ISSN 2410-7360 BicHuk XapkKiecbKo20 HauioHanbHo20 yHigepcumemy imeHi B.H. KapasiHa

https://doi.org/10.26565/2410-7360-2025-63-46
UDC 556.166

Received 11 June 2025
Accepted 20 October 2025

Estimation of the extent of marine pollution as a consequence of
the Kakhovka reservoir dam destruction based on simulation results

Yurii Tuchkovenko '
DSc (Geography), Professor, Leading Researcher,
Mnstitute of Marine Biology of the National Academy of Sciences of Ukraine, Odesa, Ukraine,
e-mail: tuch2001@ukr.net, {1} https://orcid.org/0000-0003-3275-9065:.
Dmytro Kushnir’
PhD (Geography), Research Associate, Department of Military Training,
?Odesa I. I. Mechnikov National University, Odesa, Ukraine,
e-mail: dkush@ukr.net, (=} https://orcid.org/0000-0003-4556-0143

ABSTRACT

Problems Statement and Purpose. In June 2023, as a result of the Kakhovka reservoir dam destruction, pollutants from the
Dnipro River entered the Black Sea. This paper discusses the problem of determining the possible accumulation zones of these pollu-
tants in the bottom sediments of the north-western Black Sea water area. The urgency of the problem is determined by the fact that
these accumulation zones are potential long-term sources of secondary pollution of the marine environment. Preliminary identifica-
tion of these zones is necessary for assessing damage done to the natural resources of the sea, as well as for the preparation of marine
environment monitoring after the end of military operations. Numerical modelling is used to determine zones of marine pollution,
since contact studies in the open sea and in the coastal areas are currently impossible. The hypothesis is accepted that the zones of
pollutant accumulation in bottom sediments correspond to those sea areas where the concentration of conservative spill of neutral
buoyancy was high in the bottom water layer.

Data and Methods. The numerical hydro- and thermodynamic model Delft3D Flow Flexible Mesh (D-Flow FM), developed
by an independent institute for applied research Deltares (Delft, the Netherlands), was used to solve the above problem. The distribu-
tion of conservative spill of neutral buoyancy and mineral suspended matter coming with polluted transitional waters from the
Dnipro-Bug estuary during June 2023 was modelled. Near the mouth of the Dnipro River an open lateral boundary was set in the
model. Based on the data from the hydro-meteorological station “Port Kherson”, boundary conditions in the form of water level time-
series were imposed. During the simulation, the concentration of the conservative spill of neutral buoyancy was assumed to be equal
to 1 conditional unit at the open boundary. The mineral suspended matter concentration was set equal to 100 conventional units. The
gravitational settling velocity of suspended particles was assumed to be 5 x-10” m s*!. The variability of meteorological parameters
(zonal and meridional components of wind speed, atmospheric pressure reduced to mean sea level, air temperature, relative air hu-
midity, percentage of total cloudiness) was set at the upper boundary of the computational domain based on data from the forecast
archive of the global weather model GFS (Global Forecast System).

Results and Discussion. The simulation results allowed us to estimate the spatial extent and relative level of pollution of the
sea water in the north-western Black Sea area both in the surface and near the seabed. This estimation would not be possible using
remote sensing methods only. Areas with possible significant level of sediment contamination and potential sources of secondary
marine pollution (due to resuspension) were highlighted. It is recommended to conduct a verificatory monitoring of water and sedi-
ment contamination levels for these areas after the end of military operations.

Keywords: dam destruction, the Kakhovka reservoir, the Dnipro River, the Dnipro-Bug estuary, the Black Sea, north-western
part, pollution, primary and secondary, modelling.
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Introduction After dam destruction, the flood flow intensity

After the destruction of the Kakhovka reservoir
dam on June 6, 2023, river water from the Dnipro
River was flowing into the Black Sea for two weeks.
The volume of river water that entered the sea as a
result of this catastrophic event amounted to 16.4
km?® [19], which corresponds to approximately 40%
of the annual flow of the Dnipro River.

According to the observation data collected on
hydrological post “Kherson”, the water level in the
lower reaches of the Dnipro River in the morning of
June 8 had increased by 5.37 meters compared to the
water level of June 5. As a consequence, more than
600 km? of land was flooded between June 6 and 9.

was 24,500-29,000 m® s [19]. Together with the
flood flow, the sea received a large amount of dif-
ferent types of pollutants contained in the water and
in sediments of the Kakhovka reservoir and which
were washed away from the flooded areas of the
Lower Dnipro.

Various aspects of the impact of artificial flood-
ing resulted from the Kakhovka reservoir dam de-
struction on water quality of the north-western
Black Sea were discussed in [1, 6, 8, 10, 19, 23].

Impact on biotic components of the marine
ecosystems caused by the influx of large volumes of
polluted and desalinated transitional waters from the
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Dnipro-Bug estuary in June 2023 was discussed in
[4, 14, 15].

Although two years have passed since the
Kakhovka reservoir dam destruction in early June
2023, the consequences for the ecosystem of the
north-western Black Sea (NWBS) shelf zone have
not been fully explained yet. While an access to the
shoreline during 2022-2024 was very limited, con-
ducting field research outside the coastal zone was
not possible at all due to outbreak of hostilities.

Therefore, only remote sensing data and results
of numerical modelling can be used to form a single
holistic picture of the Dnipro River polluted transi-
tional waters spread across the sea and their impact
on the water quality of open sea areas. Observation
data collected in coastal areas is used to verify and
understand this information.

The above-mentioned studies used observation
data collected in shallow coastal areas, as well as
satellite-derived data on the spatial and temporal
variability of sea colour, chlorophyll a concentra-
tion, and total suspended solids concentration in the
surface layer of the sea. The results of numerical
modelling of pollutant spread in the north-western
part of the Black Sea, shown in papers [8, 10], also
refer to the surface layer of the sea. At the same
time, the spread of pollutants in the deeper area of
the north-western Black Sea will obviously have its
own characteristics, different from those in the sea
surface layer [7]. This article is devoted to this pre-
viously unconsidered part of the problem.

It was noticed in [1, 8, 10] that pollutants deliv-
ered with the extreme flood flow of the Dnipro Riv-
er in June 2023 were partially accumulated in bot-
tom sediments as a result of sorption, hydrolysis and
gravitational settling processes, which caused trans-
fer of pollutants from the water column to the bot-
tom sediments.

It was found that the disappearance of a water
reservoir will increase the intensity of natural floods
in the Lower Dnipro areas [19]. During this period
of year, the amount of pollutants in bottom sedi-
ments can be increased as a result of small particles
of previously polluted sediments being washed
away from the drained areas of the Kakhovka reser-
voir bottom.

As a result of resuspension processes, toxic
contaminants accumulated in bottom sediments can
re-infiltrate to water column during storms and,
therefore, cause secondary pollution of sea water.

In the warm season, areas of accumulation of
allochthonous detrital matter could contribute to
algal bloom occurrences and to hypoxia and anoxia
processes in the bottom layer.

The urgent problem is the determination of are-
as where the abovementioned processes can strongly
happen and affect the quality of marine waters sub-

stantially. The only feasible solution to this problem
for the time being lies in numerical modelling of the
pollutant spread in the sea due to the extreme flood
runoff of the Dnipro River. This will enable us to
plan the perspective verificatory monitoring of ma-
rine environment aimed at assessing the damage
done to marine natural resources and identifying
measures for their restoration.

The purpose of the work is to estimate the spa-
tial scale and pollution level of north-western part of
the Black Sea (including the near-bottom layer) as
well as to identify potential areas of secondary con-
tamination of sea water due to Kakhovka reservoir
dam destruction based on simulation results.

We hypothesize that zones of pollutant accumu-
lation in bottom sediments correspond to those ma-
rine areas where concentration of pollutants in near-
bottom layers of water was high after the Kakhovka
Reservoir dam destruction.

Material and methods. Numerical modelling of
sea water dynamics, spatio-temporal variability of
water thermohaline structure and transport of tracers
with different properties was used for this study.

A widely acclaimed hydrodynamic model
Delft3D-Flow Flexible Mesh (D-Flow FM) devel-
oped by Deltares (Delft, the Netherlands) was ap-
plied [11]. The D-Flow FM model simulates one-
dimensional (1D), two-dimensional (2DH, depth-
averaged) or three-dimensional (3D) unsteady flow
and transport phenomena resulting from tidal and
meteorological forcing, including the effect of den-
sity differences due to a non-uniform temperature
and salinity distribution (density-driven flow). A
combination of 1D, 2D and 3D modelling
(1D2D3D) can be applied [13]. D-Flow FM is flexi-
ble by using an unstructured grid in the horizontal
plane. In the vertical direction D-Flow FM offers
two different vertical grid systems: a so-called o co-
ordinate system (o-model) introduced by [18] for
ocean models and the Cartesian z-coordinate system
(Z-model).

The model system of equations consists of the
horizontal equations of motion, the continuity equa-
tion, the equation of state and the transport equation
for conservative constituents. The flow is forced by
currents and discharges at the open boundaries,
wind stress at the free surface, pressure gradients
due to free surface gradients (barotropic) or density
gradients (baroclinic). Source and sinks or laterals
are included in the equations to model the discharge
and withdrawal of water and of constituents and
substances [13]. A k-¢ turbulence closure model to
account for the vertical turbulent viscosity and dif-
fusivity was used for 3D hydro- and thermodynamic
modelling.

D-Flow FM solves the Navier Stokes equations
for an incompressible fluid, under the shallow water
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and the Boussinesq assumptions. In the vertical
momentum equation, the vertical accelerations are
neglected, which leads to the hydrostatic pressure
equation. The set of partial differential equations in
combination with an appropriate set of initial and
boundary conditions is solved on an unstructured
finite volume grid.

The momentum equations in x- and y-direction
are given by:
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where u, v, and w are the fluid velocities in the x-, y-
, and z-directions, respectively; ¢ is the time; f'is the
Coriolis parameter, which depends on the geograph-
ic latitude ¢ and the angular speed of rotation of the
earth Q (= 2Q sin ¢@); po is the initial density of the
water; 0P/Ox and OP/Oy are the baroclinic pressure
terms, which represent the pressure gradients; forces
F, and F, represent the unbalance of horizontal
Reynolds stresses; vy, is the vertical eddy viscosity
coefficient; M, and M, represent the contributions
due to external sources or sinks of momentum (ex-
ternal forces by discharge or withdrawal of water,
wave stresses, etc.).

The vertical velocity w in the adapting o co-
ordinate system is computed from the continuity
equation:

ah, duh | ovh

ot dx 6_’)/ QOut)' (3)

where ¢i» and g, are the local sources and sinks of
water per unit of volume (1 s™), respectively, and
is the total water depth (7 = d + {; with d the depth
below some horizontal plane of reference (datum),
positive upward; ¢ the water level above some hori-
zontal plane of reference (datum).

Under the shallow water assumption, the verti-
cal momentum equation is reduced to a hydrostatic
pressure equation. Vertical accelerations due to
buoyancy effects and due to sudden variations in the
bed topography are not taken into account.

62 h(Qm

opP
5, = —Pgh, 4

where P is the hydrostatic pressure; p is the water
density; g = 9,81 m s? is the acceleration due to
gravity.

In case of a non-uniform density, the modelled
water density is related to the values of water tem-
perature and salinity by the equation of state.

The forces F and F) in the horizontal momen-
tum equations represent the unbalance of horizontal
Reynolds stresses which are modelled using the
eddy viscosity concept:

2u . 0%u

Fo=vi (55 + a—yz)' (5)
a2 92

Fo= vy (55 + 532 (©)

with vy the horizontal eddy viscosity coefficient.
The horizontal eddy viscosity coefficient is de-
fined by:

Vy = Vsgs + vy + V53K, @)

where Vg is the sub-grid scale (SGS) horizontal
eddy viscosity, that are not resolved by the horizon-
tal grid (“sub-grid scale turbulence”) and which is
computed by a dedicated SGS-turbulence model;
vheck is the background horizontal viscosity, user-
defined through the input file.

The vertical eddy viscosity coefficient is de-

fined by:
k), @)

where vp,,; is the kinematic viscosity of water; v3p
is the 3D part computed by a 3D-turbulence closure
model (kg turbulence model); v2%¥ is the back-
ground or “ambient” vertical turbulent mixing coef-
ficient.

D-Flow FM solves the depth-averaged conti-
nuity equation, derived by integration the continuity
equation for incompressible fluids over the total
depth, taken into account the kinematic boundary
conditions at water surface and bed level, and is
given by:

Vy = Vmot T+ max(v3D,

Oh | QUL | OVh
at x ay

=0 )

with U and V the depth averaged velocities. Q is
representing the contributions per unit area due to
the discharge or withdrawal of water, precipitation
and evaporation:

Q= [)'(qim (10)

with R the non-local source term of precipitation
and £ non-local sink term due to evaporation.

The transport equation here is formulated in a
conservative form in Cartesian co-ordinates in hori-
zontal and vertical directions:

dc 4 duc N dvc 4 dwe
at  Jdx  dy 0z
a dc a dc d dc
5 (0 52) + 35 (0n 57)+ 5 (Do3;) +5. 0D
with ¢ the mass concentration of the transported

substance; Dj, the horizontal diffusion coefficient; D,
the wvertical diffusion coefficient and s the source

— Qout) dz+ R —E,
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and sink term per unit area due to the discharge (i)
or withdrawal (q..) of water and the exchange of
heat through the free surface QO

s = h(qmcin - qoutcout) + Qtot- (12)

The total horizontal diffusion coefficient Dy is
defined by:

Dh = DSGS + DV + D],ll)aCk, (13)

with Dggs the diffusion due to the sub-grid scale
turbulence model, DP%¥the user defined back-
ground horizontal diffusion coefficient.
The vertical diffusion coefficient D, is defined
by:
Dy = -mel 4 max(Dzp, DP¥),

Omol

(14)

with D;p the diffusion due to turbulence model in
vertical direction and v,,,; the kinematic viscosity
of water and g,,,; is either the (molecular) Prandtl
number for heat diffusion or the Schmidt number for
diffusion of dissolved matter.

The boundary conditions for the momentum
equations (1) and (2) at the bed (z = zp) are:

V_Va_u| =1
b 90lyg — pg ThE (15)
vy 0v _ 1
W 90ly_g = pa BV (16)

with 7, and 7y, the components of the bed stress in
x- and y-direction, respectively.

The bed shear stress in 3D is related to the cur-
rent just above the bed:

7, =2 po;b Iubl’ (17)
3D
with %, the flow velocity vector in the first layer
just above the bed.
The 3D-Chezy coefficient c3p can be expressed
in the roughness height z, of the bed:
C3p = @ln (1 + AZb);

220

(18)

with ¥k = 0.41 the Von Karman constant, z, the
roughness height and4z, the distance to the compu-
tational grid point closest to the bed.

At the free surface (¢ = 1; z = {) the boundary
conditions for the momentum equations are:

vy 0u _ 1>

7£|0:1 = |75| cos(B) , (19)
v 1pn o

b ooloey = o |75| sin(0) , (20)

where 6 is the angle between the wind stress vector

and the direction in the local coordinate system.
Without wind, the stress at the free surface is

zero. The magnitude of the wind shear-stress is de-

termined by the following widely used quadratic
expression:

21)

where p, is the density of air, U, is the wind speed
10 meters above the free surface (time and space
dependent), ¢4 is the wind drag coefficient, depend-
ent on Ujo.

In order to specify the wind shear stress in the
model, a drag coefficient is required as well as the
wind field in terms of velocity magnitude and wind
direction. The user can select how the wind drag
coefficient should be computed, by choosing from
the various types of wind drag formulation: con-
stant, linearly varying, piecewise linearly varying
[20], etc.

In D-Flow FM the heat exchange at the free
surface is modeled by taking into account the sepa-
rate effects of solar (short wave) and atmospheric
(long wave) radiation, and heat loss due to back
radiation, evaporation and convection. The heat
losses due to evaporation and convection are func-
tions of the wind speed.

The total heat flux through the free surface
reads:

|izs| = paCdU120'

Qtot = Qsn + Qan — Qpr — Qe —

Qco - Qev free — Qco freer (22)

where Qs is the net incident solar radiation (short
wave), Oan 1s the net incident atmospheric radiation
(long wave), Oy is the back radiation (long wave),
Q. is the evaporative heat flux (latent heat), O, is
the convective heat flux (sensible heat), Qc, fice is the
evaporative heat flux (free convection latent heat),
Oco fiee 18 the convective heat flux (free convection
sensible heat).

At “horizontal” closed boundaries zero-flux
conditions are applied. At “horizontal” open bound-
aries the following boundary conditions are applied,
with or without diffusion on the open boundary:

1) salt, temperature and tracers:

- inflow: user-specified Dirichlet condition;
- outflow: homogeneous Neumann condition;

2) suspended sediment.

The model was set up to simulate the Kakhov-
ka reservoir dam destruction and a consequent
spread of polluted transient water flowing from the
Dnipro-Bug estuary into the north-western Black
Sea (NWBS).

In previous years, a modernized forecasting
complex for real-time prediction of oceanographic
conditions in the Black Sea and Azov Sea basins
was developed and validated [3, 5, 22]. A model
applied in this study should became an integrated
part of this complex, replacing a Delft3D-FLOW
model [12] as a new hydro-thermodynamic block.
This enables a forecasting complex to determine the
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characteristics and estimate the spatial and temporal
scales of the transformed and polluted waters of the
Dnipro River spread across the sea [6].

Simulation was performed on unstructured
computational grid, which consisted of 22494 nodes
and covers the whole Black Sea area (Figure 1). The

grid has a variable resolution: from = 500 m (near-
shore) to 6500 m (offshore). In the vertical direc-
tion, the terrain-following o-coordinate system with
7 non-uniform layers was applied. The bottom to-
pography of the NWBS is shown in Figure 2.

A time period for the simulation was set to be

322 324 326
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39 40 41 42°E

Fig. 1. Computational grid generated for the Black Sea model (A). Insets show parts of the grid
in the northwestern area of the Black Sea (B) and in the Dnipro-Bug estuarine area (C)
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from June 1 to June 30, 2023. A model time step
was determined automatically based on the CFL
stability criterion, within the range of time steps
specified by user. The initial time step for the model
was set to 1 second, and the maximum allowed time
step was 30 seconds.

The model was forced by the meteorological
data obtained from the NOMADS archive (National
Operational Model Archive and Distribution Sys-
tem) of GFS Global Forecasting System for the
Black Sea area [17, 21, 22].

The discharge of the Dnipro River was com-
puted in the model from the “water level” type open
boundary, imposed near the mouth of the Dnipro.
The boundary conditions were set in the form of
water level time-series based on observation data at
the “Kherson” hydrological post (Figure 3).

Water level, m BS

e © o © o o o o <o o
S O © © ©6 © & © S =
€ £S5 &35S g &S
O O Y ¥ ¥ Y ¥ ¥ ¥ O
c & ©c € © ©c o © <©c o
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Boundary conditions for water temperature
were set on the basis of data obtained from the “Ky-
iv” hydrological station, a subdivision of Central
Geophysical Observatory of Ukraine. Salt content in
the riverine water was assumed to be constant
(2 mg-dm™).

The freshwater discharge of the Dniester and
Danube rivers, which flow into the north-western
part of the Black Sea, was not taken into account in
the model.

Spatially non-uniform initial fields of tempera-
ture, salinity and water level (at # = 0) were speci-
fied on the model computational grid. Historical
data with a spatial resolution of 1/40°, obtained
from Copernicus Monitoring Environment Marine
Service (CMEMS) archive [9], was used for creat-
ing these initial conditions.

OR00
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22.06, 1200

25.06, 1200
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18.06.
20.06. 1200
23.06. 1200

17.06,

Date

Fig. 3. Water level at the Kherson hydrological station

The model results were verified against the ob-
servational data for water salinity at the “Odesa-
Port” hydro-meteorological monitoring station and
satellite-derived data on sea surface colour variabil-
ity and concentration of Chlorophyll a [6].

The spill of passive conservative contaminant
with neutral buoyancy spreading across the water
area of the NWBS was simulated. The concentration
of contaminant was considered to be a pollution
tracer which enters the sea with transitional waters
from the Dnipro-Bug estuary.

Toxic pollutants dissolved in seawater, as well
as mineral and organic compounds of biogenic ele-
ments can be considered as passive contaminants
with neutral buoyancy at a first approximation.

In general, nutrients are not conservative, as
they take part in chemical and biological processes
that occur in the aquatic environment. However,
taking into account large volumes of nutrient inflow

into the sea with transformed transitional waters
from the Dnipro-Bug estuary within a short period
of time and the fact that both utilization of mineral
forms of biogenic elements by phytoplankton and
their regeneration due to mineralization of organic
matter occur simultaneously, the concentration of
the conditional contaminant can be considered as an
integral indicator of the relative concentration of
nutrients, at a first approximation.

The concentration of a conservative contami-
nant with neutral buoyancy in the Dnipro River
water at the “Kherson” station was assumed to be
equal to one conventional unit. Therefore, the simu-
lation results show the concentration of convention-
al contaminant in the model grid cells in fractions of
its concentration at the mouth of the Dnipro River,
near the city of Kherson.

Additionally, the dynamics of the suspension
concentration, which enters the sea with the trans-
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formed river waters from the Dnipro-Buh estuary
was simulated. The concentration of mineral sus-
pension in the waters of the Dnipro River at Kher-
son city was assumed to be 100 conventional units.
The silt particles with a diameter of 0.01 mm and
density of 2000 kg-m™ were considered. The rate of
gravitational sedimentation of the suspension, esti-
mated using the well-known formula for the fall
speed of a sedimenting single particle under gravita-
tional force provided by Stokes’ law, was taken as =
510°ms™.

Results and discussion. The concentration of

the conventional contaminant at the surface layer
and at the bottom is shown on Figs. 4 and 5, respec-
tively. These figures demonstrate that the concentra-
tion of the conventional contaminant in seawater
decreases gradually due to the action of hydrody-
namic factors (basic dilution).

It can be seen from the figures that the flow of

polluted transitional waters from the Dnipro-Bug
estuary covers the entire water column (from surface
to 15-20 m depth) not only the sub-surface layer
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Fig. 5 Concentration of the conservative contaminant with neutral buoyancy (in conventional units;
where 1 is the maximum concentration of polluted river waters) at the surface (left)
and in the bottom layer (right) of the NWBS area, from June 17 to 23, 2023

own to 5 m depth).
This was facilitated by the extra large volumes

of transformed river water flown from the Dnipro
River within a short period of time after dam failure.
Intensive gradient currents and mixing caused by
spatial velocity shifts of generated currents also
contributed to this process [7].

Transformed river waters with high levels of

pollutants were in contact not only with planktonic,
but also with bottom sediments and benthic organ-

isms in the water areas of the Dnipro-Bug area of
the NWBS within the specified depths.

As a result, they could worsen the conditions of

existence of benthic organisms, cause their suppres-
sion or death, as well as lead to accumulation of
pollutants in bottom sediments due to adsorption
and bioaccumulation.

The width of the plume of polluted waters and,

accordingly, its area, as one could expect, is smaller
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in the bottom layer than at the surface. The plume of
polluted waters is washed out in the near-bottom
layer much more intensively than at the surface
layer as well.

Analysis of modelling results indicate that the
highest level of sea water pollution took place at the
mouth of the Dnipro-Buh estuary and above the
Odesa Bank. For example, on 11 June 2023 the con-
centration of conventional contaminant in these
areas varied from 0.7 to 1.0 conventional unit, i.e.
was equal to 70-100 % of its initial value at the
mouth of the Dnipro River. A clearly visible accel-
erated transport of contaminant flowing along the
shallow waters of the northern coast of the NWBS
towards the city of Odesa is highlighted. As a result
of accelerated flow of contaminant towards the Ode-
sa Bay, a zone with increased (relative to the sur-
rounding waters) pollution level was formed and
remained there for quite a long time.
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In the period from 10 to 14 June 2023, the
plume with increased concentration (0.2-0.6 conven-
tional unit) of conventional contaminant can be
traced along the western coast of the NWBS area:
from Odesa city to the coastal sea zone adjacent to
the spit of the Tuzla Limans group (near Lebedivka
village). Later on, this plume narrows to the width
of the longshore current flow at the coastal area near
the city of Chernomorsk (17 June 2023, Figure 4).
On 17-19 June, a longshore plume with concentra-
tions of 0.1-0.2 conventional unit reaches the Dan-
ube River mouth sector. At the same time, a broad
local zone of high concentration of contaminant is
formed on the Dniester site of seabed rise, which
can be traced until 20 June 2023 (Figure 5).

Starting from 17 June, another plume of in-
creased concentrations of conservative contaminant
(0.2-0.6 conventional unit) was formed primarily in
the sea surface layer. This plume can be observed to

07.06.2023

the south of the Odesa Bank and Kinburn Strait,
along with the Tendra Uplift of bottom.

As of 26 June 2023, plumes of contaminated
water at the Dniester and Tuzlivskyi sectors of sea-
bed rise had been completely washed out. The
plume located at the Tendra sector of seabed rise
was still remaining, and the concentration of condi-
tional contaminant was in range of 0.2-0.3 unit frac-
tions there (Figure 5).

The above-described characteristics of the
plume of contaminated water flowing from the
Dnipro-Buh estuary were determined by water dy-
namics at the NWBS area, which is described in
detail in the paper [7].

The obtained results of modelling the
transport of contaminant with neutral buoyancy are
consistent with satellite information on the colour
of the sea surface, shown in Figure 6, and with
those cited in [2].

08.06.2023
= ’

Fig. 6 Corrected colour satellite images of sea surface in the NWBS for some days in June 2023, which visu-
alize the spread of polluted muddy waters from the Dnipro-Bug estuary. The images are constructed from
multi-channel imagery by MODIS radiometer from Aqua, Terra satellites, VIIRS radiometer from Suomi

NPP and NOAA-20 satellites [16]
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In addition to the passive contaminant with
neutral buoyancy, modelling of the dynamics of the
concentration of suspended solids, which entered
the sea together with transformed river waters from
the Dnipro-Bug estuary, was performed.

Particles of mineral and organic sediment were
stirred up from the bottom of the Kakhovka water
reservoir and the Dnipro River bed by the flooding
flow, which was formed after the Kakhovka dam
destruction. Soils with a high humus content, indus-
trial and household wastes, fragments of dead flora
and fauna of the Dnipro River delta were washed
into the lower reaches of the Dnipro and further into
the sea. It should be noted that heavy metal com-
pounds, including those that came with discharges
from industrial enterprises of Zaporizhzhya and
Dnipro cities, have been accumulated in the bottom
sediments of the Kakhovka water reservoir for dec-
ades. Additionally, these compounds could have
been adsorbed on the surface of suspended sediment

particles transported with the flow of polluted river
water along with hazardous chemicals of toxic ac-
tion washed off from flooded areas.

The flow of muddy water with high concentra-
tion of silt particles and other suspended matter is
well traced on satellite images of sea surface color
on 8-10 June 2023 (Figure 6). Further, as the carry-
ing capacity of the flow decreased, particles of or-
ganic and mineral suspended matter were deposited
and accumulated in bottom sediments, together with
toxic pollutants adsorbed by them, in particular,
heavy metals. Because of this, in case of storm
winds, bottom sediments may become a source of
secondary pollution of marine waters as a result of
their wind-wave resuspension.

The main objective of modelling the dynamics
of mineral suspension concentration in the NWBS
water area was to identify the sites with the most
contaminated bottom sediment. The hypothesis was
that such sites correspond to areas where the high
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concentration of suspended solids in the bottom
layer remains high for a long time.

Modelled spatial distribution of inorganic sus-
pended matter concentration in the bottom layer of
the NWBS water area is shown in Figure 7. The
study of its dynamics allowed us to draw conclu-
sions that a high level of bottom sediment pollution
should be expected along the northern coast of the
NWBS, on the Odesa Bank, in the Odesa Bay, along
the western coast of the Odesa area of the NWBS,
and in the area of the Dniester Uplift of bottom.

These conclusions are supported by data on
heavy metals and petroleum products content in the
bottom sediments of the coastal zone of the Odesa
area in summer-autumn 2023, summarized in [19].

Conclusion. Spatial scales and relative level of
sea pollution in the north-western part of the Black
Sea as a result of volley inflow of large volumes of
polluted transitional waters from the Dnipro-Bug
estuary due to the Kakhovka dam destruction were
determined. This study was performed on the basis
of the analysis of mathematical modelling results,
using numerical hydrodynamic model D-Flow FM.

The distribution of polluted waters was consid-
ered not only in the surface layer of the sea, which
can be done on the basis of satellite information, but
also in the bottom layer of the water area of NWBS.

Spreading of conservative contaminant with
neutral buoyancy across the NWBS water area was
simulated. It is shown that in the first week after the
dam destruction the water pollution level in the
Odesa area of the NWBS went down to 70% of the
pollution level at the mouth of the Dnipro River
near the city of Kherson. In the water area of the
Danube-Dniester interfluve the water pollution re-
duced to a level of 20-50% of the water pollution in

the mouth of the Dnipro River. These reductions of
marine water pollution level were merely caused by
the hydrodynamic dilution. A plume of polluted
water with concentrations of the conditional con-
taminant 10-20% was spreading along the western
coast of the NWBS and eventually reached the
mouth of the Danube River.

A zone with increased (relative to the surround-
ing waters) pollution level is formed in the Odesa
Bay and remains there for quite a long time. This
ascertains the fact that the accelerated transport of
contaminant along the shallow northern coast to-
wards the city of Odesa is developed.

The results of the modelling of spatio-temporal
variability of the concentration of a conservative
contaminant with neutral buoyancy in the surface
layer agree well with satellite images of the color of
the sea surface.

The flow of contaminated water covered the en-
tire water column from surface to bottom in the sea
areas with depths down to 15 meters, which could
lead to contamination of bottom sediments due to
adsorption, bioaccumulation and sedimentation.

The results of modelling the dynamics of con-
centration of conditional contaminant with neutral
buoyancy and suspended sediment in bottom layer
waters allow us to make the following conclusion:
higher pollution levels of sea-floor sediments should
be expected along the northern and western coasts
of NWBS, at the Odesa Bank, in the Odesa Bay and
near the Dniester site of seabed rise. It is recom-
mended to carry out a verificatory monitoring of
water and bottom sediments contamination with
toxic substances in the mentioned sea zones, espe-
cially after strong storms.
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Ouninka MacmTadiB 3a0py1HeHHSI MOPSI BHACJIIIOK PYilHYBaHHA 1aMOu
KaxoBcbK0ro BOI0CX0OBHIIA HA OCHOBI pe3yJibTaTiB MOJIEJTIOBAHHS

Opii Tyuxosenko '

. TeOorp. H., mpodecop, roJl. HayK. CIiBPOOITHHK,

! TucrutyT Giosorii mops HAH Ykpainu, Oneca, Vkpaina;
Jmumpo Kywinip °

K. Te0Tp. H., HayK. CHiBpOOITHUK,

kadeapa BifiCEKOBOI HiATOTOBKH

2 Opechkuii HaioHanbHMit yHiBepeuTeT imeHi [. [. MeunnkoBa,
Opneca, Ykpaina

OO6roBopIOETHCA MpobIeMa BU3HAYCHHS MOKIIMBUX 30H aKyMyJIAIMii B JOHHUX BiKTamgax MiBHIYHO-3aXiTHOI "ac-
TiHE YOopHOTO MOpS 3a0pyIHIOIOYNX PEYOBHH, IO HAMIMIUIM 10 Mops B 4depBHI 2023 poky 3 Bogamu piuku JHimpo
BHACJIJIOK pyHHYyBaHHs rpe0iii KaxoBChbKOro BoJOCXOBHINA. AKTYaJIbHICTh MPOOJIEMH BU3HAYA€THCS TUM, LIO I 30HU €
TNOTEHI[ITHUMK JIOBIOTPMBAIUMHU JIKEPETaMK BTOPHHHOTO 3a0py/IHEHHS MOPCHKOTO CEpeOBMINA. IXHs monepeaus ize-
HTHbIKalis HeoOXiAHA JUTs TUIAaHYBAHHS MOHITOPHUHTY SIKOCTI MOPCHKOTO CEPEIOBHIIA ITICIIsl 3aBEPILICHHS] BOEHHUX JIiH 3
METOIO OIIHIOBAHHS LIKOAM, 3aBJIaHOT IIPHUPOAHUM pecypcaM Mopsi, Ta BpaXxyBaHHS ITil yac OOIPYHTYBaHHS IUISXIB JUIs
JOCSTHEHHS I0OPOTO E€KOJIOTIYHOTO CTaHy MOPCHKUX akBaTopiil. OCKUIBKHM depe3 BIHCHKOBI Aii, [0 TPHBAIOTH, IIPOBE-
JICHHSI KOHTAKTHHX JIOCIIJUKEHb Y BIIKPUTOMY MOpi Ta Ha NESKHX IUITHKaxX NpUOEpeXHOI 30HW HEMOMJIMBE, TO JUIS
BH3HAYEHHS IUX 30H BUKOPHCTOBYIOTHCS PE3YJIBTATH YNCEIHHOTO MaTeMaTHYHOTO MoAIetoBaHHs. [IpuiiMaeThes Timore-
3a, 10 30HU aKyMYJIALlii 3a0pyIHIOBATBHAX PEUYOBHH B JIOHHUX BiJIKJIa/JaX BiJIIOBIAIOTh TUM 00JACTSIM aKBaTOPii MOpS,
Jie iXHs KOHIIEHTPAIlisl B BOAAX MPUAOHHOTO IIapy Oyia BHCOKO!O. I BUpIIEHHs BUINE3a3HAUYEHOI 3a/1a4i BUKOPUCTO-
ByBaJlach rigporepmoauHamiuna moxens Delft3D-Flow Flexible Mesh (Deltares). MonemtoBanocst monripeHHEss yMOBHOL
JOMIIIIKH HEHTpaTbHOI IIAaBYYOCTI Ta 3aBici, 110 HAIXOAMIIA i3 3a0pyIHEHUMHU TEPEXiTHAMH BOJaMH 3 J[HIIpPOBCHKO-
By3bkoro numany npotsirom yepHst 2023 poky. Crik J[Hinpa 3amaBaBcsi HA OCHOBI CIIOCTEPEKEHUX y MOPTY XEPCOH
3MiH BIIMITOK piBHs Boau. [Ipy Mo/emoBaHHI yMOBHA KOHIEHTPALS JAOMIIIKA HEATPaIbHOT MJIaBYy4YOCTi Y THPIIl piuKu
Huinpo (Xepcon) npuiimManacs piBHowoo 1 yMOBHIM oanHui, a 3aBici — 100. ['paBitariiiHa MBHIKICT OCaKEHHS Yac-
TMHOK 3aBici mpuiimManacs piBHOI0 5x107 M ¢!, MiHIHBiCTE METEOPOIOTiYHIX YMOB Ha BEpXHiii (3 aTMocepolo) rpa-
HUII PO3pPaxyHKOBOI 00JacTi 3a/jaBajiacsl Ha OCHOBI JJaHUX, 3UMTAHUX 3 apXiBY MPOTHO3IB II00aTHHOT MOJICITi TPOTHO3Y
norogu GFS. Pesynbraru qocimimpkeHHs 1any 3MOTy OIL[IHUTH IPOCTOPOBI MacIiTabu Ta BiTHOCHUI piBeHb 3a0pyAHEHHS
MOPCBKHX BOJI HE TIJIbKH B IIOBEPXHEBOMY IIIapi MOpS, 10 MOXKHA 3pOOMTH HAa OCHOBI CYIlyTHHKOBOI iH(popMmaii, a i y
MIPUAOHHOMY IIapi akBaropii miBHiUHO-3aximHOi yacTHM YopHoro mops. Lle mamo 3Mory BUAIIMTH 30HH, A€ 3a0pya-
HEHHS JIOHHUX BiJKJIaiB MOXe OyTH 3HaUHUM, 1 BOHM MOXYTb OyTH MOTEHIIHHUM JKEPETIOM BTOPUHHOTO 3a0pyAHEHHS
MOPCHKOTO CEPEAOBHIIA B MAHOyTHROMY BHACIIIIOK PECYCIIEHIyBaHHs. Y TaKMX 30HaX PEKOMEHI0BAHO MPOBECTH KOHT-
POTBHUN MOHITOPHHT 3a0pyIHEHHS BOJ 1 JOHHUX BiIKJIaiB IICIs 3aBEPIICHHS BilICBKOBHX Mil.

Knrouoei cnoea: pyiinysanns epebni, Kaxoscoke 6odocxosuuje, piuxka /[ninpo, /[ninpoecvko-bysvkuti numan, Yopue
Mope, NiGHIYHO-3aXiOHa YacmuHa, 3a0pyOHEeHHs, NePEUHHE | 6MOPUHHE, MOOENIO8AHHSL.
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