with a lower concentration of suspension during the discharge of soil, its
sedimentation and transfer by current.

The areas of soil discharge and the number of discharges were determined according to the terms of reference for
work on deepening the port's water area. The areas of the reservoir in which the death of phyto- and zooplankton was
possible were identified. The areas of these areas were calculated.

Assessment of the ecological state of the Azov Sea water area. The ecological state of a shallow water body, such
as the Azov Sea, was assessed using two different approaches. The first approach involved analyzing databases
containing constantly updated data, which were the results of expedition surveys conducted by the authors of this study
in the Azov-Black Sea region. The second approach involved the use of software that simulated the hydrodynamics,
hydrobiology, and transport of particles in a reservoir. Based on these comparisons, mathematical models were
calibrated and validated in order to obtain more accurate risk assessments.

The software package allowed us to assess the risks associated with such phenomena as:

— exceeding the maximum permissible concentrations of dangerous pollutants;

— rapid growth in the process of eutrophication of harmful and toxic algae (also known as “water blooming”).

Thus, by using the new software, it was possible to reduce the costs of expeditions for water sampling.

It should also be noted that data from remote sensing of the Earth were used to monitor the ecological state of the
studied water body.

Here is an example of how the measurement data from an expedition was processed. Let us take the process of
copper discharge from metallurgical plants and its flow into the Azov Sea through the Don River. Copper is a heavy
metal that can accumulate in living organisms to dangerous levels.

When assessing the risks associated with a shallow reservoir, such as the Azov Sea, maximum values of pollutant
concentrations obtained from measurements, mathematical models, and remote sensing data were used. At a specific
point in the reservoir, a measured or calculated concentration value of the pollutant was selected. Let us assume that the
measurements revealed an actual concentration of suspended matter in the water to be 80 micrograms per liter.
Depending on the location and depth of sampling, copper concentrations in the waters of the Azov Sea ranged from
0.001 to 100 micrograms per liter.

Hydrolysis rate index for copper was assumed to be equal Ps= 1.5, bioaccumulation factor (accumulation
of matter) — kzs = 2. Then according to (6) exposure factor Es =240 mcg/L.

As noted above, three tests were considered to determine the potential danger of substance Efs:

— LCs for 96 hours for fish (sander) — 4 mg/l;

— LCs for 48 hours for zooplankton (daphnia) — 50 mg/l;

— LCso for 72 hours for inhibition of microalgae growth — 20 mg/1.
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Let us take into account (5) and the algorithm described above. We get normalized risk value R, =~ 0.52. Thus, the
risk of the presence of copper at a concentration of 80 micrograms per liter in the waters of the Azov Sea can be
characterized as potentially significant.

It is also worth noting that the model (1)—(4) made it possible to track the trend of increasing salinity of the
Azov Sea and the stratification of water masses by oxygen content. This was consistent with the results of earlier
expedition studies [19].

Let us focus on the implementation of the 4th step of the algorithm, that is, on the assessment of the risk factor for
each pollutant. Using the system (5)—(6), the calculation of normalized risk factor R, € [0, 1] and the developed
software package, the maximum concentrations of the main pollutants characteristic of the Azov Sea were calculated.

The final risk analysis was carried out based on the results of processing the expedition data and the results of
mathematical modeling. Judging by the water pollution index, the ecological condition of the Azov Sea was improving.
Previously, water had been defined as “significantly polluted”, then as “moderately polluted” [19].

Discussion and Conclusion. The proposed software solution allows us to predict the effects of human activity on
the water quality of the Sea of Azov. The developed software package enables us to simulate the movement of
suspended particles within the water body, and identify areas where they may settle. These processes can alter the
bottom topography, potentially leading to a decrease in species diversity in the areas where sedimentation occurs. Based
on the results of our simulations, we can take steps to reduce the area of soil dumped during dredging, thus limiting the
damage to the reservoir's ecosystem. By analyzing the data generated by the software, we can assess the potential
negative impacts associated with economic losses and risks to human health.

References

1. Skvortsova IV, Smirnova IS, Zlobina ZA. Environmental Risks in the Concept of Sustainable Development. Skif.
2020;4(44):651-655. (In Russ.).

2. Okeukwu EK, Okeke OC, Irefin MO, Ezeala HI, Amadi CC. Environmental Impact Assessment and
Environmental Risk Assessment: Review of Concepts, Steps and Significance. IIARD International Journal of
Geography and Environmental Management. 2023;9(2):25-51. https://doi.org/10.56201/ijgem.v9.n02.2023.pg25.51

3. Sergeeva IG, Skhab NA. Identification and Assessment of Environmental Risks for Oil and Gas Service
Companies. Scientific journal NRU ITMO. Series “Economics and Environmental Management”. 2020;4(43):3-10.
https://doi.org/10.17586/2310-1172-2020-13-4-3-10 (In Russ.).

4. Tonescu GH, Firoiu D, Pirvu R, Vilag RD. The Impact of ESG Factors on Market Value of Companies from
Travel and Tourism Industry. Technological and Economic Development of Economy. 2019;25(5):820-849.
https://doi.org/10.3846/tede.2019.10294

5. Li Cai, Chaohua He. Corporate Environmental Responsibility and Equity Prices. Journal of Business Ethics.
2014;125:617-635. https://doi.org/10.1007/s10551-013-1935-4

6. Ikram Radhouane, Mehdi Nekhili, Haithem Nagati, Gilles Paché. The Impact of Corporate Environmental
Reporting on Customer-Related Performance and Market Value. Management Decision. 2018;56(7):1630—1659.
https://doi.org/10.1108/MD-03-2017-0272

7.Lyon T, Yao Lu, Xinzheng Shi, Qie Yin. How Do Investors Respond to Green Company Awards in China?
Ecological Economics. 2013;94:1-8. https://doi.org/10.1016/j.ecolecon.2013.06.020

8. Yemelin PV, Kudryavtsev SS, Yemelina NK. The Methodological Approach to Environmental Risk Assessment
from Man-Made Emergencies at Chemically Hazardous Sites. FEnvironmental Engineering Research.
2021;26(4):200386. https://doi.org/10.4491/eer.2020.386

9. Ermakov S, Volkova L, Kapustina I. Ecosystems Measurement: Risk Assessment Methods and Ecological Safety
Principles. Transportation Research Procedia. 2021;54:47-57. https://doi.org/10.1016/j.trpro.2021.02.046

10. Yunna Han. Research on Mathematical Model of Environmental Assessment. [OP Conference Series: Earth and
Environmental Science. 2020;450:012035. https://doi.org/10.1088/1755-1315/450/1/012035

11. Hatefi SM, Basiri ME, Tamosaitiené¢ J. An Evidential Model for Environmental Risk Assessment in Projects
Using Dempster—Shafer Theory of Evidence. Sustainability. 2019;11(22):6329. https://doi.org/10.3390/sul11226329

12. Sukhorukova IV, Chistyakova NA. Mathematical Model for the Analysis of Environmental Risk Factors.
Vestnik Universiteta. 2023;(7):81-89. https://doi.org/10.26425/1816-4277-2023-7-81-89 (In Russ.).

13. Alekseenko E, Roux B, Sukhinov A, Kotarba R, Fougere D. Coastal Hydrodynamics in a Windy Lagoon.
Computers and Fluids. 2013;77:24-35. https://doi.org/10.1016/j.compfluid.2013.02.003



https://bps-journal.ru/
https://doi.org/10.56201/ijgem.v9.no2.2023.pg25.51
https://doi.org/10.17586/2310-1172-2020-13-4-3-10
https://doi.org/10.3846/tede.2019.10294
https://doi.org/10.1007/s10551-013-1935-4
https://doi.org/10.1108/MD-03-2017-0272
https://doi.org/10.1016/j.ecolecon.2013.06.020
https://doi.org/10.4491/eer.2020.386
https://doi.org/10.1016/j.trpro.2021.02.046
https://doi.org/10.1088/1755-1315/450/1/012035
https://doi.org/10.3390/su11226329
https://doi.org/10.26425/1816-4277-2023-7-81-89
https://doi.org/10.1016/j.compfluid.2013.02.003

Safety of Technogenic and Natural Systems. 2024;8(2):37-46. eISSN 2541-9129

14. Sukhinov Al, Chistyakov AE, Atayan AM, Kuznetsov IYu, Litvinov VN, Nikitina AV. Mathematical Model of
Process of Sedimentation of Multicomponent Suspension on the Bottom and Changes in the Composition of Bottom
Materials. Izvestiya Instituta Matematiki i Informatiki Udmurtskogo Gosudarstvennogo Universiteta. 2022;60:73—89.
https://doi.org/10.35634/2226-3594-2022-60-05 (In Russ.).

15. Nikitina AV, Sukhinov AI, Ugol'nitskii GA, Usov AB, Chistyakov AE, Puchkin MV, et al. Optimal Control of
Sustainable Development in Biological Rehabilitation of the Azov Sea. Matematicheskoe Modelirovanie.
2016;28(7):96—106. (In Russ.).

16. Sviyazova TG. Risk Management in Quality Management System: Economic Content and Classification of
Risks. Moscow University Economic Bulletin. 2017;6:143-167. (In Russ.).

17. Mileti¢ A, Lu¢i¢c M, Onjia A. Exposure Factors in Health Risk Assessment of Heavy Metal(loid)s in Soil and
Sediment. Metals. 2023;13(7):1266. https://doi.org/10.3390/met13071266

18. Kovtun II, Protsenko EA, Sukhinov Al, Chistyakov AE. Calculating the Impact on Aquatic Resources Dredging in the
White Sea. Fundamental and Applied Hydrophysics. 2016;9(2):27-38. (In Russ.).

19. Sukhinov Al, Tishkin VF, Ivanov KA, Lapin DV, Chistyakov AE. Experience in Modeling Hydrophysical
Processes in the Azov Sea. In: Supercomputing Technologies in Science, Education and Industry. Moscow: Publishing
house of Moscow State University; 2012. P. 156-164. (In Russ.).

About the Authors:

Alexander E. Chistyakov, Dr.Sci. (Phys.-Math.), Professor of the Computer Software and Automated Systems
Department, Don State Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), SPIN-kox: 1135-8843,
ORCID, ResearcherID, ScopusID, cheese 05@mail.ru

Inna Yu. Kuznetsova, Senior Lecturer of the Mathematics and Informatics Department, Don State Technical
University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), SPIN-koxa: 8806-8134, ResearcherlD, ScopusID, ORCID,
inna.yu.kuznetsova@gmail.com

Claimed Contributorship:

AE Chistyakov: description of the theoretical part of the study, development of software modules for calculating
processes of hydrodynamics and hydrobiology.

I'Yu Kuznetsova: development of software modules for calculating the processes of movement and sedimentation of
suspended particles and assessing the risk parameter of anthropogenic influence; design of the scientific paper.

Conflict of Interest Statement: the authors do not have any conflict of interest.

All authors have read and approved the final manuscript.

Received 13.03.2024
Revised 02.04.2024
Accepted 16.04.2024

06 asmopax:

Augexcanap EsrenbeBnd YUncrsikoB, TOKTOp (HH3UKO-MaTEMaTHIECKUX HAYK, Ipodeccop Kadeapsl IporpaMMHOTO
obecrieueHns] BEIYMCIUTENLHON TEXHUKH ¥ aBTOMATH3HPOBAaHHBIX CHCTEM JIOHCKOTO TOCYIapCTBEHHOTO TEXHUYECKOTO
yausepcutera (344003, P®, r. PocroB-na-lony, min. Iarapuna, 1), SPIN-kom: 1135-8843, ORCID, ResearcherID,
ScopusID, cheese 05@mail.ru

Huna KOpseBHa Ky3Hemoma, crapmmii npenojaBarens Kadeapsl MaTeMaTHkd W uH(popMaTwku J[OHCKOTO
rOCyIapCTBEHHOTO  TexHHWYeckoro yHuBepcuteta (344003, PO, r.Pocros-na-Jlony, mn. Tarapuna, 1),
SPIN-kox: 8806-8134, ORCID, ResearcherlD, ScopusID, inna.yu.kuznetsova@gmail.com

Technosphere Safety

45


https://doi.org/10.35634/2226-3594-2022-60-05
https://doi.org/10.3390/met13071266
https://orcid.org/0000-0002-8323-6005
https://www.webofscience.com/wos/author/record/O-1507-2016
https://www.scopus.com/authid/detail.uri?authorId=57203921718
mailto:cheese_05@mail.ru
https://www.webofscience.com/wos/author/record/GZM-1593-2022
https://www.scopus.com/authid/detail.uri?authorId=57217115003
https://orcid.org/0000-0003-1996-1605
mailto:inna.yu.kuznetsova@gmail.com
https://orcid.org/0000-0002-8323-6005
https://www.webofscience.com/wos/author/record/O-1507-2016
https://www.scopus.com/authid/detail.uri?authorId=57203921718
mailto:cheese_05@mail.ru
https://orcid.org/0000-0003-1996-1605
https://www.webofscience.com/wos/author/record/GZM-1593-2022
https://www.scopus.com/authid/detail.uri?authorId=57217115003
mailto:inna.yu.kuznetsova@gmail.com

https://bps-journal.ru

46

Chistyakov AE, et al. Assessment of Environmental Risks of a Shallow Water Body during Dredging Works

3asenennvlii 6x1a0 agmopos:
A.E. UNCTSIKOB — ONHCaHHWE TEOPETHYECKOW YacTH HCCIEIOBaHMs, pa3paboTKa MPOTrpaMMHBIX MOJIYJEH st

pacueTa mpoIreccoB rUAPOAMHAMUKHI U THAPOONOIOTHH.
N.IO. Ky3nenoBa — pa3paboTka NIpOrpaMMHBIX MOIYJEH Ui pacdeTa IMPOIECCOB IBIDKCHHUS M OCEHAaHUS

B3BELICHHBIX YaCTHUI] U OLICHKHU ITapaMeTpa PUCKa aHTPOIIOTEHHOTO BIMSHHSA, 0(OPMIIEHHE HAyYHOH CTaThH.

Konghnuxm unmepecos: aBTOpHI 3asBIAIOT 00 OTCYTCTBHN KOH(IINKTa HHTEPECOB.

Bce asmopul npouumanu u 0006punyu OKOH4AMENbHbIL BAPUAHN PYKONUCHU.
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