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ABSTRACT

Formulation of the problem. The relevance is due to the need detail physical and mathematical modeling to the ecological
consequences of the destruction of the Kakhovka Reservoir dam (Kherson region, Ukraine) on June 6, 2023.

Purpose. Determination of the ecological consequences by numerical modeling of the parameters of unregulated release of super-
strong water flow that occurred as a result of the destruction of the Kakhovka Reservoir dam.

Methods. Multi-factor analysis, mathematical simulation, analytical and numerical calculations.

Results. For the first time, mathematical 1D, 2D and 3D models dynamics of water flow from the Kakhovka Reservoir have been
developed, which make it possible to assess the ecological consequences of flooding large territorials of the country. Relationships
were obtained to estimate the potential energy of the water mass in the reservoir, the kinetic energy of the water flow, the height of the
level and mass of water in the reservoir, flow speed, and water outflow rate. These relationships were used to assess the consequences
of the disaster. The developed methodology can be used to predict the consequences of dam damage on other rivers and reservoirs.
Numerical modeling of the dynamics of the main parameters of the water flow from the destroyed Kakhovka Reservoir was carried
out. It was established that in about ten days the height of the water column in the reservoir decreased by more than an order of
magnitude, the flow speed by about 4 times, the volume by 45 times, water flow by almost two orders of magnitude, the flow power
and potential energy of water in the reservoir by almost three orders of magnitude. The reservoir lost approximately 18 Gt of water. A
territory of 650 km? was flooded. The height of the water column in the vicinity of the dam reached 10 m, and at a distance of ~80 km
it reached 5 m. The initial speed of water flow below the dam was close to 10 m/s. This speed remained at a distance of ~80 km from
the dam, which contributed to the rapid onset and inevitability of the disaster, which took place late at night (about 03 h). The environ-
mental consequences of the world's largest man-made disaster in decades were very significant. Some consequences will be observed
for ~10 years or more. It can be argued that the ecosystems of Ukraine have suffered irreparable damage that qualifies as ecocide.

Conclusions. The results obtained indicate that the consequences of the destruction of the Kakhovka dam were catastrophic for
the ecological situation of the region, hydropower, water supply, fisheries and agriculture, etc.

Keywords: Kakhovske reservoir, dam destruction, water flow, mathematical model, water outflow, outflow rate, energy charac-
teristics.
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Introduction. The Kakhovka hydroelectric
power station (HPP) was built in 1956 in the Dnieper
riverbed [1]. Its electrical power was 335 MW. The
operation of the HPP was ensured by a reservoir
stretching from Zaporizhzhia to Kherson regions. In
addition to its energy function, the reservoir was of
great household importance. It contained 40% of the
fresh water of Ukraine. The reservoir was used for ir-
rigation of arid lands, water supply to Kryvyi Rih,
Marhanets and other populated areas, cooling of

equipment of the Zaporizhzhia Nuclear Power Plant
(NPP), fisheries, and water transport.

On June 6, 2023, as a result of the actions of the
aggressor, the Kakhovka reservoir dam was de-
stroyed, which was preceded by two powerful explo-
sions at 02:35 and 02:54 Kyiv time. These explosions
were recorded by technical means of the Main Center
of Special Monitoring of the State Space Agency of
Ukraine [https://gcsk.gov.ua]. According to the au-
thors’ estimates, the energy release of the second,
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more powerful explosion was 0.5—15 t of standard ex-
plosive (TNT, trinitrotoluene).

The explosions led to the instant destruction of
the dam, rapid water flow, flooding of large areas that
were located along the Dnieper below the reservoir
and a terrifying ecological disaster [2—28].

The paper [2] is devoted to a qualitative analysis
of the consequences of the Kakhovka dam destruc-
tion. The ecological problems that arose after the
Kakhovske reservoir depletion is partially described
in the papers [3-5, 7, 8, 23, 24, 26, 27].

The results of multi-temporal Interferometric
Synthetic Aperture Radar monitoring of the
Kakhovka dam are presented in [21].

The authors of [23] have estimated 35962 m?/s
of peak discharge from the 300-meter dam breach
scenario and the flood extent (823 km?) from this sce-
nario also matched with the actual situation as ob-
served by remote sensing data. These estimations
help in understanding and managing the risks associ-
ated with structural failures. The findings in paper
[22] highlight safety and risk-reduction measures
pivotal in avoiding such scenarios.

The study [24] aims to address knowledge gaps
related to the event by employing multi-temporal
change detection of pre- and post-event Sentinel-1
synthetic aperture radar imagery, analyzed using the
Google Earth Engine platform, to map flood extent
and impacts.

The results of the studies devoted to the conse-
quences of the Kakhovka dam destruction and the
emptying of the Kakhovske reservoir are presented in
[3-5]. The water regime of the lower reaches of the
Dnipro River was studied, in particular, the water
temperature. The remote sensing data on spatial fea-
tures of water temperature are given. Significant
changes in water temperature are shown in the lower
reaches of the Dnipro River and in the former
Kakhovske reservoir.

In study [25], a unique operational system for
estimating irrigation water using data from satellite
soil moisture, reanalysis precipitation, and potential
evaporation, have been created. As a proof of con-
cept, the authors implemented the method at a 1 km
resolution during the period of 2015-2023 over the
area south of the Kakhovka Dam in Ukraine, which
collapsed on 6 June 2023.

All of the above papers [6-20] are of a descrip-
tive and informative nature. In order to be able to
fully assess the ecological consequences of the disas-
ter, it is necessary to quantitatively model the situa-
tion and provide a mathematical justification and de-
scription for it. Scientific research of this kind has not
been carried out and, subsequently, there are still no
models of the parameters of an unregulated super-
powerful water flow from a huge reservoir. To date,
this disaster is considered the largest in Europe in

recent times. The modeling results are intended not
only to explain the horrific consequences of the dis-
aster, but also to assess the possible consequences of
other catastrophic dam failures on large rivers.

The state of the Kakhovske reservoir before and
after destruction is shown in Fig. 1.

The purpose of the study is to determine the eco-
logical consequences by numerical modeling of the
parameters of unregulated release of super-powerful
water flow that occurred as a result of the Kakhovka
reservoir dam destruction. For this purpose, two-di-
mensional and three-dimensional modeling of water
flow parameters was carried out and its main param-
eters were calculated.

Information on the Kakhovske reservoir. Ac-
cording to the project, the length of the Kakhovske
reservoir was L ~ 230 km, and the width 1 varied from
~5 to ~30 km [2]. The total area of the reservoir was
So = 2155 km?. The initial height of water column
was ho = 16—17 m. With an initial volume of water V,
~ 18.1 km? the mass of water was mo = 1.8-10'3 kg.
According to the authors’ estimates, the initial poten-
tial energy of water in the reservoir, calculated by the
formula:

1
Epo = gmoghoa

reached Epo = 1.4 PJ =337 kt of TNT. Here g is grav-
itational acceleration. Initial water flow speed

Vo = 4/ghyg
at hp = 16.5 m was 12.7 m/s.

After the destruction of the dam, which had a
length of 447 m and a maximum height of 29 m, the
water level in the reservoir initially was decreasing
by Ah = 0.15 m every hour. This makes it possible
using the known values of Ah/At and v, to estimate
the cross-sectional area Sio of the water flow from the

following relation:
dm dh
a PSo dat —pS10Vo

or
Ah
PSo 5, ® —PS10Vo-

Hence, with Ah/At=—4.17-10° m/s and vo = 12.7 m/s
we have Sio=7.1-10° m>.

The main indicator for assessing catastrophic
consequences and the impact on the ecological situa-
tion of the region should be considered the power of
the water flow. The initial power of the water flow
was calculated according to the formula:

Pyo = %vg |6;—T ~ %v%pSo |3—i| ~ %pSlOUS ~7.3 GW.

To compare and evaluate the strength and power
of a certain water flow, we point out that such power
corresponds to the power of 7-8 power units of a typ-
ical NPP.

The initial water outflow rate can be estimated
as follows:
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Fig. 1. Kakhovske reservoir before (above) and after the disaster
(according to [https://grivna.ua/publikatsii/kahovska-ges:-yak-use-pochinalosya-velike-budivnictvo-sta-

linskoyi-epohi-%28fot0%29])

dm amy
(50, = (3), = —pSuove.
Calculations showed that it was —90 kt/s, and the

volumetric water outflow rate AV/At was 9-10* m¥/s.
At the same time, reference data on average water
flow rate of the largest rivers of Ukraine are known:
for Dniester it is 3.1-10> m%/s, for Dnieper it is
1.67-10° m¥/s, and for Danube it is 6.43-10° m’/s. A
comparison of these characteristics indicates that the
parameters of the water flow from the destroyed
Kakhovske reservoir were practically catastrophic
and environmentally dangerous for the entire region,
both land and other hydrographic objects, including
the Dnieper-Bug estuary, the Black Sea coast and the
Black Sea itself (the quality of its water, Black Sea
flora and fauna). The water level in the flooded areas
increased until June 09, 2023, on this day it reached
its maximum, and then gradually decreased. The
width of the Dnieper has increased in some places to
10 km. For example, the water level in the Dnieper in
the city of Kherson, which is located at a distance of
approximately 80 km from the Kakhovka dam, in-
creased by 5.37 m. The Inhulets River overflowed its
banks.

Results of modeling. The initial equations de-
scribing the water flow from the destroyed
Kakhovske reservoir are the equations for the flow
speed v(h), the current mass m or the current volume
of water V(h) in the reservoir and the water outflow
rate dm(h)/dt as a result of a leakage:

v=\/gh, (1)

N
m= [ pdV=p [ dL [ dl [ °dh,
dm

= psv, @

where L = L(h), [ = I(h), m = m(h), Si = Si(h).
If the area of the mirror water surface S(#) = So,
then we have a one-dimensional model (1D model):

h h
Vo =Vo—, m=mgy_—,
ho ho

where the index «0» refers to the initial volume, ini-
tial mass and height of the water column, and without
the index to the current values of these parameters.
The simplest (1D) model of a reservoir is a rec-

tangular parallelepiped of length L, width 1 and height
h. In fact, when water leaks, the length L and width 1
of the mirror water surface also decrease with de-
creasing height of the water column h. Since L >> 1,
one can first assume that L(h) = L0, and 1=1(h). Such
a model is two-dimensional (2D model). In a three-
dimensional (3D) model L = L(h), 1 = 1(h). Knowing
these dependencies, it is possible to calculate the de-
pendence of the volume of water on the height of the
water column, that is, V = V(h), and then other pa-
rameters of the water flow.

Let us obtain the relation for /(%). To do this,
consider a cross section of the reservoir (Fig. 2).

Let the bottom profile be described by the rela-

tionship
a
h=ho(7)

where Iy = [(ho), a is the flatness index of the res-
ervoir bottom to be determined. At the same time
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h
%
Fig. 2. Cross-section model of the reservoir
1/a — 1/2

=1 () =) W "
0 — = ji+/a (12)

_h my
S . = —pS1oveH, (13)

The area of the shaded figure shown in the Appendix at 1
under the /(/) curve is given by the relation Ep, =S mgh = EyoH 2H1/a, (14)

_ (" _2 Hi1/a _ 1

Sll =2 fO hdl = aloho fO H dH = Pk — E‘0510173]_15/2 — PkOHS/Z- (15)

2 1+1/a
s lohoH .

The area of a rectangle of width / and height / is equal
to S, = [h. Then the cross-sectional area of the reser-
voir:
Si =S — Su = o lohgHY Y% (4)
Hence
a-1
Sio = Si1(ho) = — loho, (5)

and the 1nitial volume of water in the reservoir is de-
termined by the formula

Vo = Si(ho)Lo = Z—_FiLoloho = Z__isohm (6)
where Lolo = So. From (6) we find that o = 3.21.
It should be taken into account that in this ap-
proximation it follows from (4) and (5) that
40} — Sutn) — H1+1/a, (7)
Vo Sio
From equation (2) taking into account the fact
that Si(h) = SioH, (1) and (7) we have:

PVo(L + DHYE S = —pS, gvoH3/2,  H(0)= 1.
®)
The solution to (8) is given by the following relation:
H=(1+9) 2/, )

_ 2 @t

- 510170 a-2’

here 7 is the characteristic time of the reservoir deple-
tion.
For a = 3.21 we get t = 1.4:10° s = 16 days. In
this case, from (9), we have:
H=(1+2)753,

In the limiting case, when (k) = Iy, from (9) we
obtain for the 1D model:
H=(1+9)7%1=46days. (10)
Knowing dependence (9), it is possible to calcu-
late other main parameters of the water flow:

Here E, is the potential energy of water in the reser-
voir, Py is the power of water flow. The water deficit
in the reservoir can be determined from the equation

Am =my —m =my(1— H™FY%). (16)
Results of calculations of the dependence of the
water flow main parameters (relative water level (H),
water level (h), water flow speed (v), relative mass of
water in the reservoir (m/my), water deficit in the res-
ervoir (Am), water outflow rate (dm/dt), water flow
power (Pyx) and potential energy of water mass (£),))
versus time, counted from the moment of the
Kakhovka dam destruction, are shown in Figs. 3—10.
Next, we take into account the approximate de-
pendence of the reservoir length L on its depth, that
is L(h). Such a model is a three-dimensional one (3D
model). By analogy with expression (3), we will as-
sume that
1/B
L=1L, (h”—o) (17)
According to our estimates, the exponent character-
izing the flatness of the reservoir bottom in the longi-
tudinal direction is B = 10. Then the equation for the
relative height of the water column H(?) taking into
account the water outflow rate (2), the bottom profile
in two directions (3) and (17) has the form:

PVo(1+ Y G = =pSiovoH/2,

= LoHYP.

H0)=1.
(18)
It is taken into account here that the dependence of
the volume of water on the height of the water col-
umn has the form:
V = VoHY,
where a dimensionless parameter that describes the
bottom profile in two directions
1,1
Y = E + E
The solution to equation (18) is given by the follow-
ing relation:
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H=(1+)Y0705), (19)
_ VW 1ty
"~ S10v00.5-y (20)

Dependence (19) is the basic one. It is used to
determine the temporal dependencies of all other pa-
rameters of the water flow. Temporal variations in the
relative height of the water column in the reservoir
H(t) depend on the dimensionless parameter y, which
characterizes the profile of the reservoir bottom.

Thus, for y < 0.5 we have
1

In particular, for a = 3.21, f = 10 we have y = 0.41,
characteristic time t = 3.15-10° s = 36 days, describ-
ing the water flow dynamics.
Ify> 0.5, then
t _
H=(1- ;)1/()/ 0.5),
where
_ Vo 1ty
" S10v Y05
For example, for y = 0.6 we obtain practically the
same characteristic time T ~ 36.8 days.
In the case where y = 0.5 the temporal depend-
ence has the simplest form:

H(t) — e—2t/3T,

where

1

09

0.8

0.7F

0.6

1 2 3 4 6 7 8 9 10

I(dZys)
Fig. 3. Temporal dependence of the relative water
level in the Kakhovske reservoir

v (m/s)

] 1 2 3 4 5 6 7 8 9 10
t (days)

Fig. 5. Time dependence of the water flow speed
from the Kakhovske reservoir

Vo

S10v0 (21)

From the given estimates of the characteristic time it

is clear that it significantly depends on the bottom

profile. The characteristic time of reservoir depletion

is given by the relation (21). It is determined by the

initial values of the reservoir volume, speed and
cross-sectional area of the water flow.

Having relation (19), characteristic time t and
parameter v, it is possible to calculate the main pa-
rameters of the water flow (height of the water col-
umn in the reservoir 4, flow speed v, relative mass of
water in the reservoir m/mo, water deficit in the reser-
voir Am, water mass outflow dm/dt, power of water
flow Py, and potential energy of water mass E,) ac-
cording to equations (9), (11)—(16).

Let us compare the values of H = h/hg for three
(1D, 2D, and 3D) models of water flow parameters
given by relations (10), (9) and (19) (H,, H>, and Hs,
respectively) (Table 1). As can be seen from the re-
sults presented in Table 1, the difference in the rela-
tive height (H) values given by different models usu-
ally does not exceed 10-20%. This means that all
three models satisfactorily describe the dynamics of
water flow.

Results of calculations of the main parameters of
water flow for the 3D model (19) using relationships

T= ~2-10° = 2.3 days.

16

% 1 2 3 4 5 6 7 8 9 10
t (days)
Fig. 4. Temporal dependence of the water level

in the Kakhovske reservoir

1

09

0.8

0.7F

0.6

051

mim

0.4F

" A S I S SR i
0 1 2 3 4 5 6 7 8 9 10

1 (days)
Fig. 6. Temporal dependence of the relative mass

of water in the Kakhovske reservoir
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Am (Gt)

0 I 2 3 4 5 6 7 8 9 10
t (days)
Fig. 7. Temporal dependence of water deficit
in the Kakhovske reservoir

8 T =T —

o 1 2 3 4 5 6 71 8 9 10
t (days)
Fig. 9. Temporal dependence of the power of
water flow from the Kakhovske reservoir

for water flow speed (11), water outflow rate (13),
water flow power (15) and relative mass of water in

the reservoir
m ALS
— = HtY = (1 4+ =)r-os,
my T
water deficit in the reservoir
t y+1
Am =me(1— H™) =mg[1 — (1 + ;)V‘0-5]

and potential energy of the water mass in the reservoir

90

=) - ®
= = S
T T

=
T

dm/d1| (kt/s)

0 1 2 3 4 5 6 ) 8 9, 10
t (days)
Fig. 8. Temporal dependence of the water flow
modulus in the Kakhovske reservoir
1400 T T T T T T T T

1200

1000 -

800

(1)

E

600
400

200

0
0

; é % _" ; 6 7 8 9 10
1 (days)
Fig. 10. Temporal dependence of the potential
energy of water mass in the Kakhovske reservoir

2 t y+2
E, = EPOHV = EPo(l + ;)y—o.s

are given in Table 2. The data in Table 2 show that
over 10 days, the height of the water column in the
reservoir decreased from 16 to ~1 m, the water out-
flow speed from 12.7 to 3.4 m/s, the mass of water
from 18 to ~0.4 Gt, water outflow rate from 90 to 1.7
kt/s, water flow power from 7.3 to 0.01 GW, and en-
ergy E, decreased from 1400 to ~2 TJ. Thus, the re-

Table 1

Temporal dependence of the relative height of the water column
in the Kakhovske reservoir for three models (1D, 2D and 3D)

Number of days Relative height of the water column
H. H. Hs

1 0.67 0.73 0.74
2 0.49 0.53 0.55
3 0.39 0.40 0.42
4 0.29 0.31 0.31
5 0.23 0.24 0.24
6 0.19 0.18 0.18
7 0.16 0.15 0.14
8 0.13 0.12 0.11
9 0.11 0.09 0.09
10 0.10 0.08 0.07
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Table 2
Main parameters of water flow from the destroyed Kakhovka dam
Main parameters of water flow
Number of : - — _
days Height Speed |Relative mass|Mass deficit|Outflow rate| Flow power |[Potential en-
h, m v, m/s m/mg Am, Gt | |dm/dt|, kt/s| Py, GW |ergy E,, TJ
0 16 12.7 1 0 90 7.30 1400
1 11.8 10.9 0.65 6.3 57.3 3.44 678
2 8.8 9.4 0.43 10.3 36.7 1.64 331
3 6.7 8.2 0.29 12.8 24.5 0.84 173
4 5.0 7.1 0.19 14.6 15.5 0.39 83
5 3.7 6.2 0.13 15.7 10.6 0.21 45
6 2.9 54 0.09 16.4 6.9 0.10 22.5
7 22 4.8 0.06 16.9 4.7 0.055 12.3
8 1.8 4.2 0.04 17.3 3.3 0.03 6.9
9 1.4 3.8 0.03 17.5 2.4 0.02 4.2
10 1.1 34 0.02 17.6 1.7 0.01 2.3

sults of mathematical modeling and calculations
show that in approximately 18 days, that is, on June
24, 2023, the unregulated water flow from the reser-
voir stopped. By the end of June 2023, the Kakhovske
reservoir ceased to exist [2].

The next stage of the research was the assess-
ment of flooding parameters. In approximately 200 s,
the water flow traveled a distance from the nearest
village (Kozats’ke village) R = 2 km. This means that
its speed was w = 10 m/s. Since

Z_I: = Syw = Lyhyw,

where S, is the cross-sectional area, /,, is the width,
and height 4,, of the water flow in the vicinity below
the Kakhovka dam, then with a volumetric water out-
flow rate dV/dt = 9-10* m’/s, a flow width /, = 1 km,
we have a flow height 4, ~ 9 m.

It is known that the water flow from the reservoir
reached the city of Kherson (R = 80 km) in about 2
hours [2]. In this case, the water flow speed w = 10
m/s. The initial flooding rate was 0.2—0.3 m/h. The
average flooding rate was close to 0.1 m/h. Over the
course of two days, the height of the water column in
the city reached Ak = 5 m. During this time, the water
flow rate decreased almost three times and the value
of Ah was gradually decreasing almost exponentially:

Ah = Ahge /b,
where Ay = 5 m at the beginning of June 08, 2023, #
~ 7-8 days. These estimates are in good agreement
with the observational data [2, 3].

Mathematical modeling and numerical calcula-
tions showed that the potential energy of the water
mass in the reservoir was 28 times higher than the
energy release during the explosion of a nuclear
bomb over Hiroshima. The power of the water flow
reached the power of 7-8 NPP units. The initial speed
of the water flow was close to 13 m/s, the water out-
flow rate was many times higher than the water out-

flow rate in the most powerful rivers and the strongest
waterfalls. All this could not help leading to cata-
strophic consequences in the ecosystems located be-
low the Kakhovske reservoir. There were also cata-
strophic consequences for what remained of the res-
ervoir.

Ecological consequences of the Kakhovka
reservoir dam catastrophic destruction. The re-
sults of mathematical modeling of water flow param-
eters from the reservoir showed that they were cata-
strophic. The destruction of the Kakhovka reservoir
dam simply could not help causing very serious con-
sequences and environmental hazards (and not only
environmental).

The research and mathematical modeling car-
ried out made it possible to substantiate the classifi-
cation of the ecological consequences of the disaster
by time. The following three categories are proposed:
short-term, medium-term and long-term conse-
quences.

The short-term consequences of the ecological
situation lasted from the beginning of the disaster to
~10 days, that is, until the reservoir was empty. At the
same time, nearby areas continued to be flooded. In-
frastructure facilities in the territory were flooded,
such as residential buildings, gas stations, landfills,
sewers, cattle burial grounds, cemeteries and burial
grounds, etc. 650 tons of petroleum products spilled
into the water. More than 75 people and a large num-
ber of domestic and wild animals died. The flooding
was accompanied by pollution of the Dnieper-Bug
estuary and, finally, the Black Sea. The area of pollu-
tion was 7300 km? [2], dirt propagation speed was ~1
m/s. Flooding significantly affected the biodiversity
in the Dnieper floodplain. The salinity of sea water in
the northern part of the Black Sea decreased by 3-3.5
times (from 12—14 g/1to 4 g/1) [2]. The concentration
of toxic substances (Cu, Zn, As, organochlorines, pe-
troleum products) increased significantly [2].
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Medium-term ecological consequences lasted
from ~1 month to many months. They began with the
complete depletion of the Kakhovske reservoir, the
destruction of the water supply system of the cities of
Kryvyi Rih, Marhanets, Berislav, Enerhodar and
other settlements, where about 1 million inhabitants
live, and the destruction of 31 irrigation systems in
three regions (Dnipropetrovsk, Zaporizhzhia and
Kherson). Problems arose with cooling the equip-
ment of the Zaporizhzhia NPP. On an area of 584 km?
arable land has been significantly damaged as a result
of the washout of the top fertile soil layer, therefore,
there will be a noticeable decrease in the area of pro-
ductive soils, which means that the parameters of
land productivity in the region will decrease signifi-
cantly. There have been significant losses to the fish-
eries industry. A threat has arisen to the existence and
preservation of especially valuable ecosystems.
These include the Nyzhn'odniprovs'kyy National
Park, the Black Sea Biosphere Reserve, the Kinburn
Spit, etc. Certain consequences are caused by active
processes of eutrophication in water bodies. Other bi-
ohazardous consequences are caused by the decom-
position of the remains of shellfish weighing 500
thousand tons remaining at the bottom of the former
Kakhovske reservoir [28].

Long-term consequences (from ~0.5 to 10 years
or more) are associated with the exposure and drying
of the bottom of the former reservoir, which con-
tained large amounts of pollutants, heavy metals, ra-
dioactive elements, etc. These substances can enter

the atmosphere, be transported by wind currents over
significant distances, and finally appear in the food
chain [29]. Irrigation systems have been destroyed
over an area of 5840 km?[27], which will most likely
ultimately lead to desertification, and this in turn will
affect the intensity of dust storms. Eventually this
will lead to significant climate change. Flooding can
lead to the activation of dangerous geological pro-
cesses. Flooding and emptying of the reservoir had a
negative impact on land use in certain regions of the
Dnipropetrovsk, Zaporizhzhia, Kherson and Myko-
laiv regions.

Discussion. The modeling carried out in the pa-
per showed that the destruction of the Kakhovka dam
led to the release of an unregulated water flow with
an initial power of about 7.3 GW, an initial water flow
rate of 9-10* m?/s, while the water flow of the Dnie-
per River was on average 1.7-10° m?/s, that is, they
were 53 times less. A powerful water flow about 10
m high led to flooding of large areas. The area of the
mirror water surface was about 650 km?. In approxi-
mately 1 day, the flow reached the Dnieper-Bug estu-
ary, and in 2 days it reached the Odessa seaport. The
flooding situation more or less stabilized in ~10-15
days. During this time, the reservoir lost most of its
water volume. Its area decreased from 2155 to 261
km?, that is, by 88%.

The total area of flooded lands is given in Table
3. The data presented in Table 3 shows that grassy
wetlands, forests, meadows and pastures were most
affected.

Table 3

Territorial distribution of lands in the flood zone as a result of the destruction of the Kakhovka HPP dam [27]

Land distribution Area, ha Relative area, %

Total 65004 100
Grassy wetlands 32473 50

Forests 13577 20.9

Meadows, pastures 12177 18.7
Buildings 4088 6.3

Arable land 3606 4

Other 82 0.1

The flooding led to a number of catastrophic
ecological consequences: more than 75 people and a
large number of wild and domestic animals died,
buildings, industrial facilities, roads, arable land, etc.
were damaged. Landfills, sewers, cattle burial
grounds, and cemeteries were flooded, which became
a biohazardous phenomenon in the region. The re-
mains ended up in the Dnieper, Dnieper-Bug estuary
and the Black Sea. The sanitary and epidemiological
condition of the adjacent territories has significantly
deteriorated.

The destruction of the Kakhovka dam led to
short-term, medium-term and long-term socio-eco-
logical, biohazardous, negative sanitary and hygienic

consequences, the significance of which remains to
be determined. Now we can already state that they are
catastrophic. There was a real ecocide. Nothing like
this has happened in the world for decades.

Main results. 1. For the first time, a methodol-
ogy has been developed for quantitative analysis of
dynamic processes during the unregulated release of
large masses of water from damaged dams. Simple
analytical two- and three-dimensional models of wa-
ter flow parameters from the destroyed Kakhovske
reservoir have been proposed. Relationships were ob-
tained to estimate the potential energy of the water
mass in the reservoir, the kinetic energy of the water
flow, the height of the level and mass of water in the
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reservoir, flow speed, and water outflow. These rela-
tionships were used to assess the consequences of the
disaster. The developed methodology can be used to
predict the consequences of dam damage on other
rivers and reservoirs.

2. Numerical modeling of the dynamics of the
main parameters of water flow from the destroyed
Kakhovske reservoir was carried out. It was estab-
lished that in about ten days the height of the water
column in the reservoir decreased by more than an
order of magnitude, the flow speed by about 4 times,
the volume by 45 times, water outflow rate by almost
two orders of magnitude, the flow power and poten-
tial energy of water in the reservoir by almost by three

3. The reservoir lost approximately 18 Gt of wa-
ter. An area of 650 km? was flooded. The height of
the water column in the vicinity of the dam reached
10 m, and at a distance of ~80 km it was 5 m. The
initial speed of the water flow below the dam was
close to 10 m/s. This speed was maintained at a dis-
tance of ~80 km from the dam, which contributed to
the rapid onset and inevitability of the disaster that
took place in the dead of night (about 03:00).

4. The ecological consequences of the worst
man-made disaster in decades were very significant.
Certain consequences will be observed for ~10 years
or more. It can be argued that irreparable damage has
been caused to ecosystems, which is classified as

orders of magnitude. ecocide.
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ExoJioriuni HacJaiiku KatacTpo@pivHOro pyiiHyBaHHA
rpe6Jii KaxoBcbkoro BoxocxoBuina

Jeonio Yopnozop

1. ¢i3.-Mar. H., npodecop, wieH-kop. HAH VYkpaiun,

3aB. Kaepu KOCMIYHOT paaiodizuKu

! XapKiBChKOTO HAIIOHAJIBLHOTO YHIBEPCUTETY

imeni B. H. Kapasina, XapkiB, YkpaiHa;

Anna Hexoc !

1. TeoTp. H., Ipodecop,

3aB. KaeIpH eKOJIOTIYHO1 Oe3IeKH Ta eKOJIOTiYHOI OCBITH;
Tanna Timenko '

K. Teorp. H., IOLEHT,

TUPEKTOP HaBYAIbHO-HAYKOBOTO iHCTUTYTY €KOJIOTII;
Jeonio Yopnozop ',

CTYJICHT MariCTpaTypy HaBYaJIbHO-HAYKOBOT'O IHCTUTYTY €KOJIOTl

AKTyanbHICTh 00YMOBJICHa HEOOXIHICTIO IETAIBHOTO (Di3MKO-MAaTEeMaTUYHOTO MOJCIIOBAHHS IS KITBKICHOT OIli-
HKH JKaXJIMBUX €KOJIOTIYHMX HACTiIKIB KaracTpogiuHoro pyliHyBaHHs rpebii KaxoBchkoro BogocxoBuiia (XepcoHchka
obnacte, Ykpaina) 06 uepBusi 2023 p. MeToto poOOTH € BU3HAYECHHSI €KOJIOTIYHUX HACIIJIKIB HIJSIXOM YHCIOBOTO MOJE-
JIFOBAHHS NTapaMETPiB HEPETYIHOBAHOTO CKUAY HAAMIOTY)KHOTO BOIHOTO MOTOKY, IIIO CTAaBCSl BHACTIZOK PyWHYBaHHS Ipe-
6mi KaxoBcbkoro Bomocxosuma. J{ist fOCATHEHHS METH BUKOPHCTOBYBaJIHCs Oarato(akTOpHUI aHaJIi3, MaTeMaTHIHE MO-
JICIIIOBAHHS, aHAJIITHYHI Ta YHCIOBI pO3paxyHKH. ['0OBHI pe3ynbTaTy MoAraoTh y HaCTyIHOMY. Briepme pospobiero
MaremaruyaHi 1D, 2D- Ta 3D-Mozeni TnHaMiKi BOTHOTO TOTOKY 3 Kax0BCHKOTO BOJOCXOBHIIA, IO JO3BOJISIOTH OIIHUTH
€KOJIOT1YHI HACIiIKN 3aTOIUICHHS 3HAaUHUX TEpUTOpiil Kpainu. [IpoBeneHo 00UMCICHHS YaCOBHX 3aJI€)KHOCTEH OCHOBHUX
IapaMeTpiB BOAHOTO ITOTOKY 31 3pyliHOBaHOTO KaxoBChKOr0O BOIOCXOBHINA. BeTaHOBIICHO, IO IPHOMM3HO 3a JECATH 1i0
BHCOTA CTOBIA BOJM Y BOJOCXOBHIII 3MEHIIIMIACS OiJIbIIe, HK HA MOPAIOK, IIBUIKICTh IOTOKY — MPUOIHU3HO Y 4 pasw,
00’eM — y 45 pasiB, BUTpaTH BOJM — Maiike Ha JIBa MOPSIIKH, MOTY>KHICTh TOTOKY Ta MOTEHIiaJIbHa €HEePTris BOAU Y BOJO-
CXOBHUILI — Maibke Ha Tpu nopsiiku. Bogocxosuie Brparmio omus3bko 18 I't Boxu. byna 3atorniena tepuTopis mioiero y
650 kM2, Bucora cToBIa BOIM B OKONHUISX rpedi csrana 10 M, a Ha Bigcrani ~80 kM — 5 M. [louaTkoBa IBUIKICTE TIOTOKY
BOIU HIOKYE Tpediti Oyia 6m3pkoro 10 10 m/c. Taka mBuaKicTs 30epiranacs Ha Bifctani ~80 kM Big rpedi, 0 COpUsIIo
LIBHUIKOMY HACTaHHIO Ta HEMUHYYOCTi KaracTpodu, sika Maia Micue rindokoi Hodi (6nu3bko 03 roauH). Exonoriuni Ha-
CJIiTK HaWOUTBIIOT B CBITI TEXHOTEHHOT KaTacTpo(u 3a MeCATHIITTS Oyiu TyKe 3Ha9HUMHU. [IeBHI HacHiaKu OyayTh CIO-
crepirarucs ~10 pokiB i 6inpiie. MoXXHa CTBEPKYBATH, II0 €KOCHCTEMaM YKpaiHW HaHECEHO HENONpaBHY IIKOXY, SKa
KBaJi(iKy€eThCS K SKOLIU.

Knrouosi cnosa: Kaxoscoke 6ooocxosuwie, pyiunysanusa epebni, mamemamuyni Mooeui, 600HUl NOMIK, 8umpama
600U, WBUOKICb BUMIKAHHA, eHepP2emUYHI XapaKmepucmuxu.

BHecOK aBTOpiB: BCi aBTOPW 3p06MIM PiBHUI BHECOK Y L0 pobOoTY Hagijiiwna 8 ntoToro 2024 p.
KoHdniKT iHTepeciB: aBTopu NOBiAOMAAOTb NPO BiACYTHICTb KOHBAIKTY iHTEpeciB MpuiiHaTta 23 6epesHs 2024 p.
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