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NEPEIMOBA

VHoui, 6 uepBHs 2023 p., poCiiCEKHMH OKynauiiHUMH BificbkaMH 3AiHCHEHO
nigpus KaxoBcbKoi rinpoenextpocranuii (FEC). 3py#HoBaHo rpebimio, l'lepeCTa.l'l(;
icHyBaTH BOLOCXOBHILE 32BAOBXKH 240 kM, mo.oxonmoaano miomy noHax 2 000 KM
Ha TepuTOPil TPbOX obnacTed — 3anopisbkoi, J[HINpoONeTpoBCHKOI Ta X.epcoucm(m.

EKcTpeHe CKMAAHHA BOIH yHac/igoK pyﬁHYBaHHﬂ. 'rpe6J11 MpH3BEJIO 'n,(_).
MOACBKHX JKEPTB, 3aBAAJIO HaA3BHYaiHOI LIKOAH EKOHOMILI Kpa|an Ta eKoJIorii
npuneraux perioHi. ¥ 30Hi JMXa OMHHAIOCA 6nu3sko 16 000 moned, 3aTonnexHo
nonasn 80 HaceNeHUX MyHKTIB. ‘ )

KaxoBcbka TEC Mana BaXUIMBe 3HAYEHHA JUIS BONOMOCTa4aHHsA MiBACHHOI
Ykpaiuu. YHacnigok il pyAHyBaHHS 6e3 JoKepesl BOAM OMHHUIIMCA 3POLIYBANbHI
cucTeMu Ha muomti 5 800 km? cinbrocmyrib, Ha SKMX BHPOLLYBaiocs 61M3bKO ABOX
MiJIbHOHIB TOHH 3€pHa Ha piK, M17I000BOYEBI xyan.ypu TOLIO. .

Enextpuka, wo Bupobasiaca CTaHLIi€Io, Bimrp.z.mana TIOPIBHAHO HEBEJIUKY Poib
B eHepreTulli YKpaiHH, MpoTe pobota KaxoBcbKol I'EC pe{?’rmonana t:acro?'zr B
eHeprocUcTeMax, 3riamKyroun [ikM CrOXHMBaHHA y XepcoHchKil, MukonaiBcekiii Ta
3anopisbkiit obracTax. o o -

Y paxoBykouH MaclTabu KaTacrpod?n Ta Heoﬁxmmcn‘ MiHiMi3awil 1 H'ac.rll)l‘KIB?
10 BMBYEHHs CHTyauii Ta ii mpoGneM BiApasy aKTHBHO mnfmoqmmcn BLANOBIAHI
BiTYM3HSHI BiZOMCTBa 1 YCTaHOBH. 3okpema, B HAH Vkpaiuu ?yna chopMoBaHa
poGoua rpyna 3 aHami3sy HacmaKiB pym'inaHHﬂ r?eGm.KaxoacsKO! T'EC, no cxnany
kol yBifilLIA HAayKoBUi 3 pisHHX CrieLiabHOCTeR — TipoiorH, TiAPOMETEOPOIOTH,
€KOJIOTH, EKOTriApoJory, eKOHOMICTH, CNEeLianicTH 3 €HEPreTMKH, MaTeMaTHYHOro

MOJIENIOBaHHA CUTYyallill TOWO.

PREFACE

On the night of June 6, 2023, the Kakhovka dam was blown up by therussian
occupying forces. The dam was destroyed, and the reservoir, which had a length of
240 km and covered an area of more than 2,000 km? of the territory of three regions -
Zaporizhzhya, Dnipropetrovsk, and Kherson, ceased to exist.

The catastrophical release of water due to the dam destruction led to human
casualties, causing extreme damage to the economy and the ecology of the surrounding
regions. About 16,000 people were in the disaster zone, more than 80 settlements Were
flooded.

Kakhovka dam was important for the water supply of southern Ukraine. As 2
result of its destruction, the irrigation systems uwepwr 5,800 km? of agricultural land,
on which about two million tons of grain per year, fruit and vegetable crops, etc. Were
grown, were left without water sources.

The electricity produced by the station played a relatively small role in the
energy sector of Ukraine, however, the operation of the Kakhovska dam regulated the
frequency in the power systems, smoothing out consumption peaks in the Khersom
Mykolaiv, and Zaporizhzhia regions.

Taking into account the scale of the disaster and the need to minimize its
consequences, relevant domestic departments and institutions immediately joined the
study of the situation and its problems. In particular, the National Academy of Sciences
of Ukraine formed a Working group on the analysis of the consequences Of the
destruction of the Kakhovska dam, which included scientists from various specialties ~

hydrologists, hydrometeorologists, ecologists, ecohydrologists, economists, specialists
in energy, mathematical modeling of situations, etc.



Kinekoma incrutyramu HAH Vkpaiuu 6yno opraHi3oBaHo NOJbOBI eKCIEAULIT
y paiioH konuuiHboro Kaxoscbkoro BooocxoBHila Ta HOro 3aTOK 3 METOI0 BMBUECHHSA
6iogisuyHMX Ta reOeKOJOriYHMX MPOUECIB, WO BiaOYBalOTHCA BHACIIAOK OCYIIEHHS
KaxoBcbkoro BogocxoBuia. Y xoAi eKCreauLii OuiHIOBaBCs CTaH TaMTEILHBOI (opH
i hayHu, HanaBanucs reoGoTaHIuHI OUiHKHM, BiAGHpanKcs npoby Ha reoXiMilo IPyHTIB i
NPUPOIHHX BOA TOLLO. AJle MOXMJIMBOCTI NPOBENEHHS CIOCTEPEXEHb Ta BHUMIPIOBAHb
in-situ 6ynu mocuTh o6MesxeHHMMH, 60 AOBKONa BOJOCXOBMILIa H moci igyTe 6oi, a
JHinpom npoxoauTs NiHis GPoOHTY.

Y NpeAcTaBIeHOMY YMTauy BHIAAHHI MICTATBCA PE3YNbTaTH AMCTaHUiHHOro
BuBYEHHS KaxoBcekoi kaTacTpopu 3 aHamisoM il Hac/iAKiB Ha OCHOBI JAaHMX
CYMyTHUKOBOI 3HOMKH.

basosuii mMatepian cTpykTypoBHuii y 4 po3ainu. Posain 1 MicTuTh icropuko-
reoeKoJIOriuHMi omuc miBaeHHOro perioHy Ykpaihu. CTHC/IO PO3MNIANAIOTBCS iCTOpis
3aceNeHHA 1 OCBOeHHs Teputopii Ilpumuinpos’s, obcTaBuHM  nobynoBu
rigpoenekTpocTaHuii Ha p. JHinpo y paitoni M. KaxoBka i CTBOPEHHSI BOAOCXOBHILA.
Onucyerses reonoriuna 6yaoa tepuropii Aonuun JHinpa.

Y posaini 2 npeactaBieHa XPOHOJOTIA NOAIA 3 TEPOPUCTHYHOrO PyHHYBaHHS
Kaxoscrskoi I'EC pociiicbkuMu BilicbkaMH, MPOJEMOHCTPOBAHO HACHiAKY 3aTOMNEHHs
HaceJleHWX [MYHKTiB Ta iH(PacTpyKTYpH, HaJaHO OLIHKH BIUIMBY 3aTOMJICHHA Ha
NPHPONOOXOPOHHI TepUTOpii HuKHboro JHinpa, ctan Boa JHinpoBceko-bysekoro
nuMaHy Ta akBaTtopii YopHoro mops. Takox noka3aHO CTaH CilbCbKOTOCMOAAPChKUX
yriap y Mexax obnacreii, 1o nocTpax/any Bij 3aTOIUICHHS.

Pospin 3 npuceadyeHuii mnwurtaHHsM JMHamiku ocyuleHHs Kaxoscbkoro
BOJOCXOBHILIA BHACTiAOK MiApuBY Aam6u. OnucaHa MeTOAMKA OLIHIOBAaHHA 32 JaHUMHU
KOCMIYHOI 3HOMKH JMHaMiKH BaXMBUX (i3UYHMX MapaMeTpiB, IO XapaKTEPH3YIOTh
TNPOLIEC OCYIIEHHS BOLOCXOBHMILIA, @ CaMe — TEMIEPATYPH i BEreTaliiHoro inaexcy.

Y po3mini 4 OOroBoproioTbCA  aNBTEPHATHBHI  BapiaHTH  MOMJIMBOTO
MaibyTHeoro Kaxoscbkoi 'EC. HaBoaaTecs K MO3HTHBHI, TaK i HEraTHBHI HacliaKH
Bi/IHOBJICHHA iPOENEKTPOCTaHLIl i BOAOCXOBHILA.

Despite the ongoing battles and the front line running through the Dnipro,
several institutes of the National Academy of Sciences of Ukraine undertook field
expeditions to the area of the former Kakhovsky Reservoir and its inlet. These
expeditions were aimed at studying the biophysical and geoecological processes
resulting from the drainage of the Kakhovsky Reservoir. The condition of the local
flora and fauna was assessed, geobotanical assessments were provided, and samples
were taken for the geochemistry of soils and natural waters, among other things.

The publication presented to the reader is a significant contribution to the
understanding of the Kakhovka disaster. It contains the results of a unique remote
study, conducted using satellite survey data, which provides a comprehensive analysis
of the disaster's consequences.

The primary material is structured in 4 sections. Chapter | contains a historical
and geoecological description of the southern region of Ukraine. The history of
settlement and development of the territory of the Dnipro region is briefly considered.
The circumstances of constructing a hydroelectric power station on the Dnipro River in
the area of the city of Kakhovka and creating a reservoir are considered. The geological
structure of the territory of the Dnipro valley is described.

Chapter 2 presents the chronology of events from the terrorist destruction of the
Kakhovka dam by Russian troops. It demonstrates the consequences of the flooding of
settlements and infrastructure and provides estimates of the impact of flooding on the
nature conservation areas of the lower Dnipro, the state of the waters of the Dnipro-
Buzka estuary, and the Black Sea. Also shown is the state of agricultural land within
the flood-affected regions.

Chapter 3 is devoted to issues of the dynamics of drainage of the Kakhovsky
reservoir after the dam's detonation. The method of evaluating the dynamics of main
physical parameters characterizing the reservoir's drainage process, namely
temperature and vegetation index, is described based on data from space surveys.

Chapter 4 discusses alternative options for the possible future of the Kakhovska
dam. Both the positive and negative consequences of restoring the hydroelectric power
plant and reservoir are given.



PO3JLJI 1. ICTOPUKO-TEOEKOJIOTTYHHI OITUC PEI'TOHY

IcTopis 3acenenHs i ocBoeHHs Teputopii Hinkuboro IIpuaHinpos’s Mae He onue
THCAUOMITTA. JIIOACHKI MOCENIeHHs TYT BMHMKanM B3oBX Aonuuu [lHinpa Ta iioro
MPHTOKIB Lie 3 YaciB HeoNiTy. JIOHHHI y MiCUAX, 3pY4HHX AIA NIEPENpaBH 3 NpaBoro Ha
niBuii Geper JIHinpa, cepea MIaBHiB, 1O PO3KMHYIHCA Bifl 0. XopTHus (3anopiioks) 10
TasaHcbkoro octpoBa (6ins micra Bepucnas), € iy iCHYBaHHA TaKuX MNOCENEHb
(puc. 1.1). CnipuaT/IMBi NPUPOAH] YMOBH i 3py4He Miclle PO3TallyBaHHs Ha HEepETHHI
TOPrOBHX IUIAXiB CTANM Ha KOPHCTh 3aCENEHHs PErioHy. Lzt TepuTopis cnpuiimaeTbes
icropukam sk 30Ha “Bennkoro Kopaony” (reorpadiuHoro i couianbHoro) [1].

3 npanaBHiX 4aciB HaM JMIIMINCA iCTOpM4HI Ha3Bu wiei MicueBocTi — [luke
none, Cyxnii Cren, Llapuna (Hesalimanuii cren), Benukuii Jlyr (3annaBa i HM3bKi
tepacu [lninpa). Tak, Ha miBoMy Gepesi [Iuinpa, HaBMPOTH Cy4acHOro Hikomnons
MicTuthcst Kam’siHcbke Topommiue, ske BYEHi BHM3HAIOTH 3a aIMiHICTPAaTHBHM,
TOprosuii, peMicHHYMI HEHTP ckidcbkoi JepxaBH IV — Il c¢1. no H. €., a TakoxX
nocesieHHAM ckigis 6ins cin KanyniBka 1 IJokpoBcbke [2]. V3noBx GeperiB [Hinpa
3HAXOJMTHCSA OAHE 3 HalOIIBLIUX 30CEpeKEHD cKi)cbKHMX MOXOBANBHUX Nam’ATOK V-
I cT. no H. e. Haiteigomiummu Ta Bu3Haunumu Kypranamu Crenosoi Ckidii €
Yopromank, Toscta Moruna, Co6onepa, babuna, [losra, Anekcanaponons, Cojoxa,
Ory3 ToILO, [0 BiAKPHIIK HaM yHiKaJIbHi 3HaXiAKH Ti€T 06U. 3aranoM y3noex Geperis
Jluinpa HuHi Hamiyy€eThCs OIM3bKO THcsui KyprauiB. Ha nymky 6aratbox QocCimiaHHUKIB,
caMe TYT JIOKaJIi3y€TbCs ckipcbkuii Iepoc — Micle MOXOBaHHS cKipCbKUX LapiB, 11O
ACKPaBO OMNHCaHE 1aBHOrPELbKUM icropukom I'eporoTom.

3 kinug IV cT. 1o H. e. Benuka Cxidis 3aHenaznae i cTac apeHolo, e MOYEProBo
AMIHIOIOTbCS TJIEMeHa — CApMaTChki, YEPHAXIBChKi, aHTH, alaHH, MEYEHIry, T0JIOBL.
AKTHBHE OCBO€HHs JIIOOMHOIO ULIHPOKHX npoctopiB IlpuaHinpos’s BinOyBaeTbes
npoTsAroM Heonity — Gpon3oBoi 206U, Npo WO cBiaYaTh 6aratouuncenbHi apxeosoriuHi
3Haxinkw, siakpuTi Ha Geperax Binosepcbkoro mumany, B ypounuti Jluca T'opa y c.
Bacuiska, Ha Mamaii-ropi — BucoumHi 6ins c. Bennka 3uam'anka [3].

CHAPTER 1. HISTORICAL AND GEOECOLOGICAL
DESCRIPTION OF THE REGION

. The settlement and development of the territory of Lower Dnipro have been
going on for more than one millennium. Human settlements appeared along the Dnipro
valley and its tributaries since Neolithic times. To this day, traces of the existence of
such settlements are found in places convenient for crossing from the right bank to the
left bapk .of the Dnipro, among the shoals stretching from the island of Khortytsia
(Zaporlzhla)'to the island of Tavan (near the village of Berislav) (Fig. 1.1). Favorable
natural conditions and a convenient location at the intersection of trade r(;utés favoured

the settlement of the region. Historians i i i
. . perceive this territory as a zone of the Great
Border (geographical and social) [1]. i

. Fron} a?ncient times, we have historical names left — Dyke Pole, Dry Steppe.
Tsarina (pristine steppe), and Velikiy Lug of Grand Meadow (floodplain and low
teTraces of the Dnipro). So, on the left bank of the Dnipro, across from modern
leo'pF)l, t.here is Kamianske Gorodishche, which scientists recognize as the
administrative, trade, and craft centre of the Scythian state of the 4th — 3rd centuries
B.C., as well as Scythian settlements near the villages of Kapulivka and Pokrovske [2].
Along the banks of the Dnipro is one of the largest concentrations of Scythian burial
monuments of the Sth - 3rd centuries B.C. The most famous and significant burial
mounds of Steppe Scythia are Chortomlyk, Tovsta Mohyla, Soboleva, Babina, Dovga
Alexandropol, Solokha, Oguz and others, which revealed to us unique,ﬁnds of.that egra.
In gene.ral, there are now about a thousand barrows along the banks of the Dni ro‘
According to many researchers, it is here that the Scythian Heros is located - the bl?riai

place of the Scythian kings, whi L : i
Herodotus. ’ gs, which was vividly described by the ancient Greek historian

e b and Polovtsy tribes changed from the end of the 4th century B.C.
he Neolithic - ;:’:nopr:ent of the.vast expanses of the Dnipro region took place during
on the shores of thze 18¢€, as evidenced by numerous archaeological finds discovered
; the Bilozersky estuary, in the tract of Lysa Gora in the Vasylivka
village, on Mamai Gora - a hill near the village. Velika Znamyanka [3] i



3 X CT. H. e. EKOHOMiUHA Ta MOJNITHYHA 3HadywlicTb [TPUAHINPOB’S 3aBIAKH
cBOEMY reorpadiuHOMy MOJOXKEHHIO 3pocTae. Y Mepiol CTaHOBJIEHHS 1 PO3BHMTKY
KuiBebkoi Pyci s TepuTopist cTaja BakIMBMM €TANOM CJIOB’SHCHLKOT KOJMOHI3aUii Ha
nieaess 10 YopHoro Mops. Hiukuim [IpHaHinpos'sM npoisraioTh 3HaMEHHTI TOPro.i
WsIXHK i3 Bapar y rpeku”, Uymaupkuii, Mypascbiuii, Yopruit wuisxu. 3 kinwa XV cr.
miwkye JIHinpoBchkux moporis Bix p. Camapn Ta o. XopTuui Ta Ha Oeperax p.
Basasiyk, Kam’sauku, TomakiBku, IHINPOBCHKMX OCTPOBaX y miasHsax Bemnkoro Jlyry
3BOIATHCS KO3albKi yKpinnenns — “saciku”, “Ciui” (puc. 1.2).
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From the 10th century AD, the economic and political weight of Dnipro, due to
its geographical position, has grown. During the formation and development of Kyivan
Rus, this territory became a critical stage of Slavic colonization south of the Black Sea.
The famous trade routes “from the Varangians to the Greeks”, the Chumatsky,
Muravsky, and Black routes, pass through this territory. From the end of the 15th
century, below the Dnipro Rapids from the Samara River and Khortytsia Island and on
the banks of the Bazavluk, Kamianka, and Tomakivka rivers, along the Dnipro islands
in the floodplains of the Veliky Lug, Cossack fortifications — “zasiks™ and “Sichs”
were erected (Fig. 1.2).
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3anoposbka Ciy — e CyCHiNbHO-MONITHYHA Ta BiliCBKOBO-aJAMiHICTPaTHBHA
opraizallis ykpaiHCbKOro Kosautsa. Bspmomx aoauHu [uinpa y pissi nepionu
posmimyBamucs Taki 3amoposbki Ciui — Xoptuubka, TomakiBebka, Basasnyupka,
Muxkutunceka, Yopromanuska, Kam’auceka, Onewkisebka, HoBa Ciy, siki mpotsarom
ABOX CTOJIiTh BHOCHJIM iCTOTHI aHTpONoOreHHi 3MiHK y naHauwadToreHes wiel Tepuropii
(yxpinnenns, Banu, BupyOka Gaiipaunux Ta 3anaBHHX JICiB, 3aMillleHHs 6ioLeHO3iB).
IcHyBanns 3anoposbkux Ciueli Ta Kosaursa Ha 3emnax [TpuaHinps'a ctanu sckpasoio
CTOPIHKOIO ISl CTAHOBNEHHs i OCBOeHHs i€l Teputopii B XVI — XVIII ct. Mexi
KO3albKHX BOJNBHOCTEH, NMpupomy, moOyT, couiaNbHI BIJHOCHHM HaHKpalle onucas
YKpaiHChKH# yueHuii-icTopuk, eTHorpad, akaneMmik JIMHTpo SIBOPHMUBKHA Yy TpbOX
Tomax “Ictopii 3amopo3skux Ko3akiB” Ta “3anopoxse B OCTaTKax CTapHHBI M
npefaHusX Hapoaa”, mo Gynu Hagpykosaui y 1892 — 1899 pp. [4, 5]. ¥ poborax
HAmutpa Ssopuuubkoro, Anmnonoxa Ckanbkobcbkoro, Isana Kapenina, Anpiaua
Kamenka, Bikropa YaGanenka omucana npuposa XVIII cr. uporo kpaio. Humu
nmiAMiyeHa MoCTifiHa npupoasa nepeGyaoa Mopdoorii rigporpadiuxoi Mepexi Ta
nepedOpMyBaHHA OCTPOBIB y Mexax AoiuHuM JIHIIpa — 3MIIUEHHA pyc/ia, PyKaBiB,
NpOTOK, po3mMuB Geperis [6 — 8].

3 cepeaunn XVIII cT. 3HauHO 3pocTaloTh TEMNH MUPHOTO “ocBoecHHs” Cteny
(3a0ynoBa, po3OpIOBaHHS TOWIO) i 3AKNANAETLCA HOBMM THN TrOCMOAAPCHKOrO
JICOBIAHOBNEHHs (NapKH, caaM, JCOMOCAAKH), BOAOPEryMOBaHHA (CTaBKH, 3arati,
BOLOBiZBeAeHHA). A Bke y XIX cT. Bin6yBaeThCs IMPOKOMAcCIITAaGHE OCBOEHHS
Teputopii Huxnporo Ilpumninpos’s, a caMe — OCBOEHHA LITMHHMX CTEMOBHX
NMPOCTOPIB, CNOYaTKy MOMiLUMKAMM A1 TBApHHHMLTBA (BiBYAPCTBO), a MOTIM i ANA
pitbhuutBa.  Hampuxinui  XIX cr1.  Big6yBaeTbCsi  NPOMMCIOBE  OCBOEHHS
Hikononscebkoro MapranueBopyaHoro 6Gaceity, KpuBopisbkoro 3anizopyaHoro
OacefiHy, WO 1alo MOTYXHHH MOWITOBX iHAYCTPiabHOMY PO3BMTKY TEPHTOpIi
Huxuvoro Ipuaninpos’s. s Teputopis nepeGyBae y 30Hi BIUIMBY FipHHYOI0GYBHHX
MiAMPHEMCTB, MNPOMHCIOBMX | €HEpreTHuHMX 06'ckrtis 3amopixoka, Hikonons,
Euepronapy, [Tokposy, Mapranuio, a Takox Nos’s3aHa 3 MOMUIMBICTIO NEPIOAHYHOTO
BIUIMBY 3anopisbkoi MPOMMCIOBOI Ta Micbkoi arnomepauii i KpuBopisskoro
TEPHTOPIaNbHOTO MPOMKUCIOBOrO KOMILIEKCY.

Inei Ta npoexTH WOKO 3aXMUCHMX NiCOHACANXEHD, 3POIUEHHS | BUKOPHCTAHHS
OHINPOBCHKOT BOAN Y NMOCYLINHBUX paiioHax 3apoannucs we B XIX crT. Hecnpusatausi
KJIIMaTH4Hi YMOBH CTEMOBUX Ta JiCOCTENOBMX paioHiB YkpaikH, w0 Habynu nocminb
CHCTEMHOrO XapakTepy, Ppi3KO 3HIXYBalH BpPOXAHHICTb 3ePHOBMX Ta IHIUMX
CUILCBKOTOCMONAPCLKHX ~ KYJbTYP, 3aBNAIOYH  BENMKHX 3GHTKIB  CibCHKOMY
rocrnonapcray.

Zaporizhzhya Sich is a socio-political and military-administrative organization
of the Ukrainian Cossacks. The following Zaporizhzhya Sichs were located along the
Dnipro valley at various times: Khortytska, Tomakivska, Bazavlutska, Mykytynska,
Chortomlytska, Kamianska, Oleshkivska, Nova Sich, which during two centuries made
significant anthropogenic changes in the landscape genesis of this territory
(fortifications, ramparts, felling of floodplain forests, replacement of biocenoses). The
existence of the Zaporizhzhya Sich and Cossacks on these lands became a bright page
for the formation and development of this territory in the 16 — 18 centuries. The
boundaries of Cossack freedoms, nature, life, and social relations were best described
by the Ukrainian scholar historian, ethnographer, and academician Dmytro
Yavornytskyi in three volumes “History of the Zaporizhzhya Cossacks” and
“Zaporizhzhia in the Remains of the Old World and Traditions of the People”, which
were published in 1892-1899 years [4, 5]. The nature of the 18th century is described
in the works of Dmytro Yavornytskyi, Appolon Skalkovskyi, Ivan Karelin, Adrian
Kashchenko, and Viktor Chabanenko. They noted the constant natural restructuring of
the morphology of the hydrographic network and the reshaping of islands within the
Dnipro valley - the displacement of the riverbed, branches, channels, and erosion of
banks [6 - 8].

From the middle of the 18th century, the pace of peaceful “development” of the
steppe (building, ploughing) increased significantly, and a new type of economic
reforestation (parks, gardens, plantations) and water regulation (ponds, dams, drainage)
was established. Already in the 19th century, large-scale development of the territory
of the Lower Dnipro region took place, namely, the development of virgin steppe
spaces, first by landowners for animal husbandry (sheep breeding) and then for
agriculture. The end of the 19th century saw the industrial development of the Nikopol
manganese ore basin and the Kryvorizka iron ore basin, which gave a powerful
impetus to the industrial development of the Lower Dnipro region. This territory is in
the zone of influence of mining enterprises and industrial and energy facilities of
Zaporizhzhia, Nikopol, Energodar, Pokrov, and Margants. It is also connected with the
possibility of periodic influence of the Zaporizhzhia industrial and urban
agglomeration and the Kryvyi Rih territorial industrial complex.

Ideas and projects regarding protective afforestation, irrigation and use of
Dnipro water in arid areas originated in the 19th century. Unfavourable climatic
conditions in Ukraine's steppe and forest-steppe regions, which became systemic,
sharply reduced the yield of grain and other crops, causing significant damage to
agriculture,



Oco0NMMBO TOCTPO HEraTHBHHH BIUIMB TIPUPOIHHX YHHHUKIB TpPOSBHBCH Y
TIOBOEHHHUI Tepion, Kou YKpaiHa BUTpUMAJa BaXKY NOCyXy 1946 p. i HeBpOXaH, 1O
B MOEAHAHHI 3 MOJNITHYHUMH YMHHHMKaMH CHNPHUYHMHHIIO TONOL HoBoGynoBy, mo
NOB'A3aH] 3 NOKOPIHHOIO 3MiHOIO TiAPONOro-KIiMaTHYHOTO CTaHy CTENnoBOi YaCTHHH
miBoHs YKpaiHM, 3akiajeHo y peanisauiio “BeNMKOr0 CTANTHCBKOrO MJaHy
nepeTBOpeHHs mpupoau” y 50-X poxax MHHYJIOro cTopiuus, WO peaji3oByBamucs B
HacTynHuii nepiox [9].

TMocranosoto Ka6inery Minictpis CPCP in 20.09 1950 p. 30008B'13aHO:

1. 3nilicHiTH MOGYNOBY 3pOLIYBANbHOI CHCTEMH IS 3POLICHHA 1,5 MaH ra i
o6BonHEeHHs mToHan ue 1,7 MM ra 3eMenb y MiBIEHHHX paiioHax YkpaiHH
(Xepconcbka, Mukonaiscbka, 3anopisbka i JlninponeTpoBcbka oOnacTi) Ta y
niBHiYHMX paiionax Kpumy i CTBOPHTH HOBY FiIpOCHEPreTHHHY 6a3y Ha p. JIHinpo ans
TIOCTaYaHHs €NEKTPOEHeprii 471 MoTped CLIbCHKOro rocrnoAapeTsa Ta POMMCIIOBOCTI.

2. V BKazaHux o6nacTax noGydyBaTH: FifpOENeKTpOcTaHLilo Ha p. Jluinpo y
padioni M. Kaxopka BCTaHOBIEHO! notyxHocti y 250 Tic. kBT 3 BHpOGIEHHAM
enektpoeneprii 1,2 mnpa kBT / roamH 'y cependiil moxo BOAHOCTI pik, rpe6o,
CyAOXiAHH# LWITI03, BENMKE BOLOCXOBHILE emuicTio 14 mapa M* (€ nani npo 18,2 M),

3. Ilepenbauntn y paioHax 3pOLIyBaHOro 3emaepo0CTBa, KpiM TpamuuiHKX
3epHOBHX, PO3BHTOK NOCiBiB 6aBOBHHKY.

3 yacoM yce MOMITHIIIKMH CTalOTh HEeraTUBHI HACNiAKHM Takoi HisyIbHOCTI,
nepenyciM 3ryGHuii BIUIMB Ha JOBKIIA FiraHTChbKHX 00’ €KTiB, AKMM OCOGJIHBO CTANo
criopymxenHs y 1952 — 1958 pp. KaxoBCbKOro BOAGCXOBHLUA. OnHak yxe 3 1956 p.,
AK 3a3HAYeHO Yy MOKYMEHTax DaisHCBKOro ypAaly, “...3BOKAIOYH HA HECTANliCTh
BPOXaiB y HEMOJHBHUX YMOBAX, GaBoBHOCIAHHA Oys0 npunuHeHo”. Xoua yxe Gynu
nobynoBaHi OilHO-eKCTPaKTHI 3aBOAH Y Xepconi i Mernitononi Ta XepcoHChKHit
6aBoBHAHHH KOMOIHAT.

BOZOCXOBHILE CTANO MKEPENIOM KHBIEHHS TPbOX BEIMKHX MaricTpansHUX
kaHatis — [liBHIYHOKPMMCBKOTO, KpacHo3HaM’HCbKOrO T2 Kpusopi3sbkoro i3
po3ranyxeHMMH CHCTEMaMH 3pOLUCHHS (TMiBniyHo-PoraunHceka Ta iH.). lonuHa
Jluinpa nepeTBoOpHiIacs y peryiboBaHy TiAPOTEXHIUHY CHCTEMY, Haitbinbuy y €spormi
3a KiNbKiCTIO BOZOCXOBHLIL i TUIOIIEIO BOAHOI MOBEPXHi Ta HaifGinbIIMM HaA TOH yac
“mTy4sum Mopem” — KaxoBCHKUM.

OCHOBHUMH Mop(hOMETPHIHHMH XapaKTepUCTHKaMH Kaxoscbkoro
BOJOCXOBHIIA Bynn: njowma sono36opy — 475000 kM2, Toua Bogolimuina — 2160 km?,
cepenns raubuna — 8,4 M, MaKcMMasibHa rbnHa — 24 M, nosxuHa — 230 kM, cepenHs
wypnHa — 9,3 KM, MakCHMalbHa wupuHa — 24 kM, 06’eM Bogocxosuua — 18,2 k3
poau. Jis cepenHboro woao BOAHOCTi POKY KOEDILliEHT YMOBHOrO BONOOOMIHY, LIO
XapaKTePH3ye NPOTOYHICTh BONOCXOBHLIE, CTAHOBHIH 2,69 M, nns GaraToBOAHOTO —
4,77, a pucoTa rpebni — 30m[10].
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The negative impact of natural factors was particularly acute in the post-war
period, when Ukraine endured a severe drought in 1946 and a crop failure, which.
combined with political factors, caused famine. New constructions related to the
fundamental change in the hydrological and climatic condition of the steppe part of
southern Ukraine were laid within the framework of implementing the “Great Stalinist
Plan for the Transformation of Nature” in the 1950s. They were implemented in the
following period [9].

The resolution of the Cabinet of Ministers of the USSR dated September 20.
1950, obliged:

1. Build an irrigation system to irrigate 1.5 million hectares and irrigate more

than 1.7 million hectares of land in the southern regions of Ukraine (Kherson.
M).rkolaiv, Zaporizhzhya, and Dnipropetrovsk regions) and in the northern regions of
Crimea and create a new hydropower base on to the Dnipro River to supply agriculture
and industry with electricity.
‘ 2. In the specified areas, build a hydroelectric power station on the Dnipro River
in the area of Kakhovka with an installed capacity of 250,000 kW with an electricity
generation of 1.2 billion kWh in an average water year, a dam, a navigable lock, a large
reservoir with a capacity of 14 billion m3 (there are data on 18.2 m3). ’

. 3. Pr'0v1de. for the development of cotton crops in the areas of irrigated
agriculture, in addition to traditional cereals.
. ;)ver time, s'uch activities' negative consequences become more noticeable. First
3 a. Wt l:: harmful m.lpact on the environment of giant objects was especially prominent
uring the construction of the Kakhovka Reservoir in 1952 — 1958. However. as early
as '195% as sta.te?d in government documents, “... due to the instability of crops in non-
Egate co(;tdlthns, cotton sowing was stopped.”, although oil-extract factories in
erso;:n Mellto.pol and the Kherson Cotton Plant had already been built
et (:( reservoir became a power source for three large main canals — North
North ’ Rrasnoinamyansky and Kryvorizky - and has extensive irrigation systems
[ i .
o The ?i‘igz S)tmikE etc.). The Dnipro Valley became a regulated hydro-technical
) In kurope in terms of reservoir:
. . IS . 3 S and W
most significant “artificial sea” at that time — the Kakhovka Sater surface area. and fe
The main morphometric isti o
charact
eristics of the Kakhovka reservoir were:

catchment area — 475,000 km2, reservoi

i s , oIr area - 2160 km?, average d _84m

maximum depth — 24 m, length - 230 km, average width — 9.3 k. &c ?pth 8-. .

24 km, the volume of the reservoir is 18,2 km3 of water. F .3 km, maximum width -
.Fo

r the average water level of
hich characterizes the flow
-water reservoir - 4.77, the height of

the year, the coefficient of conditional water exchange
s W

rate of the reservoir, was equal to 2.6
’ . 9; fi .
the dam - 30 m [10]. or a multi



YHacnizok cnopymxenHs Kaxoscbkoro BojocxoBuuia 6yno  3aTomneHo
Benvixuii Jlyr, sxuit csras Micusmu g0 24 kM 3aBLunpiiki Ta 10 100 KM 3aBAOBXKH.
Bmmseko 30 - 40 % uux 3emens paHille BHKODHCTOBYBANHCS Y HapOAHOMY
rocnonapctsi (6amTanHi KynIbTypH, FOpoaMHa, CiHOXaTi, nacosuiua). YacTkoBomy abo
TIOBHOMY BHCENCHHIO | 3aTOIUIEHHIO miassraio 6au3bko 90 cin i xyTopis.

BynisHHUTBO NHINPOBCHLKUX riapoenexTpocTaHUil nepeaGauano BUPOGHHLTBO
ACWIEBOI  ENEKTPOCHEPTii, MepeBe3eHHs pPIYKOBHM TPAHCMOPTOM BaHTaxiB Ge3
NEPEBAHTAKEHHA, aKYMYyJIOBaHHA BOAHMX pecypciB Ta BHKODHCTaHHA iX mnd
3polleHHs Ta noTpe® mnpoMHCHIOBOCTI 1 HaceleHHs, 3abe3nedeHHs BOHOIO
BofoAeiuMTHUX paiioniB Kpumy i Jloneuunmnn. OnHaK Ha NpaKTHLi HEraTHBHi
€KOHOMIYHi Hacmiaku GyniBHMLTBA IHINPOBCLKOTO rifipoKackafy, 3a JaHHMH
cneuianicrie [9], 3HauHO NEPEBULIMIN [TO3HTHBHI.

3 uvacoM BHABMIOCH 6araTo HeNONiKiB i NpOpaxyHkiB, MOB’A3aHHX 3
(opMyBanHAM BojocxoBHLIa. 3acTiiHi fABMIA i cnabKka MPOTOYHICTh Y CYKYMHOCTI 3
BE/IMYE3HHMH, | YaCTO HEKOHTPOJLOBAHMMHM CKHIAMH TEXHIYHMX [POMHCIOBHX i
KOMYHAIBHHX BOA Yy BOA036ipHuii Gaceiin Cepenusoro Ta Huxuboro JIHinpa
MpU3BEIN 10 CHIBLHOIO 3aMyJieHHs, 3a0pyJHeHHs NOHHHX OCaliB Ta LBITIHHA BOIH,
NOTIPINEHH EMiZIEMiONOriYHOrO CTaHy HACENEHHX MYHKTIB [IpHAHINPOB’s.

OkpiM 3aTONJIEHHs BENMKHX TUIOLL POMIOYMX 3€MENb MiAl BOAaMH KaxoBChbkoro
BOJOCXOBHILA, 3HAYHI TepuTOpii OnMHMAMCS y 30HI miaTomeHHs. Biabynacs
Aerpajallis MalKuX piYOK Ta BOXOTOKIB y ApYXHO-Gankosift Mepexi, CTiK 3 AKHX CTaB
3aperynboByBaTucs rpebismu. (POpMyBaHHS BOLOCXOBMILIA NOPYLIMIO AMHAMIYHY
piBHOBary H npu3Beno 10 nepeopMyBaHHa Geperis, MiATOMNEHHS TMPIOBHX YacTHH
MPHIIMBIB PIYOK i Ganok Ta akyMyJsuii Ha AHI BOXOCXOBHILA CXHIOBOTO AEMIOBIO Ta
HeOe3NeYHHX aHTPONOTEHHO YTROPEHHX BiAKIALiB.

IHTeHCHBHUI PO3BUTOK MPOMUCIOBOCT, CilTbCBKOrO rocrnoaapcTea, ypbauisauis
1 po3BuUTOK y Gaceiini [uinpa TpaHcnopTHOU MEPEKiI CTaIH NPHYHUHOIO XIMIYHOro
3a0pyAHEHHS BOX Ta HAKONHYEHHS HeGe3NeyHOoro ocany Ha fioro aHi. Tak, KaxoBcbke
BONOCXOBUIIE aKyMyJIOBaJlo Haitbinblinii 06°€eM AOHHOrO Ocafly B yChOMy Kackapi
BOZOCXOBHII 1 BiH € HaiiGinbw 3a6pyanenum [11]. TTieumenns ypi3y BOOM Yy
BOZOCXOBHUII Ha 3 — 16 M Npu3BeNno TakoX A0 Pi3KOrO i 3HAYHOTO MiAHATTA
BIANOBIAHUX MicueBUX Ga3uciB eposii. VYTBopunach HoBa Geperosa JiHis, Ginblua
HaCTHHa KOl 3a3Hasa aKTHBHOTO pyiiHyBaHHs. ITicNs CTBOpEHHS PYKOTBOPHOTO MOPS
B YCi HaCTYNHi poku NOBOAMNOCA 3iHCHIOBATH MacliTaGHi poboTH, cCpsMOBaHi Ha
3aXMCT | 36epeeHHs PUOEpexHHUX 3eMeb, MPOBOANIH Oeperoykpinnenns, 6yayBaTu
AambM, HacoCHi CTaHUil ANs NMepekayku BOAM Yy HOBO3GYNOBAHi KAHANM Ta BOAM p-
basasnyk y Bopocxosuwe. ITianip BogOHOCHHX rOpH3OHTIB CIPUYHHAB MiATOIIEHHA
npubepexxHux cenuw Ha JliBoGepesoki Ta MiATONNEHHs TUPJIOBHX HiJISIHOK PivoK i
6anok no yceomy nepumetpy BoZOCXOBHWA. TakoX ycknagHunach eKcrtyarallis
MapraHueBHX Kap’€piB, yHacl 10k ix 06BoaHeHH: Ha [TpaBo6epexoki BopocxoBHLLA.
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The Velikiy Lug, up to 24 km wide and 100 km long in places, was also
flooded. About 30 — 40 % of these lands were previously used in the national economy
(garden crops, vegetable gardens, hayfields, pastures). Up to 90 villages and hamlets
were subject to partial or complete eviction and flooding.

The construction of the Dnipro hydroelectric power stations provided for the
production of cheap electricity, the transportation of goods by river transport without
overloading, the accumulation of water resources and their use for irrigation and the
needs of industry and the population, providing water to the water-deficient regions of
Crimea and Donetsk region. However, in practice, the negative economic
consequences of constructing the Dnipro hydrological cascade, according to specialists
[9], significantly exceeded the positive ones.

Over time, many shortcomings and miscalculations related to reservoir
formation were revealed. Stagnant phenomena and weak flow in combination with
massive and often uncontrolled discharges of technical industrial and communal waters
into the catchment basin of the Middle and Lower Dnipro have led to severe siltation,
pollution of bottom sediments and water bloom, deterioration of the epidemiological
condition of settlements in the Dnipro region.

Significant areas were also inundated, as large areas of fertile land were flooded
under the waters of the Kakhovka Reservoir. Small rivers and watercourses were
degraded in the raft-beam network, the flow of which began to be regulated by dams.
The formation of the reservoir disturbed the dynamic equilibrium. It led to the
reshaping of the banks, flooding the estuarine parts of the inflows of rivers and
streams, and accumulating slope diluvium and dangerous anthropogenically formed
sediments at the bottom of the reservoir.

The intensive development of industry, agriculture, urbanization and the
transport network in the Dnipro basin have caused chemical pollution of its waters and
the accumulation of dangerous sediment at the bottom. Thus, the Kakhovka Reservoir
accumulated the most significant volume of bottom sediment in the entire cascade of
reservoirs and is the most polluted [11]. The increase in the water level in the reservoir
by 3 — 16 m also led to a sharp and significant rise in the corresponding local bases of
erosion. A new coastline was actively destroying. After the creation of the artificial
sea, large-scale works aimed at protecting and preserving coastal lands had to be
carried out in subsequent years. Coastal fortifications were carried out, dams were
built, and pumping stations were built to pump water into the newly constructed canals
and water from the Bazavluk River into the reservoir. The support of aquifers caused
the flooding of coastal villages on the Left Bank and estuarine areas of rivers and
streams along the entire perimeter of the reservoir. The operation of manganese

quarries also became more difficult due to their flooding on the right bank of the
reservoir.



ExocHCTEMM BOLHHX 00’€kTiB y Xoi excruryarauii TMAPOENEKTPOCTAHIIT
3a3HaTM  HEraTMBHMX 3MiH Yy rinpobionoriyHomy —pexmmi, AKOCTI BOAM Ta
pUGONPOLYKTHBHOCTI, MOTipIIHBCA eMifeMiONOTiYHMi CTaH HaceleHHX MyHKTIB
MMpuznuinpos’s. 3pocin BUTPaTH Ha yKpinnexss Geperosoi IiHii, PO3YMCTKH
dapsatepy Bomocxosuuia. Ha MOTipLIEHHs €KOJOTiYHOT cuTyauil 3Ha4yHO BIUIMHYNa
rizpoMesniopauis, 60 WTy4YHUIH MOAUB YOpHO3EMIB € AT HUX KiANMBUM, OCKINBKH Lii
rpyHTH cdopMmyBanucs B yMOBax MOCYLIMBOCT. TIPOrHO30BaHi  pO3paxyHKH
BU3HAYEHHS WBHIAKOCTI i TPMBAJIOCTI MiAHOMY IPYHTOBHX BOI BUABHIIHCA XHOHHUMHU
M1if{ Yac NPOEKTyBaHHs MeNiOpaTHBHUX POBIT Ta He BiAmoBinanu aikicHocTi [12].

Ipebns Ta BOZOCXOBMILE ICHYBAIM YMPOIOBX TPHBAIOrO nepiony i
BHKOHYBAIM CBOIO OCHOBHY (QYHKUiIO — OTPHMAaHHA eAeKTpOeHeprii Ta HaKOMMYEeHHS
BOZM JUIS BOAOTIOCTAaYaHHs MiBIEHHOrO perioHy Ykpainu. Ase BHACJIiZOK BiiiCEKOBOro
TepaKTy pOciaH yHoui 6 uepBHs 2023 p. BinOynucs niapus i pyiiHyBaHHA nambu i
cnopyn 'EC, BonocxoBHila, BHHHKIIO KaTacTpodiuHe MiATOMIEHHS TEPHTOPIi HHXKYeE
rpe6i Ta iHTEHCHBHMH CXiA BOAM 3 Yall¥ BOAOCXOBHILA.

OTxe, B iCTOPHYHOMY MNaHi MOXKHA BMIINITH TNEBHi MEPIONM OCBOEHHS i€l
Teputopii [13]), To6TO icTOpWuHi Bix¥ 3MiHH NpPHPOLOKOPHCTYBAHHA i 3MiHH
NPHPOHO-COLIANBEHOr0 CTaHy AOCIHiUKYBAHOTO perioHy, a came — naHawadTHy
OpraHi3aiiio TepuTOpil T2 BUHUKHEHHs MEBHUX aHTPOTIOrCHHUX KOMIJIEKCIB:

1) He3aiimanuii npupoaHuit naHawadT — 6 — 8 THC. 0 H. €.;

2) nmouaTok 3emnepobcTBa; roOpoAHIIa, Kyprani — 4 -5 THC. IO H. €.;

3) niaciune 3emnepo6CTBO, TBAPHHHKUTBO — 9 — 14 CT. H. €.

4) cTalioHapHi MoceNneHHs, 3HMiBHHKH, ykpimienns Ciui — XV — XVIII et

S)iHTEHCHBHE  CiIbCLKOrOCMoOAapChke — OCBOEHHA,  MOYATOK BUAOOYTKY
mapranuesux pya — XVIII - XIX cT.;

6) OCBOEHHS pOAOBHIIA, KOJIEKTHBI3allisl Ta CyLi/bHE arpapHe BMKOPHCTaHHA
TepHUTOpil — Nepilia NoJoBUHA XX cT.;

7) inmycrpianizauis, CTBOPEHHA KaXoBCLKOTO BONOCXOBHINA, iHTEHCHBHUH
Kap'epHuii Buao6yToK Ta 36arayeHHs MapraHueBuxX pyl, MeTanypriiiHa nepepo6ka,
no6ynosa 3AEC ta TEC — npyra nojios1Ha XX cT.;

8) po3naroBaHH, npuBaTHUi KamiTaj, pO3UIMpEeHHs BUROOYTKY MapraHio,
3aHenaj CyAHONJaBCTBa, 3GiNbIIEHHS €HEPTrONOTYXKHOCTI, po30ynoBa COHAYHHMX
eeKTPOCTaH LI, peKyanuBauiﬂ, 6opoThba 3a uKMCTYy BOLy Ta eKOJIOTiUHuA CcTaH
perioHy — nepiol He3IEKHOCTI Y KpaiHH.

V 2014 pp. pd posnouana BifiHy npoTH YKpaiHH, HacniakamH fAKOI €, 30KpeMa,
nigpus KaxoBCbKOI rpe6ai, miaronnenns Hwxnboro Jlninpa Ta rupnoBoi 4aCTHHH,
3a6pynHeHHs Bof JopHoro Mopi, cxil BOIM 3 Halli JoXKa BOZOCXOBMILA, OKynalis
JliBoGepexoks, GoitoBi aii, 6Gom6apayBanHs Ta obcTpinu, pyiiHyBaHHs OyaiBenb Ta
iH(pacTPYKTYPH, 3MmiHa piBHA NOBEPXHEBHX Ta MIA3EMHHX BOA TOLLO.

Water bodies' ecosystems during hydroelectric power plants' operation have
undergone negative changes in the hydrobiological regime, water quality and fish
productivity, and the epidemiological condition of settlements in the Dnipro region has
worsened. Costs for strengthening the coastline and clearing the fairway of the
reservoir have increased. Hydromelioration significantly affected the deterioration of
the ecological situation because artificial irrigation of chernozems is harmful to them
since these soils were formed in arid conditions. The forecasted calculations for
determining the speed and duration of groundwater rise were wrong even in the design
of reclamation works and did not correspond to reality [12].

The Dam and Reservoir existed for 76 years and performed their primary
function — obtaining electricity and storing water for the water supply of the southern
region of Ukraine. But as a result of a military terrorist attack by the Russians on the
night of June 6, 2023, the dam and hydroelectric power plant structures of the reservoir
were blown up and destroyed. The area below the dam was flooded, and the water rose
intensively from the reservoir basin.

So, in historical terms, it is possible to distinguish specific periods of the
development of this territory [13], that is, historical milestones of changes in nature use
and the natural and social state of the studied region, namely, the territory landscape
organization and the emergence of specific anthropogenic complexes:

1) pristine natural landscape — 6 — 8 thousand BC;

2) the beginning of agriculture; hillforts, barrows — 4 — 5 thousand BC:

3) field farming, animal husbandry — 9 - 14 centuries AC; ’

4) stationary settlements, winter i i .

5) intensivl;yagricultural developrc':llz‘:lr:e:lsl;:fl():;if;;?:onsf— 118 Centur|e§ [.\C;
18 - 19 centuries; ’ g ol manganese ore mining —

6) field development, collectivization and contin i
' ) uous a
territory — the first half of the 20th century; gricultural use of the

7) industrialization, creation of the Kakhovka Reservoir, intensive open-pit

mining and beneficiation of manganese ores, metallurgi i
s gical pro i
ZANP and TPP - the second half of the 20th century; proccssing. construction of

. 8) fie-soldermg, private capital, expansion of manganese mining. decl;
shipping, increase of energy capacity, development of solar power pl ning, eclme~ of
struggle for clean water and ecological condition of th plants, reclamation
independence of Ukraine. cre

In 2014, the russian federation launched an a

. ressiv i ;
consequences of which are currently the underminigg ¢ war against Ukraine, the

. : ng of the dam, th ;
Lower Dnipro and its estuary, the pollution of the Black Sea waters ihzo:::;ngfof tlhi
, of wate

from the reservoir bowl, the occupation of the Lef Bank, hostilities, bombi d
’ . bombings an

. t

shelling, the destruction of buildin i

’ gs and infras .

underground water levels, etc. ructure, changes in surface and

gion — the period of



OpHax He3MiHHMMH a0 Mano 3MIHHMMM JIMINAIOTECS MakporeorpadiuHi
ocobnuBocTi wi€i Teputopii — reonoriysa GynoBa, IUMPOTHA 3OHANBHICTh, MPHPOIHI
yMOBH. Y TEKTOHIYHOMY BiIHOLIEHHI TepuTopis, wo Gyna mia Boxamu KaxoBcbkoro
BOJAOCXOBHIIA, NepedyBac Ha MeXi JBOX BEJIMKHX T€OCTPYKTYPHHUX €NEMEHTIB —
MiBAEHHOrO  CXWIy  YKpaiHCBKOrO  KpPHMCTAliyHOro  MacuBy  (WLMTa) Ta
IMiBnenHoykpaiHChkOT MOHOKJIHAJI, LIO PO3MEXOBYETHCH CyOIIHPOTHOIO CHCTEMOIO
posnomiB (KoHKCbkuif) Ta JiTONOriyHMX KOHTAKTIB. Mae Micue npHIOBepxHeBe
3a1AraHHs QYHIaMeHTy Ha CyGIUHPOTHOMY BIATMHKY BOZOCXOBHWA (Tinkku mo 0,1
KM) Ta piske 3armubieHHs byHIaMeHTy Ha NiBAeHb y cyOMepumioHambHi, Ginbiu
By3bKili Ainanii Bogocxosuma ax a0 1,2 kM (y paiioni Kaxoscskoi I'EC) Ta 2 kM y
Mexax rHpioBoi YactvHu J[Hinpa. 3a TekTOHiYHOIO KapTolo Ykpaihu (puc. 1.3) [14],
TEPUTOPIA  HalexuTh A0 CepeAHLOAHINPOBCHLKOrO Merabioky Ta MOBHICTIO
posTallloBaha y Mexax 3anopi3bkoro Onoky, sAkHH < Mae MiBAEHHO-3axijHe
npocTsaranHs. Po3oMu, 1o 4acTkoBO npiakpecooTh Lel 610k — Jepe3yBaTiBCbKyid
Ta MajlokaTepiHiBCbKHIl, 3ICTABNAIOTLCS 13 3aKiaflaHHAM AONHHM JlHinpa Ta MaioTh
Takui Xe HanpaM. Y Mexax GM0oKy BUALIAETLCA CKIAAKA MIBHIYHO-CXIAHOTO HANPAMY
Ha oci Hixonoms - Benuka 3Ham’siHka, A€ KPUCTaliuHi [OpOAM BMXOAATh Ha
nosepxHio (Ganka Mana Kam’suka (Hosonasnischkuil kap'ep), p. bazaenyk Ta ii
nputoka Kam’snka (TokiBeekuii kap’ep).

Ha HeoTexToHiuHOMy eTani reomoriyHoro po3BMTKY MiBHiYHA YacTHHA
BOJOCXOBHIUA 1 MpUNErJa TEPUTOPis XapakTepu3yBalMCs AubepeHLiioBaHUMH
MiOLEHOBHMH OMYCKAaHHSAMH i BiHOCHO CNaGKHMH MiCNA MOHTIMCHKMMHM MiAHATTAMM.
A MIBJEHHA YaCTHHa, IO TAXi€ HO MiBHiYHOro 60pTy [TPMYOPHOMOPCHKOT 3anamuHy,
3a3HaBasna KOMMBANBHUX PYXIB, MOYHHAIOUH 3 KPeHIHM i IO HAalUMX AHIB, i3 3araibHoI0
TEH/ICHLIEIO 10 3aHYPEHHs Ha Cy4acHOMY eTani i JopMyBaHHAM MOTYxHOTO (10 1,2 KM
Ha MiBAHI) [UIMTHOrO MilAHO-BANHAKOBOTO KOMIekcy nopia. Ha dopmyBanus
AOINHHOrO  KOMIUleKkCy Ta pycia JIHinpa BIUIMBaiAM JIOKalbHI HEOTEKTOHIuHI
CTPYKTYpH (6710KM NifHATL i OMYCKaHb) TAa Cy4aCHHil TEKTOreHes (basaBnyubka Ta
Tomakiscbka aenpecis Ta Hikononscwkuii npuniguatuii 6ok, (puc. 1.4).

Y reosnoriuniit 6ynosi L€l TepUTOPIT B3NN yuacTb iHTPY3MBHI MeTaMopdiuHi
Nnopoau 10kemMOpilo Ta 0canoBi BiK/IaAH NANCOreHOBO], HEOTEHOBOT T YETBEPTHHHOL
CHCTEM, WO CKJAnalTh miaThopmuuit yoxon. HeoreHosi Biaknaaum TopTOHCHKOTO,
CapMarcbKkoro, MOHTHYHOTO SPYCIB MJIALIENOAIOHO NepPeKPHBAIOTL YBECh MpHUiEriuii
A0 noauHM Jlnimpa cyxomin i ABAAOTE COGOK CTPOKATy TOBILY —CKIaAHO
MEPEMEKOBAHUX BEPCTB MOPIA 3 CipO-3€NEHUMH TJIMHAMH, MEPrelieM, YepenalKoBUM
Ta OOJITOBHM BAITHSIKOM, Pi3HO3EPHUCTHM MickoM. [ToTyxHicTb Takoi ToBuii csarae 30
M Ha MiBHOYI i 3pocTae 1o 800 m Ha miBaHi y ITpuuopHOMOpCHKiii 3amanuHi. Pycno
Huinpa 3 koMmmiekcom Tepac (BCbOrO iX 5) 4acTKOBO ab0 MOBHICTIO pPO3MHBAIOTh
OyyalLbKi, KHIBCbKI Ta XapkiBChbKi Mopoau najeoreHy, WO NpeacTaBieHi MepreieM,
3€/1€HYBATO-CipPHMH IIMHAMH, I11ayKOHITOBUMH MICKAMY Ta NiCKOBUKAMHM.
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However, the macrogeographical features of this territory remain unchanged or
slightly variable: geological structure, latitudinal zonation, and natural conditions.
From a tectonic point of view, the territory that was under the waters of the Kakhov
reservoir is located on the border of two significant geostructural elements: the
southern slope of the Ukrainian crystalline massif (shield) and the South Ukrainian
monocline, which is delimited by a sublatitude system of faults (Konksky) and
lithological contacts. Subsurface lying of the foundation is observed in the sub-
latitudinal section of the reservoir (only up to 0.1 km), and sharp deepening of the
foundation to the south in the submeridional, narrower section of the reservoir up to 1.2
km (in the area of the Kakhovka Dam) and 2 km within the estuary of the Dnipro.
According to the tectonic map of Ukraine (Fig. 1.3) [14], this territory belongs to the
Middle Dnipro megablock. It is wholly located within the boundaries of the
Zaporizhzhya block, which has a southwestern extension. The Derezuvativsky and
Malokaterinivsky faults, which partially emphasize this block, are aligned with the
foundation of the Dnipro Valley and have the same direction. Within the block, a
northeastern fold along the Nikopol - Velika Znamyanka axis is distinguished, where
crystalline rocks come to the surface (Mala Kamyanka gully (Novopavlivskyi quarry),
Bazavluk river and Kamyanka tributary (Tokivskyi quarry).

At the neotectonic stage of geological development, the northern part of the
reservoir and the surrounding area were characterized by differentiated Miocene
subsidence and relatively weak post-Pontic uplift. The southern part, which stretches to
the north edge of the Black Sea Basin, underwent oscillatory movements, starting from
the Cretaceous and up to the present day, with a general tendency to sink at the modern
stage and the formation of a powerful (up to 1.2 km in the south) slab sand-limestone
complex of rocks. Local neotectonic structures (blocks of uplifts and subsidence) and
modern tectogenesis (Bazavlutsk and Tomakiv depressions and Nikopol uplifted block)
influence the formation of the valley complex and the Dnipro channel (Fig. 1.4).

Intrusive metamorphic rocks of the Precambrian and sedimentary deposits of
the Paleogene, Neogene, and Quaternary systems, which make up the platform cover,
take part in the geological structure of this territory. The Neogene deposits of the
Tortonian, Sarmatian, and Pontic strata cover the entire land adjacent to the Dnipro
valley in a cloak-like manner and represent a variegated layer of complexly
interspersed layers of rocks with grey-green clays, marl, shelly and oolitic limestone,
and multi-grained sand. The thickness of such a layer reaches 30 m in the north and
increases to 800 m in the south in the Black Sea depression. The channel of the Dnipro
with a complex of terraces (five of them) partially or entirely erodes the Buchach, Kyiv

and Kharkiv Paleogene rocks represented by marl, greenish-grey clays, glauconitic
sands and sandstones.
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Ha niaui JlHinpo BpisacThcs y HeoreHosi Toiii. Bomu Maibke BCIOOM €
TMPHUCYTHi y CXWJaX BONOCXOBHIIA i PO3MHMBAIOTHCS PYCIOM Juinpa. o 3aTOMIEHHs
MOBEPXHS CapMATCbKHX BANHAKIB MiAHIManach Hal ypisom Bogu Ha 10 — 15 My
LeHTpanbHiil AiNsHUI BoAOcxoBWiia. Buule Heorewy y po3pi3i 3amiAra€ ropu3oHT
4epBOHO-OYpHX TNIMH, AKUA 4acTO BUXOIMTb Ha TMOBEPXHIO B eposiiiHiit Mepexi Ta
HAaKOTIMYYETbCA Ha JHi BOJOCXOBHMIIA Ta TNpPHICTIHX faNoKk fK [eNoBialbHO-
amoBianbHuii MaTepian. Ha Boominax Wi TIaMHM NEPEKPUTI  AENOBIAIBHUMH
CYIJIMHKaMH TIEHCTOLEHyY, @ Ha TEpacoBHX MOBEPXHAX NilUaHUMH  TIOBiaIbHHMH
BiIKNaZaMM 3 NpPOLIAPKaMH CYMIHHKY i CYIICKY, notyxsicTio 1o 25 — 30 m.
AJOBia/IbHi MicKy 3amuaBu Ta mepiuoi Tepack Huinpa Oymu MOXOBaHi Mil BOAaMY
BOZOCXOBHIIA 260 3 OBEPXHi MepeBiNKIaieHi €0TOBHMH NPOLECAMU Y nimaxi MacusH
— kyuyrypu. Huxue rpe6ni Kaxoscbkol T'EC, y Mexax MiBAECHHOCTENOBOI PiBHHHH
MpOCTAra€Tbes  JiNAHKA  TEpacoBO-AENBTOBHX piBHHH, AKy TMOAUIAIOTH Ha
HuxHBOIHINPOBCHKHMI  IUIaBHEBMl paiioH  Ta OnewkiBebkuii  mimanuit. Tyt
CHOCTEpPIracTbcs CTPOKATHH Yy FEHETHYHOMY i niToNOriYHOMY BiXHOIIEHHI KOMILIEKC
AMOBIANLHUX TIOPIl — PIYKOBi, 03€pHi, JMMaHHI, 1O NPeACTaBNEHI PaKYUIHSKOBHM
JETPUTOM, ranbKoIo, MCKOM, MIHHAaMH, OpraHOreHHUMH BiAKNafaMH.

o 3atonnenHs 3amnasa /[lwimpa 'y BEpXHili YaCTMHI Maja 3arajbHHH
Cy6IIMPOTHHIA HAampsAM 1 LWHMPHHY A0 16 — 24 kM 3 GararouucelbHUMHU NPOTOKaMH,
pykaBamH, 03epaMH Ta 3a60JOYEHUMH ninsukamu. Ha BepxHili, 6nmxuye no niBoro
Gepera, Huxue XopTulli, Mix cenamu Kyuryrym — BacuniBka po3srawoBaHi KiHCbki
nnasHi. BoHH BHPi3HAOTHCS BEIHKHM nimasuM MacusoM “Benuki kyuyryp”, sKui He
BKPUJIM HaBiTh BOIH KaxoBcbkoro BomocxoBumia. TyT icuyBano [iasne I'oponmiue.
Jlpyra ninsHka po3TalioBaHa HHXKHE Hixomons Ta Kanyniskn — BasaBnyubki niasHi —
Miclle BMamiHHA i poO3MBY PiYKH BaszaBnyk Ha GaraTouucenbHi pykaBH Ta O3epa.
Cy6mepnioHanbHHi HanpsM nonvun basasiyxa Ta iforo TUIaBHIB 3iCTaBJISETbCA 3
pO3TOMOM Ta HEOTEKTOHIYHO aKTHBHMM OMYCKaHHAM Ta € Hait6inbl 3a60104€HOI0 |
BOJIOTOI0 YaCTHHOIO JHUILA JOJIHHH.

Cyuacwa 3annasa JlHinpa, ska nouana HOBMIl mepion (opMmyBaHHA mics
OCYIIEHHs J10%a BONOCXOBHLIA, npencTaB/ieHa 3HaYHHM JITONOTYHUM PI3HOMAHITTAM
yepe3 0coGAMBOCT ocagkoHakonuyenHs (iX TOTY)XHOCTI wWe He DOCHIMKEHI) —
NpUPYCIOBi KBapLOBi MICKH pi3HOi 3€PHHCTOCTI, CYIICKH, OpraHOTeHH! IETPHTOBI
HAKOMMU€eHHs, BiAMEPI aBocTyKoBi Myuuti (nepesaxno Dreissena polymorphna) Ta
TMOTYXKHi TOHKOAMCTIEPCHI MYJMCTI FIMHH, IO BBAKAIOTHCA CHILHO 3a6py IHEHUMH.
Tak, p03paxyHKOBi cepequOpi‘lHi HaOXOMKEHHA Y AOHHI Biaknagn KaxoBCbKkoro
BOJOCXOBHLIA CTAHOBHJIH (y THc. TOH) — 22422, cTik — 90, akymynsuis — 22332. Tobto
99,5 % peuOoBHH saauLianocs 'y AOHHHX Bimknanax uepes cnabky NpOTOYHICTb Ta
Mimuau. Y KaxoBCbKOMY BOJAOCXOBHLII Y JOHHOMY ocaai npucyTHi (mr/kr) Mn — 88,0,
Cu—2.8:Zn —274;Cr -88[11].
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In the South, the Dnipro cuts into the Neogene strata. They are present almost
everywhere on the slopes of the reservoir and are washed away by the Dnipro riverbed.
Before the flooding, the surface of the Sarmatian limestones rose above the water, cut
by 10 — 15 m in the central part of the reservoir. Above the Neogene in the section lies
a horizon of red-brown clays, which often come to the surface in an erosion network
and accumulate at the bottom of the reservoir and adjacent streams in the form of
diluvial-alluvial material. In the watersheds, these clays are covered by diluvial loams
of the Pleistocene and on the terrace surfaces by sandy alluvial deposits with layers of
loam and sandy sand up to 25 — 30 m thick. The floodplain's alluvial sands and the
Dnipro's first terrace were buried under the reservoir's waters or redeposited from the
surface by eolian processes into sand massifs — kuchuguri. A section of terrace-delta
plains extends below the Kakhovka Dam within the southern steppe plain, divided into
the Nizhny Dnipro alluvial area and the Oleshkiv sandy area. There is a genetic and
lithologically diverse complex of alluvial rocks — river, lake, and estuarine represented
by shell detritus, pebbles, sand, clay, and organogenic sediments. ’

Before the flooding, the upper part of the Dnipro floodplain had a general sub-
latitudinal direction and a width of up to 16 — 24 km with numerous channels
branches, lakes and wetlands — a flood formed at the place of the flooded Veliky Lu '
where two large areas stand out. On the upper one, closer to the lefi bank ybelo%;
Khortytsia, between the villages of Kushugum - Vasylivka, there is Kinsk"Plavni
They are distinguished by the enormous sandy massif Veliki Kuchuguri, whi I': t
even covered by the waters of the Kakhovsky Reservoir. There v:/a . Xas 'not
Settlement here. The second section is located on the right bank — be| ; I\%]lfll( n;: ‘end
Kapulivka — Bazavlutsky floodplains — where the Bazaviuk River flo OV'V ot
branches and lakes. The submeridional direction of the Baz ;NS e numerow
floodplains corresponds to a fault and neotectonicall i o uka Yalley and

Y active subsidence and is the most
swampy and wet part of the valley floor.

The modern floodplain of the Dni i
after the drainage of th: reservoir begjpi;o};}:;csl;ntzziag ; “e\fV p'e riod Of‘ format.ion
diversity due to the peculiarities of sediment accumulationy(:;1 S.lgmﬁca'n[ lithological
been investigated) — alluvial quartz sands of various o paclty has not e
organogenic detrital accumulations, dead bivalve shells (mf ra:m Slz.es’ sandy loams.
and powerful finely dispersed silty clays. The latter ar N y. Drelssepa polymorph)
Thus, the estimated average annual inflows iy the considered highly polluted.
Kakhovsky Reservoir amounted to 22,422 thousand to © bottom sediments of the
22,332, i.e. 99.5% of substances remained in the bott(;] . mn'o ' - 90. accumulation -

m sediments due to weak flow

r, the bot i .
88.0;Cu-2.8,Zn-274;Cr-838[11) ottom sediment contajng (mg/kg) Mn ~



OcHOBHHIi BONOHOCHHI FTOPH3OHT L€l MiCLIEBOCTI NOB’A3aHUHA 3 TPILUMHYBATOW
30HOW MopiA J0keMOpis Ta MaJONOTY)XKHHUMH BOJOHOCHMMM TOPH3OHTaMH Y
NaneoreHOBUX, HEOTEHOBHX Ta YETBEPTHHHHUX BiAK/Iajax. 3aransHoI0 PHCOIO PaHoHy €
HECNPHUATIIMBI A/ MOMOBHEHHS MiA3eMHUX BOA KJiMaTHYHi YMOBH TEpHTOpIT — Mana
KiIBKICTb OmaniB. 3amacH BOAM y TpiluMHyBaTiii 30Hi apxeii-mpoTepo3oio i Heorei
nyxe HesHaudi (2,2 Tuc. M® / po6), BoHu He 3abesnedyloTh paliOH NMTHOIO |
roCrogapyol0 BOJOI0 y HeoOXimHiM kinbkocti. Jlo TOro x, i BoAM JAepaii Ginblue
MANATAI0Th APEHYIOYOMY BIUIMBY Kap’epiB. Ha 6asi NOOIMHOKMX CBEPIIOBHH
(GOYHKUIOHYIOTh HEBEJHKI BOJONPOBOAH AJI LEHTPaTi30BaHOTO [IOCTa4aHHsA BOJOIO Cill
3 BEPXHiX FOPH30HTIB HeoreHy. CnabKka 3aXHILEHICTh BOAOHOCHUX TOPH3OHTIB CIIPHsE
3a6py/HEHHIO. Y 3B’43KY 31 3HIKEHHAM piBHS BOAU Y KaxOBCbKOMY BOLOCXOBHIL, sIKE
IOHENaBHA CHYTyBalO JUKEPENOM IKWBIEHHS JJA BOJOHOCHOTO TOPH3OHTY Y
HEOTEHOBMX BiAKNagaX y Mexax [IpMUOpHOMOpPCHKOrO apresiaHchbkoro GaceiiHy,
NPOrHO3YETLCS 3HIKEHHA PIBHSA MiA3eMHUX BOL.

IIpaBoGepexHi cxunosi nosepxui BOAORINIB YCKIafHEHi SAPYXHO-GAIKOBOIO
MEpEXEI0 Ta fNoAWHaMK npunaueis [IHinpa — basaBayk 3 nputokamm Kam’suka Ta
Conena, Yoprommuk, TomakiBka, PeByH Ta YHMMaiO0 KiIBKICTIO NiATOMIEHHX
TMpIOBUX 4aCTHH 0ajiok, 110 YTBOpMIM 3aTOKH Ta HaBiTb OKpEMi BOJOHMHLIA.
JliBoGepeskHnmu nputokamu € piuku Kouka, Kapauokpax, Benuka Binosepka, Poraunk
Ta 6e31i4 NMMaHiB Ta 3aTOK, K TO Binoszepcekuii, UepBono 3HameHcbkuii, Benuka
Jlenetuxa, Kaipceka Towo. Xapakrepnoio ocobmusictio JliBoGepexoks € Ginblu
MJIaCKHH XapaKkTep MOBepXHi Ta iCHyBaHHA Cy(O3ilHO-NpocafoBux (OpM — MOAIB.
Haiibinbwnm € Kam'aucbkuii mox 6ins cin Benuka 3uam’suka i Bamku, skuii
po3milueHHH Ha Hal3anuiaBHiii Tepaci.

Makcumanenuit ypis ponuuu [lainpa ctanosuts 30 — 35 M, yxun Ha
CYOIUIHPOTHOMY BIATHHKY Teuil He3HauHuil. SIko 10 3aTOMieHHs monunu Jminpa y
MpUIErIHX Gankax nepeBaxana G0koBa epo3is Ta CIOCTEPIraauCh BUCAY aKTHBHI SpH
Ha KOPiHHMX cxunax JIHinpa, To micas 3aTOMIEHHs BOAOCXOBHILA i 3aMiCHEHH:A APIB i
cXuy GajkM aKTHBI3yloThes abpasiiiHi mpouecd Ta 3CyBH 3a PaxyHOK MiAMMBAHHS
Geperis. Lle moxHa npocTexuTy, nopisHIOKOUN apxiBHi aepodoTosHiMkn 194% p. Ta
KocMiyHe 300paxenHs Geperis Kaxoscbkoro Boxocxosuma (puc. 1.5, a, 6). Ilicas
cnycky BoaW JIHINPO BiIHOBMIO pycno y Tux xe ofpucax, 36epernucs Jokawis i
Mopdorpadis ocTpoBiB, MinuH i 3a6070YEHHX AINSAHOK, IO MOXHA MPOCTEKMTH HA
cepii cynyTHukoBux 306paxens Sentinel-2 ta Landsat. Hanpuknan, 6ins cena i Mucy
Ho6pa Haniss, wo uacTkoBo Gyno 3aTOMIEHO, BCA MPHCXHIOBA YacTHHA AHMLLA
(MicuAMH AeniOBiaJibHI HAHOCH YM BHCOKA 3arllaBa Ta Haa3amjaBHa Tepaca) BKe 10
BepecHs 2023 p. cTana OCyLIEHOW i BKPHJIACS CYXOMyTHHMH dopmamu pocnuH Ta
NPUGEPENKHO-BOAHOIO POCIMHHICTIO Ha 3a00704YeHMX pinsukax. Llbomy cnpuana
Mi1BULUEHA KiBKICTb ONais y nufiHi — cepnui 2023 p. (puc. 1.5, B).
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The principal aquifer in this area is associated with a fractured zone of
Precambrian rocks and weak aquifers in Paleogene, Neogene, and Quaternary
sediments. A general feature of the district is the unfavourable climatic conditions of
the territory for replenishing groundwater — a low amount of precipitation. Water
reserves in the fractured zone of the Archaean-Proterozoic and Neogene are minimal
(2.2 thousand m?3/day). They do not provide the region with drinking and household
water in the required quantity. In addition, these waters are increasingly subject to the
draining influence of quarries. Based on individual wells, small aqueducts centralize
water supply to villages from the upper horizons of the Neogene. Weak protection of
aquifers contributes to pollution. In connection with the decrease in the water level in
the Kakhov reservoir, which until recently served as a source of nutrition for the
aquifer in the Neogene sediments within the Black Sea Artesian Basin, a decrease in
the level of groundwater is predicted.

The right-bank sloping surfaces of the watersheds are complicated by a network
of ditches and streams and valleys of the Dnipro streams: Bazavluk with tributaries
Kamianka and Solena, Chortomlyk, Tomakivka, Revun and a considerable number of
submerged estuarine parts of streams that formed bays and even separate reservoirs.
The lefi-bank tributaries are the rivers Konka, Karachokrak, Velika Bilozerka,
Rohachyk and numerous estuaries and bays, such as Bilozersky, Chervono Znamensky,
Velika Lepetikha, Kairska, etc. A characteristic feature of the Left Bank is the flatter
nature of the surface and the existence of suffusion-subsidence forms - pods. The
largest one is the Kamiansky pod near the villages of Velyka Znamianka and Balky,
which is located on the floodplain terrace.

The maximum section of the Dnipro valley is 30 — 35 m, and the slope in the
sub-latitudinal section of the stream is insignificant. If before the flooding of the
Dnipro valley, the adjacent streams were dominated by lateral erosion and hanging
active ravines in the original slopes of the Dnipro, then after the flooding of the
reservoir and the afforestation of the ravines and the slope of the stream, abrasion
processes and landslides are intensified due to the washing of the banks. It can be
traced by comparing archival aerial photographs of 1944 and a space image of the
shores of the Kakhovsky Reservoir (Fig. 1.5, a, b). After the water receded, the Dnipro
restored its course in the exact contours; the location and morphology of islands,
shoals, and wetlands were preserved, which can be traced on a series of Sentinel-2 and
Landsat satellite images. For example, near the village and cape of Dobra Nadiya,
which was partially flooded, the entire sloping part of the bottom (in places diluvial
sediments or a high flood and a superfood terrace) had already become drained by
September 2023 and was covered with terrestrial forms of plants and coastal-water

vegetation in wetlands. The increased precipitation facilitated this in July — August
2023 (Fig. 1.5, ¢).
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Puc. 1.5. TlpaoGepesxnuii cxun y paiioni c. lo6pa Hanisi: A) aepocoTozobparenns, Fig. 1.5. The right-bank slope in the area of the village Good Hope: A) aerial photo

1944 p. Caift: oldmaps.dn.ua (IntepaxTtisHi icropuuni kaptn Juinpa); B) Kaxoscbke 1943. Site: oldmaps.dn.ua (Interactive historical maps of

the Dnipro); C) Kakhov
Bonocxosuute, 2013 p.; C) 300paenns 3 cymyThika Sentinel-2 sin 28.09.2023 p.

reservoir, 2013; C) image from the Sentinel-2 satellite from September 28, 2023,

’ .:’"
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Puc. 1.6. Binnosaenns mex Hosonasnischkoro maity Ta pyena, p. Piunue: a) Fig. 1.6. Restoration of the borders of the Novopavif—vskyi estuary and channel
(pparment kapTH-TppOXBepeTin 1§75 p. Caift: oldmaps.dn.ua; 6) so6pasenns 3 Richishe river: a) a fragment of 4 three-page map of 1975 Website: oldm d b
cynyruuka Sentinel-2 Bix 28.09.2023 p. image from the Sentinel-2 satellite from September 28, 20-23 : aps.dn.ua; b)
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Ha 3annasi i nepumx Hamsamnasnux Tepacax JIHinpa 1O 3aTOMIEHHS Mo
MIiCLle 3HAaYHE TIPYHTOBE DPi3HOMAHITTA — pOIOYI YOPHO3EMHO-IY4Hi [PYHTH Ha
CyMilaHKX NiABHMILEHHAX Ta Tepacax, AEpHOBI PYHTH Ha MilllAHKX OCTPOBAX i 6oNOTHi
Ta MYJICTI IDYHTH y NOHM33ax 3arnaBu. TyT icHyBana cucTeMa OCTpOBiB, YK, AiGpoB,
03€p, PyKaBiB i cTapuub, e 30cepemxenns. duopH i daynu miBgHa Ykpainu Ta
Iokepena YHCTOl BOAM Ta puGHMX 3anmaciB. Ille 3 KO3auUBkMX 4YaciB Ta TATApChKHX
MOCENeHb  3aNMIIMAOCA GaraTo BiZOMHX TOMOHIMIB UMX ekocHcTeM — Komka,
MinnineHa, Jlanuuka, Ckap6ua, Pesyn, Piunwe, Kapaokpak, Kywyrym Towo [8].

3icraBnenus icTopuynoi KapTH-TPbOXBEPCTKH 1875 p. i3
aepogorozobpaentam 1943 p. (i3 caiity “IHTepakTHBHI icTopuuHi kaptu JHinpa”
(oldmaps.dn.ua ) Ta ocymeHoro aHa 3a gauuMy cynytHuka Sentinel-2 Bix 28 BepecHs
2023 p. (aus. puc. 1.6, 1.7) IEMOHCTpYE fK BiAHOBHJIOCH pycio p. KoHka y paiioHi c.
Bonsnoro, HoBonasniscekuii numan Ta p. Piumme y paiioni YepBOHOrpHropiBKH.
TlopiBHIOOUM HUHiLIHIO Mopgorpadiio aHa KOMMIIHLOTO BOAOCXOBHILA 3 PHUCOBKOIO
TiAPONOTiYHHX ENEMEHTIB, MiABMILEHMX TA NOHWKEHHX NIMSHOK Ha ICTOpPHYHHX
300paXkeHHAX CNiA 3a3HAYNTH, WO bino3epcbkuii nuMaH icHyBaB i paHilie, KOHTYpH
pycen Yopromnuka i Ckap6uoi, cnisnamaiots 3a OKPECJIEHHSMH; yxkKe BUHALLIM_3-fi
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BOAH | popmytoThes Cynuubki Ta Yopromnuubki naasHi, MOKH 110 sk 6010Ta. 3a-AHom
BOAOCXOBHIIA BXE BIAHOBAEHO pycno Jlwinpa, ade y N€AKHX MICLSX BOHO
BHNpAMHNIocs (puc. 1.8). HosoyTBOpeHa cHcTeMa Ayxe NMHAMiuHA i 3aN€XHTh Bid
HU3KH YHHHUKIB — ONaJiB, CKUAIB BOIH 3 BEPXHiX BOLOCXOBHILL.

Tepuropis, wo nepe6ysana nin BOJOCXOBHLUEM, NepebyBac y MoCyuluBiii,
Ayxe Temlifl arpokniMaThuHii 3omi. Kiimar NOMIPHO-KOHTHHeHTanbHui. JliTo,
NEPEBAXKHO, JKaApKe, Cyxe, 3UMa - M’sIKa | MANOCHDKHA. 3 NPHPOIHHUX KOMIOHEHTIB —
KIIMaTM4Hi yYMOBHM, KiNbKicTh omagis € KJIIOYOBHM MOMEHTOM Y (oOpMyBaHHi
€KOCHCTEMH CTeny. 3araloM KiIiMat 3a icTOpUUHHMil NEPiOA 3a3HAB KOIMBANLHUX 3MiH,
AOCHIAHHKHM-TeOrpady BiA3HAYAIOTH IMILIEHHS MeXi NiBHIYHOTrO cTemy Ha niBHiy [15].
BonoainbHi nosepxhi Ta cxumm 6anok nepeBaxxHo po3opani. IIpuponxa pocnuuuicTs —
PI3HOTPaBHi cTenyu Ta Gaiipauni nicu — 36epernucs Ha cXMnax GOk, OcHoBHUMH
nopozxamu 6Gaiipaunux micis Ta sicocMyr € ay6, Gina akauis, KJieH.

On the floodplain and the first floodplain terraces of the Dnipro before the
flooding, a significant soil diversity was observed - fertile black earth-meadow soils on
sandy elevations and terraces, turf soils on sandy islands, and marshy and muddy soils
in the lower floodplain. Here, there was a system of islands, meadows, thickets, lakes,
inlets, and inlets, which were a place of concentration of flora and fauna of southern
Ukraine, a source of clean water and fish stocks. Since Cossack times and Tatar
settlements, many well-known toponyms of these ecosystems have been preserved -
Konka, Pidpilna, Lapinka, Skarbna, Revun, Richishche, Karachokrak, Kushugum,
etc. [8].

Comparison of the historical map — three-fold version of 1875 with an aerial
photo of 1943 (from the site “Interactive historical maps of the Dnipro”
(oldmaps.dn.ua) and the drained Don according to data from the Sentinel-2 satellite
from September 28, 2023 (see Fig. 1.6, 1.7) shows how the Konka River in the area of
the village of Vodyano, the Novopavlivsky estuary and the Richishche River in the
area of Chervonogrigorivka have been restored. It compares the current morphography
of the bottom of the former reservoir with the drawing of hydrological elements in
elevated and lowered areas on historical images. It is noted that the Bilozersky estuary
existed before the contours of the Chortomlyk and Skarbnaya riverbeds coincide in
outline; they have already come out of the water, and the Sulytskyi and Chortomlytskyi
floodplains are forming, so far like swamps. At the bottom of the reservoir, the channel
of the Dnipro has already been restored. However, in some places, it has straightened
(Fig. 1.8). The newly formed system is dynamic and depends on several factors, such
as precipitation water releases from upper reservoirs.

The territory occupied by the reservoir is located in an arid, hot agro-climatic
zone. The climate is moderately continental. Summer is primarily hot and dry; winter is
mild and has little snow. Of the natural components — climatic conditions — the amount
of precipitation is critical in forming the steppe ecosystem. In general, the climate has
fluctuated over the historical period, and researchers and geographers have noted the
shift of the border of the northern steppe to the north [15]. The watershed surfaces and
slopes of the streams are mostly ploughed. Natural vegetation in the form of multi-
grass steppes and birch forests has been preserved on the slopes of the streams. The
main species of Bairach forests and forest strips are oak, white acacia, and maple.



Puc. 1.7. Jlno Bopocxosuia Mik cenamu Kanyonieka i Bennka 3nam'sinka: A) Fig. 1.7. The bottom of the reservoir between the villages of Kapulivka and Velika
acpootozobpakenns, epecens 1943 p. Caiit: oldmaps.dn.ua; B) 306paxenns 3 Znamyanka: A) aerial photo, September 1943. Website: oldma

. ps.dn.ua; B) image from
cynmytHHka Sentinel-2 iz 28.09.2023 p. the Sentinel-2 satellite from 09/28/2023.

Puc. 1.8. Ceno Boasine na JliBobepesioki. Binnosnenus pycna p. Kouka, a Takox

KOHTYpiB CTapuX 03ep Ta NPOTOK 33 JHOM: A) aepodoTosobpaienns, sepecenn 1943 p. contours of old lakes and channels along the bottom: A) aerial photo, Se tember 1943

Caiit: oldmaps.dn.ua; B) 300paxenHs 3 cynyTHnka Sentinel-2 Bin 28.09.2023 p. Website: oldmaps.dn.ua; B) image from the Sentinel-2 — i_mm-ﬁ;e;)l emb cr”lR 4::(,}1«
. September 28, 2023,
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PO3JILJ 2. HACJILAKY PYHHYBAHHS KAXOBCBKOI I'EC:
3A JAHUMHU KOCMIYHOI 3HOMKHA

2.1. Iliapue naméu Kaxoscbkoi 'EC: xpoHosoris noniti

6 uepsHa 2023 p. mix 02:00 Ta 03:00 Houi ceiicMiuHi ceHcopH Ykpainu Ta
Pymynii 3adikcyBanmu o3saku BuGyxiB, a 6ausbko 06:00 paHky onepaTHBHe
komaHaysauus “IliBaeHp” 36poiiHux cun YkpaiHu MOBIZOMHIM NMpPO KatacTpody Ha
Kaxosceki#t TEC. 3a nosigomnenusam HauanbHuka XepcoHCbKoi 061acHOl BificbkoBoi
aaminictpauii O. [Tpokyaina, craHom Ha 07:30 paHKy ubOro aHs 6yiH moBHicTIo a6o
HacTKOBO 3aTOIUICHO HaceleHi NyHKTH — Taruska, JIbBoBe, Onpamokam’siHka
bepucnascbkoro paiiony, Isaniska, Mukinsceke, Tokapiska, [TousTiska, Binosepka. O
08:00 panky wyepes 3aronnenns paiiony KopaGen y Xepcoui BinGynocs #Horo
3HECTPYMJICHHS.

3a noBinoMieHHSM YKpaiHCHKOrO HaUiOHaNLHOTO iH(OPMAaLiiHOro areHTCTBa
YKPIHO®OPM, y kputuuniii 30Hi pusuky Tinbkd Ha npasoGepexoxi [uinpa
onuHunoca 6ausbko 16 tHe. mopeit. Hacniaku katactpodu Ha niBoGepexoki Jlninpa
CTan Habarato cepio3HilIMMK 4Yepe3 ABa OCHOBHI YUMHHMKH — MO-NeEpLue, TiBuii 6eper
AHinpa Hwx4uii 3a npasuii, TOMy TyT oA 3aTOMIEHHs 6yna 3Ha4Ho GiNlbIIO0; MO-
Apyre, MpeACTaBHUKH pOCiHChbKOl OKynawiiiHol Blagu He CTBOPHIH HEOOXiOHHX yMOB
0RO eBaKyaulii HaceeHHs i3 30HM 3aTOMIEHHSL.

3a panumu JlepxaBHoi ciyx6Gu HamsBMuYaliHux cuTyauii, 7 YEepBHA Ha
riaposoriyHoMy nocty y Xepcoi 6y/10 3ahikcoBaHO MiAHATTS PiBHSA BOAM Ha 5,3 M;
BoAHO4ac y Hikonosi, Ha y36epexoki KaxoBCbkoro Boa0CXoBuILa, WO N0Yan0 CTPiMKO
MiJlilaTH, BiA6yBanocs 3HMKeHHs PiBHA BOIHM Ha 2,2 M.

Oxpim Jlninpa, piBeHb BOHM 3HAYHO MiIHSBCS TakoX Ha p. IHryneus Ta y rupai
npuTokH Inrynbus, p. BHcyHb; TakuM YHHOM, 3aTOMMEHUMH BHABHJIMCS BejlMKa
KUIbKICTh PUGEPEKHUX HACEEHUX MyHKTIB Ta IHPPacTpyKTypHUX 06 €KTiB, 30KpeMma,
COHSIYHI eJIeKTPOCTaHLI.
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CHAPTER 2. CONSEQUENCES OF THE KAKHOVKA DAM
DESTRUCTION: ACCORDING TO SPACE SURVEY DATA

2.1. Undermining of the Kakhovka Dam: chronology of events

On June 6, 2023, between 02:00 a.m. and 03:00 a.m., seismic sensors of
Ukraine and Romania recorded signs of explosions, and around 06:00 a.m., the South
operational command of the Armed Forces of Ukraine reported the disaster at the
Kakhovka Dam. According to O. Prokudin, the head of the Kherson Regional Military
Administration, as of 07:30 a.m. that day, the following settlements were entirely or
partially flooded: Tiahynka, Lvove and Odradokamianka in the Beryslav district, and
Ivanivka, Mykilske, Tokarivka, Poniativka, Bilozerka. At 08:00 a.m., due to the
flooding of the Korabel district of Kherson, it was cut off,

According to the Ukrainian national news agency UKRINFORM, up to 16,000
people are in the critical risk zone on the right bank of the Dnipro River alone. The
consequences of the disaster on the left bank of the Dnipro River were much more
severe due to two main factors: firstly, the left bank of the Dnipro River in this region
is lower than the right, so the flooded area was much more significant; secondly,
representatives of the occupying forces did not pay the necessary attention to
evacuation measures.

According to the State Emergency Service, on June 7, a water level rise of 5.3
m was recorded at a hydrological station in Kherson, while a water level drop of 2.2 m
was observed in Nikopol, on the coast of the Kakhovka Reservoir, which began to flow
rapidly.

In addition to the Dnipro River, the water level also rose significantly on the
Ingulets River and at the mouth of the Ingulets tributary, the Vysun River; thus, a large
number of coastal settlements and infrastructure facilities, in particular, solar power
plants, were significantly flooded.



Ha 8 uepsus 2023 p. cepenHiil piBeHp migHATT Bomu y JIHinpi y mexax
3aTOMJEHHX TepuTOpil cTtanoBuB 5,6 M. UacTkoBO a6o moBHicTIO OyiH 3aTOMeEHi
Onpanokam'suka, Tsaruxka, JIbBoBe BepucnaBcbkoro padoHy, IMonsriska, binosepka,
IBaniBka, Mukinbcbke, TokapiBka, npubepexxna uacTiHa XepcoHy. Takox uepes
MiATOMIEHH MPOMHUCIOBUX 06’€kTiB XepcoHy Binbyiocs 3abpyAHEHHS NpHIETrIHX
TepuTopili HadTONpoAyKTamH. 3aranom Ha miBoGepexois npunazac 32 % nuowi
3aTOIUIEHHs, Ha npaBodepexoks — 68 % (puc. 2.1).

JliBoGepexoks uinpa noctpaxaano HaGaraTo Ginblue, OKpeMi BEHKi MicTa Ta
ceNMILa Maiixe MOBHICTIO OMMHMIKCA niJ Boxoto. 3okpema, ['ona INpucrans, Onewiky,
Kopcyuka, Kpunku, Kosaui Jlarepi, Kapnammnuka, Mana ta Benuka Kapaawnnky,
Koxanu. YacTkoBOMY MiATOMNIEHHIO migaanacs takox Hosa Kaxoska.

[MinsuiueHn#i piBeHb BOAM TpUMaBcs N0 9 uepBHs, MICNA 4YOro BiH M0YaB
noctynoso 3Huxysartucs. Ha Xepconcbkomy crBopi 11 yepsua o 7:00 panky piseHb
BOM CTaHOBMB 3,92 M, a 0 20:00 — 3,6 M, Ha 1,77 M Hixue Bid MakcuMyMy. Boanouac
Ha HikononscekoMy cTBOpi piBeHb BOAM 3HM3MBCA Ha 7,67 M i NpOROBXYBaB
3HIKYBAaTHCS, 3HAMEHYIOYM 3HUKHEHHS HaibinblIoro BoaocxXoBHuA B YkpaiHi 3
06’emom 18,2 kv>.

3a indopmanieio, HamaHow kommaniclo YKPITIPOEHEPIO, yHacnizox
pyiinypanna Kaxoscbkoi TEC Ykpaina stpatuna 3540 % 3anaciB NUTHOT BOAH, SKYy
Morna 6 crnoXuBaTH ynpouoBx poky. IlpobiaeMu 3 BORONMOCTa4YaHHAM BHHHKIN Y
Kpusomy Poszi, Mapranui, Hikononi, BTpaueHO MOXJIMBICTb BOLONOCTaYaHHs
Kpumcekoro nisoctposa IliBHiuHO-KpUMCEKHM KaHalloM.

OkpiM BemMKOi KiNILKOCTI HAaceleHMX TYHKTIB, 4YacTKOBO 3aTOIIEHHMH
BHSBHJIMCh HM3KAa 00’€KTiB NPHPOAHO-3aMOBiAHOrO GoOHAY YKpaiHH, AKAMH ayxe
Garata pinsHka y rupni Jluinpa. 3aranom, ycs axsaropis [lHinpa Hixue rpeGii
Kaxoscbkoi TEC npecTaBisie HauioHanbHui NpUPOAHHIA napk
“HiKHBOIHIMPOBCHKHIA™ i3 3aranbHolo muiowero 801 kM’, skt Mafixe NOBHICTIO
BUSIBMBCS 3aTOMAeHUM. TaKoXK MOCTpaXAani HU3Ka JaHAIWadTHUX 3aKa3HHKIB.
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As of June 8, 2023, the average level of water rise in the Dnipro river within the
flooded territories was 5.6 m. Odradokamianka, Tiahynka and Lvove in the Beryslav
district, Poniativka, Bilozerka, Ivanivka, Mykilske, Tokarivka, and the coastal part of
Kherson were partially or entirely flooded. Also, due to the flooding of industrial
facilities in Kherson, the surrounding territories were contaminated with oil products.
In general, 32 % of the flooded area is on the left bank and 68 % on the right (fig. 2.1).

The left bank of the Dnipro River suffered much more. Some large cities and
towns were almost entirely underwater, in particular, Hola Prystan, Oleshky, Korsunka,
Krynky, Kozachi Laheri, Kardashynka, Mala and Velyka Kardashynka, Kokhany.
Nova Kakhovka was also partially flooded.

The elevated water level lasted until June 9, which began to decrease gradually.
On June 11, at 7:00 a.m., the water level was 3.92 m on the Kherson reservoir. and at
8:00 p.m., it was 3.6 m, 1.77 m less than the maximum. At the same time, the water
level in the Nikopol reservoir dropped by 7.67 m and continued to drop, marking the
disappearance of the largest reservoir in Ukraine with a volume of 18.2 kr;l3

According to the information provided by UKRGHYDROENERGO' due to the
destruction of the Kakhovka Dam, Ukraine lost 35-40% of its drinking wat;r reserves
which could be consumed during the year. Problems with water su :

Rih, Marganets, and Nikopol, and the possibility of water
peninsula via the North Crimean Canal was lost.

pply arose in Kryvyi
supply to the Crimean

In addition to many settlements, several objects of the nature fund of
Ukraine, which are very rich in the area at the mouth of the Dnipro Ri ""eser"e d . t
be partially flooded. In general, the entire water area o ; R o e
Kakhovka Dam represents the Lower Dnij
801 km?, which was almost completely
affected.

' f the Dnipro River below the
pro National Nature Park with a total area of

flo
oded. Some landscape reserves were also



- Bosana noeepxHsa Ao 3aronnenns 6 yepsus 2023 p. [ Boana nosepxus cranom Ha 9 ueprus 2023 p.
Water surface before flood on 6 June, 2023 = Water surface on 9 June, 2023

Puc. 2.1. Kaprocxema Boanoi nosepxHi JIHinpa ta Iurynbus /10 3aToneHHs Ta uepes
TPH IHI nicas pyiinysanns Kaxosebkoi 'EC 6 yepsus 2023 p. (na 9 uepsust 2023 p.).
Jlanl npo BoAHY NOBEPXHIO OTPUMAHO 3@ 3HIMKaMH cynyTHukis Landsat-8 Ta -9.

Fig. 2.1. Map-scheme of the water surface of the Dnipro and Ingulets before flooding
and on June 9, 2023, three days after the destruction of the Kakhovka Dam on June 6,
2023 (data on the water surface were obtained from Landsat 8 and 9 satellite images).
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2.2. OnepaTHBHHI CYyNyTHUKOBHiI MOHITOPMHI 3aTOIUIEHHS Y ONTHYHOMY
AianasoHi eIeKTPOMArHiTHOr0 CNEKTPY

JIns aHanisy BMKOPHCTaHO 6araTocneKkTpaibHi JaHi, OTPHUMAaHi CyNyTHHKaMH
Landsat-8, Landsat-9 iz 01.06.2023 p. (To6T0, o niapusy I'EC) Ta Bin 09.06.2023 p.
(uepe3 Tpu n06u micns miapusy). Jlis onepaTMBHOTO OUiHIOBaHHS MacluTabis
3aTOMNEHHA TepuTOpii OOpaHO KOMIUIEKT KapT pO3MOAUTY HOPMalli30BaHOro
mubepeniitnoro ingekcy Bomorocti NDWI (Normalized Difference Water Index),
AKHH pO3paxoBYEThCA 32 HOPMYJIOLO:

NDWI = (NIR - Green)/(NIR + Green),

Je NIR — 3HayeHHs CNeKTpaibHOro BiaGWTTs y OGnmxHiii iHdpauepBoHiii obnacTi
cnexTpy. a Green — 3HAa4YEHHs CTIEKTPAILHOrO BIAGHTTA y 3eneHiit obaacti crekTpy.

Takox BUKOpHCTaHO po3nofiny noeepxHeBoi Temnepatypu LST (Land Surface
Temperature), oTpumani cynyTtHukamu Landsat-8 Ta Landsat-9, i nami
rincoMeTpHYHHX PiBHIB, ki 1o6pe cebe 3apeKOMEHyBaNy B aHANIOTIYHiH CHTyauil mia
yac 3atonnenHs [puipninusa (Kuiscoka obnacts) y 2022 p. [18].

Y pesynbTaTi aHanisy CymyTHMKOBMX JaHMX i uu(poBoi Mofeni MicLeBoCTi,
nobynoBanoi 3a mauumu SRTM v.3 plus (puc. 2.2) BH3HAYEHO IUIOLLY 3aTOIUICHHS
TepuTOpii yepes Tpu n06M micna pyiiHyBaHHs Aambu. PesynbTath aHamizy 3MiHu
mnomti BogHOT noBepxHi JIHinpa Ta IHrynbus 3aCBiI4MIH, WO MIOLIA BOAHOT NOBEPXHI
y Mexax AOCHiIKYBaHOT HiNSHKM 4O 3aTOMUIEHHs CTaHOBMna 61m3bko 784 kMm%, a Ha
9 uepsua 2023 p. (uepe3 3 ami micns pyinysanus I'EC) 3a3Hayena niowa pocsria
BennunHy 1480 kM2, To6TO, 36iMbIIMIACE HA 696 KM,
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2.2. Operational satellite monitoring of flooding in the optical range of the
electromagnetic spectrum
Multispectral data obtained by Landsat 8 and 9 satellites from 06/01/2023
(before the detonation) and 06/09/2023 (three days after) were used for the analysis. A
set of maps of the Normalized Difference Water Index (NDWI) distribution was

chosen for the rapid assessment of the extent of flooding, which is calculated according
to the formula:

NDWI = (NIR — Green)/(NIR + Green),

where NIR is the value of the spectral reflectance in the near-infrared range of the
spectrum, and Green is the value of the spectral reflectance in the green range of the
spectrum.

Land Surface Temperature (LST) distributions obtained by Landsat-8 and
Landsat-9 satellites and the hypsometric levels data, which proved themselves well in a
similar situation during the flooding of Pryirpinnia (Kyiv region) in 2022, were also
used [18].

As a result of the analysis of satellite data and a digital model of the terrain built
according to SRTM v.3 plus data (Fig. 2.2), it was determined that the flooded area
three days after the destruction of the dam. The results of the area change analysis of
the Dnipro and Ingulets River water surface showed that the area of the water surface
within the studied area before flooding was about 784 km?, and on June 9, 2023 (3

days after the destruction), the indicated area reached 1480 km?

, that is, it increased on
696 km?.
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Fig. 2.2. Gypsum scheme of the of the Dnipro River valley from a destroyed dam
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Puc. 2.4. 3aronneHa nonuHa HkHBoro Jlninpa nicns pyinysanus rpedni Kaxoscekol
I'EC 3a pauumu cynytuuka Landsat-9 in 9 uepsns 2023 p. Konboposuii komMmnosut
KaHasliB: cepenniil indpauepsoHuii — GmukHIH iHpayepBoHHil — 3eneHnit

Iudbpamu y xonax mnosHadeno: 1 — I'peban Kaxoseskoi I'EC, 2 — Boaosabip
[liBniunokpumMcnkoro kanany, 3 — I'mpao p. Juinpo

Fig. 2.4. Flooded Lower Dnipro valley after the destruction of the Kakhovka dam
according to Landsat-9 satellite data of June 9, 2023. Color composite of SWIR2 — NIR —
Green bands

Numbers in circles indicate: 1 — Kakhovka dam, 2 — Water intake of the North Crimean
Canal, 3 — Dnipro River mouth



Ha 3uiMky no nigpusa rpebni (puc. 2.3) UiTKO TNPOCTEKYETECA DYCIO
p. Quinpo, p. Iuryneus, osep y 3amnasi, nensta J{Hinpa (4OpHuUii KOMip) Ta BlacHe
3annaBa (HacHyeHwWi 3enewmii konip). Y pycni p. [Hryneub BuAHO OOMimiHHA i
3apOCTaHHA pycna.

Ha 3niMky micna ninpusy rpe6ni (puc. 2.4) npakTH4HO Bcs 3amnaBa p.JlHinpo
3atomena. Piuku IlpaBoGepexoks y NPUrMPIOBMX YacTHHAX MiAMPYXEHi IITYYHUM
NaBOAKOM i 3aTomeHi Ha 6arato KiJJoMeTpiB yropy 3a Teui€r. YacTKoBoO 3aTomieHi
mictra Tonma [Ilpucrans, Onewku, paiion Kopaben Xepcona, Hosa Kaxoska,
npubepexHi cena i naudi noceneHHs. CkiagHa 00CTaHOBKA BiACTEKYETHCA Y NONHHI
p.Iuryneus, e cniocTepiracThcsi KpUTHYHE MIAHATTA PiBHA BOAM. Y 30HI MIATOMJIEHHS
ONUHMIHCA HaceneHi mynkTu Kanuniscbke, 3anoBit, KpacHonmobeusk, boGposuii Kyt
Ha BiACTaHi NoHax 45 KM yropy 3a Tedilo Bill rupna.

Ananis 3nasen> NDWI Ta Temneparypu 3emHoi nosepxHi LST (puc. 2.5 — 2.9)
YMOXUIMBMB YTOYHHTH TUIOILy 3aTOTUIEHHS y MeXaX NiNsHKM AociilkeHb. Posnoxin
3HayeHs NDWI micns pyiinauii rpe6ai i WTy4HOro NaBoAKy Ayxe AudepeHuiiosanuit
1 He nae 0HO3HA4HOI BiAMOBIi i PO MJIOLLY 3aTOMJICHHS.

JUs onepaTMBHOrO BM3HAYEHHs MEX 3aTOIUIEHHs OYJI0 BUKOPMCTaHO KapTH
nosepxHeBoi TeMneparypu LST, mo pospaxoByBaiucs 3a JaHHMH TEIUIOBOro KaHana
B10 cynytuukip Landsat-8, Landsat -9 (puc. 2.8 — 2.9). Ha kapti posnopimy
temneparyp LST no pylinysauns rpebai y nonudi p. [lHinpa oanosHauHo
BHAINSAIOTLCA pycno (Temnepatypa 20 — 25 °C), 3sonoxeHa 3amnnaea (Temneparypa 25
-30 °C) i cyxomin (Temneparypa 35 — 40 °C i Ginbwe). Ha xapri LST nicna
KaTacTpou 3annaa MOBHICTIO 3aTOMIEHA, 3ATHIIMIIMCA OKPEMi AINSHKH MiATOMNEHUX
3eMentb 3 060X GOPTiB KONMHK. 32 PaxyHOK KOHTPacTy TeMrepaTyp (NouaTok YepBHs)
MDK MpPOrpiTOI0 NOBEPXHEK CYXOAOMY i BIAHOCHO XOJIONHOIO BOAHOIO Macoio, IO
MeXa BiOKpeMJIeHHs 3aTOTUIEHHX TEPHTOPIH Bill He3aTOMIeHHX. Takox Ha TennoBuX
KapTax (ikcyeTbCs NiANPYXKEHHS | 3aTONNEHHA NPHTUPIOBUX YaCTHH JIKMaHIB i Manux
piYOK Ta HHXKHBOT YacTHHH p.IHryneus Ha npasobepexoki p. JIHinpo.

JIns yTOYHEHHS MEXi 3aTOMLICHHS JOCIIIKEHO TIMCOMETPi0 AONMHHH p. J(Hinpo,
Jie, BPaxoBYIOUYH MaKCUMaIbHUHA niaiioM NaBoOAKY A0 6 M, BHILE 338 AOKATACTPODiUHH I
piBeHb, 30Ha MiATOMIEHHs 0OMexeHa 6opTamMy I0IMHH 3 BITHOCHOIO BUCOTOIO 10 7 — 8
M Bi piBHs pycna i HHU3bKOI 3aMJjaBH.
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The image before the dam was blown up (Fig. 2.3) clearly shows the Dnipro
riverbed, the Ingulets River, lakes in the floodplain, the Dnipro delta (black), and the
floodplain itself (deep green). In the Inhulets riverbed, shallowing and overgrowth of
the riverbed can be observed.

In the image after the dam was blown up (Fig. 2.4), almost the entire floodplain
of the Dnipro River is flooded. The rivers of the Right Bank in the estuarine parts are
stressed by an artificial flood and flooded many kilometres upstream. The towns of
Hola Prystan, Oleshky, the Korabel district of Kherson, Nova Kakhovka, coastal
villages and summer cottages are partially flooded. The situation is complicated in the
Ingulets River valley, where a critical rise in water levels is observed. The settlements
of Kalynivske, Zapovit, Krasnolyubetsk, and Bobrovy Kut, more than 45 km upstream
from the mouth, are in the flood zone.

o The analysis of NDWI values and LST (Fig. 2.5 - 2.9) clarified the flooding
within the research area. The distribution of NDWI values after the dam's destruction

and the artificial flood is very differentiated and does not

give an unequivocal answer
about the flooded area. 9

' LST temperature maps were used to quickly determine the inundation limits.
whlcl? were_calculated based on data from the therma] channel B10 of Landsat-8, -9
Ziti““e: (F'% hzlil = 2.9). On the map of LST temperature distribution before the

struction of the dam in the Dnipro River valley, the channel (temperature 20 — 25°C),
wet floodplain (temperature 25 — 30 °C), and dry land (temperature 35 — 40 °C and
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Puc. 2.5. Posnonin snauens Hopmanizosasoro BogHoro ingexcy NDWI g0 katacTpodu
(32 06po6kot0 3HiMKy cymyTHuka Landsat-8 Bix 01.06.2023 p.)
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The value of NDWI
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areas with dense vegetation, sometimes moistened

from + 0.25 to + 0.50
dry areas with sparse vegetation

Fig. 2.5. Distribution of normalized water index NDWI values before the disaster.
Processing of Landsat-8 image from June 1, 2023.
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Puc. 2.7. Posnonin temneparyp 3emuoi nosepxni y noauni p. Juinpo mo minpuy
Aambu Kaxoscbkoro Bonocxosuima cranom Ha 01.06.2023 p.
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Fig. 2.7. Distribution of earth surface temperatures in the Dnipro River Valley before
the Kakhovka Reservoir dam was blown up as of June 01, 2023.
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2.3. OuiHka HacJiAKiB 3aTOMJIEHHS HAaceJeHHX NMYHKTIB Ta
ingpacTpykrypn BHacainok pyiinysanus Kaxoscnkoi TEC

YHuacninok pyiinyBanHs rpe6ni Kaxoscokoi FEC 6 uepsua 2023 p. Ha muomwi
npubausHo y 700 xM? Bin 3aTomnenHs nocTpaxaano 6au3bko 80 HaceneHMX MyHKTIB
y3noBx Geperie JIninpa Ta Iurynsus. 3 yciel 3atomneHoi Teputopii Haiibinbiie
nocTpaxcaana tepurtopis Mik M. Xepcon Ta 36yp’iBcbkoio i Kenereiicekoio apeHaMu
OnemmkiBCbKMX MiCKiB, SAKi MPEACTABIAIOTE COOOI0 NPOCTOPY HH3HHY.

Y XepcoHi noBHicTIO 3aTonneHuii npomuciosuii paiion Kopaben — niBaenHa
yactuHa Kopa6ensHoro paiioHy, BianineHa Bia pewrn micta npotokoto Komwosoio. ¥V
paiioHi, KpiM XuTHOBOi 3a6yn0BM, 30cepeleHi MPOMHCIOBI 00’€KTH, 30Kpema
Xepconcbkuit kopaGneGyniBHUI 3aBOA, WO Maio CyMyTHi €KONMOTiYHi HACIiAKH.
Takox Ha 3axigHux okomuusax Xepcona Binbynoca MIATOIUIEHHA TEPUTOpii yepes
MiZHATTA piBHA BomM y p. Bepesumna. 3axinHille MicTa 3aTomieHa AONMHA p.
Binosepka.

OcobnuBo kpuTHuHa cuTyauis cknamaca y M. Onemkw Ta cenuwax
Kapnammnka ta Koxauy, ski 6ynu noBHicTIO 3aTOMUIEHi, 1O CTBOPHIIO BUCOKY 3arpo3y
AJA XKUTTS HAaCENIEHHA Ta B CYKYNHOCTI i3 3aTOIUIEHHAM HaiOnmx4MX aBToMaricTpanei
Ta nepebyBaHHAM wi€i TepuTopii MiA poCIfiCbKOI0 OKyNaui€lo YCKJIaAHIOBAJIO
eBakyauiw. Bocenu 2022 p. pocificckumu BificbkaMH Nif 4ac BiacTyny Big XepcoHa Ha
niBoGepexoks JiHinpa Gyno 3pyiiHoBaHO AHTOHIBCHKHI MICT, sKuii 3’eaHyBaB Oneliku
3 [IpaBoGepexoKam Ta NOTEHUIHHO Mir CTaTH eBaKyauifiHUM LISXOM.

Takosx Maiixke NoBHOTro 3aToneHHs 3a3Hanu ['ona [pucranb, Mana ta Benuka
Kappawmnxa, sxi nepeGysany Ha mexi posnusy Boa KaxoBcbkoro BOAOCXOBHILA.

Haceneni nynktu ysnosx pycma [Juinpa Bia Hosoi Kaxosku no Kosaumx
Jlarepis Takox 3asHanu  3mayHoro 3atomneHHs. Tak, y Hosiii Kaxosui 6yno
3aTomIeHO npubepexHy MapkoBy 30HY Ta HaHOMKYi 10 piyky Byauui. Y JIHinpsHax,
IpaHiBui Ta Kosaumnx Jlarepax Takox BiaOynOoch 3aTOILUIEHHS NpHOEpexHOi 30HH.
Haceneni nyunktn Kopcywka Ta Kpunky 3a3Hand Maiike NOBHOrO 3aTOMIIEHHS.
Kputnuna cutyauis cknanacs y Kpuukax, ockinbku Teputopist Mixk Kpurkamu Ta
Ko3zauumu Jlarepsmu npencranse coGolo 3amnaBHy Tepacy, fka Takox Oyna
NOBHICTIO  3aTonjieHa pazoM i3  3aximHow  4acTHHOW  KopcyHbcbkoro
3aranpHO30010r14HOTO 3akasHuka. Ha npaBobepexoki JlHinpa 3atonieHHo nignanucs
NpUOEPeXHi YacTMHM HaceNeHMX MYHKTIB, 30KpeMa Y31O0BX pycia Iurynbus Ha
BiACTAHI y Gnmsbko 110 kM Bin rupia. 3aTOMJEHHS 3a3HANH HacesleHi NyHKTH
Kanuxischke, CuirypiBka, Adanaciieka, Hososacuniska, HootumoiiBka,
Muxaiiniska, ®Denopiska, 3apiuse Ta iH., HaceneHuii MyHKT Adanaciika Gyno
NOBHICTIO i30/1b0BaHO Bogoto (puc. 2.9 —2.11).
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2.3. Assessment of the consequences of the flooding of settlements and
infrastructure as a result of the destruction of the Kakhovka Dam

Bue to the dustruction of the Kakhovka dam about 80 settlements along the
banks of the Dnipro and Ingulets rivers were affected by the flooding within the area of
approximately 700 km? Of the entire flooded territory, the area between the city of
Kherson and the Zburyiv and Kelegey arenas of the Oleshkiv sands, which represent a
vast lowland, was the most affected.

In the city of Kherson, the Korabel industrial district — the southern part of the
Korabel district, separated from the rest of the city by the Koshova Strait - was
completely flooded. In addition to residential buildings, industrial facilities are
concentrated in the area, particularly the Kherson Shipyard, which had accompanying
environmental consequences. Also, on the western outskirts of Kherson, territories
were flooded due to rising water levels in the Verevchyna River. The valley of the
Bilozerka River west of Kherson was also flooded.

The situation was particularly critical in the cities of Oleshky and the villages of
Kardashynka and Kokhany, which were completely flooded. That created a high threat
to the lives of their population and, combined with the flooding of the nearest highways
and the fact that this territory was under russian occupation, made evacuation difficult.
In the fall of 2022, russian troops retreated from Kherson to the left bank of the Dnipro
River and destroyed the Antonivskyi Bridge, which connected Oleshky to the Right
Bank and could become an evacuation route.

Also, Hola Prystan Mala and Velyka Kardashynka, on the verge of spilling the
waters of the Kakhovka Reservoir, were almost completely flooded.

Settlements along the Dnipro River from Novaya Kakhovka to Kozachy Lagery
also experienced significant flooding. In Nova Kakhovka, the coastal park zone and the
streets closest to the river were flooded. Flooding of the coastal zone also occurred in
Dnipriany, Ivanivka, and Kozachy Lagery. The settlements of Korsunka and Krynky
were almost completely flooded. A critical situation arose in Krynky, as the territory
between Krynky and Kozachy Lagery is a floodplain terrace, which was also
completely flooded along with the western part of the Korsun general zoological
reserve. On the right bank of the Dnipro River, coastal parts of settlements were
flooded, including along the Ingulets River, which is a covered area approximately 110
km from its mouth. The settlements of Kalynivske, Snigurivka, Afanasiivka,
Novovasylivka, Novotymofiivka, Mykhailivka, Fedorivka, Zarichne and others were
flooded, the settlement of Afanasiivka was entirely isolated by water (fig. 2.9 - 2.11).
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3artonnexi Ta NiATOMIeH] TepHTOPIT cTaHOM Ha 9 YepBHS

Y 2023p.
" Flooded areas on 9 June, 2023

Puc. 2.9. OxpecieHHs HacelCHHX NyHKTiB, 110 HaiOinblie nocTpakaan Bijl
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A "'_i Haceneni nynkry

Settlements

Fig. 2.9. Outline of settlements most
Landsat-9 satellite on June 9 2023, C
red — near infrared — blye 0

1afFECted by flooding. Image obtained by e
our composite of channels in artificial colours
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Fig. 2.10. Outline of settlements most affected by flooding near Kherson city. Image
obtained by the Landsat-9 satellite on June 9, 2023. Color composite of channels in
artificial colors red — near infrared — blue

Puc. 2.10. Oxpecnenns HaceleHHX MYHKTIB, WO Haiibinblie NoCTpaskaani Bil
3aTonieHHs nobnnsy M. Xepcol. 300paieHHs, OTPHMaHe cynyTHHkom Landsat-9 3a
09.06.2023 p. Konbopormii KOMNO3NT KaHAMB Yy WITY4HHX KONLOpax “‘depBOHUH —

OanHii in(padepBonmil — cuuii”
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OxpimM Benukoi KiNbKOCTI HAaceneHHX MYHKTIB Ta 06 €KTiB NpHpOAHO-
3aMOBIAHOrO (OHAY y Mexax 3aTOMNEHMX TEpPHTOPiH XEPCOHIIMHH 30CepemkeHo
NPOMHCIIOB] Ta €HEPreTHUHi 06’ €KTH, fAKi TAKOX MOCTPAXKIATH Bill 3aTOMJICHHS. Cepen
HHX arponpoMHCIOBI 06’ €KTH, COHYHI €NEKTPOCTAHLIT Ta €NeKTPONiACTaHL, nopTH
Xepcowa, 3aBoau, HahTOBi Tepminany Ta iH. OCHOBHA KiNBKICTb MATOMNEHHX 06 €xTiB
nepebyBalu Ha OKyMOBAaHMX TEPHTOPIAX, TOMy OINBINICTE 3 HHX HA MOMEHT
py#inysanus Kaxoscbkoi TEC He dynkuionyBann. OfHaK, WKoAa eKOHOMiLi Ykpainu
Ta HaBKOJMIUHLOMY CEPENOBHILY 3aBlaHa 3a PaXyHOK MOLIKOJKEHHS YCTATKyBaHHS,
HacTHHA SKOrO BHABHJACA 3MHTOIO BOAaMH. 30Kpema, NIl 4Yac 3MHBY MaJHBHO-
MACTHJILHUX MaTepianiB Ta iHwuX piaus (puc. 2.12).

IlepeBaxcHa KijbKicTh 3aTonneHnx 06’ ekTiB 3ocepekeHo Y XepcoHi, Onewkax
Ta loniii INpuctani. Tak, y Xepcowi 3aTomieHo (akTHYHO Bci NIPOMHCIIOBI 00’ €KTH
Kopa6ensHoro paiiony:

* XepcoHcbkuit cynHOOyMiBenbHMI 3aBOK;

* Xepconcbkuii piuxosuii nopr;

* Cynnobyaisue nianpuemctro “Ilanaga”;

* XepcoHChKHit MOpChKHUI TOProBebHHU NopT;

* XepcoHcbka HagTo6a3a;

* Hadrorapans;

* Kinbka Manux nianpuemcTB Ha TepuTOPIi  KOJIHWHBOT Taspiiicbkoi
OyniBenbHOT KoMnaHii.

Yepes sHauHii 3aTonseHHs BENMKMX NMPOMHCIOBHMX NiANpueMcTB y XepcoHi
BUHMKIIA  CEDHO3HI  €KONOTiYHi 3arposd BHACNiZOK 3a0pydHEHHs TepUTOPIii
Hadronpoaykramu. ¥V Toniii Ipucrani 3aToneHo enesaTop, eNEKTPONiACTAHLIA Ta
3aBOJl KAMMILHTOBMX TIHT,

3HauHMX pyiiHyBaHp 3a3Hana inppacTpykTypa M. Onewku BHacHigok
MPaKTHYHO  CyUINLHOTO 3aTomieHHs MicTa. 3-mOMiK HUX - XepcoHCHLKMiA
Lemonosonaneposuii kombinat, MawmnHOGyAiBHHI 3aBOA “AMeTucT”, BeToHHMil
3aBox, enexkTponiacTaniis (150 kB) Ta 3 COHAYHUX €1EKTPOCTAHLI.

Cepen inmmx 06’ekTiB, WO NMOCTPaXIANH Bix 3aToMJieHHs, Tpeba HasBaTu
npom3ony Hosoi Kaxosku, enepatopy y Ko3zauekomy Ta 6ins TArMHKH, a Takox
COHAUHY enexTpocTanuito 6ina HoBosacunisky Ha Gepesi Inrynbus.

Bunnkna kputuuna cutyauis Ta TpyaHoui 3 €BaKyaui€lo HaceleHHa Oneox,
30KpEMa | Yepe3 3aTOMIeHHs BKTMBUX JOPIr — aBTOWIAXiB M 14 Ta P 57 Y310BX
yciei ainauku Onewku — Fona NpucTass.
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In addition to many settlements and objects of the nature reserve fund, industrial
and energy facilities are concentrated within the Kherson region's flooded territories,
which were also affected by flooding. Among them are agro-industrial facilities, solar
power plants and substations, Kherson ports, factories, oil terminals, etc. The main
number of flooded objects were located in the occupied territories. Therefore, most of
them were not functioning at the time of the destruction of the Kakhovka Dam;
however, the damage to the economy of Ukraine and the environment was caused by
damage to the equipment, part of which was washed away by water and due to the
washing away of fuel and lubricants materials and other liquids (F ig. 2.12).

Most flooded objects are concentrated in Kherson, Oleshky and Hola Prystan.

In Kherson, virtually all industrial facilities of the Ship district were flooded:

* Kherson Shipbuilding Plant;

* Kherson river port;

* Shipbuilding enterprise “Palada”;

* Kherson sea trade port;

* Kherson Qil Base;

» Oil harbour;

¢ Several small enterprises on the territory of the former Tavriya construction
company.

Due to the significant flooding of large industrial enterprises in Kherson, serious
environmental threats arose from contaminated territories with oil products,

In Hola Prystan, an elevator, an electric substation and a reed board factory
were flooded.

The infrastructure of the city of Oleshki was seriously damaged due to its
almost complete flooding. Among them are the Kherson pulp and paper mill, Amethyst
machine-building plant, concrete plant, electric substation (150 kV) and three solar
power plants.

Among other objects affected by the flooding, it is worth noting the industrial
zone of Novaya Kakhovka, the elevators in Kozatske and near Tiahynka, as well as the
solar power plant near the village of Novovasylivka on the shore of Ingulets.

The critical situation and difficulties with evacuating the population of Oleshky
also occurred due to the flooding of important roads: highway M 14 and R 57 along the
entire section of Oleshky ~ Hola Prystan.
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2.4. BIuIMB 3aTOM/ICHHS HA PHPOJ00XOPOHHI TepHUTOPIl HHAKHBOTO [lHinpa

Tineku y Hukniil Teuii, sin Kaxoscwkoi TEC 1o Jlninposcsko-bysekoro
nmumany, p. Jlminpo 30eperna cBiit NOpIBHAHO TNPHPOJHMH CTaH. 3anmasHo-
JiTopanbHi KOMIIekcH AenbTu J[Hinpa € ocepeaKOM 3HAYHOrO O1OPI3HOMAHITTA i
Hanexars 10 Pamcapcekux yrigs [19]. 3 2015 p. iX OXOpOHsIOTH y CKiaal
Hauionansnoro npupoanoro napky (HIIT) “Huxabaninposeekuit” (puc. 2.13).

Vuacnigok pyiinanii Kaxoscskoi ['EC maibke ses Teputopia HIIIT 6yna
satonena. CTpiMKe MiJBUIIEHHS PiBHS BOJAM MPHU3BENO 0 MacoBOi 3arndeni AuKux
TBAPHH Ta YHIKATLHHX POCIHH, a EKOCHCTEMH [apKy 3a3HaliM KartacTpoiyHoro
BrLIHBY [20].

JUtsi BU3HAYeHHS [MHAMIKM 3aTOTUEHHs BOAHO-O0OMOTHHX yrifb OGyio
3aj1y4eHo 4acosuil paa (puc. 2.14) AOCTYNMHMX CyNMyTHHKOBMX 3HIMKIB Sentinel-1
[21], onepianux 10 MOMEHTY katacTpo(u, 2 4epBHs, Ta micns Hei — 9, 14 1 21
uepsHs 2023 p.
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2.4. The impact of flooding on protected areas of the lower Dnipro

The Dnipro River preserved a relatively natural state only in the lower
course, from the Kakhovka Dam to the Dnipro-Bug Estuary. The floodplain and
littoral complexes of the Dnipro delta are a biodiversity hotspot and belong to the
Ramsar sites [19]. Since 2015, they have been protected as part of the Lower Dnipro
National Nature Park (Fig. 2.13).

The destruction of the Kakhovka Dam flooded almost the entire territory of
the nature park. The rapid rise in the water level led to the mass death of wild
animals and unique plants, and the park's ecosystems were catastrophically affected
[20].

A time series of available Sentinel-1 satellite images [21] (Fig. 2.14)
obtained before the disaster, on June 2, and after it — on June 9, 14, and 21, 2023 —
was used to determine the dynamics of wetlands flooding.
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Puc. 2.13. Kapra dyukuionansnoro 3oHysanHs HaiionanbHOro npupoaHoro napky Fig. 2.13. Functional zoning map of the Lower Dnipro National Nature Park. Source:
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* Meski, Bu3HaueHi 3a BeecpiTHbo 623010 aHMX MPHPOLOOXOPOHHHX TEPHTOPIIi, BiTIoualoTs HITTT “HxHBOAHINPOBCHKHI™
* The boundaries are defined according to the World Database of Nature Protected Areas (WDPA) and include the Lower Dnipro National Nature Park

Puc. 2.14. Jlunamika 3aTOMICHHs BOAHO-BONOTHHX YTi/lb ¥ MeKaX NPUPOI00XOPOHHHX Fig. 2.14. Dynamics of wetland flooding within the protected areas of the lower Dnipro
TepuTopiii HIKHBOTO JIHiNpa, 3a nanumu cynyTHika Sentinel-1 by Sentinel-1 SAR data
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OTpuMaHi kapTH IEMOHCTPYIOTh CTPiMKe 3611bLICHHS MIIOLLI BOAHOTO A3epKana
3 MOMEHTY KaTacTpodu a0 9 uyepBHa 2023 p., micia YOro po3no4anocs MOCTYnoBe
3MeHIIeHHs Iuowi 3aTomnennsa. Jlo 21 yepsHa 2023 p. ruowia BOAHOrO A3epkana
KaxoBcbkoro BOZOCXOBHILA y MeXax NPHPOJOOXOPOHHHX TEPHTOPIH HHXKHBOrO
JlHinpa HeicTOTHO 3MEeHIUMIAcA MOPIBHAHO 3 nioLeto Ha 2 yepBHa 2023 p.

BusHaueHHs 06CAry MOLIKOMKEHHS POCIMHHOCTI BHACIINIOK 3aTOMNEHHS, a
TaKOX BHSBNEHHs XapaKTepy Ta AMHaMIKH 1X BiAHOBJEHHS 3IiIACHIOBAIOCS HA OCHOBI
YacoBOro psAxy IOCTYMHHX CYNyTHHKOBHX 3HiMKiB Sentinel-2 - no Momenty
KatacTpogu — 3 Ta 5 uepBHA, oapa3y micns 3aTomneHHsa — 20 Ta 23 uepBHs, Yepes nBa
Ta TPU MICALI Mic/s 3aTOMNEHHs, Bianosiaguo 17 cepnus ta 16 BepecHs 2023 p. (puc.
2.15,2.17, 2.19, 2.21). Ina ABOX mepiMX YacOBHX BimlikiB 6yJ0 CTBOpEHO 6e3xMapHi
komnosutH. OnTuyni GaratocnekTpaibHi 3HiMkM Sentinel-2 3  npoctoposoio
po3pisHennicTio Big 10 go 60 M IWIKMPOKO 3aCTOCOBYKOTbCA MJI1 JETalbHOro
BinOOpaXkeHHs BiAMIHHOCTEHl y CTaHi POCIMHHOCTI, 30KpeMa, H yacoBMX 3MiH [22].
HajiyacTime y upoMy BMMajKy 3acTOCOBYIOTb BEreTaUiiHUA iHAEKC HOpMani3oBaHOi
pisnuui (NDVI), skuit xapakTepusye KiIbKiCTh POCAHHHOCTI i 3YMOBIOEThCA i
(oTocHHTeTHYHOAKTHBHUMH KoMmoHeHTamu [23]. NDVI no6pe kopenioe 3 6iomacoro
Yy BUMajKax, KOJH BiIOMHMi1 THM POCIHHHOCTI.

OTpuMaHi KapTH [EMOHCTPYIOTh 3HayHi TMOWIKOAXEHHA YCIX POCIHHHHX
KOMIJIEKCIB Ha yCiit IPUPOA0OOXOpOHHiii TepuTopii (puc. 2.18). Y cepnni (puc. 2.20) Ta
BEpECHI (puc. 2.22) BiaOyBacThCs 3HauyHe BIJIHOBJIEHHS 3eJ1IeHOT
(OTOCHHTETMYHOAKTHBHOT) MacH POCIMHHOCTI, ane 3 MOBHICTIO 3MIHEHOK
CTPYKTYpOIO NPOCTOPOBOTO PO3NOAITY LNBHOCTI (iToMacH mepioy A0 karactpodu
(puc. 2.16). Tpote, ans Toro, w06 AOCTOBIPHO BH3HAYWTH, SIKi Came POCIMHHI
YIPYNOBaHHA BiAHOBIIOIOTBCA 1 Yy SAKOMY ckiagi, HeoOXiZHO NPOBECTH Ha3eMHi
nochimkenns. Jlinauku ysbepexoks o. Kosaubkuii Ta 3annasu Huinpa 6ins
KasHaueiicbkoro 1MMaHy, AKi MOBHICTIO 3MHUTI CTPIMKOIO BOJOIO, HE BiAHOBHJINCA.

4]

The resulting maps show a rapid increase of the water mirror area from the
moment of the disaster until June 9, 2023, after which there is a trend towards a slight
decrease in the flooded area. By June 21, 2023, the Kakhovka Reservoir was emptied,
and the area of the water mirror within the nature protection areas of the Lower Dnipro
River had decreased insignificantly compared to June 2, 2023.

Determining the amount of disturbance to the park's plant complexes due to
flooding and identifying the nature and dynamics of their restoration was done based
on a time series of available Sentinel-2 satellite images. The images were selected on
dates before the disaster — on June 3 and 5, immediately after the flooding — on June 20
and 23, two and three months after the flooding, on August 17 and September 16,
2023, respectively (Fig. 2.15, 2.17, 2.19, 2.21). Cloud-free composites were created for
the first two time slices. Optical multispectral images of Sentinel-2 with a spatial
resolution of 10 to 60 m are widely used to display differences in the state of
vegetation, including temporal changes [22]. The normalized difference vegetation
index (NDVI), which characterizes the amount of vegetation and is determined by its
photosynthetically active components, is most often used [23]. NDVI correlates well
with biomass in cases where the vegetation type is known.

The maps show significant damage to all plant complexes in the protected area
(Fig. 2.18). In August (Fig. 2.20) and September (Fig. 2.22), a substantial recovery of
the green (photosynthetically active) mass of vegetation is observed, but with a wholly
changed structure of the spatial distribution of phytomass density relative to the period
before the disaster (Fig. 2.16). However, ground research is necessary to reliably
determine which plant communities are being restored and in what composition. The
areas of the coast of Kozatskyi Island and the floodplains of the Dnipro River near the
Kaznacheiskyi estuary, which were thoroughly washed away by rushing water, have
not recovered.



Puc. 2.15. 306paskeHHss NPHPOAOOXOPOHHUX TEPHTOPIi HUKHBbOrO [IHiNpa, oTpumane Fig. 2.15. Image of protected areas of the Low
cynyThukom Sentinel-2 3 Ta 5 uepsns 2023 p. Sentinel-2 satellite on June 3 and 5, 2023.
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Water surface 0.3-0.46

MinkoBoLas

Shalow water - 0.46 - 0.5

BigkpuTHii IpyHT, cyxa abo ayike MOLIKOKEHA POCTHHHICTL -
- S-1

Bare land, dry or severely damaged vegetation

Pospimkennii abo MOMiIPHO MOUIKO/UKEHHH POCTHHHUIA NOKPHB
Scarced or moderately damaged vegetation cover
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HoGpe 3iMkHeHeHHIT POCIHHHKIT TOKPHB, 3 NEPEeBAXKHO TPAB’ AHOIO POCIHHHICTIO
Well-closed vegetation cover, with mainly herbaceous vegetation

HlinbHuii pociiHHKI NOKPHB, 3 4arapHUKOBOKO POCIMHHICTIO HA AINSHKAX CyXonomy
Dense vegetation cover, with shrubby vegetation on dry land areas

Han3suuaiino winsHuii POCIHHHHIT MOKPHB, 3 AEPEBHOIO POC/HHHICTIO

Extremely dense vegetation cover, with woody vegetation on dry land areas

Fig. 2.16. The NDVI index spatial distribution of the Lower Dnipro protected areas,
calculated from the Sentinel-2 images of June 3 and 5. 2023.
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Puc. 2.18. INpoctoposuii posnoain inxekcy NDVI npuponooxoponnnx tepuropiii

HkHboro JlHinpa, po3paxoBamii 3a suiMkami Sentinel-2 20 ta 23 yepsus 2023 p.
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0 i i i i
Jlobpe 3iMKHEHEHHIT poCTHHHHI NOKPHB, 3 NepeBa)KHO TPaB’ AHOIO POCAMHHICTIO

0.3-0.46
Well-closed vegetation cover, with mainly herbaceous vegetation
0.46 - 05 LlinbHuii pocnnuunii nokpuBs, 3 YarapHUKOBOIO POCIHHHICTIO HA AUTSHKAX cyXonomy
Dense vegetation cover, with shrubby vegetation on dry land areas
H ~ . o o .
05 -1 AA3BHYAHHO LLITLHHA POCIMHHMIL NOKPHB, 3 AEPEBHOI0 POCTHHHICTIO

Extremely dense vegetation cover, with woody vegetation on dry land areas

Fig. 2. : ot s e
I% | 1. 'ljhe NDVT index spatial distribution of the lower Dnipro protected areas was
calculated from the Sentinel-2 images of June 20 and 23, 2023.



Puc. 2.19. 3o6paceHHs1 MTPUPOAOOXOPOHHHX TepUTOPiii HiKHBOTO [lHiNpa, oTpHMaHe
Cyny']‘]_]]a]KOM Sentinel—z 17 CepHHﬂ 2023 p. satellite on Augusl 17, 2023
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Bare land, dry or severely damaged vegetation

02 —0.3 Po3pimennii aG0 NOMipHO NOWIKOLKEHHIT POCAHHHII NOKPHB
o Scarced or moderately damaged vegetation cover

Puc. 2.20. IlpocTopoBmii po3noii innekcy NDVI npuponooxoponnux tepuropiit
wikiboro Jluinpa, po3paxosaniii 3a suimkami Sentinel-2 17 cepning 2023 p.

Minkosoaas
0-003 Shalow water - 0:46~10.3

0.3-046

0.5-1

Jo0pe 3iMkHeHeH i pocanHHKIT NOKPHB, 3 NEPEBAXHO TPaB AHOI0 POCAHHHICTIO
Well-closed vegetation cover, with mainly herbaceous vegetation

Llinbuuii pocIMHHKI NOKPHB, 3 YarapHHKOBOK POC/HHHICTIO HA ALUAHKAX CyXonomy
Dense vegetation cover, with shrubby vegetation on dry land areas

Han3suuatino wineuuii pocnuuumii NOKPHB, 3 AEPEBHOIO POCIHHHICTIO

Extremely dense vegetation cover, with woody vegetation on dry land areas

Fig. 2.20. The NDVI index spatial distribution of the lower Dnipro protected areas,
calculated from the Sentinel-2 images of August 17, 2023.



Puc. 2.21. 3006paxkeHHst NPHPOJOOXOPOHHUX TepUTOpilt HixHbOTO J{HiNpa, oTpHMaHe Fig. 2.21. Image of protected areas of the lower Dnipro, acquired by the Sentinel-2
cynytHukom Sentinel-2 16 Bepechs 2023 p. satellite on September 16, 2023. 1 }
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¢ NDVI index spatial distribution of the lower Dnipro protected areas,
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2.5. MoniTopunr 3min sikicHoro crany soa JIninpoBceko-By3bKoro JuMany
Ta akBaTopii YopHoro Mopsi BHACJiOK KaTacTpodivyHOro cnycky
KaxoBcbKOro BOIOCXOBHIIIA

3a3Buuaii OLiHKA AKOCTI BOAM NPOBOAMTHLCS 33 LOINOMOTOIO AITOPUTMIB, LIO
6a3yloTbC Ha BHUKOPHCTaHHI CYMyTHMKOBHX NaHHMX, 2 TaKOX Ha OCHOBI Ha3eMHHX
BUMipIOBaHb NapaMeTpiB AKkocTi Boay. Huska HaykoBux mocnimkeHs [24] noseny, 1o
QIrOPUTMM CHIiBBiJHOLIEHHS CMEKTPalbHUX CMYr 3a JaHUMH JOHCTaHLiiHOro
30HIYBaHHS € epEKTHBHUMH IS OLIHKH MapaMeTpiB AKOCTI BOAM Y BOAOHMAX, TaKHX,
K KoHUeHTpauis xjopodiny-a (Chl-a), koHueHTpauis ¢ikouianinie (PC),
kanamyTHiCTe Boau (Turb), rnubuua Cexki (SD) abo BMICT 3aBHUCIHMX TBEpIAMX
pedoBuH (SPM).

BignosigHe\aHanoriuHe OOCHAIINEHHS BUKOHAHO HJis TepuTopil JHIMpOBCHKO-
By3bkoro nuMaHy, a caMe MiBHIYHO-3aX10HOT YaCTHHH akBaTopii YopHOro Mops BiA M.
OuakiB no M. YopHOMOpchbk, BKmodaiouu npubepexHi Boau KinGypHcbkoi Ta
Tennepiscekoi  koc, Sropnuusky Ta TeHmepiBcbky 3aToku. Ha  OCHOBI
GaratocnekTpanbHUX AaHuX 3 cymyTHuka Sentinel-3 OLCI 3a nepioa 3 5 uepsHs 1o 26
BepecHs 2023 p. 6ys0 po3paxoBaHO HACTYMHI MOKa3HHUKH AKOCTI BOIM:

IIposopicte Boau 3a auckom Cekki (Secchi depth - SD). IlokasHwuk
HasfBHOCTI 3BKEHHX YacTOK y BOMi, OAMHHMUS BHUMIpIOBaHHA — MeTp. UWM MeHlue
3BKEHUX YaCTOK y BOMi, TUM Mpo3opila BoAa i Auck CeKKi JHIIAETLCS BUAMMUM Ha
Ginbwiii Bincrani. Y mocaifkeHHi 3acTocOBaHO anroputM pospaxyHky SD [25] ans

obuucnenb 3a Sentinel-2 Ta agantosaumii [24] ans BukopucTaHHs Sentinel-3 (puc.
2.23):

SD = 0.036x((Red)/(VNIR 749 xVNIR 342))+0.79.

Kanamytnicts Boau (Turbidity, Normalized Difference Turbidity Index -
NDTI). INoka3uuk ymicTy 3BaeHHX 4acTOK y BOAi, OAMHMII BuMipioBanust — NTU -
HeeNOMEeTPUYHI ONMHHLI KaNaMyTHOCTI (ONMHHLIA KanaMyTHOCTi y BOJi, BUMipsHa 3a
JOTMIOMOr0l0 He(heOMETpa Ta 3aCHOBAaHA HA KiJIbKOCTI Po3CisHOro cBiTna). Yum Buiue
KOHLEHTpALis 3Ba)KEHUX PEYOBHH Y BOJi, THM BOHA 31a€ThCs OPYAHIIIOW i TUM BHILE
ii kamamyTHicTb. KanamyTHicTh Bkmloyae B ceGe Opya, ocan, HaaMmipHui pict
BOIOpOCTeH, (GITOMIAHKTOHY, FHHU i Myny. ¥ JOCTIZMEHH] 3aCTOCOBAHO ANrOPUTM
PO3paxyHKy NMOKa3HMKa kanaMyTHOCTi [26] (puc. 2.24):

NDTI = (Green-Red)/(Green+Red).

[Moka3HHKM MPO30POCTi Ta KaNaMyTHOCTI OLIHIOBANKCA 3a faHuMK Sentinel-3 y
nepioau 10 KaTacTpodu, onpasy nicns, a Takox 4epes 1, 2 Ta 3 micsaui. luTeHcuBHe
UBiTiHHSI, XapaKTEPHO MepenyciM Asis BOMOAM 3i cnabkumu Teuismu, 30kpema, s
kackagy JIHINPOBCHKMX BOJOCXOBMII, IO MpEACTaBlieHi 6e3nocepenHbo y LbOMY
puaauyi, JHinpoBcbKo-By3bKkoMy nHMaHi.
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2.5. Monitoring the qualitative state changes of waters in the Dnipro-Bug
Estuary and the Black Sea basin due to the catastrophic discharge event
from the Kakhovka Reservoir

Water quality is usually assessed using empirical algorithms based on satellite
data and ground-based measurements of water quality parameters. Several scientific
studies [24] have proven that algorithms for the ratio of spectral bands based on Earth
remote sensing data are practical for evaluating water quality parameters in reservoirs,
such as the concentration of chlorophyll-a (Chi-a), the concentration of phycocyanins
( PC), water turbidity (Turb), Secchi depth (SD) or suspended solids content (SPM).

A corresponding/analogous study was carried out on the territory of the Dnipro-
Buzka estuary, namely the northwestern part of the Black Sea water area from the city
of Ochakiv to the city of Chornomorsk, including the coastal waters of the Kinburn and
Tenderivska kos, Yagorlytska and Tenderivska bays. Based on multispectral optical
data from the Sentinel-3 OLCI satellite for the period from June 5 to September 26,
2023, the following water quality indicators were calculated:

Water transparency according to the Secchi depth (SD). The units of
measurement are meters for the indicator of the presence of suspended particles in
water. The fewer suspended particles in the water, the more precise the water and the
Secchi disc remain visible at a greater distance. The SD calculation algorithm [25] for

Sentinel-2 calculations and adapted[24] for Sentinel-3 use is used in the study (Fig.
2.23):

SD = 0.036x((Red)/(VNIR 740 xVNIR s,2))+0.79.

Water turbidity (Normalized Difference Turbidity Index - NDTI). Indicator
of the content of suspended particles in water, units of measurement - NTU -
nephelometric units of turbidity (a unit of turbidity in water, measured with a
nephelometer and based on the amount of scattered light). The higher the suspended
matter concentration in the water, the dirtier it looks and the higher the turbidity.
Turbidity includes dirt, sediment, excessive algae growth, phytoplankton, clay and silt.
The research uses the algorithm for calculating the turbidity index [26] (Fig. 2.24):

NDTI = (Green-Red)/(Green+Red).

Transparency and turbidity indicators were evaluated from Sentinel-3 data in
the periods before the disaster, immediately after, as well as after 1, 2 and 3 months.
Intense flowering is characteristic, first of all, for water bodies with weak currents, in

particular, such as the cascade of the Dnipro reservoirs and directly in the Dnipro-
Buzka estuary presented in this publication.
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Fig. 2.23. Dynamics of water transparency according to Secchi depth (SD) in the
Dnipro-Buzka estuary obtained in 2023 from the Sentinel-3 images
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“LIBiTiHHAM” BOJM BBAXAIOTh MACOBUIi PO3BHTOK MiKPOCKOMIYHHX BOAOPOCTEit
(3a3BUYail CHHBO-3€JI€HHMX), IO CYNPOBOKYIOTBCA 3HAYHMM MOTIPILEHHAM SKOCTI
Bomu. lle BMKIMKAHO WiNMM KOMILIEKCOM YHHHHKIB, TakuX, fK 3MiHa Kiimaty
(30KpeMa, aHOMaJbHO BHCOKA TEMIEpaTypa MOBIiTPA BAITKY OCTaHHIMHM pOKamm),
HAIXO/DKEHHS y BOAY BEIMKOI KibKOCTi Pi3HHX MiHEPAIbHUX | OPraHiYHHX PEYOBHH
Ta nop'13aHe 3 iHTeHcHdiKali€elo roCMoAapchKOi AiANBHOCTI MIOAMHH. 30KpeMa,
HAIXOKEHHAM y BOAONMHM 3a0pyAHEHHX GiOreHHHMH pEYOBHHAMM KOMYHAILHHX 4H
CilIbCBKOroCnoaapChKHX CTOKIB, MiHEpaIbHHX A00PHB, CHHTETHYHHX MHIOYHX 3aC06iB,
Towo. diTormnaHkToH Mae 6e3nocepeHiii BIUIMB Ha AKICTh MUTHOI BOAW — CYCNEH31o,
KOJILOPOBICTb, TOKCHYHICTb, 8 3@ 3HA4YHOTO PO3BHUTKY GiomacH BHKJIHKA€E 3aMOpH pHO,
nopywenss poGOTH OuYHCHMX cropya, 3abpyaHenns ysbepexoka Ta n:}gmia,
TToKa3HMKY KiNbKiCHOrO PO3BHTKY (ITOMJIAHKTOHY WIHPOKO BUKOPHCTOBYIOTH MiA Yac
BU3HAuEHHs TPODIYHOTO CTaTycy BOAOHM i Al NMPUHHATTA pillIeHb 3 €KOJOTiYHOl
peabinitauil Bogonm. '

[IposiBnseThCA “UBITIHHA” y 3MiHi 3a0apBiCHHA BOAM BHACIIZOK MacoBOro
PO3MHOXEHHS MiKPOCKOMYHUX BogopocTeil. [IpH upoMy METONH 00po6KH KOCMIUHHX
3HIMKIB U BMSBIEHHS OiNSHOK “UBITIHHS™ BOAM 3a3BH4aii 6asyloThCs Ha aHaisi
papiauiii  koediuienty audysHoro BiAGHBaHHA CBiTIa MOBEpXHEBUMH i
NiANOBEpXHEBUMM LUAPAMH BOAH 32 3GIIBLICHHS y HUX KOH1IEHTpallii (GiTOMIaHKTOHY.
Haii6inbLie MiAXOAUTh AJs TaKMX CIOCTEPEXeHb YepBOHA 00/1acTb CEKTPY BHAUMOTO
nianasony 600...700 1M Ta 6miKHiH iHbpauepBOHHH JianasoH. '

Takok JOZAaTKOBOK JeWIM(PYBAIbHOK O3HAKOK Yy XOHl
inenTudikauii “UBITIHHA” BOAM MOXE CIyIyBaTH TEKCTypa 300pakeHHs, TaK AJs
NiNSHOK  IHTEHCHMBHOTO  “UBITIHHA” HaifuacTilue  XapakTepHa  creuHdiuHa
HUTKOMOAIGHA TeKcTypa. Y MEpioau 3 TPUBAJIOKO TEMIIOK, COHAYHOIO i Ge3BiTPAHOIO
noroaolo UiaHoGakTepii OG'€AHYIOTbCA B arperatd, WO CIUIMBAlOTh 1O MOBEPXHI,
yTBOPIOIOYH TMOBepxHeBi abo mignosepxHeBi ckymueHHs. Ha cynyTHukoBux
300paxkeHHAX wiaHoGakTepil NPOSBAAIOTHCA SK AcKpaBi HHUTKOMOAiIGHI cMyru abo
OKpeMi CKyTYEHHS.

Ha ocHoBi 6araTocnekTpalbHUX AaHHX 3 cynyTHHKa Sentinel-2 MSI — nepioan
MaCOBOTO PO3BHTKY (iTONJaHKTOHY a6o “UBITIHHA” BOLM Y JIMNHI — cepnhi 2022 -
2023 pp. po3paxoBaHO HACTYMHi NOKa3HHKH AKOCTI BOLM:

Xsnopodin (Chlorophyll-a (Chl-a)). KoHuentpauis xnopodiny y somi —
NOKA3HMK HAABHOCTI Ta BiIHOCHO! KiILKOCTI (DITOMNAHKTOHY, OIMHULI BUMIpIOBaHHS —
mr / M>. BUKOPHCTaHO NoKa3HKMK aJanToBaHUi A1 004MCIeHHs ymicTy xiopodiny 3a
nanumu Sentinel-2 [27] (puc. 2.25):

Bi3yanbHOI

Chl-a = 14.039+86.11x(VNIR 7s-Red)/(VNIR70s-+Red)+194.325x(VNIR 705-
Red)/(VNIR 705-+Red)?
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A water “blooming” is considered to be the massive development of
microscopic algae (usually blue-green), which is accompanied by a significant
deterioration of water quality. This is caused by a whole complex of factors, such as
climate change (in particular, abnormally high air temperature in summer in recent
years), the entry of a large amount of various mineral and organic substances into the
water, and is associated with the intensification of human economic activity. In
particular, the entry into water bodies of municipal or agricultural effluents, mineral
fertilizers, synthetic detergents, etc., contaminated with biogenic substances.
Phytoplankton has a direct effect on the quality of drinking water: suspension, color,
toxicity, and with a significant development of biomass, it causes fish bloat, disruption
of the operation of treatment facilities, pollution of the coast and beaches. Indicators of
the quantitative development of phytoplankton are widely used in determining the
trophic status of water bodies and for making decisions on the ecological rehabilitation
of water bodies.

“Blooming” manifests itself in a change in the color of the water due to the
mass reproduction of microscopic algae. At the same time, the methods of processing
space images to detect areas of water “blooming” are usually based on the analysis of
variations in the coefficient of diffuse reflection of light by the surface and subsurface
layers of water with an increase in the concentration of phytoplankton in them. The red
region of the spectrum of the visible range of 600...700 nm and the near-infrared range
are most suitable for observations.

Also, the texture of the image can serve as an additional deciphering feature for
the visual identification of water “blooming”, for example, areas of intense bloom are
often characterized by a specific thread-like texture. During periods of prolonged
warm, sunny and windless weather, cyanobacteria unite in aggregates that float to the
surface, forming surface or subsurface clusters. On satellite images, cyanobacteria
appear as bright thread-like bands or entire clusters.

On the basis of multispectral data from the Sentinel-2 MSI satellite — periods of
massive phytoplankton development or water “blooming” — July — August in 2022 and
2023, the following water quality indicators were calculated:

Chlorophyll-a (Chl-a). The concentration of chlorophyll in water is an
indicator of the presence and relative amount of phytoplankton, the unit of
measurement is mg/m3. The indicator adapted for calculating the chlorophyll content
based on Sentinel-2 data was used [27] (Fig. 2.25):

Chi-a = 14.039+86.11x(VNIR7s-Red)/(VNIR 705-+ Red) + 194.325x(VNIR 705-
Red)/(VNIR5-+Red)’
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Fig. 2.25. The dynamics of the planktonic algae distribution in the Dnipro-Buzka
estuary, obtained on the basis of Chlorophyll-a values — 2022 — 2023 from the

Sentinel-2 images




®ikouianin (Phycocyanin — PC). KonueHTpauis Qikauianiny y Bomi — Phycocyanin (PC). The concentration of phycacyanin in water is an indicator

MOKa3HHUK HAsABHOCTI Ta BIAHOCHOT KiNbKOCTI LiaHOGAKTepii, OMHULI BHMIPIOBaHHS — of the presence and relative amount of cyanobacteria, the unit of measurement is
Mr / M’. BUKOPHCTAHO MOKA3HMK ajanToBaHuil 11s 00uMCcIeH s ymicTy xiopodity 3a mg /m’. The indicator adapted for calculating the chlorophyll content based on
nanumu Sentinel-2 [28] (puc. 2.26): Sentinel-2 data was used [28] (Fig. 2.26):
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2.6. CTaH ciIbCbKOroCROZAPCLKHX YTiAb y Mexkax o6aacTei, mo 3a3HaI0Th
BIIMBY Hachiakis pyiinyBanns Kaxescbkoi TEC

IMiBneHHnH cTen YKpaiHW HaNeXKHTh JO 30HH PH3MKOBAHOTO 3emjepobeTea, ae
BOJIOTa € FOJIOBHUM (aKTOPOM, ILO JiMITY€ NPOAYKTUBHICTL pocinuH [29]. Onepxanns
y perioHi BHCOKMX Ta cTaGinbHHX ypOXaiB CiIbCBKOrOCNOAAPCLKUX KYNLTYD,
0co6NMBO OBOYEBMX, AKi y HaiiGinbwomy oOca3i BupoulyBanucs y XepCOHCBKiH
o6nacTi, iCTOTHO 3aNeXHTh Bill UTYYHOTO 3pOIUEHHS CiJIbIOCyTiab.

KaxoBcbke BoocxoBHILE OyJ10 [KepesioM XHUBNEHHS 1 94 % 3polyBaibHHX
cucteM y XepcoHcekiit, 74 % — y 3anopisbkiii Ta 30 % — y JIHinponeTpoBchKii
obnacTax. 3 HbOro 3abupand BORy OApa3y HOTHPH MOTYKHI CHCTEMH KaHaliB —
KaxoBcbkuii MarictpanbHuii kaHan, ITiBHIYHOKpMMCBKHIt KaHal, kaHan JlHimpo —
Kpusuit  Pir i IliBHiuHO-PoraunmHceka 3polryBanbHa CcHCTeMa, uepe3 fKi
3pificHioBanocs 3pomenHs 584 tuc. ra 3emens [30]. IMicns pyiinysanns Kaxoscbkoi
T'EC, ctpykTypa 6inblIoCTi rOCMOAapCTB HA LMX TEPUTOPIAX 3a3HAiA 3HAYHMX 3MiH
YHaclioOK 3MeHIIeHHA Bofo3abesneueHHs. Henpsmoro BIUIMBY 3a3HaBaTUMYTh i
cinerocmyriana ITpaBoGepesxoks, 30kpema Mukonaiscbkoi o6nacTi, yepes 36iTbIeHHs
HaBaHTaXXeHHs Ha IHrynenbKy 3pollyBanbHy CHCTEMY, Ky JKMBHTH p. IHryneus.

CymapHy KifbKiCTb BOJIOTH, LIO BHMAPOBYETHCA IPYHTOM i TPaHCHipyeThCs
POCIHHHICTIO y aTMochepy, Nac 3MOry OLiHHTH iHdopMmaliitauii npoaykt MOD16A2
AnA  epamoTpaHcmipauii (npoctopoBa pospisHennicts 500 M), oTpumaHuii 3i
cnektpopagiomerpa  MODIS [31]. Leit 6iodisuunuii napametp Kopemoe 3
6ionpoayKTHBHICTIO Ta BO03a6e3neyeHHaM yrias. Ha eBanoTpancnipauilo BILINBAIOTH
K BOIHI YMOBH T2 XapaKTEPUCTHKH IPYHTY, TaK i METEOPOJIOTiYHi YHHHHKH, 30KpeMa
TeMnepaTypa Ta BOJIOTICTb.

Ha puc. 227 Tta 228 nokasaHo MNpOCTOpOBHit poO3NOnil  MOBHOI
€BanoTPaHCMipauii, 1O ypaxoBye sK BMNAapOBYBaHHA IPYHTY, TaK i TpaHcmipauilo
POCIMHHOCTI /15 TEPUTOPIiA, 1110 3a3HAIOTh YIUIMBY HAacHiakiB pyHHyBaHHs KaxoBCbKoi
TEC. 3HaueHHs eBamoTpaHchipauii OyiaM ycepeAHeHi 3a JuMNeHb, HaibinbIL
NOCYLITMBHI Ta CHIEKOTHHH MicALb ANS UbOrO PEriOHy, Ta OTPUMaHi 32 TPH POKH —
2023 — pik karactpodu, 2022 — MOYaTOK NOBHOMAITAGHOTrO BOEHHOTO BTOPTHEHHS P
B Ykpainy, 2021 — noBoeHHe QYHKIIOHYBaHHS 3POIIYBAILHUX CHCTEM. 3aBaHTaXEHHA
3milicHioBanocs 3a gonomoroilo Be6-nnatpopmu  Google Earth Engine 3
iHpopMaLiHHOTO MPOAYKTY MOD16A2.061: Terra Net Evapotranspiration [32].
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2.6. Land use changes within the regions affected by the consequences of
the Kakhovka Dam destruction

The Southern Steppe of Ukraine belongs to the zone of risky land use, where
moisture is the main factor limiting plant productivity [29]. Obtaining high and stable
yields of crops in the region, especially vegetables, which were grown plentifully in the
Kherson region, depends significantly on artificial irrigation of the land use.

Kakhovka Reservoir was a source of power for 94 % of irrigation systems in
Kherson, 74 % — in Zaporizhia, and 30 % — in Dnipropetrovsk regions. It gave water
simultaneously to four powerful canal systems - the Kakhovka Canal, the North
Crimean Canal, the Dnipro — Kryvyi Rih Canal, and the North Rohachyn irrigation
system, through which 584,000 hectares of land were irrigated [30]. After the
destruction of the Kakhovka Dam, the structure of most farms in these territories
underwent significant changes due to a decrease in the water supply. Land use of the
Right Bank, in particular Mykolaiv region, will also be indirectly affected due to the
increased load on the Ingulets irrigation system fed by the Ingulets River.

The total amount of moisture that evaporates from the soil and is transpired by
vegetation into the atmosphere can be estimated by the MOD16A2 information product
for evapotranspiration (spatial resolution — 500 m), obtained from the MODIS
spectroradiometer [31]. This biophysical parameter correlates with bioproductivity and
the water supply of lands. Evapotranspiration is influenced by water conditions, soil
characteristics, and meteorological factors, particularly temperature and moisture.

Fig. 2.27 and 2.28 show the spatial distribution of total evapotranspiration,
which considers both soil evaporation and vegetation transpiration, for the areas
affected by the consequences of the Kakhovka Dam destruction. Evapotranspiration
values were averaged for July, the driest and hottest month for this region, and
obtained over three years: 2023 — the year of the disaster; 2022 — the beginning of
Russia’s full-scale military invasion; 2021 — the pre-war operation of irrigation
systems. The download was carried out using the Google Earth Engine web platform
from the data catalogue of MOD16A2.061: Terra Net Evapotranspiration[32].
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Puc. 2.27. Kaptu npoctopoBOro po3nojily CepeaHboMICsyHOl nosHoi epamotpancmipauii (kr/m*/Micsub) abo KibkicTs BOJOMM, MO BHAIASCTHCS BHACHIAOK BHIAPOBYBAHHS Ta
TpaHCHipaLli 3 nosepxHi rpynTy y HaHCneKOTHIWMI Micaus (unens), 2021 — 2023 pp.
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Fig. 2.27. Maps of the spatial distribution of monthly average total evapotranspiration (kg/m

*/month), or the amount of moisture released as a result i irati
, of evaporation and t tion from
the soil surface in the hottest month (July) of 2021, 2022, and 2023. ’ B
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Prc. 2.28. dparmenti KapT NpOCTOPOBOTO POMOINY cepeAHbOMICAHOT NIOBHOT eBanoTpancnipauii (kr/m2/Micsi) y
HajficreKoTHIWMH Micsub (unens) 2021 — 2023 pp. na ainsHku Mepexi kananis 1) KaxoBebKol 3polryBaibHOL cucTeMu
y mexax Kaxoscbkoro paiiony Xepcowncbkoi obnacti Ta 2) IliBHiuno-Porauuupkoi 3pouryBanbHOi CHCTEMH y Meskax
Bacuniscbkoro paitony 3anopissioi obnacti

Fig. 2.28. Fragments of maps of the spatial distribution of average monthly total evapotranspiration (kg/m2/month) in the
hottest month (July) of 2021, 2022, and 2023 for two sites:

1) the Kakhovka irrigation system within the Kakhovka district of the Kherson region and

2) the North-Rohachytka irrigation system in the Vasylivskyi district of the Zaporizhzhia region
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PO3/1J1 3. OCYUIEHHSA KAXOBCBHKOI'O BOJIOCXOBHIIA
BHACJILIOK NIAPUBY JAMBH: 3A JAHUMH KOCMIYHOI
3MOMKH

3.1. Metoanka oninioBanus aAnHaMikyn ocymenns KaxoBcbkoro Bonocxosuma

Tinponoriunmit pexxum KaxoBCHKOro BOAOCXOBHIIA Pi3KO 3MIHMBCS BHACHIAOK
CXOIKEHHs BOAM y uepBHi 2023 p. Ta nagiHHa pieHa Ha Hikonombsceko-
ExepronapcekoMy cTBOpi BonocxoBHia 10 7 — 9 M TMOPiBHSAHO 3 HOpMOIO 15,5 — 16 M.
Ilnowri BOZHMX MOBEPXOHB NpPOTArOM JITHIX MiICAWIB MOCTIHHO CKOPOYYIOTHCA.
YrponoBx uYepBHS - JMMHSA BinOynacs nudepeHuiauis noBepxHi OHMA 3
dopmyBanHAM i pO3BHTKOM HOBMX reocncrem. JUIsi BM3HAYeHHS WIBMAKOCTI Ta
HanpsMy 3MiH HaMU BHKOHYBABCA CYNyTHMKOBHIA T€OMOHITOPHHI YCBOTO OCYLIEHOTO
ZHa.

Tak, sxwo y nepwmit Micaus BiaGyBanocs TiNbKM BiZHOBEHHS OCHOBHOTO
pycna JlHinpa Ta okpemMux npoTok Ta ctapuub (1 kiac), a iHma Teputopis Gyna nyxe
BOJIOTO10, TO B NMOJANIBIIOMY Y XOXi OCYIUEHHS novyany GopMyBaTUCS AiISHKH MilaHo-
OETPHTOBUX MPHUPYCNOBHX BaliB, CKJIAJEHHX ApeiiceHOI0 (BIAMEPIMMH CTYIKaMH
piukoBux Momtockis — Dreissena polimorpha ) Ta niwanum amosieM (2 knac). Hapani
OrOJIMINCA i BMUCYIIMJIMCSA 3HA4Hi TepuTOpil MOKPHUTI MYJHMCTHMH HaHocamu. Lle
BUDIBHAHI MOBEPXHi, WO MiA YaCc CXo4y BOAHM, NEPECHXAIOUM pPO3TPiCKyBanucs,
YCKNA[HIOBANCS BTOPMHHOIO €pO3i€l0. IX yMOBHO Ha3BanM TAaKMPOMOZIGHHMM 32
nonibHicTio 3 ¢opMamMu CHOPMOBAHHMH B aPUAHMX YMOBax (OCyLIEHi BHpIBHAHI
MYJHCTI MOBEPXHi CXHJbHI 10 NEPECHXAHHS Ta PO3TPIiCKYBaHHs — 3 kiac). YTBopunacs
BEJMKa KiNbKiCTh MJIOLL, LIO OXOIUIOIOTh BOJOTi MYNUCTI TOBEPXHI HABKOJO
OCTaHLEBHX O03ep Ta CErMEHTOBHAHOI (OPMH CTapHYHHX TNOHMXKEHb, fAKi Y
noaanbiioMy OyayTh AudepeHUitoBaTHCA Ta 3a60/0uyBaTHCS, 3apOCTAIOMH BOXHO-
60N0THOIO POCAHHHICTIO (4 Kac).
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CHAPTER 3. DRAINAGE OF THE KAKHOVSKY RESERVOIR
AS A RESULT OF THE DETONATION OF THE DAM:
ACCORDING TO SPACE SURVEY DATA

3.1. Methodology for assessing the Kakhovka Reservoir drainage dynamics

The hydrological regime of the Kakhovsky Reservoir changed dramatically due
to rising water in June 2023 and a drop in the level of the Nikopol-Energodar reservoir
to 7 -9 m compared to the norm of 15.5 — 16 m. The surface areas of water surfaces
are constantly decreasing during the summer months. The bottom surface was
differentiated in June-July, and new geosystems were formed and developed. We
performed satellite geomonitoring of the entire drained bottom to determine the speed
and direction of changes.

Thus, if in the first month, only the restoration of the main channel of the
Dnipro and some canals and tributaries was observed (class 1), and the rest of the
territory was very wet, then in the future, areas of river banks composed of greisen
(river mollusc — Dreissena polimorpha) began to form (class 2). Further, significant
areas covered with muddy sediments became exposed and dried up. These are levelled
surfaces that dry up and crack during the ascent of water, complicated by secondary
erosion. They were conditionally called tachyro-like due to their similarity with forms
formed in arid conditions (drained, levelled muddy surfaces are prone to drying out and
cracking — class 3). Many areas covered wet, muddy surfaces around the last lakes and
the segment-shaped form of old depressions, which will later be differentiated and
swamped, overgrown with wetland vegetation (class 4).



YpomoBx TphOX MicALiB BiabyBanocs LIBHAKE 3apOCTAHHA NMOBEPXOHb 3 i 4
KIaciB pI3HHMH BHIaMH POCIHHHOCTI, 3’ABJAIOTBCSA NOBEPXHI YKPHUTI MiOHEPHOIO
POC/THHHICTIO 3 Pi3HOIO IiNbHICTIO NOKPUTTA (5 Kiac). ILiowi uporo kiacy nocriifmq
36iMbLIYIOTECS | pO3IMPIOIOTECA. Hanani BOHK TakoX MNOAUIATHMYTHCA Ha CyXOIMyTH1
i npuGepexHO-GONOTHI THIH POCIMHHOCTI. . . 5

Ha ocywennx ainsHkax AHa 3°ABIAIOTBCA pYyA€paibHa Ta 1HIIA mavasmna
POCIHHHICTb, a 6ing HITIT “Kam’sxcbka Ciu” 6ijblu 3BY)K€HA 4aCTHHA 1HA BAOWMH Ta
MPUIETTI paHill 3aTOIUIeHi TMpPIOBi YaCTHHH OaJOK YKPHIHCS LITBHUMH NIArOHaMH
BepOwu. ‘

Po3zineHHs 3eMHOT TOBEpXHi Ha BiAMOBiAHI KJIaCH BUKOHAHO 13 3aCTOCYBaHHAM
JaHUX ONTHYHOrO 3HiMaHHA, OTPUMAHHX CYMYTHHKaMH cepii Sentinel-2 i3
3acToCYBaHHAM XMapHoro cepenosuma Google Earth Engine, 10 YyMOXJIMBIIOE
BMKOHAHHS MO3aiKy 3 KiIbKOX CLeH i 06’¢HaHH iX B eAnHe 306paxeHHs. OTpHMaHo
ONTHYHI 306paxkeHHs Y BHAMMHX KOJAbOpax Ha KOXHY Jociniany pary — 20 yepBHs
2023 p., 5 nunua 2023 p., 19 cepnua 2023 p. Ta 28 BepecHs 2023 p. (puc. 3.1 - 3.5). .

Bukonano Kiacudikauiio AaHuX i3 3aCTOCYBAaHHAM ONHCAHHX BHIIE KIACIB
3eMHOi mosepxHi (puc. 3.6 — 3.9), 3aCTOCOBaHO METOA CART EClassﬁ'lcatlon And
Regression Tree). [IpoBefieHO MOPiBHAHHS ONTHYHKMX BIACTHBOCTEH 1Ha BONOCXOBHINA

6araToCeKTPalHbOro 3HIMAaHHA CyMyTHHKOM Sentinel-2 Ta ouiHeHO

5 .
3 JaHnmu NDVI - Normalized Difference Vegetation Index

posnonin BererauiifHOro iHIEKCY

-3. i IEMOHCTPY€E Y€FOTH POCIHHHOIO NMOKPHBY.
(puc. 3.10 — 3.13), axuii 1 TPY e CTs
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Over three months, there has been a rapid overgrowth of the surfaces of classes
3 and 4, with various types of vegetation, and surfaces already covered with pioneer
vegetation with different coverage densities (class 5) appear. The areas of this class are
constantly increasing and expanding.

Ruderal and other invasive vegetation appears on the drained areas of the
bottom. Near the Kamyanska Sich reserve, the more narrowed part of the bottom and
the adjacent previously flooded mouth parts of the beams are covered with dense
willow shoots.

The separation of the Earth's surface into the appropriate classes was performed
using optical survey data received by the Sentinel-2 series satellites using the Google
Earth Engine cloud environment, which allows to create a mosaic of several scenes and
combine them into a single image, perform classification (the CART method is used -
Classification And Regression Tree) and estimated the area of each of the classes for
each experimental date: June 20, 2023, July 5, 2023, August 19, 2023, and September
28, 2023 (Fig. 3.1 - 3.5).

The data was classified using the classes of the earth's surface described above
(Fig. 3.6 - 3.9), and the CART (Classification And Regression Tree) method was
applied. The optical properties of the reservoir's bottom were also compared according
to the multispectral imaging data of the Sentinel-2 satellite, and the distribution of the
vegetation index NDVI—Normalized Difference Vegetation Index (Fig. 3.10 — 3.13),
which shows the density of the vegetation cover, was evaluated.




3.2. OnTnuni 300paXkeHHs! BOAOCXOBHINA Y mepioa o0MiliHHsA 3.2. Optical data of the Kakhovka reservoir during shallowing

Puc. 3.1. 306paxkents KaxoBebKoro BOJ0OCXOBUILA A0 pyiinyBanus rpedni I'EC, Fig. 3.1. Kakhovka reservoir optical image before destruction of the K
S - S e

; : - ; 5 akhovka dam,
3a TaHAMH ONTHYHOTO 3HIMaHHA i3 cynyTHHKa Sentinel-2 Bin 6 Tpasus 2023 p. received by Sentinel-2 on May 6, 2023. ° ‘




3o0paxcenHs KaxoBcbKOro BOJOCXOBHILA, 32 JJAHUMH ONTHYHOIO 3HIMAaHHs i3 Fig. 3.2. Kakhovka reservoir optical image afler destruction of the Kakh
cynyTHuka Sentinel-2 ig 20 uepsus 2023 p. received by Sentinel-2 on June 20, 2023.
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Prc. 3.3. 3o6paxeHns KaxoBchKoro Bo : ; |
p JOCXOBHILA, 32 JIAHUMH ONTHYHOTO 3HIMaHHS 13 Fig. 3.3. Kakhovka reservoir optical image aft .

ge after destructio
n of the Kakh

c Sentinel-2 Bin 5 3
yryThuka Sentinel-2 gin 5 s 2023 p. received by Sentinel-2 on July 5. 2023 ovka dam.
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'_‘;b Rl s 1) s A‘:& A _""l:‘ -‘L‘-“_f J ‘! [
4. 33 JaHMMM ONTHYHOrO 3HIMAHHS 13 Fig. 3.4. Kakhovka reservoir optical image after destruction of the Kakhovka dam,
’ received by Sentinel-2 on August 19, 2023.

Puc. 3.4. 306paxenns KaxoBchbKOro BOJ0CXOBALL
cynytuuka Sentinel-2 Bin 19 cepnns 2023 p.




Puc. 3.5. 306paxkenHs KaxoBCbKOro BOJOCXOBHINA, 32 IAHUMH ONTHYHOTO 3HIMaHHA 13 Fig. 3.5. Kakhovka reservoir optical image after destruction of the Kakhovka dam
. ; . . & S he Kakhovka dam.
cynytrika Sentinel-2 Bin 25 Bepecus 2023 p. received by Sentinel-2 on September 25, 2023 ‘




3.3. Kaacudikauisi 1aHHX ONTHYHOIO0 3HIMAHHS 3.3. Optical data classification

Knac / Class number | Kounip knacy / Class color Tun nosepxui / Land cover type
1 _ Boana nosepxHs / Water
2 IMigBuiieni cyxi nimano-aeTpHToBi AinaHku / Sandy dry surfaces
3 [Mnocki cyxi mynucti nosepxHi / Muddy dry surfaces
4 3abonoueni nosepxui / Wetlands
5 - [ToBepxHi, BKpHTa MOHEPHOW pociuHHICTIO / Primary vegetation

TIpuKksiaan 3aBHIIIHBOIO BHITISY TaHAagTiB, NPeACTABIEHHUX BiNOBIIHUMH KJIacaMH

(poto Hanane B.T'. Bepxosuesum) / Examples of the landscapes, represented by corresponding class (photo by V.G. Verhovtsev)

e

* e v vie WE 2 BAGEN “ »_—f . A £ o A‘- > 2 - :
Bojia noBepxHs (xnac 1) Cyxi nitano-1eTputosi Al (11ac 2) CyXi MyJIMCTO-CYTIIHHHCTI MOBEpXHi (K1ac 3)
Water surface (class 1) Sandy dry surfaces (class 2) Dry silty loamy surfaces (class 3)

N e e —

- A e b i vy x .
Boaora My nucw-cyl‘ﬂﬂufllrfi;;f: ("C?::SP:;” (knac 4) ﬂiOEfepHa POCHMHHICTD (K1ac 5)
Wet loamy s . Primary vegetation (class 5)



Puc. 3.6. Knacudixanis nosepxHi ana KaxoBchKoro BOJIOCXOBHING, 33 TaHHMHU 3HIMKIB Fig. 3.6. Classification of the Kakhovka Reservoir surface

Sentinel-2, 20 uepsHs 2023 p. June 20, 2023. UStHg Sentinel-J imaper
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Puc. 3.7 Knacndikauis nosepxHi a#a KaxoBcbKOr0 BOJOCXOBHIIA, 33 IAHUMH 3HIMKIB Fig. 3.7. Classification of the Kakhovka Reservoir

surface using Sentinel-2 imagery,
Sentinel-2, 5 jiunus 2023 p. July 5, 2023.
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Pyc. 3.8. Kiacudikaiiis nosepxHi ana KaxoBchKkoro BOIOCXOBHING, 32 IAHHMH 3HIMKIB Fig. 3.8. Classification of the Kakhovka Reservoir surface using Sentinel-2 i ry
-2 imagery.

Sentinel-2, 19 cepnnst 2023 p. August 19, 2023.
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Puc. 39 Knacudyixanis nosepxHi AHa Kax0BCHLKOTO BOAOCXOBHILA, 32 JaHHMH 3HIMKIB Fig. 3.9. Classification of the Kakhovka Reservoir surface using Sentinel-2 imagery,
Sentinel-2, 28 Bepecus 2023 p. September 28, 2023,
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3.4, Nocaimxenus nunamikn ingexcy NDVI y meskax KaxocbKoro BonocxoBHiua 3.4. NDVI dynamic within Kakhovka reservoir research

NDVI

1 2
e

Fig. 3.10. NDVI distribution of the Kakhovka Reservoir surface usin

o _ inel-2
KaxoBchKOro BOJIOCXOBHINA, 33 1aHHMH 3HIMKIB Sentinel-2, 20 yepsus 2023 p. imagery, June 20, 2023, g Sentine
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Puc. 3.12. 3o0paxenns posmoxminy Beretauiinoro inaexkcy NDVI ua nosepxni gna Fig. 3.12. NDVI distribution of the Kakhovka Re

3 . 3 se 1 . :
KaxoBcbKOro BOAOCXOBHILA, 3a JIAHMMMU 3HIMKIB Sentinel-2, 19 cepnus 2023 p. imagery, August 19, 2023, rvoir surface using Sentinel-2
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Puc. 3.13. 3o0OpaxkenHs po3
KaxoBcbkoro Bojocxosulld, 3a

nominy Beretauiiinoro ingexcy NDVI na noBepxHi JHa Fig. 3.13. NDVI distribution of the Kakhovka Reservoir surface using Sentinel-2
nanumu 3uiMkiB Sentinel-2, 28 pepecns 2023 p. imagery, September 28, 2023,
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3.5. 3aranbHa oninka auHAMiKH ocymeHHs KaxoBckoro BOXOCX0BHIIA

3a pe3ynbTaTaMH aHali3y JMHaMiKK OCyLIEeHHsS AHa KaxoBChKOro BOJOCXOBHILA
ouineno mnomy y 1 995,3 kM2 Ta BHABNEHO pi3ke CKOPOYEHHs BOAHOI MJOM 32
4yepBeHb Ta NOCTYNOBE BiJHOBNEHHS icTOpHyYHOro pycna Juinpa. ChopMoBaHO BenHKi
3a60/104€HI YJOrOBHHHM, sSIKi Yy MOANBIIOMY CTaHyTh OCHOBHHMH OCEpefKaMH
¢bopMyBaHHs IOHEPHOT POCIMHHOCTI Ta HOBHX HEBENHKHX BOLOWM. Bin3HaueHo meske
CKOPOUEHHS IUIOLIi POCIMHHOCTI YMpONOBX YepBHA, 10 Moxe GYyTH MOB’s3aHe 3
BiIMHPaHHAM 3QTHIIKOBHX BOAOPOCTEH, SKi 3aMUIHJIMCSA TiC/A 3HHKEHHS PIBHS BOMIH.

HaliHmkya IWinbHicTh POCAHHHOCTI BiA3HAYeHa y JIMIHI, KOMM IUe He moyana
3’SABIATACH MIOHEPHA POC/IMHHICTL Ta yXe BiAMepia 3aulIKoBa pocauHHicTs (1,7 %
Bil 3araibHOi MuOWI BOZOCXOBMINA). VY MOJATBIIOMY [LIOMA POCHHHHOCTI
36inbyBanacs 3Ha4HUMHU Temnamu — 8,3 % y cepnHi Ta 22,4 % y BepecHi. [Ipu ubomy
BiOYBANOCs MOCTYNOBE OCYWIEHHS OTOJEHMX MilIAHHX Ta MYJMCTHX IiNAHOK Ta
noctynosa crabimizauis pycna. OmHak piBeHb BOIM 3aNMIIABCS MiHIMBUM Yepes
NMiIBHIIEHY KiNBKiCTH OMajiB y BeCHSHMH NepiON, a TAKOX CHIrOTAHEHHs Ta
NePIOAMYHI MYCKM BOAH 3 BEPXHIX BOLOCXOBHIL. Hanpuknaaz, y nepioa iHTEHCHBHOTO
ocyweHHs aHa KaxoBchKoro BonocxoBumia y ceprHi Miolia BOAHOrO A3epkana Gyna
OinbIIOK, HiX y nmunHi — 5,2 % npotn 4,8 %. Ha kiHeub BepecHs Miolla BOXHOTO
A3cpKana CTaHOBHNA TibKH 3 % 3arafbHON MIOLLI AOCHI Ky BaHOi TepuTopil (Tabn. 1).

Ta6nuusl. Posnonin ta cniBBifHOwWEHHS KIaCiB 3eMHOT TIOBEPXHi y Mexax
Kaxochkoro Bonocxosuina 3a pesynpratamu knacudikaii 40THPLOX 306paKeHs,
OTpUMaHHX CynyTHHKOM Sentinel-2 3a yepBeHb — BepeceHb 2023 p.

3.5. Overal Kakhovka reservoir drainage dynamics assessment

According to the results of the analysis of the drainage dynamics of the bottom
of the Kakhovsky Reservoir, the area was estimated at 1,995.3 km2 and a sharp
reduction of the water area in the month of June and the gradual restoration of the
historical channel of the Dnipro were revealed. Large swampy basins were formed,
which will later become the main foci of the formation of pioneer vegetation and new
small water bodies. Some reduction of the plant surface area during June was noted,
which may be related to the drying of residual algae that remained after the water level
decreased.

The lowest density of vegetation was noted in July, when pioneer vegetation
had not yet begun to appear and residual vegetation had died (1.7 % of the total area of
the reservoir). Subsequently, the area of vegetation increases at a significant rate: 8.3 %
in August and 22.4 % in September. At the same time, there is a gradual draining of
exposed sandy and muddy areas and a gradual stabilization of the channel. However,
the water level will be variable due to periodic releases of water from reservoirs
upstream. For example, during the period of intensive drainage of the bottom of the
Kakhovsky Reservoir in August, the area of the water table was larger than in July:

5.2 % versus 4.8 %. At the end of September, the area of the water mirror was only 3
% of the total area of the studied area (Table 1).

Table 1. Distribution of land surface classes within the Kakhovka Reservoir

according to the classification results of four images received by the Sentinel-2 satellite
in the period June — September 2023

IMnoiwa BiANOBIAHMX KJaciB [Tnouia BignoBiAHUX KnaciB [Tnoma Bignosiguux knacis Ilnowa Bianoeignux knacis
craHoM Ha 20 yepsus 2023 p./ CTaHOM Ha 5 aunHs 2023 p. / CTaHOM Ha 19 cepnus 2023 p./ | cranom ua 28 Bepechs 2023 p./
Particular class area on the Particular class area on the Particular class area on the Particular class area on the
June 20, 2023 July 5, 2023 August 19, 2023 September 28, 2023
km?,sq. km % km?/sq. km % km?,sq. km % km? 5q. km %
Boaxa noBepxHs /
Water 389,36 19,5 96,37 4,8 102,76 5,2 60,34 3.0
MigsuiIeHi cyxi nimaHo-a1e TPHTOBI
IiNsHKH / 133,44 6,7 353,34 17,7 297,39 14,9 135.51 6.8
Sandy-detritus dry surfaces > ,
MynucTi cyXi noBepxHi / 334.45 36.86 495 — |
Muddy dry surfaces i 16,8 986, ’ 960,79 48,2 1165,07 584
3a6onoueHi nosepxHi / Wetlands 1104,91 55,4 536,14 26,9 469,16 235 187.56 9.4
IMionepHa pocauHHiICTL / Primary 11 - -
vegetation 33,15 1.7 22,6 ) 165,22 8,3 446,83 224

76




Jlns knacuéikauii peanizoBaHo glarpamy pO3MOAUTY KiaciB 3a MIOLEMH Yy
Mekax KoJuiHboro KaxoBcwbkoro Bogocxosuila (puc. 3.14).

JlonaTKoBO BHMKOHAHO Kiacu(ikaliio Ta OLIHKY IUIOUL JaHHX PO3NOJLIY
inexcy NDVI 3a uotupMma aianaszonamu: < () — yMOBHO BiANOBIia€ BOAHIH MOBEPXHI;
0...0,35 — ymoBHO BimmoBinae ocymeniii nosepxHi 6e3 pocannnocti; 0,35...0,65 —
YMOBHO BiJNOBiZa€ OCYIIEHiii NMOBEPXHI 3 pO3PiMKeHOW pocauHHicTio; > 0,65 —
YMOBHO BiJNOBijiae oCyIeHii MOBEPXHI 3 I'yCTOK POCIHHHICTIO. 3@ UMMM JaHUMH
TaKOK NPOCIAKOBYEThCS uiTKAa JMHAMIKA BTPaTH IUIOIII BOAHOI MOBEPXHI Ta
nocTynoBe 36iblUeHHs TION TEPUTOPili 3 FYCTOK POCIHHHICTIO Ta 3a00/0YeHHMH
DL HKAMH.

V pesysibTari aHaiisy HHX 306pakeHb YiTKO [POCTEKYIOThCS UWIBUAKOCTI 3MIHH
o0pa3y CTpyKTypH 3eMHOI MOBEepXHI aHa KaxoBCLKOTO BOJOCXOBHIUA, HAOHHO
JeMOHCTPYETHCS 3aMillleHHs OJHMX KJIACiB MOBEPXHI IHIIMMM 3 TEH/ICHLIEK 110

OCYIUEHHS 1 3apOCTaHHA.

g

Maouia Kaacy, Ke, kw / Class area, sq. km

EN
)

T S S R < B BT R I pooP P
N P A A A R
® R S S (O W

—— BogHa nosepxnr [ Water
Npupycnosi nigsrieni cyxi niuaxi AL

——— Mynucri cyxi nosepxni / Muddy dry surfaces
306 i i/
uft ics [ Primary veg

/ sandy dry surfaces

Puc, 3.14, Hiarpama po3noaity nioii KnaciB 3eMHOT noBepxHi y Mexax Kaxoscbkoro

BOIOCXOBHINA 34 JIOCII 1KY BaHU [1epiojl
Fig. 3.14. Diagram of the land surface classes within the Kakhovka Reservoir for the

study period
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For classification, a diagram of the distribution of classes by area within the
former Kakhovsky Reservoir was implemented (Fig. 3.14).

In addition, the classification and assessment of the data area of the distribution
of the NDVI index was performed in four ranges: < 0 — conditionally corresponds to
the water surface; 0...0.35 — conditionally corresponds to the drained surface without
vegetation; 0.35...0.65 — conditionally corresponds to a drained surface with sparse
vegetation; > 0.65 — conditionally corresponds to a drained surface with dense
vegetation. According to these data, clear dynamics of the loss of the water surface
area and the gradual increase in the area of territories with dense vegetation and
wetlands are also observed.

Iamgerye analysis clearly traced the rate of change in the image of the structure
of the Earth's surface at the bottom of the Kakhovka reservoir. It also demonstrated the
replacement of some classes of the surface by others with a tendency to drainage and
overgrowth.
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20 yepsHsa [ June 20 5 nunua [ July 5

BNDVI>0.65 =0.35<NDVI<=0.65 ®m0<NDVIi<=0.35 ®mNDVi<0

Puc. 3.15. liarpama posnoainy sererauiiinoro inzexcy NDVI y mexax Kaxoscbkoro
BOJIOCXOBHIIA 33 JOC/AHMIT nepio

Fig. 3.15. Diagram of the NDVI distribution of the within the Kakhovka Reservoir for
the study period



3.6. Jocnimxenna AMHAMIKH TeMNepaTyPHOIo MoJisi IHA
KaxoBcbkoro BOJOCXOBHINA
[aHi [OBroxBMILOBOro iH(GpPaYepBOHOrO Hiama3oHy, HamaHi CyMyTHHKaMH
Landsat naioTe 3Mory chopMmyBaTH 306pakeHHS DO3NOAINY TeMIEPaTypH 3e€MHOI
MOBEPXHi Ta ONEPATUBHO BU3HAYMTH HIISHKH, fAKi MiJAAIOTHCSA MOPIBHAHO LIBUAKOMY
BUCHXaHHIO, a TaKOX AIIAHKH, 1O 306epiraloTh HU3bKY TEMIEPATypy, AKi MOXYTb OYTH
OCepe/ikaMK HaKOMMYEHHs BOOM Ta HOBOYTBOPDEHMMH BOAOWMaMH abo ocepeakamu
(GOpMyBaHH: I'yCTOrO POCIHHHOTO MOKPHBY.
Ho 2023 p. BonHa moBepXHs BONOCXOBHILA CTBOPIOBANA OXOJOMKYBAIbLHUH
edeKT y MpUNerauX A0 BOAOCXOBULUA ALISHKAX, iCHYBaNo 6araTo MOJHBHHX 3eMelb.
HaiiBuuli  MOKasHMKM  NOBEPXHEBOI  TEMMEpaTypd  CNOCTEPIraloTbCis  Hal
MPOMUCIIOBMMH  MIANPUEMCTBAMM, HE 3apOCIHMH  POCIMHHICTIO  BiaBanamu,
CLIBrOCTYTiIAMHE, JKHTIIOBOIO 3a6yI0BOIO MICT.
Ouinka TeMmepaTypHOro mojis MOBEPXHi y Mekax KOXHOTO 3HiMKy 3a 18
uepBHs 2023 p., 4 munus 2023 p., 21 cepnHs 2023 p. ta 30 Bepecus 2023 p. (puc 3.16
—3.19) 3acBinumna BifHOCHI Nepenamu MOBEpXHEBOT TEMNEPATYPH IS OKPEMUX Kiacis
3eMHOI NOBepxHi. BisyanbHo npocTexyeTbcs, W0 3 4acoM JHO CTac CyXilIMM i
CHIBHIIIE TpOrpiBacThess  (0co6nuBoO y cepnui). Tyt 6inpmi aMnaityau
TEMNEPATYpHHHUX KONMBAaHB Ta 3HayHi AudepeHuiauii MK CyXOl0, 3BONOXKEHOK i
BKDHTOIO POC/TMHHICTIO 3€MHOIO MOBEPXHEIO, AKA LIBUAKOMIMHHO 3MiHI0eThes. TTpore,
BXE Y BEpecHi, BiAGYBaeTbCs 3MEHIIEHHS BiIHOCHOI AMGeEpeHLiauii NOBEPXHEBO
TEMNIEPATYPH Ta 3apOCTaHHI POCIMHHICTIO 1 BiAYyBa€TbCA e(pEKT OXONOMKEHHA
YKPHTHX POCHHHHICTIO AISHOK,
Po3paxoBaHi noBepxneBi TeMnepaTypn konMBalOThCA B iHTepBanax Big +22 °C
Anst BOAHOT noBepxHi, 10 +30 °C Ha mifsSHKaxX 3 MOHEPHOIO POCIHHHICTIO, A0 +40 °C
Ha CYXHX MYJHCTHX MOBEepXHAX Ta A0 +53 °C Ha MillaHO-AUTPUTOBUX HiMAHKAX.
IMpoBenenuii MOHITOpDHWHI MOBepXHEBMX Temmneparyp 3a Landsat teputopiit
yHH3 i yropy Jluinpom Bia 3pyiHoBaHoi rpe6ai. INepionu no niapusy rpe6ai i micns
noKasaB, IIO pa30oM 3 BiIHOBNEHHAM POCIHHHOTO TOKPHBY BiJHOBJIIOETHCS
OXONOMKyBaNbHUX e(peKT AHA BOZOCXOBHIIA, TOOTO y THX CaMHX MiffAHKaX, A€
BiaGyBaecThca npupict inaekcy NDVL

V nopanbmioMy OYiKy€TbCs Oibll iHTEHCHBHE BiJHOBJIEHHS pOCIHHHOIO
TNOKPHBY Ta BIANOBIAHO GinbIuMi 0XONOMWKYBaNbHUX €EKT, ane Bia4yTHO cnabunii 3a
paxyHOK 3HaYHOTO 3HIKEHHS IO BUNApPOBYBaHHS.
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3.6. Study of the dynamics of the temperature field at the bottom of the
Kakhovka Reservoir

Data of the long-wave infrared range provided by Landsat satellites make it
possible to form an image of the temperature distribution of the earth's surface and
quickly identify areas that are subject to relatively quick drying, as well as areas that
maintain a low temperature, which can be centers of water accumulation and newly
formed reservoirs or centers of the formation of dense vegetation cover.

By 2023, the water surface of the reservoir had a cooling effect on the areas
adjacent to the reservoir, and there were many irrigated lands. The highest indicators of
surface temperature are observed over industrial enterprises, dump sites not overgrown
with vegetation, agricultural land, residential buildings of cities.

The assessment of the surface temperature field within each image for June 18,
2023, July 4, 2023, August 21, 2023, and September 30, 2023 (Figs. 3.16 - 3.19)
showed relative differences in surface temperature for individual surface classes. It can
be seen visually that over time, the bottom becomes drier and warms up more
(especially in August). It has larger amplitudes of oscillations and differentiation
between a dry, wet and vegetated surface, which rapidly changes its image. However,
already in September, there is a decrease in the relative differentiation of the surface
temperature when it is overgrown with vegetation, and the cooling effect of areas
covered with vegetation is already felt.

The calculated surface temperatures range from +22 °C for the water surface, up
to +30 °C on areas with pioneer vegetation, up to 40 °C on dry muddy surfaces and up
to +53 °C on sandy-detrital areas.

The Landsat monitoring of surface temperatures in the areas downstream and
upstream from the damaged dam along the Dnipro River, in the periods before and
after the detonation, showed that the cooling effect of the bottom of the reservoir is

restored together with the restoration of the vegetation cover,

_ _ i.e. in the same areas
where the NDVI index increases.

In the future, a more intensive restoration of ¢
accordingly, a greater cooling effect is ex
to a significant reduction in the area of ey

he vegetation cover and.

pected, but it will be significantly weaker due
aporation.
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Pisi 1, B iny TemrepaTypH Ha MOBepxii Ana KaxoBchKoro Fig. 3.16. Land surface temperature distribution of the Kakhovka Reservoir surface
-3.16. 3obpawenns posnoai

ing Landsat imagery, June 18, 2023.
BOZOCXOBHIIA, 32 nanumu 3nivkie Landsat, 18 yepshs 2023 p. using Eery
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Puc. 3.17. 3o0paxkeHHs PO3MOJiY TeMIepaTrypu Ha mnosepxHi aHa KaxoBCbKOTO

BOJIOCXOBHILA, 3a JaHnMK 3HiMKIB Landsat, 4 aunns 2023 p.
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Fig. 3.17. Lan.d surface temperature distribution of the Kakhovka Reservoir surface
using Landsat imagery, July 4, 2023,
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Fig. 3.18. Land surface temperature distribution of the Kakhovka Reservoir surface
using Landsat imagery, August 21, 2023,
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Puc. 3.19. 300pakeHHs pO3NOAINY TeMnepaTypH Ha noBepxHi mua KaxOBChKOIO Fig. 3.19. Land surface temperature distribution of the Kakhovka Reservoir surface
BOJIOCXOBHIIA, 32 laHUMH 3HiMKiB Landsat, 30 Bepechs 2023 p. using Landsat imagery, September 30, 2023
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PO31L1 4. IPOTrHO3 PO3BUTKY BIO®IBUYHUX TA
TEOEKOJIOTTYHUX ITPOLIECIB YHACJILAOK OCYIIEHHA
KAXOBCBhKOI'O BOJOCXOBHIIA: “3A” I “IIPOTH”
BIJHOBJIEHHSI KAXOBCBHKOI'O BOJOCXOBHIIA

Ykpaiucbki Gionoru, 60TaHikd Ta €KOJOTH nepenbayaioTb, WO BiAHOBIEHHA
NPHPONHKX KOMILJIEKCIB ¥ MeXaxX KOMHIIHBOTO Kaxqscrfxoroinonocxonuma TpHBaTUMe
10 - 20 poxis, ane Ha iHwoMy 6iOLEHOTHYHOMY PIBHI. QuikyeTbes, WO nounxc.enni
piBHz IPYHTOBMX 1 MiJ3eMHHMX BOA cnouylca'rlfme (e} pOBBPlTKy' Ta6 axn;mxsa::el
€K30reHHux mnpouecis. 3MEHLUMTHCA abo 30BCIM 3HHMKHE abpasis ep:g::suma
AKTHBI3yeThCA epo3is, 3a60s04yBaHHA 3am1a3. Ta ocymenorf) n;-xa T;):b xomuua
BHAaCNiZOK moBeHeBHX pO3/MBIB BOAM Ta neplonp.mﬂux onazniB. IcHy . S
Npubepexnux Kic Ta BajliB Ha MillAHOMY rpyHTi, K1 MO)KyTb. Ba:(xg 3ax::[n::; mKeHb,
TOMY MOXyTb aKTHBi3yBaTHCs €OJIOBi IPOLECH, 8 TaKoX epo3if. éuna: o HOHH“);
Wo Oymm 3abonoueni, MawouH nesHUit piBeHb TeXHoreHHogo 3aﬂzﬁumamuMH -
BiIknagie, y xopi nepecuxanHs L TpUBANHI Hac MOXYTb OyTH HETP !
akTHBHOCTI. AJje BOHH 3ano4YarkyloTb HOBI
MHi TIOCJTyTH, HanpHKiaj, NoCTa4aHHs

pPOLIOHOCTI rpyHTie. Ha npunernomy

BHKODHCTaHHs Ta BereTauliiiHOl
Bioreonenosy i BUKOHYBaTHMYTb iHLlII EKOCHCTE

AOHHUX MyniB Ta canponemo Uis MOKpallcHAA | 3MiHM F€OEKOJIOTiYHOro
CyXomoni B ymosax mediunty BOJOTH, crnocTepiraTuMyTbhCs

2K 3aTOMUIEHHX FMPJIOBHMX
CTany, nerpanauii icuyrounx exocuctem. Le CTOCY€TBCS TaKo oaa o :
i OpOIK .

9acTuH Ganok, ne Gy CTaBKH, HEBEJHKI BOJOCXOBHILA Blm‘H : l:T e a
OCXOBHLLA an rpo30io 1A
Baxinum € Te, mwo ocyweHHs BOA .
’ CTaBKa OXOJIO/KYBaua;

3anopispkof AEC, mo BHMKOpHCTOBYBajia Boay MiA CBOroO

i - i € 3a0BIJIBHUM.
Pieey craHuii Hapasi €
b Bonosa6e3neyeHHss aTOMHOI B tsoro KaxOBChKOro BOTOCXOBHILE

MHHOTO MOKPHBY Ta BIAHOBJIEHHS CTapHX
pioa 3uMa — BECHa 2024 p. Bi}lﬁy{l\(')Cﬂ
BOAKOBMMH BOJaMH, IIO NMOTEHUINHO
ereTaliffHOro nepioay, mnojanbLe

Hatenep nocnimxenns TepuTOpil
AeMOHCTPyIoTE MoCTynOBE BiAHOBACHHA POCT
Pycen piuok Ta pykasis [uinpa (puc. 4.1)- Y 1€
*HauHe HanoBHenHs TepHTOpii BOAOCXOBHILA T2
CMOMykaTume o axTMBHOrO BIAHOBNEHHA B
Aocnimkenns skoro NPOLOBXKHTBCA Y Maiiby THEOMY.
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CHAPTER 4. BIOPHYSICAL AND GEOECOLOGICAL
DEVELOPMENT FORECAST AS A RESULT OF THE
KAKHOVKA RESERVOIR DRAINAGE: ADVANTAGES AND
DISADVANTAGES KAKHOVKA RESERVOIR RESTORATION

Ukrainian biologists, botanists, and ecologists predict that restoring natural
complexes within the former Kakhovka reservoir will last 10 — 20 years but at a
different biocenotic level. Lowering the underground water level is expected to lead to
the activation of exogenous processes. Coastal erosion will decrease or disappear; at
the same time, erosion, floodplains' waterlogging and the reservoir's drained bottom
will intensify due to floodwater spills and periodic rainfall. Coastal spits and
embankments on sandy soil can be difficult to anchor, so eolian processes and erosion
are likely to become more active. Swamped depressions with contaminated sediments
and may not be suitable for use and vegetation activity for a long time after drying out.
However, it can give life for new biogeocenoses and perform other ecosystem services,
such as the bottom silts and sapropel formation to increase soil fertility. Changes in the
geoecological state and degradation of existing ecosystems will be observed in
moisture shortage conditions on the adjacent dry land. It also applies to the flooded
streams in which dams fenced off ponds and small reservoirs. The restoration process
also holds the potential for new ecosystem services, further enriching the ecological
landscape.

It is reassuring to note that the reservoir's drainage did not pose a threat to the
Zaporizhzhia Nuclear Power Plant, which relies on the reservoir for its cooling
properties. The water supply of the power plant remains satisfactory and stable. Today,
studies of the former Kakhovka reservoir reveal the gradual vegetation cover growth
and the restoration of old riverbeds and branches of the Dnipro River (Fig. 4.1). During
the winter-spring period in 2024, there was a significant filling of the reservoir with

flood waters, which can potentially encourage vegetation activity, a phenomenon that
requires further research.



[Toxu cxi1agHo poOUTH POrHO3M I0A0 MOAAIBLIOTO BIZHOBIEHHS EKOCHCTEM Y
Mexax KOJHMIIHBOrO Bojocxosuma Ta Bemukoro Jlyry, OCKilbKH YNpOIOBXK
HACTYIIHHX POKIB OYIKy€ThCs MocTymoBa crabimizauis Geperosux niHii. OgHax yxe 3a
nepuinii BeretauiiHuii ce3oH 6y10 COPOCTOBAHO MPOTHO3 MPO Te, 110 Ha L TepuTopii
chopMyeTbCa TepMaHeHTHA MycTeds Ta Oinpll HMOBIpHMM cTaHe (OpPMyBaHH:A
IIMPOKOTO  CHEKTPY PIZHOMAHITHUX eKOTOMIB, fAKI MOTEHWIHHO MOXYTh CTaTH
IDKepesoM HOBHX eKOCHCTEMHHX NocyT. IMoBipHO, BiNblIicTs MiOHEPHOT POCAMHHICTI,
mo chopmyBanacs yNpoLOBX Mepuioro micns pyHHyBauHs rpedii Beretauiiinoro
ce30Hy, 3aruHe Ta chopMyeThes HabaraTo rycTilini poCIHMHHUI TOKPHB.

For now, it is difficult to predict further ecosystem restoration within the former
reservoir and the Great Meadow, as the gradual stabilization of the coastlines is
expected in the following years. However, the prediction that the permanent desert
would form on this territory was disproved during the first growing season. A wide
range of diverse ecotopes formed within the reservoir, potentially becoming a source of
new ecosystem services, became more likely.Most of the pioneer vegetation grown
during the first growing season after the dam destruction will die, and a much denser
vegetation cover will be established.

Puc. 4.1. 3o6pasnenns KaxoBCLKOI0 BOJIOCXOBHUILA, 33 JIAHUMH ONTHYHOTO 3HIMaHH
i3 cynytuuka Sentinel-2, 3 Gepesns 2024 p.
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Fig. 4.1. Kakhovka reservoir o
received by Sentinel-2 on March 3,2024

ptical image after destruction of the Kakhovka dam,



Ompasy nicns pyiinyeanns rpe6ai Kaxoscekoi I'EC noctano mnuraHms
aKTyanbHOCTI  MOBOEHHOrO  BifHOBJEeHHA rpebai Ta riipoeNeKTPOCTaHNil,
Coopmysanucs aBi npoTuiiexHi AyMKH — 33 BIAHOBJIEHHA rpe6ai, enexTpocTaHuil Ta
BOLOCXOBHILA Ta 3a 36epexeHHs HoBocopMoBaHoro pycna JIHinpa 6e3 BiIHOBIEHHS
rpebui. .

3a BigHOBNEHHs rpe6ili, eNeKTPOCTaHLIi Ta BOAOCXOBHIUA FOBOPATE Ti, XTO 33
HeOGXiNHIiCTh BiNHOBJEHHS BOJOMOCTAYaHHA pErioHiB YKpaiHH, IO 3anexano y
MUHYJIOMY BiJl KaHaJiB, sIKi BAKOPHCTOBYBalH BOAY 3 Kax0oBCbOKOI0 BOJAOCXOBHILA

ans  Garateox mnoTpe6 y MeTayprii, eHepreTHlli, CilbCbKOMY TOCMOAApCTBI,

no6yrosomy Bomo3aGesneueHHi. PerioH HaBKOJIO KaxoBCBKOrO BOJOCXOBHILA

KOMBiHye akTHBHe CilbChKe FOCMONApCTBO Ta 3Ha4Hi MPOMMCIIOBI MOTYKHOCTI, 1O
noTpe6yloTh Benukoi KiapkocTi Bomu. Ha 2023 — 2024 pp. 'cxnanacsi KPHTHYHA
CHTyallis 3 BOmO3a6e3NeYeHHAM BAIUTHBHX MICT pErioHy — Hikomnons, Mapr'amm,
Kpugoro Pory. [lediunt BogHux pecypcis y perioHi MOXe NPH3BECTH 10 EKOHOMITHUX
YTpar Ta coujansHux 36UTKIB HA BEIHUKHX TEPHTOPIAX. )

Binnoenenns Kaxoscekoi I'EC yMOXUIMBMTE T€HEpPYBaHHA IONATKOBOI

I EHepl llOly T y y T T y BI.
i.l., )KHi b y MHH JIOM SAKOI C aHOBI/Iﬂa CbOI'o 335 M )

M € Te, 110 B YMOBax MOBHOIO 3aperytoBaHHsA L[Hmpa B
’

OJAaTKOBUM YHHHHKO
o a Tenep cyJHa

yeilt cBoii npoTsxHOCTi y Mexax YKpainH piuka 6yna CyAHOMIABHOIO,
MOXYTb RicTaTHCh TifbKH A0 3aMOPiXOKA.

3 iHworo 6oky, 36epexeHHs MOTOUHOr
chopmysati  Benuki MPUPOAIHI  KOMIIEKCH, i3HOBI BHBYEHHA
€KoCHCTEMHU X nocayr, yMOXJIHBJATE jgeTanbHe Ta PI3HOOIMHE
NOBepxHi, w0 necsTuniTTaMu nepebyBsaiy Mma BOH.?K)‘ : 010, @ YXBaleHHs

Muckycis womo BiaHoBneHHs KaxOBCbKO! I'EC € BiAKpHTOIO, )’0 crany o
i . BOEHHOT
Plluenns npo gomo uux 3eMensb He Oyae BHPILIEHO 1O 3aBep$eH::BHi Ta CyCMiJbHO-

. . i6inbI ePeK
Ykpaini, wo nae 3mory AeTanbHO po3pobHTH Haji
KOpucHi piwenns.

Nosurushi Ta HeraTuBHI Hac )
maby, ). Onnaxk, skpumu 6 He Gy/IH TUIAHH, 1X BTIJIEHHS H
TaHy Ta nocriitnoi pociiicbkoi BOEHHOI arpecii 1mpo
Micr,

0 CTaHy BOJOCXOBHLUA [acTb 3MOry
10 CTBOPATb WHPOKUH  CHEKTP
3eMHOT

ik BiAHOBJIEHHA Kaxoscbkoi TEC HaBeleHO Y
eMOXJIHBE B YMOBaX BOEHHOrO

1 HaceeHHs NPH(POHTOBHX
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After the destruction of the Kakhovka dam, the relevance of the post-war dam
restoration and the hydroelectric power station arose. Two opposite points of view
were formed: either the dam, power plant, and reservoir restoration or the preservation
of the newly formed Dnipro current without restoration of the hydro-technical
facilities.

Building the new dam is required for water supply restoration in the regions of
Ukraine, which depend on canals that take water from the Kakhovka reservoir for
many needs: metallurgy, energy supply, agriculture, and domestic water supply. The
area around the Kakhovka reservoir combines active agriculture and significant
industrial facilities that require much water. In 2023 — 2024, there is a critical situation
with the water supply of several big industrial cities: Nikopol, Marganets, and Kryvyi
Rih. Water shortages in the region can result in economic and social losses over large
areas.

Restoring the Kakhovska hydropower plant will also allow additional electricity
generation; however, its energy capacity was only 335 MW in the past.

Another factor is that under full regulation, the Dnipro was navigable along its
entire length within Ukraine's borders; now, ships can only reach Zaporizhzhia.

On the other hand, maintaining the current state offers the opportunity to create
large natural complexes that can provide a diverse range of ecosystem services. It also
allows for a detailed and comprehensive study of the land that has been submerged for
decades, potentially yielding valuable insights and knowledge.

The discussion on the restoration of the Kakhovka Dam is open. The fate of
these lands will be decided at the end of martial law in Ukraine, making it possible to
develop the most effective and socially valuable solutions in detail.

All positive and negative consequences of restoring the Kakhovka hydropower
plant are listed in Table 2. However, it's important to note that the current conditions of
martial law and ongoing Russian military aggression against the population of the
frontline cities pose significant challenges to the implementation of any plans,
including the restoration of the Kakhovka hydropower plant.



Ta6nuus 2. [opiBHsnbHUI aHAI3 EKOHOMIYHMX HACTIAKIB BiJIHOB/EHHSA
KaxoBCbKOro BOAOCXOBHIIA

Table 2. Comparison of the economic consequences of the Kakhovka reservoir
reconstruction

Mo3uTHBHI

HeratusHi

Positive

Negative

BHpOGHHLTBO €JleKTPOeHeprii

PerynioBaHHs piBHS BOOH

3axucT Bix noBeHeH

CyaHOMNaBCcTBO

3polenns WAAXOM Gy NiBHHLITBA KaHaNiB 10
NiBAEHHHX CTENIB

TMoxpaieHHs Bonozabe3neyeHHs ans
MPOMHUCAOBHX 06’ €KTIB Ta HaceNeHHs
PuboposseneHus

3MeHUIEHHA epo3iiiHUX NpoLeciB Ha CyXoaomi

VnoBinbHEHHS Tediit

HakonuuenHs AOHHUX BiAKNAKiB Ta
aKyMynsLis 3a6pyaHeHs Ta HeobXinHICTh
PO34MILEHHS pycna

MocunenHs esTpodikauii

[Nepioanysuii Mop pubu

3aMyneHHs Mxepen Boao3abesneueHHs pivku
[TinpuiLEHHS PiBHA TPYHTOBHX BOA
TligTonneHHs NPUIErIUX TEPUTOPiH
AGpa3is Ta pyiiHyBaHHA Geperis
Heo6xianicTs GeperoykpinieHHs

Electricity generation

Water level regulation

Flood prevention

Shipping

Irrigation through building canals to the
southern steppes

improvement of water supply for industrial
facilities and the population;

Fish farming

Erosion risk reduction

River current slowing

Sediments and pollution accumulation
and current cleaning necessity
Increasing eutrophication

Periodic plague fish

Siltation of water supply sources
Ground water level rising

Periodic flooding

Abrasion and banks destruction
Coastal fortification building necessity
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BHUCHOBKH

3uumeHHs pociiickkolo apMieio rpedii Kaxoscekoi I'EC BHOui 6 uepBHs
2023 p. crano Haii6inBUIO TEXHOTEHHOKO katactpodoro B Ykpaidi micns
YopHo6ubehKoi. 11IBUaKe MiAHATTA PiBHA BOAM CPHYMHMIIO 3aTOMICHHA TepUTOPIi
Ha 6inbw sx 600 kM2 3 IOBHHM 3aTOIUICHHSM KiIbKOX HAaCE/eHHX MYHKTIiB T4 BEJIUKOI
Ki i

"bKOf;TllgzﬁiZngK);?Pg;m ocyLIeHE OAHE 3 Halt6iAbIIMX BOAOCXOBHLL €BponH 3

06’emoM 18,2 km> BOIH, IO CTAJIO BEUKHM BUKIHKOM 1A yKpaiHCBKOrO CTeny, ki
OyB 3anexHnm Bix BOJOCXOBHLIA. JIHinpoBCchbKi BOAM, IO AYXKE LWIBHAKO Ha:;azﬁ;:{:
Yopue Mmope Hmxkue rupna Jluinpa, CrIpHYHHHWIH KOpOTKOYacHe anﬂmBo s
Bererauifinoi akTUBHOCTI Ta 3HMXKEHHA comnoHocti mops. Ilicas cxomxegcxomia
Pycno [Hinpa cra61m3yBanoc5 a y Mexax KOJHIUHBOro KaxoBCbLKOTro BOJ
foyamy riuHi 3MIHH.

l(;z;(::c):rl;}: :(aogg -piunuii nepioa excnyarauii, HaKonuqer::Oignﬁl :;ﬂﬂa{lrz
HE 3MOMIM MOBHICTIO 3aMyJMTH aHi pycio Jluinpa, aHi i:(:;:;( ! aﬁpm:x. o e
CTapuui. Hapasi Bonu BifAHOBJIIOIOTHCA Majixe y THX caMuX ® 1 aOpucan, Snaue
HYacTUHA KOMMILHBOT 3amjaaBy Ta Ha)l3allﬂaBHOl TEpacH BPIH[U;]:]ZTB Y 31:60!]0qu")(
—a T l:g:z::im:::qu?l(z% ’eMH -no:-moro ocany y
HU3HHHMX pinsHkax 3aniaBy HaKOMHYY : ! g '
BUr g ) M};JIIB [puGepesxHi  4acTHHH, 36ara4€H1 nimﬁ:le:)nct;r:((; ,\;ﬁm;i?;:z;“:
Bilkianamm, € Ginpw pOAIOYMMH, BOHH nepiui BKPHIHC p

TPaB’sHOT pocnMHHOCTI.
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CONCLUSIONS

The destruction of the Kakhovka dam by the Russian army on the night of June
6, 2023, became the largest aman-made disaster in Ukraine after the Chornobyl
disaster. The rapid rise of the water level caused the flooding of an area of more than
600 km?, with the complete inundation of several settlements and a large number of
human casualties.

On the other hand, one of the largest reservoirs in Europe, with a volume of
18.2 km? of water, was drained, which became a big challenge for the entire Ukrainian
steppe, which was dependent on the reservoir. The Dnipro waters, which quickly filled
the Black Sea below the mouth of the Dnipro, caused a short-term increase in
vegetation activity and decreased sea salinity. After the rise of the water, the Dnipro
River began to stabilize, and fundamental ecological changes began within the former
Kakhovka reservoir.

Despite the 65-year period of operation, the accumulated bottom sediments
were unable to completely silt up the Dnipro riverbed, nor its distributary channels and
old streams. They are restored almost in the same shapes. A significant portion of the
former floodplain and fluvial terrace was the first to emerge from the water, sparking a
surge in vegetation activity. In the swampy lowland areas of the floodplain, substantial
volumes of bottom sediment in the form of silt accumulate. Coastal parts, enriched
with deluvial-iluvial deposits, are more fertile, they were the first to be covered with
sprouts of woody and herbaceous vegetation.



CdopmyBanics HOBi NPUPYCIOBi BaiH, kocH, 6aHKM 3 PiUKOBOI ApeHceHH Ta
AMOBiaJIbHOTO MiCKY, 10 BOYEBHIb MOXYTh 3MiHIOBaTH abpucH Mijl 4ac MOBEHeH Ta
iHTEHCHBHHX CIyCKiB BOJHM 3 BEPXHIX BOAOCXOBHIL. MyNHCTI IPYHTH, IO BUCHXAIOTh
Ta PO3TPICKYIOThCS, MOCTYNOBO CTabiNi3yl0ThCA BEreTallifHUM POCTHHHHM MOKPHBOM.
3a 2023 p. Binbynocs GpopMyBaHHs pociuHHOCTI Ha 23 % TepuTOpii BONOCXOBHILA.
Becusana nosinbs 2024 p., w10 Bkpuia 6inbly YaCTHHY AHA KOMHIUHBOrO BOXOCXOBHILA,
NiAKPIiMJIIOE IPOTHO3M — BEreTallifiHa akTHBHICTb TiJIbKH MOCKIIOBATUMETHCS.

OTxe, CTBOPUINCS YMOBH /sl BiIHOBJICHHS LliHHUX T4 YHIKaJIbHHX €KOTOMIB Ha
Teputopii noHax Ha 2000 kM2 Ta popMyBaHHS HOBUX 3aMOBiIHHX TEPUTODIH.

Tlpote, y xoni 06roBopeHHs Ta nuaHyBanHs Mait6yTHboi soni Kaxoscekoi T'EC
i B UiOMy MiBAEHHOro perioHy, He MOXHa irHOpyBaTH MpoGneMy BiNHOBJIEHHS
NIPOMHKCIIOBOTO Ta rOCIONAPCHLKOTO BOAONOCTAYaHHS 3HAYHOI YACTHHHU CTEMOBOI 30HH
VYxpainy, o Oarato necsTHIITH 3anexana Bifl Boa KaxoBCbKOrO BOXOCXOBHILA, Hal-
BOXJHBOTO B YMOBaX Cy4YacHHX KIIMaTHYHMX BHKIHKIB. Tak, ICHYIOTb €KCIEPTHi
OLiHKH, WO 6e3 BOAOCXOBMINA BEMKI MiAnpueMcTBa JHinponeTpoBcekoi 067acTi He
3MOXYTb NPALIOBATH HaBITh Ha 50 % CBOET MOTYXHOCTI. 3aMIIAETECA MOTpeba y Boi
TakoXx i y XepcoHchkiil Ta 3anopi3ekiil 061acTax, y BusoneHoMy Kpumy.

Cnia we BpaxoByBaTH, 10 y BiCyTHicTh KaxoBCHKOro BOJOCXOBHLUA PiuKOBMH
TPaHCNOPT NepebyBaTHME 3aMKHEHMM y Mexax BEPXHbOI Ta cepeaHboi Tedil Juinpa,
T00TO 3ynNHMHUTBCS TpaH3uTHe cyaHonjascTBo Bin Kuesa po Yopnoro mops, wo
BiZlirpaBasio BEIMKY POJIb B arpapHOMy Ta METaTypriiiHOMy eKCMOpTi YKpaiHu.

Omxe, mepen Bnanolo i BiAMOBIIHHMH BiJOMCTBAMHM BMHHKIA HaICKIalHa
3aa4a — BiAHANTH €KOHOMiYHO i eKOJOriyHo OOIpyHTOBaHE PpILIEHHS LWWOAO
maitbytboro Kaxoscekoi TEC i niBgeHHOro perioHy 3aranoM. O4€BHHO, WO MOLIYK
ONTUMATBHOTO (PAaliOHANBHOrO) pillleHHs, Horo OGIPYHTYBaHHA HEMOXNUIMBI Ge3
MPOBENEHH KOMILIEKCY MKAMCLMIUTIHAPHHUX HAYKOBHX NOCHI/DKEHb.
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New dams, spits, banks of dreissena, and alluvial sand were formed, which can
change their outlines during floods and intensive releases of water from upper
reservoirs. Muddy soils that dry out and turns into takirs gradually stabilizes by
vegetation cover. In 2023, vegetation covered 23 % former reservoir’s area. The spring
flood in 2024, which covered most of the bottom of the former reservoir, reinforces
predictions that vegetation activity will only increase.

Thus, conditions were created to restore valuable and unique ecotopes on the
territory of more than 2000 km? and to form new protected areas.

However, when discussing and planning the future fate of the Kakhovka dam
and the southern region as a whole, one cannot ignore the problem of restoring
industrial and economic water supply to a large part of the steppe zone of Ukraine,
which for many decades depended on the waters of the Kakhovsky Reservoir, which is
especially important in the conditions of modern climate challenges. Yes, there are
expert assessments that large enterprises of the Dnipropetrovsk region will not be able
to operate even at 50 % of their capacity without a reservoir. Water is also needed in
the Kherson and Zaporizhzhia regions of liberated Crimea.

Furthermore, the absence of the Kakhovsky reservoir would have far-reaching
implications. River transport would be halted within the upper and middie reaches of
the? Dnieper, effectively ceasing transit shipping from Kyiv to the Black Sea. This
shipping route has been instrumental in Ukraine's agricultural and metallurgical
exports, making its potential closure a significant concern,

. Given these challenges, the authorities and relevant departments are confronted
und sl o o o o Kety o o cconomialy andslogialy
et this tah camot e o e . am and the southern region. It is clear

complished without a com

: e oD ' prehensive and rigorous set of
interdisciplinary scientific studies to guide the search for an optimal SO]utiin



JIITEPATYPA / REFERENCES

1. Mawenko X.I". ['eorpatis, npupote cepenosulie BoasHocTek Biiickka 3amopo3sKoro Ta npupoA0KOPHCTY BaHHSA 3an10po3bKHX Ko3akis (1734 — 1775), auc. kaun. icT. H., K.
IucturyT ictopii HAH Ykpainu, 2002. — 178 c.

. Kyxorckuii ML.IT. TIpo nitouncnenus Hikonons. — K.: YkpaiHcbka BHAaBHHYA criaka, 1996 — 2000. — 60 c.

. Enbunkos M.B. Cpennesexosslii Mornibink Mamaii —Cypia. — 3anoposxbe, 2001, c. 106.

. SIBopuuubknii 1.1, 3anopoxse B OCTaTKax CTAPHHBI M MPEAAHHAX HAPOAA. Y. 1, 2. - K.: Becenxa, 1995. — 446 c.

. SIBopuuukkuii J.1. IcTopis 3anopo3bkiXx KO3aKiB, y 3 ToMax. K.: Hayk. nymka, 1990.

. Kamenko A. ®. Onosizatus npo cnasxe Bifickko 3anoposbke Husose. — Huinponetposcbi: Ciy, 1991, — 494 c.

. Ckanbkosesknii A.O. Ictopis Hosof Ciul ado 0cTaHHBOTO Koura 3anopo3sskoro. —Aninponerposekk, 1994, — 157 ¢,

_YaBauenko B. A. Ykpainchka Atnantuza. 3anopixoxs. 2006. — 215 c.

00~ O L B W

9. Yenypna .M. Bennknii nian neperBopeHHs Npupoan (1948 — 1965 pp.): YkpaiHcbkuii BUMip, IKC. JOKT. icT. H., M. Uepkacu, 2017. — 426 c.

10. Canxyn B.A. KaxoBcbke BOJOCXOBHIIE CHOTOAHI. ['eoekonoriuni npobnemu Kaxoscbkoro Bogocxosuua (10 50-piqus creopenns). — Kpusuii Pir, 2008, ¢. 9 - 11.

11. Anboxina T.M. Baxxki MeTanu y JOHHHX BIJKIajlax BOAOCXOBHILL. Teonoro-exonoriuni npobiemu Kaxoscskoro Bogocxosuiua. — Kpusuit Pir, 2008, ¢. 30 — 32.

12. BaxTiaposa JLI. IcTopis aocniKeHb NPHIHH Ta HaciakiB Meniopauiii B perioni Ilisniunoro Ilpuyopromop’s / JLI. baxtiaposa // Bicuuk Onec. nau. yu-ty. I'eorpadiuni ta
reonoriudi Hayku. — 2014, = T. 19. Bun. 1, c. 69-78.

13. Jlimenko JLIT. O6rpyHTYBaHHS METOAMKH OLIHKH FEOEKOJIOTIHHOTO CTaHy ripHHYONPOMUCIIOBHX TEPHUTOPIii HAa OCHOBI MaHAAGTHO-CHCTEMHOTO TMAXOAY i AePOKOCMidHOT
indopmauii. Auc. K. I. H., — K. LIAK/13 ITH HAH VYkpainu, 2004. — 196 c.

14. TexToniuna kapra Yxpainn mactady C.C. Kpyrios, J1.C. T'ypcbknii, 2007 IntepakTHBHi icTopuuni kaptu Ininpa. Jlokauis Beankui nyr. Caiit: oldmaps.dn.ua

15. Denysik G. Regional climate changes of the interzonal geoecoton of Ukraine “forest-steppe-steppe” / Scientific Notes Ternopil National Pedagogical University, Series Geography.
TepHominb, 2020. Ne 2. Bu. 49. 246 c.

16. Besukuii JIyr 3anoposbkuii: ICTOPHKO-TOMOHIMIYHHIT CIIOBHHK, — Zanopinoxs: 34Y, 1999. - 331 c.

17. Caiit: oldmaps.dn.ua (IHTepakTHBHI icTopuusi kapti JHinpa).

18. Muuak A.I'., dininosuu B.€., Muuak H.I'. Cyuacti reoekooriuti npodiemu niBHiyHOT YyacTHHK GaceiiHy p. Ipninb Ta wuisXu iX BUPILEHHS (HA OCHOBI MaTepialiB KOCMIYHHX

3iOMOK 1 HaseMHuX 1ocainKens). disnuna reorpadis Ta reomopdonoris, 46 1-6 (117-122), 2023, ¢. 28-37. hups://doi.org/10.17721/phgg.2023.1-6.03

19. HuskHBbOAHIMPOBCHKUH HALlIOHATBHUH npupoannii napk (2024, 1 6epesns). [Ipo Hac. hitp://nppn.org.ua/pro-nas

20. HauioHanbHMit NpHPOHHI napK “Hypxnpoaninposebknii™ (2023, 7 uepsus). hiips:/www.facebook.com/nppNDpark/posts

21. Farr T.G., Rosen P., Caro E. et al. (2007). The Shuttle Radar Topography Mission. Reviews of Geophysics, 45(2). htips://doi.org/10.1029/2005re000183

22. Sentinelhub (2024, 1 Gepesust). Sentinel-2. hitps://custom-seripts.sentinel-hub.com/custom-scripts/sentinel/sentinel-2/

23. Sentinelhub (2024, 1 Gepe3Hs). Normalized difference vegetation index. hitps:/custom-scripts.sentinel-hub.com/custom-seripts/sentinel-2/ndvi/

24. Rodrigues G., Potes M., Costa M.J. et al. Temporal and Spatial Variations of Secchi Depth and Diffuse Attenuation Coefficient from Sentinel-2 MSI over a Large Reservoir.

Remote Sens. 2020, 12,7 h@i-,@bulﬂﬂﬂfﬁm

25. Rodrigues G., Potes M., Penha A.M. et al. The Use of Sentinel-3/OLCI for Monitoring the Water Quality and Optical Water Types in the Largest Portuguese Reservoir. Remote

Sens. 2022, 14, 2172. hups://doi.org/10.3390/rs14092172

26. Lacaux J.P., Tourre Y.M., Vignolles C. et al. Classification of ponds from high-spatial resolution remote sensing: Application to Rift Valley Fever epidemics in Senegal, Remote

Sensing of Environment, Vol. 106, Issue 1, 2007, 66-74, hups:/doi.org/10.1016/].rs¢.2006.07.012 =

27. Mishra S.. Mishra D.R. Normalized difference chlorophyll index: A novel model for remote estimation of chlorophyll-aconcentration in turbid productive waters. Remote Sens.

Environ. 2012, 117, 394-406 htips: doi.org/10.1016/1.rse.2011.10.016 PROGNAINE LRS-

89



28. Soria-Perpinya X., Vicente E., Urrego P. et al. (2021). Validation of water quality monitoring algorithms for Sentinel-2 and Sentinel-3 in mediterranean inland waters with in situ
reflectance data. Water 13(5), 686. htips://doi.org/10.3390/w 13050686
29. 3porysane 3emMaepodcTBO: 36IPHUK HAyKOBHX Mpallb. XePCOH: OJIII-TITIOC, 2010. Bum. 54. — 396 c.

30. ITpec-cnyx6a Anapary Bepxosuoi Pamn VYkpainu (2023, 14 ueppHs). 30MTKM TiAPOTEXHIYHOT
https:/www.rada.gov.ua/mews/mews _kom/237726.himl

meniopauii Bke carnyam nowax 150 miapa.  TpuBEHb.

31. Running S., Mu Q., Zhao M. (2021). MODIS/Terra Net Evapotranspiration 8-Day L4 Global 500m SIN Grid V061 [Data set]. NASA EOSDIS Land Processes Distributed Active
Archive Center. Accessed 2024-03-01 from https://doi.org/10.5067/MODIS/MOD16A2.061

32. Earth Engine Data Catalog (2023, March 01) MODI6A2.061: Terra Net
encine/datasets/catalog/MODIS 061 _MODI6A2

Evapotranspiration 8-Day Global 500m.

https://developers.zoogle.com/earth-

90



Hayxroee sudanms

KATACTPO®A KAXOBCBKOI'O BOJJOCXOBMIIIA:
CBiIYaTh CYNyTHUKOBI 3HIMKH

KAKHOVKA RESERVOIR DISASTER:
satellite imagery evidence

TOB «Yxpaincoka Kaprorpadiuna ['pynay

Bya. Tamnepe, 13-b, m. Kuis, 02105, Ten. (067) 464 11 81, www.uke.ore.ua

CaigonTso npo BHecenHs cy6’eKTa BUAABHHYOT CIIPABH [0 JIeP)KaBHOTO peecTpy BHIABLIB,
BHTOTOBIIIOBAYIB i PO3MIOBCIOMKYBaUiB BUAaBHHUOT npoaykuiil JIK Ne 5097 six 12.05. 2016 p.

TOB «Bb «ABanmnoct-ITPMM»

Byn1. Jlenrca MonacTtupebskoro, 3, xopn. 3, M. Kuig, 03035

CBIIOUTBO PO BHECCHHs CY0’€KTa BUAABHUYOT CIPABH /10 1EPKABHOTO pEECTPY BUABLLIB,
BHTOTOBIIOBAYIB 1 PO3IIOBCIO/UKYBaYiB BumaBuuuoi nponykiii JIK Ne 3843 Bin 22.07.2010 p.

dopwmart 60 x 90/8
VM. apyk. apk. 11,5






