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IanoBHi aBTOPHU Ta YMTAYi KypHAJTY!

MaeMo BeNUKy MPUEMHICTH 1 9ECTh TOBIMIO-
MUTH Bac, 110 3aCHOBHUK Ta BHAABEIb HAIIOTO
KypHaITy [HCTHTYT BOIHUX TTPOOIIeM 1 Memiopartii
HamionansHoi akanemii arpapHUX HayK YKpaiHu
23 rpymast 2024 poOKy CBSTKYE CBOE 95-piuus.
Toynime  po3MOYMHAE CBOE  CBATKYBAaHHA
3Ba)Kalo4uu Ha Te, 1o came 23 rpyans 1929 poxy
Ha 3acimanHi Pagm Hapomuux komicapis YPCP
OyJI0 TIPUUHATO PIICHHS MPO 3aCHYyBaHHS IPH
Hapxomzemcnpae YPCP mna 06a3i  kpaifoBux
MEJIIOpaTUBHUX OpraHi3amii Ta ITOCIIIHHX
cranmii HaykoBo-mocmigHoro IHCTHTYTY CilTb-
CHKOTOCTIOAPCHKUX  Memopaliiii, a podory
HOBOCTBOPCHHH I[HCTUTYT po3modyaB y TpaBHI
1930 poxy y M. XapkoBi. Y JHCTOMAIi-TpydHi
bOro X poky lHcTUTyT Oysno mepeBeAeHO 0
Opnecu, ne BiH mpaioBaB 10 1941 poky. Coro
po0OTY TIicis TEepepBH, CIPUYMHEHOI BIHHOIO,
IacTuTyT BimHOBUB y TpaBHi 1944 poky y Kuesi,
JIe TIPONOBXKYE CBOIO MiSUTBHICTH 1 CHOTOJHI.
Bupomosx nepiomy 3 1935 p. mo 1992 p. [nctutyt
HOCHB Ha3By YKpaiHCHKHH HayKOBO-IOCIITHUN
[HCTHTYT TimpoTexHiKK 1 Memiopamii, 3 1992 p.
10 2011 p. — [HCTUTYT TiApOTEXHIKH 1 Memiopartii
YkpaiHCchKOi akageMmii arpapHux Hayk, a 3 2011 p.
1 10 HEHI — [HCTUTYT BOTHUX TpOOJIeM 1 Melli-
opamii HamionanpHOi akameMii arpapHuUX Hayk
Vkpaiunu.

[HCTHTYT € IPOBIAHOIO IEPKABHOIO HAYKOBOIO
YCTaHOBOIO YKpaiHM 3 MUTaHb HAyYKOBOTO 3a0e3-
IIEYCeHHSI PO3BHUTKY BOAHOTO TOCIIONApCTBa Ta
medioparii 3emens. Ctanom Ha 01.12.2024 poky
HayKOBUU KagpOBHW TOTEHIIan IHCTHTYTY
ckimagae 104 HaykoBHX TIpAmiBHUKH, 3 HHUX
12 moxTopiB Hayk, y T.4. — 3 akagemiku HAAH
i1 unen-kopecnonneHT HAAH, 41 kanaumaT HayK.
Ho crpyktypu [HCTUTYTY BXOASTH 8 HAyKOBUX
BianiniB, CapHEeHChKa HAyKOBO-I0CIiTHA CTAHITis
Ta 2 TOCIIAHUX TOCITONApCTRa.

IHCcTMTYTOM  BenmeThCs  TOTY)KHA — HAYKOBO-
JOCHTiHA poOoTa 3a HarmpssMamMu «BomHi pecypcmy
Ta «Mermopartist 3emMernby. Ll mociimKkeHHsS BUKOHY-
BaJIMCh 1 BUKOHYIOTBCS Pa30M i3 CITIBBUKOHABIISIMHU
y ckiami JlepikaBHHX TPOTpaM HAYKOBHX JTOCTi-
JOKEHB, IO (OPMYFOTLCS Ha 1’ ITHPIYHHIN TTePio.

Crorogni IHCTHTYT, SK TOJIOBHA HayKOBa
YCTaHOBa, IPOBOAUTH Ta KOOPAWHYE OCIi-
JUKCHHS CITiBBUKOHABINB y ckiami [TH/] HAAH 4
«Craye BomokopucTyBaHH, (HOPMYBaHHS BOTHOT
Oe3IeKH, PO3BUTOK MEITioparii 3eMellb B yMOBax
3MiH KJIIMaTy» NOUIIXOM BHKOHAHHS (hyHIaMEH-
TaIbHUAX Ta MPHUKIAJIHAX 3aBIaHb (ITPOEKTIB) 3a
TPHOMA ITiIITPOTPAMAMH:

— @opmyBaHHS BOTHOI OE3MEKH Ta BiATBO-
pEHHS BOIHHUX PECYpCiB B yMOBax 3MiH KIIIMaTy;
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— BigHOBIEHHS Ta PO3BUTOK 3pOIICHHS
1 ApeHaxxy B YKpaiHi B yMOBaxX 3MiH KJIiMary;

— BukopucranHs MeTiOpoBaHUX  3eMeb
B YMOBaX 3MiH KJIIMaTy.

HocmimkeHass [HCTUTYTY XapakTepH3YIOThCS
KOMIUICKCHICTIO, TapMOHIMHHM  TIO€THAHHSIM
(yHIaMEHTaTbHUX Ta MPUKIATHUX JOCIiKEHb,
MarOTh HOBATOPCHKUI IHHOBAIIMHUN XapakTep,
BiJIOMi HE TUTBKH B YKpaiHi, a i 3a 11 Me)kaMH.

HaliBa)xnuBilmuMH 3 HHUX, [0 BHKOHAaHI
B ocraHHi 15-20 pokiB, € HaykoBi 3acamu
Crparerii 3pomeHHS Ta IpeHaXy B YKpaiHi,
Bognoi crparerii Ykpainu, HayKoBe OOIPYHTY-
BaHHS 3arajbHOIEP’KaBHOI ITUTHOBOI MPOTpaMHU
PO3BUTKY BOJHOTO TOCIIOAPCTBA Ta EKOJOTid-
HOTO O3I0pOBJIIeHHS Oaceiiny piuku JlHITpo,
HayKOBi 3acajyd MPOTHIIABOAKOBOTO 3aXHCTy
B OacelfHax Tipchkmx pidok Kapmar, HaykoBi
3acaJl 3aXHCTy TEPUTOPIA Ta CITBLCHKHX Hace-
JIEHUX TYHKTIB Bi MIATOIICHHS IPYHTOBUMH Ta
3aTOIJICHHS TTOBEPXHEBUMH BOJAMHU, KOHIIEMIIIT
CLIIBCBKOTOCTIONAPCHKOTO BOJIOTIOCTadaHHS,
BIIHOBJICHHSI T4 PO3BHUTKY 3POIICHHS B ITiBICH-
HOMY perioHi Ykpainu, e(QeKTHBHOTO BHKO-
PUCTaHHA OCYIIYBAaHMX 3€MeNb T'YMiJHOI 30HU
Ykpainu, BiTHOBJICHHS BHPOOHHUIITBA CyYacHOI
JOIIYBaIbHOI TEXHIKM B YKpaiHi, BETUKA KiJlb-
KICTb TEXHOJIOTIH Ta TEXHIYHHX 3ac00iB s
peamizamii TpPOIECiB 3POMICHHS Ta OCYIICHHS
3€MeJIb, ITiATOTOBKH BOJIY B CHCTEMaX ClJIbIOCIIBO-
JIOIIOCTAa4YaHHs Ta BOJOBIABEACHHS, TEXHOJIOIIT
BHPOIIYBaHHS ClIbCHKOTOCIIONAPCHKUX KYIBTYP
3a KParuIMHHOTO 3POIIICHHS, KOMII FOTepHI iH(Op-
MaIlliifHO-aHATITHYHI Ta iHpOpMAaIiiHO-T0paIdi
CHUCTEMH VIIPABIIHHSI TEXHOJOTIYHHMH IIPOIIe-
caMH Ha 3PONIYBaHUX 1 OCYIIYBaHUX 3EMIISX,
OIliHKa BIUIUBY 3MIiHH KJIiMaTy Ha CTaH BOIHOI
0e3MeKkn, BOAHICTh PIYOK Ta CKOJOTIYHHH CTaH
BOJTHHX 00’€KTiB YKpaiHM Ta YMOBH BOJIOT03a-
Oe3redeHHs 11 TEPUTOPil HA OCHOBI CydacHUX
MoOJeJIeH KIIIMaTUIHUX 3MIH.

Po3po0Oku [HCTUTYTY, SIK TIPaBHUIIO, TOBOIATHCS
10 PIBHS, TTI0 3a0€31euy€e MOKITUBICTD 1X IIPaKTHY-
HOTO BUKOpHCTaHH:A. JIOCTIKEHHS Ta pO3POOKH
Incturyty 3a Tmepiom #oro icHyBaHHS, OyiIH
BarOMHUM BHECKOM, @ YacTO CIIyTyBaJH OCHOBOIO
CTBOPCHHS Ta (PYHKIIIOHYBaHHSI IIOTYXKHOTO
BOJIOTOCTIOIAPCHKO-METIOPaTUBHOTO  KOMILIEKCY
Ykpainu, sIKuil BKITIOYa€e 3pONTyBalibHI Ta OCYIIY-
BaJIbHO-3BOJIOXKYBAJIbHI CHCTEMH Ha 3arajlbHid
IDIONII TIOHAT 5 MUIH. Ta, TIAPOBY3IH Ta KaHAIH,
0 332 CBOIMH TEXHIYHUMH XapaKTEPUCTUKAMHU
BIJIMTOBITalOTh KPAIIUM CBITOBUM aHAJIOTaM.

3a yCImixXu y pO3BUTKY MENiOPaTHBHOI HAyKH
1 ATOTOBII HAyKOBUX KaapiB 27 rpymus 1979 p.
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[HCTUTYT HaAropomKeHo OpAeHOM TpyaoBOro
UYepsonoro [panopa. Bucokuii HaykoBuii piBeHb
Ta MPaKTUYHA 3HAYUMICTh po3poOok [HCcTHTYTY
MiATBEPIKYETHCS  YUCETBHUMH  HAaropoJamu
Ta TPEMisIMH, 10 OTPUMaHi CHiBPOOITHHKAMH
yCTaHOBH, Y TOMY 4Hcii npeMist Pagu MinicTpis
CPCP (1984 p.), HdepxaBHa mpemis YKpaiHu
y ramy3i Hayku i TexHiku (1997 p.), npemii HAAH
«3a BUIATHI JOCSTHEHHS B arpapHiil Haymi»
(2008, 2014 pp.), npemis KaGinery MinicTpis
VYkpainu 3a po3poOIeHHS 1 BIPOBA/KCHHSI 1HHO-
BariiHux texunousori (2020 p.) Ta HarionansHa
npemis iMeHi bopuca Ilatona (2024 p.).
3a BaroMuil BHECOK y 3a0e3MEUeHHS PO3BUTKY
arpapHoi HayKM Ta BHCOKHH mpodecioHami3zm
22 cniBpoOiTHUKK [HCTUTYTY Oynau Big3Ha4eHi
Jep>KaBHUMH Haropoiamu, 9 ofepiKaid 3BaHHS
«3acmyXeHUH TpaliBHUK». 3a BUJATHI HAayKOBi
3100yTKH [HCTHTYT OYyro Bim3HaueHo [louecHorO
rpamotoro Kabinery MinictpiB Ykpainu (2005,
2019 pp.). Y 2019 p. tpynosuii konekrus [BITiM
HAAH 6yno naropomxkeno [ pamororo BepxoBHoi
Panu Vkpainu 3a 3aciayru nepel YKpaiHCbKUM
HapOJOM.

CBilYCHHSIM BaroMOCTI HAayKOBUX pe3yiib-
TaTiB [HCTHTYTY € HOro BH3HaHHS 32 MEXKaMH
VYkpainu: [HCTUTYT sik 6a30Ba HayKoBa yCTaHOBA
npezacrasisie Ykpainy B MixHapoAHild Kowmicii
3 ipuranii 1 apenaxy (MKil), [moGansHOMY
BOJIHOMY TApTHEPCTBI, BHUKOHYE JICJIErOBaHi
oMy €BpPONEHCHKUM IEHTPOM 3 BiJHOBJICHHS
piuok (€LUBP) ¢ynkuii HamionansHoro 1ieHTpy
3 BiJIHOBJICHHSI PIYOK.

[HCTUTYT TiATpUMY€E 3B’S3KM 3  BiIOMHMH
3apyODKHMMH HayKOBUMH LEHTpaMH Ta (hipMamu
CIUA, Himewuunnu, @panuii, Smnowii, Hinepnanmis,
I3paimto, [Tombiyi, YropimmHy Ta iHINHX KpaiH.

CriBpobiTHUKH [HCTUTYTY MOCTIiHO OepyTh
y4acTh Ta BUCTYIAIOTH 3 HAYKOBHUMH JIOTIOBIISIMH
Ha BceciTHiXx BogHmx (opymax, KOHIpecax
MKi/l 3 nuTaHb pamioHaJTbHOTO BUKOPHCTAHHS
1 OXOPOHH BOJJHUX PECYPCIB Ta MeJioparlii 3eMelb.

HayxoBi mpauiBHUKH [HCTUTYTY 3a pe3yiib-
TaTaMu KOHKYPCIB MOCTIIfHO NPOXOISTh CTa)Ky-
BaHHA Yy NPOBIIHUX HAyKOBUX LEHTpax 3apy-
ODKHMX KpaiH — YHIBEpCUTET MNPHKIAJTHUX
Hayk (Higepnanau), VHIBEpCHUTETH IITATiB
Konopano, Texac, Oraiio ta Kanigopnist (CLLLA)
Ta 3a MbKHapomHuMu nporpamamu: “‘Cochran”
(CIILIA), MiHiCTEepCTBO CLILCHKOTO TOCIIOAAPCTBA
(CHIA), SInmoHchbKa areHIlist 3 MI>KHAPOIHOT CITiB-
npaui (Anonis), “Mashav” (I3painb), Acormiamis
roiutanacbkux komnaniid “PLUS” (Hinepnanan),
imeHi Jletina Kipknanaa (ITosbima).

HayxoBwuii apropureT [HCTUTYTYy Ha MiXHa-
POAHINA apeHi MiATBEPIKYETbCS HOTO YdYacTio
y BHUKOHAaHHI MDKHapOJHHMX TIPOGKTIB i3

@OoHIOM NMBUIBHMX JOCHIKEHb 1 PO3BUTKY
(CRDFGlobal), FAO Ta EBRD.

B InctutyTi cTBOpeHi Ta (yHKIIOHYIOTH
HAyKOBi MIKOJHM 3 MUTaHb €HEproe(eKTUBHOTO,
€KOJIOTOOE3MEYHOr0  BOJOKOPUCTYBAaHHS — Ha
3poinyBasibHUX cuctemax (akagemik HAAH
ta Iramilicekoi akajemii c.-I. Hayk, mpodecop
Kopanenko II. 1.), kpamnuHHOrO 3pOIIEHHS,
EKOJIOTOOE3MEUYHUX PEKUMIB  3pOILEHHS —Ta
MOHITOPHHTY MENiOpOBaHUX 3eMejlb (aKaJeMik
HAAH, npodecop Pomamenko M. I.; wunen-
kopecrionnienT HAAH, mnpodecop Illatkos-
cekuii A. Il.), OioeHepreTM4HUX eKoIorozda-
JIAHCOBaHUX CHCTEM 3eMiiepoOcTBa Ha Medi-
opoBaHux 3emisix (akagemik HAAH, npodecop
Tapapiko 1O. O.), cucremMHOro wmaremarud-
HOTO MOJENIOBaHHS Ta YIpPaBIiHHS BOJO-
1 3eMJICKOPHCTYBaHHSIM (JJOKTOP TEXHIYHHUX HayK,
npodecop Kopanpuyk I1. 1.) Ta inmmi.

[pu IncrutyTti QyHKIIOHYIOTH acmipaHTypa,
JOKTOpaHTypa Ta CIielliani3oBaHa BUCHa pana i3
3aXHCTy JOKTOPCHKUX 1 KaHIUIATCHKHX AWCEp-
Tamid. 3a NPUOTU3HUMH MiJpaxyHKaMH, MOYH-
Haroun 3 30-x pokiB MuHyInoro cronitts B IBITiM
HAAH 3axuiieno 35 mokropchkux i 443 kauau-
JaTChKUX aucepranii. Yrnpomosxk 2020-2024 pp.
cniBpoOiTHUKK [HCTUTYTY 3axuctinu 11 aucep-
TaIil 3 OTPUMaHHSI CTYIICHS JIOKTOpa Putocodii.

[pu Iucruryri 3 2002 p. npie TexHiuHwMiA
KOMITET cTaHjmapru3anii «Memiopaliisi i BogHE
rocriogapctBoy (TK 145). 3a ueii nepios po3poo-
neno moHax 200 HarioHanbHUX CTaHAAPTIB
VYkpaiHu 3 NMUTaHb SIKOCTI BOJAM, IpUTaIiitHOTO
YCTaTKyBaHHS Ta TEXHOJIOTIH 3pOIIEHHS, Oilb-
LICTh 3 SIKMX — FapMOHI30BaHi 3 Mi>KHAPOJAHUMHU
Ta €BPOINEUCHKUMHU.

[HCTUTYT Bene akTHBHY BUAABHUYY MisUTb-
HicTh. 3 1967 p. mo 2018 p. B IHcTUTYTI BHIA-
BaBCSl MDKBIZJOMUMI TEMaTWYHUH HayKOBHI
30ipHuKk «Memiopaniss 1 BOgHE TrocHoAap-
cTBO». Beworo Bunmano 108 BuiyckiB 30ipHUKA.
32019 p. came Ha #oro 6a3i BUIAETHCS HAYKOBHI
KypHan «Memiopamis 1 BOAHE TOCHOAAPCTBOY.
3araqoM WIOPOKY CHIiBpOOITHHKAaMH I[HCTHTYTY
IpyKyeThest Oinbiie 200 crarteil y BITYU3HSIHUX
Ta 3apyOiKHHMX BUAaHHSX, Ol 10 MoHorpadiii,
nogacThea 10 10 3a9BOK HAa BUHAXOIM TA IIATEHTH.

HaykoBii [HCTHTYTY € WwieHaMu pelakiiiHuX
KOJIET1# Ta pelieH3eHTaMH B HAyKOBHUX KypHalax,
ski iHaekcytoTbes SCOPUS (“Journal of Water
and Land Development”) ta Web of Science
(“Agriculture Science and Practice”).

[HCTUTYT WIOPIYHO TNPOBOJAUTH  HAYKOBI
KoH(epeHIIii 3 MUTaHb BOIHUX pecypciB 1o [Hs
BoaM (Oepe3eHb) Ta 3 MUTaHb MeJiopallii 3eMelb
(rpynenn). CBoi HaykoBi po3poOku [HCTHTYT
MOCTIHHO JIEMOHCTPYE Ha PI3HUX MIKHAPOAHUX

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2024



Ta BCEYKpalHCBKMX BHUCTaBKax, Qopymax Ta
Hapaaax.

HoBi po3po0OKku Ta KOHLENTYaJIbHI IiIXOJH,
HAIpaipoBaHi [HCTUTYyTOM, B3HAWIUIM BifgoOpa-
xeHHs: y Bomgnomy Kopekci VYkpainum, 3akoHax
Vipainn «Ilpo wmemiopamito 3emens», «IIpo
opraHizamii BOJOKOPUCTYBa4iB Ta CTHUMYIIIO-
BaHHS  TiJJPOTEXHIYHOI  Meiopamii  3eMesby,
«Crparerii 3polIeHHS Ta JpeHaXy B YKpaiHi
Ha nepiog mo 2030 poxy», «BomHiii crparerii
Vkpainn Ha mepion mo 2050 poky», «3araibHo-
JepXKaBHIA ~ LMBOBIM  Tporpami  PO3BUTKY
BOJIHOTO TOCIIOAPCTBA Ta EKOJOTIYHOIO 03710-
poBiieHHs OaceliHy piuku J{Hipo Ha mepion Ao
2021 poky», «3aralpHOACP)KaBHIM Tporpami
«IlutHa Boma Vkpainm» Ha 2011-2021 poxm»,
Cxemax Ta [Iporpamax npoTHIIaBOIKOBOTO 3aXUCTY
B Oaceitnax piyok Twuca, IIpyt, [duicrep, Crpuii,
CxeMi 3aXHCTy CUIBCBKOTOCIIOAAPCHKUX — YTilb
Ta HACENICHUX ITyHKTIB XEepCOHCBHKOi 00MacTi Bix
3aTOTUICHHSI TIOBEPXHEBUMH Ta I ITOTUICHHS IPyH-
TOBHMH BOJIAMH.

upoxo BIIPOBAJ)KEHA B cucremi
JepxxBogareHTcTBa YKpaiHu Takox «Meroauka
(hopMyBaHHS I[IHU HA 110/1a4y BOJY HA 3POIICHHSI,
MIPOMHUCIIOB] Ta KOMYHaJIbHI IOTPEON», sika cTajia
OHOBOIO 3alpOBa/DKCHHS MEXaHi3My IUIaTHOTO
BOJIOKOPHCTYBAHHS B Tajly3i BOAHOTO TOCIOAAp-
CTBa Ta MEJTiOpallii 3eMeJlb.

3 rmoBaroto,
nupektop IBITiM HAAH

T'onoBHU pegakTop KypHaLy
«Memiopattist i BOJTHE TOCIIOIaPCTBOY
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3arajioM OTpHMaHi pe3yJibTaTd Ta PO3POOKH 3
MATaHb PALliOHAILHOTO BUKOPUCTAHHS T4 OXOPOHH
MEJTIOPOBAHKX 3eMeJlb CTAIU B JJOBOEHHHH TEPion
OpraHi3aliiHO-PaBOBOIO,  HAYKOBO-METOANYHOIO
Ta TEXHIKO-TEXHOJIOTTYHOIO OCHOBOIO 3a0€3MeYEHHSI
eKCILTyarTallii 3pOIIyBaTbHUX CUCTEM Ta IPOBEICHHS
MOJUBIB Ha TUIoIi Or3bko S00 THC Ta Ta BOIOpery-
JIFOBaHHS Ha ionl 0mm3bko 300 THC ra IIOPiYHO.
Ha BkazaHMX 3eMJISIX IIOPIYHO, HE3aICKHO BiJ
TMOTO/THUX YMOB, BUPOIITYBAJIU ITPOMAYKIIiT POCTHHHHU-
LITBA HA 3aralbHy cyMy Onu3bko 20 MIIpI TPH.

[Micns 24 mrororo 2024 poky Iucruryt
aKTHBHO JOJIyYUBCS A0 BHPILICHHS NPOOIeM,
CIPUYMHEHUX BICHKOBOIO arpeciero pd.

Bci npaniBauky [HCTUTYTY akTHBHO JomoMa-
ratote BoiHaMm 30poitnux Cun Ykpainu, BipsTb
y mepemory YKpaiHu i SKHaWIIBUAIIUA MHD,
3 HACTaHHSAM SIKOTO OOOB’SI3KOBO 3 SIBIISITHCS
JIOJIaTKOBI  TOTpeda 1 MOMIJIMBOCTI  IUTIJIHO
MpaIioBaTy 37151 BiIHOBJIEGHHS BOAOTOCIIOAAP-
ChKO-MEJIIOPaTHBHOTO KOMILIEKCY YKpaiHU.

Bitaemo Bcix cmiBpoOiTHHKIB [HCTHTYTY
3 95-pivusM i3 JTHS 3aCHYBaHHS YCTAHOBH, JSKYEMO
3a TUTJHY Ta HaI3BMYAHO MOTPIOHY JAepikaBi
Ta yKpaiHCBKOMY Hapoay poOoty, OakaemMo
MONATIBIINX HAYKOBHX YCITiXiB 1 BIIKPUTTIB, [IIKABHX
i1eil Ta IHHOBALIMHUX TPOEKTIB, 3MYUMO MIIHOTO
370pOB’sl Ta HOBHX 3100yTKiB Ha Onaro Ykpainu!
Cnaga Ykpaini! Habmmkaemo nepemory pasom!

Muxaiino SALIOK

Muxaiino POMAILIEHKO
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Dear authors and readers of the Journal!

We have great pleasure and honor to inform
you that the founder and publisher of our
journal, the Institute of Water Problems and
Land Reclamation of the National Academy
of Agrarian Sciences of Ukraine, celebrates its
95th anniversary on December 23, 2024. To be
more precise, it begins its celebration in view of
the fact that it was on December 23, 1929, at a
meeting of the Council of People’s Commissars
of the Ukrainian SSR that a decision was made
to establish the Research Institute of Agricultural
Reclamation under the People’s Commissariat
of Land Resources of the Ukrainian SSR on the
basis of regional reclamation organizations and
research stations, and the newly created Institute
began its work in May 1930 in Kharkiv. From
November to December of the same year, the
Institute was transferred to Odesa, where it
operated until 1941. After a break caused by the
war, the Institute resumed its work in May 1944
in Kyiv, where it continues to operate today.
During the period from 1935 to 1992, the Institute
was called the Ukrainian Research Institute of
Hydraulic Engineering and Land Reclamation,
from 1992 to 2011 — the Institute of Hydraulic
Engineering and Land Reclamation of the
Ukrainian Academy of Agrarian Sciences, and
from 2011 to the present — the Institute of Water
Problems and Land Reclamation of the National
Academy of Agrarian Sciences of Ukraine.

The Institute is the leading state scientific
institution of Ukraine in the field of scientific
support for the development of water
management and land reclamation. As of
01.12.2024, the scientific staff of the Institute
consists of 104 researchers, including 12 Doctors
of Sciences, including 3 Academicians of the
National Academy of Sciences of Ukraine
and 1 Corresponding Member of the National
Academy of Sciences of Ukraine, 41 Candidates
of Sciences. The structure of the Institute includes
8 scientific departments, Sarny Research Station
and 2 experimental farms.

The Institute conducts extensive research
in the areas of Water Resources and Land
Reclamation. These studies have been and are
being carried out together with co-executors as
part of the State Research Programs formed for a
five-year period.

Today, the Institute, as the lead research
institution, conducts and coordinates the research
of co-executors within the framework of the
NAAS IPA 4 “Sustainable water use, formation of
water security, development of land reclamation
in the context of climate change” by performing

fundamental and applied tasks (projects) under
three subprograms:

— Formation of water security and
reproduction of water resources in the context of
climate change;

— Restoration and development of irrigation
and drainage in Ukraine in the context of climate
change;

— Use of reclaimed land in the context of
climate change.

The Institute’s research is characterized
by complexity, a harmonious combination
of fundamental and applied research, and is
innovative and pioneering, known not only in
Ukraine but also abroad.

The most important of these, completed in the
last 15-20 years, are the scientific foundations of
the Irrigation and Drainage Strategy in Ukraine,
the Water Strategy of Ukraine, the scientific
substantiation of the National Target Program
for the Development of Water Management and
Environmental Rehabilitation of the Dnipro
River Basin, the scientific foundations of flood
protection in the basins of mountain rivers of
the Carpathians, the scientific foundations of
protection of territories and rural settlements
from groundwater and surface water flooding, the
concepts of agricultural water supply, restoration
and of

As a rule, the Institute’s developments are
brought to a level that ensures the possibility of
their practical use. Over the period of'its existence,
the Institute’s research and development has
made a significant contribution and often served
as the basis for the creation and functioning of
a powerful water management and reclamation
complex of Ukraine, which includes irrigation
and drainage systems on a total area of more than
5 million hectares, hydroelectric power stations
and canals that meet the best world analogs in
terms of their technical characteristics.

On December 27, 1979, the Institute was
awarded the Order of the Red Banner of Labor for
success in the development of land reclamation
science and training of scientific personnel. The
high scientific level and practical significance of
the Institute’s developments are confirmed by
numerous awards and prizes received by the staff
of the institution, including the USSR Council
of Ministers Award (1984), the State Prize of
Ukraine in Science and Technology (1997),
NAAS Awards for Outstanding Achievements in
Agricultural Science (2008, 2014), the Cabinet
of Ministers of Ukraine Award the Development
and Implementation of Innovative Technologies
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(2020), and the Borys Paton National Prize
(2024). For their significant contribution to
the development of agrarian science and high
professionalism, 22 employees of the Institute
were awarded state awards, 9 received the title of
“Associate of Honour”. For outstanding scientific
achievements, the Institute was awarded the
Diploma of the Cabinet of Ministers of Ukraine
(2005, 2019). In 2019, the staff of the Institute
of Plant Industry and Mechanics of NAAS was
awarded the Diploma of the Verkhovna Rada of
Ukraine for services to the Ukrainian people.

The Institute’s scientific results are recognized
outside of Ukraine: As a basic research
institution, the Institute represents Ukraine in
the International Commission on Irrigation and
Drainage (ICID), the Global Water Partnership,
and performs the functions of the National Center
for River Restoration delegated to it by the
European Center for River Restoration (ECRR).

The Institute maintains ties with well-known
foreign research centers and companies from
the United States, Germany, France, Japan, the
Netherlands, Israel, Poland, Hungary, and other
countries.

Employees of the Institute regularly
participate and make scientific presentations at
the World Water Forums, ICID congresses on the
rational use and protection of water resources and
land reclamation.

Based on the results of competitions, the
Institute’s researchers are constantly undergoing
internships at leading research centers in foreign
countries — the University of Applied Sciences
(Netherlands), the Universities of Colorado,
Texas, Ohio and California (USA) and under
international programs: “Cochran (USA), the
Department of Agriculture (USA), the Japan
International Cooperation Agency (Japan),
Mashav (Israel), the Association of Dutch
Companies PLUS (Netherlands), and the Lane
Kirkland Foundation (Poland).

The scientific authority of the Institute
in the international arena is confirmed by its
participation in international projects with the
Civilian Research and Development Foundation
(CRDFGlobal), FAO and EBRD.

The Institute has created and operates scientific
schools on energy efficient, environmentally
friendly water use in irrigation systems
(Academician of the NAAS and the Italian
Academy of Agricultural Sciences, Professor
Kovalenko P. 1.), drip irrigation Professor
P. I. Kovalenko), drip irrigation, environmentally
friendly irrigation regimes and monitoring
of reclaimed lands (Academician of NAAS,
Professor M. 1. Romashchenko; Corresponding
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Member of NAAS, Professor A. P. Shatkovsky).),
bioenergy ecologically balanced farming systems
on reclaimed lands (Academician of NAAS,
Professor Tarariko Y. O.), system mathematical
modeling and management of water and land
use (Doctor of Technical Sciences, Professor
Kovalchuk P. 1.) and others.

The Institute has a postgraduate program,
a doctoral program, and a specialized academic
council for the defense of doctoral and candidate
dissertations.  According to  approximate
estimates, since the 1930s, 35 doctoral and
443 PhD theses have been defended at the
Institute of Food Science and Technology of
the National Academy of Agrarian Sciences
of Ukraine. During 2020-2024 , the Institute’s
staff defended 11 dissertations for the degree of
Doctor of Philosophy.

Since 2002, the Technical Committee for
Standardization “Land Reclamation and Water
Management” (TC 145) has been operating at the
Institute. Over this period, more than 200 National
Standards of Ukraine on water quality, irrigation
equipment and irrigation technologies have been
developed, most of which are harmonized with
international and European standards.

The Institute conducts active publishing
activities. From 1967 to 2018, the Institute
published an interdepartmental thematic
scientific collection “Land Reclamation and
Water Management”. A total of 108 issues of
the collection were published. Since 2019, the
scientific journal “Land Reclamation and Water
Management” has been published on its basis. In
general, every year, the Institute’s staff publishes
more than 200 articles in domestic and foreign
publications, about 10 monographs, and files up
to 10 applications for inventions and patents.

Institute scientists are members of editorial
boards and reviewers in scientific journals
indexed by SCOPUS (Journal of Water and Land
Development) and Web of Science (Agriculture
Science and Practice).

The Institute annually organizes scientific
conferences on water resources on Water Day
(March) and on land reclamation (December).
The Institute constantly demonstrates its
scientific developments at various international
and national exhibitions, forums and meetings.

The new developments and conceptual
approaches developed by the Institute are
reflected in the Water Code of Ukraine, the
Laws of Ukraine “On Land Reclamation”, “On
Organizations of Water Users and Stimulation of
Hydraulic Land Reclamation”, “Irrigation and
Drainage Strategy in Ukraine for the Period up to
20307, “Water Strategy of Ukraine for the Period
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up to 20507, “The National Target Program for
the Development of Water and Environmental
Rehabilitation of the Dnipro River Basin for
the Period up to 2021, The National Program
“Drinking Water of Ukraine” for 2011-2021,
Flood Protection Schemes and Programs in the
basins of the Tisza, Prut, Dniester, and Stryi
Rivers, and the Scheme for the Protection of
Agricultural Land and Settlements in Kherson
Region from Surface Water Flooding and
Groundwater Flooding.

The Methodology for Pricing Water Supply
for Irrigation, Industrial and Municipal Needs
has also been widely implemented in the State
Agency of Ukraine for Water Resources, which
has become an update to the mechanism of paid
water use in the water management and land
reclamation sector

In general, the results and developments on
the rational use and protection of reclaimed land
in the pre-war period became the organizational,
legal, scientific, methodological, technical and
technological basis for ensuring the operation
of irrigation systems and irrigation on an area of
about 500 thousand hectares and water regulation

Sincerely yours,
Director of the IWPaLR of the NAAS

Editor-in-Chief of the journal
“Land Reclamation and Water Management”

on an area of about 300 thousand hectares
annually. On these lands, regardless of weather
conditions, crops were grown annually for a total
of about UAH 20 billion.

After February 24, 2024, the Institute was
actively involved in solving the problems
caused by the military aggression of the Russian
Federation.

All the employees of the Institute actively
help the soldiers of the Armed Forces of Ukraine,
believe in the victory of Ukraine and the soonest
peace, which will certainly create additional
needs and opportunities to work fruitfully to
restore the water management and reclamation
complex of Ukraine.

We congratulate all the staff of the Institute
on the 95th anniversary of the institution’s
foundation, thank them for their fruitful work,
which is extremely necessary for the state and the
Ukrainian people, wish them further scientific
success and discoveries, interesting ideas and
innovative projects, and wish them good health
and new achievements for the benefit of Ukraine!
Glory to Ukraine! Let’s bring victory closer
together!

Mykhailo Yatsiuk

Mykhailo Romashchenko
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Abstract. The article presents the results of researches on assessing the ecological state of the Fastiv
Reservoir using ground and satellite data according to the developed scientific approach, which provides
for the following sequence for a water body with a large area: conducting field observations, involving
satellite information, and creating a resulting map of the current ecological state based on a certain set
of indicators, which is the goal of the research. The relevance of the research is defined by the significant
deterioration of the water condition in the reservoir, which was caused by an increase in air temperature,
uneven distribution of precipitation throughout the year, a decrease in the reservoir filling to 92.7 % of
the design level, intensive increase in water use and discharge of domestic wastewater. In the conducted
studies, it was advisable to compensate the lack of spatially concentrated information (from points of
field measurements) with spatially distributed information. During field surveys, hydrobiological and
physicochemical indicators were determined in 3 sections of the reservoir — points observations, and
maps of water depth, temperature, and transparency were created based on the results. Such results
of field observations as an increased turbidity and low transparency made it necessary to use satellite
data, especially those containing red and infrarved ranges, when calculating spectral indices. From the
perspective of remote sensing, water bodies have their own spectral characteristics, which depend on the
concentration of various substances dissolved and suspended in water — diffuse reflectance. To compensate
the lack of information, the Sentinel-2 L2A image was used, which is the closest with no cloud cover to the
date of field observations, and spectral indices were calculated in the open software product Land Viewer:
NDVI, GCI, NDWI. Only the NDWI map was useful, providing an insight about the transparency within the
entire reservoir. The obtained comprehensive information made it possible to create a resulting map of the
current ecological state of the Fastiv Reservoir based on the ground and satellite data.

Keywords: reservoir, ecological state, ground surveys, satellite data, spectral indices, resulting map

Relevance of the research. Increasing technical condition of treatment facilities,

greenhouse gas concentrations lead to climate
changes, air temperature increasing, changes in
the annual distribution of precipitation throughout
the year, biomass increasing, and intensification
of' biochemical processes in surface waters, which
has significantly worsened their ecological state.
To these negative factors an increase in man-made
load on water bodies due to unauthorized
sources of pollution and discharges of domestic
wastewaters should be added. Another problem
that needs to be addressed is the pollution of
water bodies with untreated and insufficiently
treated return waters due to the unsatisfactory

which leads to the entry of insufficiently treated
wastewaters into natural waters. Therefore,
timely assessment of the ecological state of
surface waters is an urgent task. An example of
an unsatisfactory ecological state of waters is the
Fastiv Reservoir, which is a vital reservoir for the
city of Fastiv, as the water level in it affects the
water debit in wells and provides a stable water
supply to over 45 thousand residents. Due to the
unsatisfactory technical condition of the gates of
the hydraulic structure and the lack of flushing in
the reservoir, its basin silted up, and the influx of
insufficiently treated wastewaters from the city’s

© Vlasova O.V,, Shevchenko . A., Kozytskyi O.M., Shevchenko A.M., Voitovych O.P., 2024
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industrial enterprises has caused a significant
deterioration in the ecological condition of the
reservoir today. For a comprehensive assessment
of the large reservoir state, field surveys of the
reservoir’s hydromorphological state and the
physicochemical characteristics of the water
are not enough, as those results represent point-
based data that correspond to the locations of
direct water sampling. For a more in-depth
analysis of the water bodies’ eutrophication
processes, there is a need for spatially distributed
data, which is provided to specialists by satellite
images. In the case of the Fastiv Reservoir,
when assessing the current ecological state, it
was advisable to complete the point-based data
with spatially distributed information [1]. The
issue of completing the indicators during the
environmental assessment using ground data by
aerospace data is also addressed in the work of
H. Godi'nez-Alvarez, J.E. Herrick, M. Mattocks,
etal. [2].

Analysisofrecentresearchand publications.
The issues of assessing the transparency and
turbidity of waters is covered in the works
[3, 4]. The thesis of Pichura V.I. describes the
identification of water transparency in individual
Dnipro reservoirs using remote sensing (RS) data.
Also, one of the important issues of the water
bodies ecological state, which has been addressed
by a large number of researchers, is the spread
of blue-green algae, which is known as water
“bloom”. It is necessary to highlight the work of
Adam Trescott [5], who in his papers obtained
empirical models based on remote sensing data
for the estimation of chlorophyll concentration
in open water bodies. Scientists have found that
the best results for assessing algae development
are obtained from the relationships that use the
values of B1, B2, and B3 bands of the Landsat 7
satellite mission. The work of the American
researcher Mohammad Haji Gholizadeh stands
out for its thoroughness [6]. The author analyzed
numerous research results, which dedicated to
study the application of remote sensing in the
water bodies ecological assessment. The Chinese
scientist Shengkun Zhang devoted his research to
the assessment of the chlorophyll concentration
in Laizhou Bay (China) [7]. The paper describes
how, based on data from the Landsat 8 OLI and
the results of field surveys, a regression model was
obtained and, based on it, the spatial distribution
of chlorophyll concentration was estimated and
the water quality in the coastal waters of the
studied bay was assessed. Analysis of research
and publications shows that the main attention
while assessing surface waters using satellite
data is devoted to determining transparency

and turbidity, as well as the possibility of
compensating for the lack of ground-based
information with satellite data.

The aim of the research is to assess the
ecological state of the Fastiv Reservoir using
ground and satellite data.

Research methods and materials. The work
presents an analytical analysis of scientific works
on the ecological survey of surface waters using
ground and satellite data, ground surveys and
experimental studies of the Fastiv Reservoir
using generally accepted and certified methods,
and a geospatial and system analysis of the
obtained results.

The research methodology included the
following components:

— analytical analysis of scientific works on
the identified problem;

— conducting field surveys, which included
measuring the depth of the reservoir, water
sampling, measuring transparency, turbidity
(content of suspended solids), color, and water
temperature;

— search for publicly available satellite
information and analysis of the possibility of its
application to the research problem;

— calculations of spectral indices
vegetation, green chlorophyll, and water;

— analysis of the obtained results.

During field surveys, hydrobiological and
physicochemical indicators were determined in
3 sections of the reservoir — point observations
and, additionally, spatially distributed satellite
data on the ecological state of the reservoir were
obtained.

Research results and their discussion. The
Fastiv Reservoir is located on the Unava River,
which is a right tributary of the Irpin River. The
reservoir is located on the southwestern edge
of the Fastiv city, partially wedged into the city
limits. The reservoir has existed since 1907,
but acquired its modern appearance after the
commissioning of hydraulic structures on the
Unava River in 1935. The length of the reservoir
is 6.20 km, the average width is 390 m, the widest
section is 700 m, the average depth is 3.77 m.
The normal supporting water level (NSWL) is set
at 158.00 m (Baltic height system). The area of
the water mirror at NSWL is 2.41 km?, and the
volume of the reservoir is 5.06 million m*. The
usable volume is 4.87 million m®.

The area of the Unava River catchment to the
hydroelectric power station is 462 km?. The river
is fed by snow and rain, the flow volume at 50 %
of availability is 26.65 million m®. The reservoir
is the main water supply source for the railway
junction and some industrial enterprises in Fastiv

for
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city. During the operation time of the reservoir, the
hydraulic facilities were reconstructed in 1929,
1932, 1961, and 1998. Over the past 15-25 years,
flow regulation by gates has been practically not
carried out, which has led to significant silting
of the reservoir. According to the results of the
survey of the reservoir by the specialists from
the Institute of Water Problems and Reclamation
of the National Academy of Agrarian Sciences
(IWPiM of NAAS) in August 2022, it was noted
that the water level in the reservoir was below the
NSWL and the regulated volume of water in the
reservoir was 4.69 million m?, which is 92.7 %
of the reservoir’s design capacity. The main
reason for the decrease in the reservoir filling
was low water conditions of the current year on
the background of significant filtration losses
through the hydraulic facility, which is due to the
unreliable operation of the gate valves (Fig. 1).

Figure 1. Hydraulic facility
of the Fastiv Reservoir

However, not only hydrotechnical and climatic
(air temperature increase, uneven distribution
of precipitation throughout the year) conditions
have caused the deterioration of the ecological
state of water in the reservoir. In recent decades,
there has been an intensive increase in water use,
which has also led to a deterioration in water
quality. Surface runoff from agricultural fields,
which contains mineral fertilizers, pesticides,
and biogenic substances, also causes harm.
A significant negative environmental impact on
the water body is caused by LLC “Eko-Vtor”,
which is engaged in the extraction of polyester
fibers from PET bottles and incineration of
polymer waste, resulting in the formation
of various toxic substances — acetaldehyde,
terephthalic and other organic acids. Also, the
State Environmental Inspection and the Fastiv
Prosecutor’s Office discovered violations of
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water legislation in the work of the communal
enterprise “Fastivvodokanal”. Such violations
contributed to the increase in water ‘“bloom”
(Fig. 2) from year to year.

Figure 2. Water pollution in the Fastiv
Reservoir: a — upstream, b — downstream.

Therefore, in August 2024, specialists from
the IWNP&LR of NAAS conducted a survey of the
Fastiv Reservoir regarding the ecological state of the
waters — hydrobiological (turbidity, transparency)
and physicochemical (soluble iron content in
the water). Three lines were selected: line 1 with
observation points 1-2—3 closer to the dam; line 2
with points 4-5-6 in the middle of the reservoir;
line 3 with points 7-8-9 in the ending part. The
schemes of the research are shown in Fig. 3.

During the survey (Fig. 4), depth measu-
rements, water sampling, and measurements of
transparency, turbidity (content of suspended
solids), color, and water temperature were
performed.
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Figure 3. Schemes of research: a — the coordinates of observation points on a satellite image,
b — layout of observation lines

Figure 4. Survey conducting: a — the upperstream; b — using a boat to measure the depth of water
and take water samples

The results of field surveys and laboratory analyzes of water samples from the Fastiv Reservoir are
given in Tables 1, 2.

1. The results of field survey of the Fastiv Reservoir

Coordinates Water sampling Water Transparency, Depth,
of observation points point number temperature, °C m m
1 2 3 4 5
259(3,;43’ ,2472’?00(;,, 1 23,8 0,32 )
2590(,0543’ ,2454?842",, 2 23,8 0,35 4,6
295347 17 3 238 02 2
2950 115" ‘ 240 030 19
;gzg’z‘%ﬁ:z 5 223 031 6,9
SN ’1586",, 6 23,0 0,30 12
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Table 1 (ending)
50°3°12,17"
29°51°25,24" 7 24,0 0,33 2,0
50°3°8,82"
29°51°31,35" 8 23,8 0,33 2.8
50°3°5,11"
29°51°38,28" 9 22,8 0,31 14

2. Results of laboratory analyzes of water from the Fastiv Reservoir

Water sampling point number | Turbidity, mg/dm? Fe, mg/dm* Transparency, cm

1 30,16 0,70 19

2 31,90 0,74 11

3 33,06 0,62 5.8
4 34,80 0,74 4,5
5 40,80 0,68 6,2
6 33,64 0,74 5,5
7 40,60 0,54 5

8 38,28 0,79 5,3
9 31,90 0,70 16,5

Since the dispersion of observation points is
significant, instead of creating the dependence
graphs, we created schematic maps based on field
and laboratory observations using the method of
approximation between the points (Fig. 5).

From the maps it is clear that the water
temperature decreases with the increase of depth,
and the water transparency changes in a small
range, which is explained by the total spread of blue-
green algae during the active development phase
in the summer time. Data from field surveys and
laboratory analyzes differ. Transparency is usually

Legend

|:| 1.2-14m

14-19m

1.9-2.8m
- 46-69m

a b

- 23.8-24.0°C

determined by two methods — using a Secchi disk
in the field conditions and using a Snellen device in
the laboratory. In this case, the results of the certified
Snellen device method were used.

The concentration of iron oxide was
determined as a physicochemical characteristic
of water. Normally, it should decrease with the
increase of water body volume, which is a natural
phenomenon. However, the reservoir filling was
equal to 92 % and the concentration of soluble
iron in average was 0.7 mg/dm?® throughout the
water area and is not significant as a characteristic.

Legend Legend
l:l 22.3-22.8°C [] 045-0.65m
[ 228-23.8°C []020-045m

0.10-0.20m

C

Figure 5. Schematic maps of the field survey results: a — depths; b — temperatures; ¢ — transparency
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Water turbidity is determined by the content
of finely dispersed impurities suspended in
water — insoluble or colloidal particles of various
origins. Turbidity of water also determines some
other characteristics of water, in particular, the
presence of sediment, suspended solids, coarse
impurities. Water turbidity is one of the important
indicators of its quality. This indicator reflects the
presence of inorganic and organic undissolved
particles in water and was equal to 30—40 mg/dm?
during the observation period.

Such results of field surveys as increased
turbidity and low transparency have made it

Figure 6. Map of NDVI distribution
within the Fastiv Reservoir

=

Figure 7. Map of GCI distribution
within the Fastiv Reservoir
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Figure 8. Map of NDWI distribution
within the Fastiv Reservoir

necessary to use satellite data, especially those
contain red and infrared bands, in calculating
spectral indices. From the point of view of
remote sensing, water bodies have their own
spectral characteristics, which depend on the
concentration of various dissolved and suspended
substances in water — diffuse reflectance.

For the study we used the Sentinel-2 L2A
image dated 25.07.2024, the closest date with
no cloud cover to the date of field surveys, and
calculated the following spectral indices in
the open software product LandViewer: Green
Chlorophyll Index (GCI), Normalized Difference
Water Index (NDWI) [8, 9, 10], Normalized
Difference Vegetation Index (NDVI) [11]. Based
on the results of the calculations, maps of these
indices were obtained (Fig. 6-8).

The classical NDVI map distinguishes
coastal vegetation — reeds in the range of
0,30-0,40 microns and finely dispersed impurities
in the water in the range of 0-0,10 microns. The
GClI map is not informative, since it only concerns
vegetation, and on the surface of the reservoir it
is absent, and gives only clear contours of the
reservoir itself. However, the NDWI map is
obtained by the calculation that uses the near-
infrared (NIR) band with a wavelength range
of 0,78-0,90 microns and the mid-infrared
(SWIR) band with a wavelength range of
1,56—1,66 microns, provides the most information
about the trophic state of the reservoir. With an
NDWI value above 0,3, an open body of water is
distinguished; the values from 0 to 0,3 shows the
presence of vegetation with a high water content
or partially submerged areas of vegetation; a
value of 0 usually indicates dry soil or vegetation
with a low water content. It is important to note
that these threshold values can vary depending on
the specific environment and should be calibrated
according to local conditions. Thus, during the
research, more information about transparency
was obtained, which made it possible to produce
a resulting map of the current ecological state of
the Fastiv Reservoir (Fig. 9) based on ground and
satellite data.

On the resulting map produced according
to the existing methodology [12], yellow color
corresponds to “‘satisfactory” water condition
at NDWI values of 0,3-0,6 and transparency of
0,45-0,65 m, brown color corresponds to “bad”
condition at NDWI values of 0,2-0,3 and
transparency of 0,20-0,45 m, red color corresponds
to “very bad” condition at NDWI values of 0,0-0,2
and transparency of 0,10-0,20 m.

Conclusions. The use of the Normalized
Difference Water Index in combination with
ground measurements and laboratory studies made
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Figure 9. Resulting map of the current
ecological state of the Fastiv Reservoir based
on ground and satellite data

it possible for the first time to assess the current
trophic state of the Fastiv Reservoir as a whole
during the period of active water “blooming”.

(7]

During the conducted research, it was found
that based on the results of ground surveys of
a large water body, it is advisable to create
schematic maps, rather than graphs, due to the
large dispersion (scatter) of observation points.

It has been established that increased turbidity
and poor water transparency necessitate the use of
satellite data, especially those containing red and
infrared ranges of the electromagnetic radiation
spectrum, when calculating spectral indices.

It is proven that it is possible to produce the
resulting map of the current ecological state
of a water body, which may contain individual
water areas of different ecological states, based
on certain indicators obtained in the complex.
The allocation of categories of the ecological
state of different areas in the corresponding color
(yellow — satisfactory, brown — bad, red — very
bad) is carried out in accordance with the existing
methodology for assigning a surface water body,
as well as a significantly modified surface water
body, to one of the classes of ecological potential
of an artificially or significantly modified surface
water body.
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Anomauia. ¥ cmammi 6uxnadeHo pe3yiemamu 00CHiodceHsb 3 OYiHKU ekonoeiunozo cmary Pacmiecbko2o 6000-
CXOBUWYA 30 HAZEMHUMU A CYNYMHUKOBUMU OAHUMU 34 PO3POOIEHUM HAYKOBUM NIOX0O0OM, AKUlL nepedbayae
HACMYNHY NOCTIO0BHICMb 0I5l B00HO20 00 €KMA 3 8EIUKOI0 NIOUWEI). NPOBEOCHHSL HAMYPHUX CHOCMEPENHCEHD,
BAIYUEHHsT CYynYmMHUK0BO! iHghopmayii ma nobyoosu 3a nesHuM KOMIIEKCOM NOKA3HUKIE Pe3VIIbNYIOUol Kapmiu
CYUACHO20 eKONOSIYHO20 CIMANY, WO € MEMOI0 00CTIONCeHb. AKMYanbHICIb NPOBEOeHHs O0CTIONCEHb BUNTUBAE 3
SHAYHO20 NORIPUIEHHS CIAHY 800U Y B000CX08ULYI, SIKe CHPUYUHUIY NIOBUIEHHS MeMNepamypu Nosimpsi, Hepig-
HOMIPHULL PO3NOOLT 0NAdi8 8NPOO0BIHC POKY (3MeHUIeHHs HanosHe s 92,7 %), iHmeHcusHutl picm 8000KOpUC-
MYBAHHA MA CKUOAHHS 20CNO0APCLKO-NOOYMOBUX CIMIUHUX 800. Y NPo6edeHuUx O0CTIOMCEHHAX QOYiTbHUM VIO
KOMAEHCY8amu Hecmady npocmoposo 30cepeddcenol inghopmayii npocmoposo poznodinenoro. Ilpu namyprux
00CMENCEHHSX BUBHAUATU 2IOPOOIONOLIUHI T (DI3UKO-XIMIYHI NOKAZHUKU Y 3-X CIMBOPAX 8000CX08UUYA — MOYUKOBE
Cnocmepesicents, a 3a pe3yibmamamu 6y10 nobyoosano Kapmu 2iuouH, memMnepamypu ma npo3opocmi 600U.
Taxi pe3ynbmamu HAMYPHUX CROCMEPEdICEHb, SIK 301IbUEHA KAlaMymMHICmb Mma cIabKa npo3opicmb, a maxodic
HEMOJICIUBICIb OOCMENCEHHS 3 MEXHIUHUX NPUYUH MPEmboi YacmuHU 8000CX08UWA (AK6AMOpIs Y X80cmi),
BUKTIUKAIU HEOOXIOHICMb 3aCMOCY8amU CYNYMHUKOBI OaHi, 0coOIUBO Mi, WO MICMAmMb YepeoHi ma iHppauep-
60HI KAHAIU NPU PO3PAXYHKAX CREKMPATbHUX NOKA3HUKIG. 3 MOUKU 30py OUCAHYIIHOZ0 30HOV8AHHSL, GOOHI
00’ exmu Maromv c80i° CNeKmMpanbHi XapaKmepucmuKy, sKi 3a1exicamy 6i0 KOHYEHMpayii pisHUX pO3YUHEHUX
[ 3aucnux y 600i peuosur — ougysnoeo eiooumms. [1Jo6 komnencysamu necmauy inghopmayii, 6y10 3a0isHe
3Himox Sentinel-2 L2A, sixuil € HAUOIUICUUM 3 BIOCYMHBLOIO XMAPHICHIIO 00 0Amu NPOBEOEHHS HAMYPHUX CROCHIe-
DPedcetd I po3pAxX08aHo CNeKmMpanbHi iHoekcu y 8iokpumomy npoepamuomy npooykmi LandViewer:NDVI, GCI,
NDWI. Kopuchoro sussunacs mwe xkapma NDWI, sxa 0asana yagieHHsa npo npo3opicmb y Me*cax 6cb02o 8000-
cxoguua. Ompumana KOMNIeKCHa ingopmayis 0ana MONCIUSICIMb NOOYOY8amu Pe3YIbIMYyIO4Y Kapmy CYUACHO2O
exonoeiunoeo cmany DacmiecvoKo2o 8000CX08UWYA 30 HAZEMHUMU MA CYNYMHUKOBUMU OQHUMI.

Knrouosi cnoea: sodocxosuue, exono2iuHuii CmMaH, HA3eMHi 0OCMENCeHHs, CYNYMHUKOGI OaHi,
CNEeKMPAnbHi IHOEKCU, pe3yibmyoud Kapma
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Abstract. Water purification from ammonium nitrogen is currently an urgent task for protecting drinking
water sources and ensuring the required water quality for consumers in various sectors of the Ukrainian
economy. The technological approaches covered in this article can be used to remove other ammonium-
based compounds from water. The obtained results of the adaptive water purification system (AWPS) with
a simulated highly concentrated aqueous ammonium solution (1,16 g/dm’) suggest their use in water
purification technologies from hydrobionts and side-products of biogas systems (digestat purification).
Pulsed electrochemical methods were used in the operation of the AWPS in combination with ultrasonic
exposure on oxidation-reduction processes with controlled injection of gas mixtures. A high correlation
between all the variables studied was established. The same was confirmed by the regression analysis made
in the process of empirical modeling of the relationship between the treatment time and the change in pH
and in the concentrations of ammonium nitrogen, nitrates and nitrites. That is, all the indicators of multiple
correlation and determination in the constructed significant models indicate a very high correlation with
the treatment time. The decrease in pH from 11 to 9.6 can be explained by the fact that acids were formed
during the treatment of the model solution, which caused the decrease.

The energy efficiency of the AWPS operation was assessed by analyzing changes in the concentrations
of the main component of the simulated solution (ammonium) and its derivatives using the example of
nitrites and nitrates and a fixed operating time of 60 min. The use of electrolysis methods allowed the
conversion of ammonium in an aqueous solution into derivatives — an aqueous solution of nitrites and
nitrates, to record changes in their concentrations, and when using membrane electrolysis to obtain them
in an ionic form, which is optimally suitable for plant nutrition and direct synthesis of nitrogen-containing
fertilizers with simultaneous application by irrigation or spraying.

Keywords: water purification, ammonium, nitrites, nitrates, pulsed electrolysis, adaptive power source,
current form, adaptation

Relevance of the research. The entry of
ammonium nitrogen and its derivatives into
aqueous solutions is a common phenomenon.
The traditional ways of entry of these substances
(natural ones with organic compounds and
manmade ones with industrial effluents) are
supplemented now by technogenic ones,
including the results of military hostilities in the
territory of Ukraine.

The development of modern or improving
existing technological approaches to the

purification or conversion of nitrogen-containing
compounds into useful forms will be constantly
relevant. At present, the development of new
technological solutions for hydrobiont cultivation
systems is promising, and the existing approaches
to closed water supply systems (RAS) require
improvement, especially from the perspective of
the development of hydroponics and aquaponics.
Moreover, the issue of purification of biogas
system discharges, the so-called digestate, has
not been resolved globally. Phosphorus and other

© Levchuk A.P., Maksin V.1, Yatsiuk M.I., Matseliuk E.M., Novosad A.A., Lapshyn S.0O., 2024
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substances are also present in the digestate, and
we expect that electrochemical methods will also
affect them, converting them into less toxic or
useful derivatives in a regulated technological
mode. The filtrate of water effluents from solid
waste landfills also has excess concentrations of
nitrogen forms and its purification is an important
task.

Analysis of recent research and
publications. Modern technological solutions
for the purification of aqueous solutions from
ammonia and ammonium use a diverse range of
approaches, depending on the historical factors
of their formation. The most common methods
include biological (most often used in RAS),
reagent, ion exchange, electrochemical, and
sorption [2—5]. All of them have their strengths
and weaknesses. In the recent publication
on electrochemical purification of aqueous
solutions from ammonium, there is a grounded
approach [4, 5] but its key disadvantages are
the non-recirculation of the technological
cycle, the absence of pulsed current loading
of the electrolyzer electrodes and the absence
of ultrasound, which reduces the efficiency of
conversions.

Given the importance of the development
of renewable energy sources (biogas systems),
industrial hydrobiont cultivation systems (RAS),
and combined hydroponics and aquaponics
systems, the development of technologies on
ammonium purification and conversion into other
forms from aqueous solutions [8-9] is the subject
of research and development by many scientists.

Research objective.

Known progressive solutions [4, 5] use
the correct basis, but the most promising are
electrochemical methods that use electrolysis
methods as controlled ones with high development
potential. In our solutions described in previous
publications [10-13], we have foreseen the
advantages of electrochemical combined methods
and considered their various technological
variations, which were implemented when
creating the AWPS. The difference between
these solutions is that we additionally use pulsed
electrolysis with an adaptive power source,
additional regulated oxidation or reduction, and
a more complex recirculation hydraulic scheme,
which expands the possibilities of settings and
the effect of electrolysis methods in combination
with ultrasound. The task was to investigate the
operation and energy efficiency of the developed
ASOV under its action on a concentrated aqueous
solution of ammonium.

The purpose of the research is to research the
processes of ammonium conversion into nitrates

and nitrites when using the AWPS and, based on
the results obtained, to determine the efficiency
of water purification and energy efficiency of
individual units and the AWPS as a whole.

Materials and research methods. An
artificially simulated aqueous solution was
prepared from water from a well in a 200 1
container with the addition of 0,51 of a 25 %
aqueous ammonium solution. 30 1 of the model
solution was fed into the AWPS per 1 experiment.
The operating temperature at the beginning of the
experiments was 19 °C.

The ammonium conversion process was going
in recirculation mode through an electrolyzer
with insoluble anodes (ORTA) on a titanium base,
which contains 4 electrodes of 0,1 m x 0,2 m. The
current partially passes through a group (3 pcs.)
of electrolysis two-sided turbo hydrocyclones
with an insoluble graphite anode with a diameter
of 20 mm and a height of 20 cm. pH control
was made using a pH-150 MI pH meter. To
control the parameters of pulse electrolysis, a
FNIRSI DSO-138 mini-oscilloscope was used,
built into an adaptive power supply unit, and
connected to the load voltage output terminals
of the electrolyzer electrodes. The power source
provided a current of ~ 45 V electrodes with
a pulse electrolysis frequency of 3 Hz to the
electrolyzer, and the pulse shape front increase
mode was set. To record and control energy
consumption for technological processes of
AWPS, a PEACEFAIR wattmeter of PZEM-008
model with a maximum permissible current of
100 A, and an accuracy of + 1 % was used. The
total area of the system electrodes involved was
0,24 m>.

Chemical changes of the model solution
during the operation of the AWPS were studied
using three samples in the Laboratory of Hygiene
of Natural Drinking Water of the State Institute
named after O.M. Marzeev of the National
Academy of Medical Sciences of Ukraine. The
PI7.2/13 method was used for determining
ammonium, the PI17.2/12 method — for nitrites,
and the method according to DSTU 4078-2001 —
for nitrates.

Research results and their discussion.
AWPS when using an adaptive power supply unit
with a pulsed supply mode to the electrolyzer
electrodes is shown in Fig. 1. The basic functional
and technological as well as general hydraulic
diagram was given in [13].

The adaptive power supply of AWPS under
operation is presented in Fig. 2.

The wattmeter for monitoring of the total
energy consumption of AWSP is presented in
Fig. 3.
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Fig. 2. Overview of the adaptive power supply of electrolysis units

a — control and parameter monitoring panel, including an integrated portable oscilloscope;
b — oscilloscope in operating mode

a) b) c) f)
Fig. 3. Data of the wattmeter on the general control of energy consumption during operation
and conducting experiments:

a — energy consumption for ultrasound; b — energy consumption for electrolysis (dynamic); ¢ — energy
consumption per a pump (variable, there are two of them in the system); d — total energy consumption for
the entire operation of AWPS along with the pumps (2 pcs.), electrolysis, ultrasound and control systems

at the beginning of the experiment; e — after 20 min.; f — after 60 min

2024 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



WATER RESOURCES

B

The actual electrode load current ranged from
1,84 to 3A depending on changes in the electrical
conductivity of the model solution. It increases
when ammonium is converted to nitrites and
nitrates, as stronger electrolytes than ammonium
are synthesized.

The current density is calculated by the largest
current parameter 3 A/0,24 m*=12,5 A/m?.

The changes in the energy consumption of
AWPS during the experiment are presented in
Fig. 4.

Graph of energy consumption changes

25 2,24
1,94

~

1,77

Capacity, kW/h
=
= «

o
[

o

Time, min.

Fig. 4. Graph of changes in the energy
consumption of AWPS

From the graph in Fig. 4 it is clear that
during the experiment a change in the energy
consumption of the unit was observed in the
range from 1,77 to 2,24 kW-h, which indicates a
change in the electrical conductivity of the model
solution. Taking into account the volume of the
latter in AWPS, the specific energy consumption
for a change in the ammonium concentration
from 1,16 g/dm? to 0.48 g/dm® is 66,8 W/I.

The results of the experiments are presented in
the form of graphs (Fig. 5). As we can see from the
presented dependences, a 2,5-fold decrease in the
ammonium concentration is clearly observed during
one-hour treatment of the solution. The concentration
of nitrites and nitrates increases similarly.

10 \N 30
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_// 25
8 o &,
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£ ¢ g
b+ 15 4
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Z a4 5
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z
2
s
L\"’_\&—C”_f
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M 20 30 40 50 60 20 -0 pH(L)
~o- NO2, Mr/am3(R)
1, minutes o NO3, Mr/am3(R)

Fig. 5. Graphs of the changes in the studied
indicators that occurred during the treatment of
the model solution

During the operation of the unit,
electrochemical processes occur, which are
determined both by the composition of the source
water and the specifics of the electrolyzers.
For example, the synthesis of the coagulant
is determined, among other things, by the CI-
content and the electrode material:

Fe + 3CI +3e = FeCl,,
FeCl, + 3H,0 = Fe(OH),| + 3HCL

The synthesis of the antiseptic — oxidant
goes in a similar way due to the presence
of a membrane — a ceramic semi-permeable
membrane of 2 mm thick with an area equal to
the area of the electrodes:

2NaCl + 2H,0 = 2NaOH +H, 1 cahode) T CLT anode)-

In the anode space, partial hydrolysis occurs with
the formation of chloride and hypochloride acids:

Cl,+ H,0 = HCI + HCIO.

Synthesized in the cathode space NaOH is
used to neutralize acids formed as a result of
hydrolysis:

HCI + NaOH= NaCl + H,0.

The study of correlations between the studied
indicators was made using Pearson’s parametric
correlation and is presented as a Table 1.

1. Establishing mutual correlations

t NH, |NO, |[NO, |pH

t 1,000 [-0,972[0,993 0,990 [-0,989
NH, [-0,972 1,000 [-0,957 [-0,931|0,928
NO, (0,993 [-0,957 1,000 [0,991 [-0,990
NO, [0,990 [-0,931[0,991 [1,000 [-1,000
pH |-0,989[0,928 [-0,990 [~1,000 | 1,000

Correlations marked in red are significant when p
<0,05000

The empirical model of the change in NH,
concentration during the treatment of the model
solution depending on the treatment time is given
as equation (1).

NH, M=1,095-0,011t, (1)

where NH, M — model of change in NH,
concentration, g/dm?; t — treatment time, min.

Model  characteristics  are: ~ multiple
correlation — R=0,972; determination —
R?=0,945; adjusted determination — R?=0,917;
Fisher F parameter (1,2)=34,326; p<0,02792;
standard error of estimate is 0,084.

A comparison of the NH, M model and the
results of the observations of changes in NH,
concentration is shown in Fig. 6.
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Fig. 6. Comparison of the NH, M model
and field results during the treatment process

The empirical model of the change in NO,
concentration during the treatment of the model
solution depending on the treatment time is given
as equation (2).

NO, M=0,055+0,043t, )

where NO, M — model of the change in NO,
concentration, mg/dm?; t — treatment time, min.

Model  characteristics  are: multiple
correlation — R=0.993; determination -
R?=0.987; adjusted determination — R?=0,98;
Fisher F parameter (1,2)=148,73; p<0.0067;
standard error of estimate is 0,157.

Comparison of the NO, M model and the
results of the observations of the change in NO,
concentration are shown in Fig. 7.

3,0

25

2,0

Concentration NO,, g/dm?

-10 0 10 20 30 40 50 60 0, NO2, Mriam3

— NO2_M

t, minutes

Fig. 7. Comparison of the NO, M model
and field results during the treatment process

The empirical model of the change in NO,
concentration during the treatment process depending
on the treatment time is given as equation (3).

NO, M= 18,18 + 0,184, 3)

where NO; M — model of the change in NO,
concentration, mg/dm?;
t — treatment time, min.

2024 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO

E

Model  characteristics  are: ~ multiple
correlation—R =0,99; determination—R?=0,981;
adjusted determination — R?*=0,97; Fisher F
parameter (1,2)=103,54; p<0,00952; standard
error of estimate is 0,8087.

Comparison of the NO; M model and the
results of the observations of the change in NO,
concentration are shown in Fig. 8.
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Fig. 8. Comparison of the NO;_M model
and field results

The empirical model of pH change during the
treatment of the model solution depending on the
treatment time is given as equation (4).

pH M= 10,989-0,0223t, @)

where pH M is a model of pH change; t —
treatment time, min.

Model characteristics are: multiple correla-
tion — R=0,989; determination — R2=0,979;
adjusted determination — R*=0,969; Fisher F
parameter (1,2)=93,74; p<0.001050; standard
error of estimate is 0,103.

Comparison of the pH M model and the
results of the observations on pH change are
shown in Fig. 9.
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Fig. 9. Comparison of the pH M model
and field results
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Conclusions

1. A high correlation was established between
all the studied variables. This statistically
confirms the influence of the treatment period on
changes in the studied pH indicators and changes
in the concentrations of nitrogen compounds.

It was confirmed by the regression analysis
made in the process of empirical modeling of the
relationship between treatment time and changes
in pH indicators and in the concentrations of
ammonium nitrogen, nitrates and nitrites. That
is, all indicators of multiple correlation and
determination in the developed significant models
indicate a very high correlation with treatment
time.

2.The decrease in pH from almost 11 t0 9,6 can
be explained by the fact that acids were formed
during the treatment of the model solution, which
caused the decrease.

3. The decrease in NH, concentration can be
explained by the partial transition of nitrogen to
compounds in the form of nitrates and nitrites and
the possible formation of atomic nitrogen from
ammonia nitrogen during the electrolysis process
with its release into the atmosphere.

4. Probable chemical processes that occurred
during the treatment of the model solution are:

— nitrites formed during the electrochemical
oxidation of ammonium can be additionally
converted into nitrates as a result of the reaction:

NO, + 0 =NOx, (5)

when using oxygen from the decomposition
products of water.

When an electric current passes through the
treated water, atomic oxygen, hydrogen peroxide,
and free radicals, which are strong oxidants, can be
obtained as a result of electrochemical reactions.
And if the treated water contains more than 20
mg/dm*® of chlorides, there are simultaneous
reactions to form chlorine, chlorine dioxide,
and hypochlorous acid, which are capable of
disinfecting water containing residual chlorine.

The main reactions occurring at the electrodes
are:

at the anode:

at the anode:
3H,0 — O, 1+ 6e +6H"; ®)
at the cathode 2H,0 + O,+2¢ — H,0, +20H , (9)

at the anode: 2Cl — Cl,+ 2e; 10)
Cl,+H,0 — HCIO+ H* +CI;  (11)
Cl,+ OH - — HCIO + CI . (12)

The direct electrolysis method in various
versions enables us to purify water from iron,
hydrogen sulfide, ammonium, manganese, reduce
water hardness, remove taste, color, turbidity, and
disinfect from bacteria and viruses.

Below are the main reactions occuring during
the removal of ammonium.

ONH, + 30, — 2HNO,+ 2H,0,  (13)
NH, + 20, — HNO,+ H,0, (14)
NH, + 4H,0, —» HNO,+ 5H,0,  (15)

NH, + 4HCIO — HNO,+ 4HCl + H,0. (16)

5. The energy consumption for the AWSP
operation is insignificant. When all the system
blocks are under operation, the total energy
consumption was from 1,77 kW to 2,24 kW,
and the specific energy consumption was
66,8 W/dm?®.

6. The parameters of the electrolyzer with
insoluble electrodes were previously determined.
In our opinion, it is advisable to maximize the
time of remaining the working solution in the
interelectrode space. The feasibility of using the
recirculating structure of the hydraulic circuit
combined with the use of an adaptive power
source for electrolyzers with a changing shape of
the pulse current and the use of an electrolyzer of
an original design with built-in ultrasonic emitters
has been proven.

7. The proposed AWSP system is promising
for constructing on its basis more complex
systems for purification and disinfection
of aqueous solutions containing complex
combined pollutants of high concentration,
for systems of aqueous solutions regeneration,
purification of leachate effluents from solid

2H,0 — O, 1+ 4H" +4e; (6) Wwaste landfills, effluents from biogas systems
h hode: (digestate), mine waters and other multi-
at the cathode: element and highly concentrated aqueous
2H,0+ 2e — H,+20H , (7) solutions.
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Anomauia. Ouuwjenns 600U 8i0 AMOHIUHO20 A30MY HUHI € AKIMYANbHUM 3A80AHHAM OJ1A 3AXUCTY 0Xcepeil
NUMHO2O 8000ONOCMAYAlHs Ma 3a0e3nedenis: HeoOXIOHOI AKOCmi 600U O/l CROJICUBAYIE PI3HUX 2any3ell
exonomixu Yrpainu. Texnonoeiuni nioxoou, euceimieni 6 yiti cmammi, MOJNCYyMb OYmMu GUKOPUCMAHI
015 UOANIEHHA 13 800U THUUX CNOTYK HA OCHO8I amonitn. Ompumari pe3yromamu pobomu adanmueHoi
cucmemu ouuwyernts 600u (ACOB) i3 3m00en1b08aHUM 8UCOKOKOHYEHMPOBAHUM BOOHUM POFUUHOM AMOMIIO
(1,16 2/0M°) nepedbauaioms ix euKOpUCMAaHHsL 8 MEXHONOIAX OISl OHUWCHHS 600U NICAS 2I0pobIONmMie ma
bioeazosux cucmem (ouuugenns oucecmamy). Y pobomi ACOB 3acmocosysanu imnynsCHi enekmpoximiuni
Memoou Yy NOEOHAHHI 3 YIbMPA3EYKOBUM 6NIUBOM, OKUCHEHHAM [ YACMKOBUM BIOHOBIEHHAM 3 KOHMPO-
JIbOBAHUM THICEKMYBAHHAM 2A308UX CyMiwiell. Bcmanoeneno 6ucoxy Kopensayiio Midxc ycima 00caioxncysa-
HUMU 3MIHHUMUY 8enudunamu. Te e niomeepounu i peepecitinuil aHanis, 8UsAIeHULl Y NPoyeci eMnipuiHo2o
MOOENBaHHA 38 'A3Ki8 uacy oOpobKu 3i 3MiHOW noxasHukie pH, ma 3miHu KoHyenmpayiti aMOHIIH020
asomy, Himpamig i Himpumis. To6mo 6ci NOKAZHUKU MHONMCUHHOT Kopenayii i demepminayii € nooyoosanux
SHAYUMUX MOOENAX C8I0Uams Npo OyiHce BUCOKUU KOPENAYIHUL 36 30K 3 wacom oOpobKu. 3Hudxcenns pH
810 maiixnce 11 00 9,6 ModNCIUBO NOSCHUMU MUM, WO 68 NPOYECT 0OPOOKU MOOETbHO20 POZHUHY YMEOPIO-
8aAIUCL KUCIOMU, AKI | CManu NpuduHolo yboeo 3uudicenns. IIposedeno oyiniosanis enepeoegpexmus-
nHocmi pobomu ACOB ma egpexmusnocmi cucmemu uepes ananizy8amHs 3miH KOHYEHMpayii 20108HO20
KOMNOHEHMA 3MO00eb0BAHO20 PO3YUHY (AMOHIIO) MA NOXIOHUX PEYOBUH 8I0 HbO2O HA NPUKIAOL HIMPUMIE
i Himpamis ma ¢hikcosanum uacom pobomu 60 x6. Buxopucmanusa enekmponizHux memooie 0ano 3moey
npogecmu nepemeopents amoHilo Yy 600HOMY PO3UUHI HA NOXIOHT — 60OHUU PO3UUH HIMPUMIE ma HIMpamis,
3aghixcysamu 3MiHy IX KOHYeHMpayii, npu 6UKOPUCHAHHI MEeMOPAHHO20 eleKmponizy ompumamu ix 6
IOHHIl hopMi, KA ONMUMATLHO NIOX0OUMb OISl ACUBTEHHSL POCTUN MA NPAMO20 CUHME3ZY A30MOBMICHUX
000pU8 3 00HOUACHUM BHECEHHAM MEMOOOM NOUBY YU PONUTEHHSL.

Knwuosi cnosea: ouuwenns 600u, amowii, Himpumu, Himpamu, iIMRYIbCHUL e1eKmponis, ao0anmueHe
oofcepenio HcusieHts, hopma cmpymy, adanmayis
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ANALYSIS OF THE IMPACT OF GLOBAL CLIMATE CHANGE TRENDS
ON THE BLOOMING OF THE DNIPRO RIVER
IN THE DNIPRO-DONBAS CANAL AREA
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Abstract. The hydrodynamic properties of a reservoir can affect the potential for cyanobacterial
blooming. Slow-flowing or stagnant waters are more conducive to blooming stability. Therefore, water
with a faster flow, more intensive mixing, or higher rotation speed is less likely to develop cyanobacterial
blooming. The Kremenchutske and Kamianske reservoirs have an essential impact on the blooming of the
Dnieper River in the Dnieper-Donbas Canal area. Their temperature regime in the warm season favors
the development of zooplankton and phytoplankton. Aquatic vegetation is most common in shallow water.
Water blooming is observed in summer, and this process covers up to 70 % of the area of reservoirs,
especially in the southern part and bays, deteriorating water quality. Higher frequency and intensity of
precipitation, accompanied by longer periods of drought, can create contribute greater nutrient mobility.
Longer periods of high temperatures also contribute to this process, at that there is no mixing of water
layers. Cyanobacteria can quickly utilize nutrients that enter water bodies due to rainfall. Strong winds
can also affect the cyanobacteria population, pushing cyanobacterial cells and colonies towards the banks,
where they accumulate. These reservoirs are located in the temperate continental climate zone and belong
to water bodies that warm up well. That is due to their width, which makes wind mixing possible in the
middle and lower parts of the reservoirs, as a result of which the temperature is distributed evenly and
horizontally. To confirm and supplement the results of field studies, statistical processing of water quality
indicators of the Dnipro River in the area of the Dnipro-Donbas Canal was carried out. Trends were
determined by regression analysis of time series of water quality indicators. The distribution was checked
for normality using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Correlation analysis was performed
using the Pearson parametric method and the Spearman nonparametric method. The fluctation period was
determined using the spectral Fourier transform method. The comprehensive analysis made it possible to
establish the factors that are the main cause of water blooming in the studied area, which makes it possible
to control the necessary water treatment processes.

Keywords: water resources, climate change, cyanobacteria, water blooming, water quality

Relevance of the research. Rising A general concern is that rising global

temperatures and climate change, which affect
the intensity and duration of droughts, can
strongly influence cyanobacterial growth rates
and algae blooming. Rising air temperatures can
lead to higher water temperatures, longer ice-free
seasons, and increased thermal stratification.
Conversely, low winter temperatures combined
with cold springs can lead to more intensive
mixing of water in a reservoir and the
resuspension of sediment nutrients [1]. Climatic
factors can also counteract the development
of cyanobacterial populations, for example,
through winds and precipitation, which promote
water mixing, washout, destabilization, and
blooming propagation. The timing and duration
of cyanobacterial blooming are also influenced
by climatic conditions and other factors such as
the size and location of the inoculum.
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temperatures caused by climate change could
further expand the geographic distribution
of toxin-producing cyanobacterial blooming
in temperate regions, as well as an overall
global increase in the frequency and intensity
of blooming. It is supposed that rising global
temperatures is at least partly responsible for
the spread of certain cyanobacterial species
outside of tropical and subtropical climates. The
adaptation of cyanobacteria to cold has been
proven by researchers as they were detected at
temperatures below 20 °C. There are conflicting
opinions among researchers about the effects of
higher temperatures on cyanobacteria compared
to other phytoplankton, so further research is
needed on this issue [2].

Analysis of recent studies and publications.
Some cyanobacteria grow at optimal temperatures
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above 25 °C, which are higher than other
phytoplankton  species.  Cylindrospermopsis
can thrive at temperatures from 20° to 35 °C,
with maximum growth at 30 °C [3]. It has been
suggested that tolerance to this temperature range
helps to explain the occurrence of C. raciborskii
in temperate regions during the summer months
and the year-round blooming in some tropical
and subtropical regions [4—6]. On the other hand,
Microcystis and many other taxons are also able
to survive in sediments and can survive more than
a single overwintering period. This has important
implications, as overwintering populations of
toxin-producing cells can then re-inoculate the
reservoir during the spring thaw or during the
growing season during resuspension [7-9].

There is little information on the relative
survival of toxic strains versus non-toxic strains
under these conditions. The toxic potential of
Microcystis cells was well preserved during
overwintering, but it is unlikely that these
toxic cells had a competitive advantage.
Cylindrospermopsis raciborskii can form resting
stages called akinetes that may protect the
organism at adverse temperatures. Some authors
state that increasing temperatures confer a direct
advantage on cyanobacteria because they prefer
higher growth temperatures [10-13]. Others
suggest that cyanobacteria benefit indirectly
from the rise of temperatures by increasing
stratification, water column stability, and
lengthening the growing season [14; 15]. In many
cases, all of these factors may likely contribute to
cyanobacterial blooming.

Many cyanobacteria have photoadaptive
characteristics that allow them to lead other
phytoplankton in the competition for light
sources. They have numerous photosynthetic
pigments that allow utilizing wavelengths of
light that are not favorable to many competing
phototrophic species [16]. They also function at
extreme light levels and thus can outcompete other
phytoplankton found in high-light conditions
(e.g., at the surface), in deeper or turbid waters,
or bottom sediments. Some cyanobacteria
regulate their buoyancy and can optimize their
position in the water column according to the
amount of available light or move (slide) to more
illuminated areas of the bottom substrate [17].

Light requirements vary among cyanobacterial
species. For example, Microcystis species
prefer environments with higher light levels,
while others, such as Planktothrix agardhii and
Cylindrospermopsis raciborskii, prefer low light
levels [18]. Cylindrospermopsis is known to be
less buoyant than other cyanobacteria, and deeply
mixed water bodies may favor its dominance

[19]. This and other cyanobacteria, such as
Gloeotrichia, can acclimatize and utilize nutrient-
rich deeper layers or low-light bottom areas [20].
Then as a result of water layers mixing, these
taxons can increase their primary production
when they move to the upper, more light-rich
layers. For benthic populations, sufficient light
capable of penetrating to the bottom of the water
layer is an important criterion for determining the
depth of cyanobacterial growth occurring [21].

Purpose of the study is to make a
comprehensive analysis of the impact of global
climate change on local trends of the Dnieper
River blooming in the Dnieper-Donbas Canal
area. That will allow us to determine the need
for changes in operating the necessary water
treatment processes in the study area.

Materials and methods of the study. During
the study, the following water quality indicators
at the observation post of the Dnipro-Donbas
Canal (0,5 km, Shulhivka village, after the
main catchwater canal of the Dnipro-Donbas
Canal) of the Dnipro River were analyzed for
the period from 2016 to 2018: biomass, mg/dm?;
biochemical oxygen consumption for 5 days,
mg0,/dm?; odor, points; dissolved oxygen,
mgO,/dm?; transparency, cm; temperature,
degrees C; phytoplankton, thousand cells/dm?.
For statistical processing of experimental data,
the STATISTICA 10 comprehensive statistical
analysis package, developed by StatSoft, was
used. The STATISTICA 10 package implements
procedures for data analysis, data management,
data extraction, and data visualization. Trends
were determined by the regression analysis
method of time series of water quality indicators.
The distribution was checked for normality using
the Kolmogorov-Smirnov and Shapiro-Wilk
tests.

Correlation analysis was made using
the parametric Pearson method and the
nonparametric Spearman method. The fluctation
period was determined using the spectral Fourier
transformation method.

Results of the study and their discussion.
The thermal regime of the Kremenchuk and
Kamianskereservoirs, which have the biggest
impact on the blooming of the Dnieper River
in the area of the Dnieper-Donbas Canal, is
characterized by uneven distribution of water
temperature along the length, width, and depth,
and has an unstable nature. Intensive warming
of the reservoirs occurs first near the tributaries’
mouths. The temperature in spring rises much
faster than it decreases in autumn. The maximum
heat is observed in the July — August period and
the least — in the December — March period.

LAND RECLAMATION AND WATER MANAGEMENT Ne 2 « 2024
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The catchment area belongs to typical humus-
rich black and gray forest soils. Suspended
matter in these reservoirs is formed under a sharp
decrease in flow transportation capacity, which
leads to a noticeable water clearing compared to
river conditions. One of the reasons of the turbidity
of reservoir water is the impact of wind waves on
the bank zone. In addition, when waves approach
the banks obliquely, along-bank sediment flows
are formed. Silt enters the reservoirs from the
outside, and it is also formed in the reservoirs, as
a result of bank and bottom abrasion influenced
by wind waves and the development and death
of phytoplankton. The hydrochemical regime of
these reservoirs is formed under the influence of
external and internal factors.

External factors include river runoff, soil,
and vegetation type in the river catchment,
precipitation, and the ingress of various pollutants

(2]

into the water in the process of human activity.
Internal factors include decreasing flow velocity,
increasing productivity and hyperproduction of
some types of algae, changes in the quantitative
and qualitative composition of organic matter,
etc.

To confirm and supplement the results of field
studies, water quality indicators were statistically
processed in the studied area of the Dnipro River.
Trends were determined by a regression analysis
method of time series of water quality indicators.

The obtained model equations and their
characteristics are shown on the graphs of
qualitative indicators observations (Fig. 1).
The applied regression analysis method of
time series made it possible to determine that
the trends of such qualitative indicators as
biomass, phytoplankton, odor, and temperature
are directed towards increasing concentrations.

[e]
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Fig. 1 Graphs of water quality indicators observations during 20162018
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Verifying the distribution compliance with the
normal was performed using the Kolmogorov-
Smirnov and Shapiro-Wilk tests. The built graphs
and histograms of the studied indicators enabled
us to specify that no indicator corresponds to the
common distribution law. Therefore, the values of
most indicators related to the organic component
are determined mainly by the temperature cycle.
Given that most of the data do not follow
a normal distribution, both the parametric
Pearson method (Table 1) and the nonparametric
Spearman method (Table 2) were used to
determine correlations. The correlation results
are presented in the form of correlation tables.
The fluctation period was determined using the
spectral method of Fourier transforms (Fig. 2).
One mark on the Period axis corresponds to half

a month, i.e. the scale corresponds to a semi-
monthly discreteness.

Correlation analysis, which used parametric
and nonparametric methods, revealed a significant
relationship between biochemical oxygen
consumption for 5 days, odor, phytoplankton,
water clarity, and biomass with temperature
and dissolved oxygen. Determining the
fluctuation period, performed using the spectral
transformation method of Fourier, enabled us
to establish that such indicators as biochemical
oxygen consumption for 5 days, odor, dissolved
oxygen, water clarity, and temperature have
a seasonal nature of fluctuation due to the
temperature cycle. The periodicity of the key
fluctuations peak is in the range of 11,1-11,5
months.

1. Indicators correlation by the Pearson method to normal correlation

Biochemical Phyto-
Biomass, oxygen. Odor, Dissolved Wa?er Temperature,| plankton,
3 | consumption . oxygen, clarity,
mg/dm points 3 C degrees thousand
for 5 days, mgO,/dm cm 3
3 cells/dm
mgQO,/dm
Biomass, mg/dm® 1,000 0,396 0,667 -0,524 —0,617 0,631 0,833
Biochemical oxygen
consumption for 0,396 1,000 0,037 | -0,128 0,497 0,186 0,264
5 days, mgO,/dm?
Odor, points 0,667 0,037 1,000 | -0,836 0,604 0,782 0,809
Dissolved oxygen, |, 5,4 0,128  [-0,836| 1,000 0,444 -0,903 0,786
mgQO,/dm
Water clarity, cm 0,617 0,497 —0,604| 0,444 1,000 —0,472 0,520
dTemperamre’ C 0,631 0,186 0,782 | -0,903 | -0,472 1,000 0,812
egrees
Phytoplankton, 1 ¢33 0,264 0,809 | -0,786 | -0,520 0,812 1,000
thousand cells/dm
Note: The red values in the table correspond to normal correlation.
2. Indicators correlation by the Spearman method
Biochemical
. Phyto-
Biomass, oxygen. Odor, Dissolved Wafer Temperature, | plankton,
3 | consumption . oxygen, | clarity,
mg/dm points 3 C degrees | thousand
for 5 days, mgQO,/dm cm 3
3 cells/dm
mgQO,/dm
Biomass, mg/dm? 1,000 0,755 0,721 —0,354 —0,368 0,666 0,772
Biochemical oxygen
consumption for 0,755 1,000 0,194 0,045 0,299 0,306 0,578
5 days, mgO,/dm?
Odor, points 0,721 0,194 1,000 | -0,526 | 0,485 0,609 0,750
Dissolved oxygen, 0,354 0,045 0,526 1,000 | 0513 0,713 0,729
mg0O,/dm
Water clarity, cm —0,368 —0,299 —0,485 0,513 1,000 —0,613 —0,380
Temperature, 0,666 0,306 0,609 | —0,713 | -0,613 1,000 0,816
C degrees
Phytoplankton, 0,772 0,578 0,750 | 0,729 | -0,380 0,816 1,000
thousand cells/dm

Note: The red values in the table correspond
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Fig. 2 Determining the fluctation period using the spectral transformation method of Fourier

Conclusions. A comprehensive analysis of
the impact of global climate change on local
trends in the Dnipro River blooming in the
Dnipro-Donbas Canal arearevealed the presence
of a corresponding correlation. The features of
the life cycle of cyanobacteria, which are the
main cause of water blooming, are influenced
by such factors as: temperature regime, climatic
zone, catchment area, conditions of suspended
matter formation, hydrochemical regime of the
reservoir, etc. Statistical processing of water
quality indicators in the studied area showed
that most indicators related to the organic
component have a trend toward increasing
concentrations.

2024 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO

Correlation regression analysis revealed
a significant relationship between biomass,
phytoplankton, water clarity, odor, biochemical
oxygen consumption for 5 days, and temperature
and dissolved oxygen, which correlates with
global trends in climate change. Most of the
studied indicators are of a seasonal nature of
fluctuations due to the temperature cycle. These
dependencies, combined with the impact of global
climate change on local trends in the Dnipro
River blooming in the area of the Dnipro-Donbas
Canal make it possible to predict changes in the
specified indicators during the calendar year to
manage the necessary water treatment processes
in the studied area.
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Anomauia. I'iopoouHamiuni 61acmugocmi 000UMU MOXCYMb NIUSAMIU HA NOTNEHYIA PO36UMK) YGIMIHHSL
yianobaxmepiil. Ilosinbno mekyui abo cmosui 600u Oinvuie cnpusioms cmadinbrocmi ysiminus. Tomy
600a 31 WBUOWLUM NOMOKOM, CUTbHIUUM 3MIULYBAHHAM AOO BUYOIO WBUOKICIIO 00EepMAHHI MAE MEHULY
UMOBIpHICMb PO36UMKY Yeiminns 6 nitl yianobaxmepiu. Haiibinvwui ennue na yeiminus p. [ninpo 6
pationi kaunany [ninpo—/{onbac maroms Kpemenuyyvke ma Kaw aucvke 6ooocxosuwa. Ix memnepamypHuii
pedicum y menaull nepioo poky cnpuse po3sumxy 300- ma @imoniankmony. Boosma pociunnicme naiino-
wupeniua Ha Miikoso0oi. Baimky cnocmepieaemuvcs ygiminma 6oou. Lleu npoyec oxonnioe 0o 70 % nnowyi
8000CX08ULY, 0COONUBO Y NIBOCHNII YACMUHNT A 3aMOKAX, No2iputyiouu saKicms 600u. Buwa yacmoma ma
IHMeHCUBHICMb 0naodis, wjo CynpoBoOACYIOMvbCs OiNb MPUBATUMY NEPIOOAMU NOCYXU, MOANCYMb CMEO-
pumu OinbULy pYXaUSIiCmb NOJNCUBHUX PEUOSUH | MPUBAIiui nepioou GUCOKUX memnepamyp 6e3 3miuty-
sanns. Llianobaxmepii 30ammui wWEUOKO BUKOPUCTIOBY8AMU NONHCUBHT PEUOBUHU, WO HAOX00SMb 00 8000UM
sHaciook dowyie. CUbHi 8impu MAKOHC MOHCYMb BNAUSAINU HA NONYIAYII0, NPULUMOBXYIOUU KATMUHU Md
KONOHII yianobaxmepiii 00 bepezis, Oe 6oHU Hakonuuyiomocs. Lli 6o0ocxosuwa pozmawiosani y nomipHo
KOHMUHEHMATbHIU KAIMAMUYHIL 3011 U Hanexcams 00 8000UM, Ki 00bpe npoepisaiombcs. L{bomy cnpuse
X wupuna, 3a605aKu AKIll CNOCMepieaemvpCsi IHMEHCUBHE GIMpo6e NePemiuly8aHHs 8 CepeOHill i HUJICHIN
YACMUNAX 8000CXOBULY, VHACTIOOK 4020 MeMnepamypa po3nooiiacmvcs PiGHOMIDHO i 20pU3OHMATLHO.
3 memoro niomeeposicents ma OONOBHEHHS Pe3VIbINAMIE HAMYPHUX 00CAI0NHCEHb OVIL0 NPOBEOEHO CINAMIUC-
MUYHy 06POOKY AKICHUX NOKA3HUKIG 600U p. /[Hinpo 6 pationi kanany Jninpo—/onbac. Busnauenus mpenois
nposedeni MemoooM pezpecitino2o andaizy 4acosux psdie AKicHux nokazHuxie eoou. Ilepesipky 6ionogio-
HOCMI pO3NOOINY 00 HOPMATLHO20 8uKoHY8anu 3a mecmamu Koimozoposa—Cmipnosa ma [llanipo—Yinka.
Kopenayiiinuii ananiz 6yno nposedeno 3a 0onomo2or napamempuurnozo memooy Ilipcona ma nenapame-
mpuynozo memoody Cnipmana. Busnayenns nepiody Koaueamsb UKOHAHO 3d OONOMO20I0 CNEKMPAlbHO20
memody nepemsopenv Pyp’e. IIposedenuti KOMNAEKCHUL AHANI3 0A8 MONCIUBICIG GCMAHOBUMU YUHHUKU,
WO € 20106HOI0 NPUUUHOIO YBIMIHHA 800U 8 QOCTIOHNCYBAHOMY PALOHI, WO 0A€ 3MO2Y Kepysamu HeoOXio-
HUMU npoyecamu 6000Ni020MOBKU.

Knrouosi cnosa: 600nui pecypcu, sminu knimamy, yianobaxkmepii, ygiminus 600u, Kicmb 600U
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Abstract. The results of the assessment of evapotranspiration (ET) and its components based on remote
sensing data arve presented in the paper. To obtain this assessment, a special software was developed,
namely the scripts using the JavaScript programming language for remote data processing in the Google
Earth Engine (GEE) cloud sofiware environment. This software allows to adjust the Penman — Monteith —
Leuning (PML) model for the conditions of Ukraine and visualize the spatial distribution of ET. The usage
of the cloud capabilities of the service made it possible to access the collection of images and carry out
their remote processing using the Penman — Monteith — Leuning algorithm calibrated according to the
data of the global network of eddy covariance monitoring stations. The result of such an assessment
was a composite mosaic — a spatially distributed generalized image of evapotranspiration and its three
main components: transpiration from vegetation (Ec), evaporation from the soil (Es) and evaporation of
precipitation intercepted by vegetation cover (Ei) on the territory of Ukraine for the 2020 growing season.
Understanding the dynamics of these components helps to optimize the water resources use and develop
effective irrigation schemes, especially in the climate change conditions. As a result of the analysis of the
evapotranspiration components’ dynamics during the growing season, the most important component of
evapotranspiration for different agro-climatic zones was determined.

However, the models, which are using remote data to estimate evapotranspiration dynamics, require
additional validation and comparison with field measurements to improve their accuracy. Quantitative
indicators obtained through modeling should be consistent with the data from ground-based greenhouse gas
flows monitoring stations, which will contribute to the improvement of the methodology and its adaptation
to the conditions of different agricultural regions. In addition, the use of the maps of geospatial distributed
evapotranspiration allows to identify regions with increased transpiration and potential shortage of water
resources. Such maps become a valuable tool for planning and forecasting water resources, which is
critically important for the agricultural sector.

Key words: evapotranspiration, components of evapotranspiration, agro-climatic zones, remote
sensing, soil-plant-atmosphere, information system, Penman — Monteith — Leuning model, PML-V2, GEE
programming

Relevance of the research. Actual [2]. Water consumption by agricultural crops is a

evapotranspiration (ET) measured using remote
sensing data, which includes transpiration from
vegetation (Ec), evaporation from soil (Es),
and evaporation of intercepted precipitation
by vegetation cover (Ei), is the most important
component of the energy balance in the “soil-
plant-atmosphere” system [l]. ET and its
components play a key role in linking ecosystem
functioning, climate feedback, and water resources

critical parameter for water and energy exchange
in agricultural production [3]. Understanding the
dynamics and characteristics of crops’ ET com-
ponents has a great importance for the estimation
of irrigation water needs [4], the evaluation of
water use efficiency [5], and the design of optimal
irrigation or drainage schemes [6].

Ground-based methods for the determination
of components have not been widely applied
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in scientific research mainly due to limitations
related to time consumption, expensive
equipment, and susceptibility to measurement
manipulations and significant assumptions
in calculations [7]. Therefore, great efforts
have been made to disentangle ET and its
components using independent approaches,
namely the acquisition of datasets using satellite
measurements and simulations with a major focus
on improving the surface conductivity model
based on the Penman —Monteith (PM) model. The
improvement of this model included taking into
account the stomatal conductivity of the reflected
surface, that is the Penman — Monteith model as a
result of Leuning’s improvement (PML) [2, 8, 9]
received a connection with the vegetation located
on the scanned surface and its productivity. The
combination of the obtained results with the
measurements of flows performed by the eddy
covariance towers made it possible to obtain a
relatively accurate set of global data.

Due to differences in climate, geo-
morphology, soil, hydrological regimes, and
agricultural practices, ET components and the
share of components for agricultural crops
differ significantly depending on agro-climatic
zones [2]. Evapotranspiration is a critical
process and the most important component of
the so-called “green” water cycle [10, 11]; and,
therefore, the quantification of ET components
and understanding of their dynamics can help in
better and more efficient management of limited
natural water resources, in spatial assessment
and dissemination of local results, as well as
in determining optimal zones for the use of
natural water resources, determining optimal
irrigation and drainage schemes. However, the
changes and characteristics of ET components
are still not fully understood and require further
research. Therefore, this study was conducted to
obtain information in the form of maps on the
spatial distribution of evapotranspiration and
its components depending on different agro-
climatic zones. The total evapotranspiration
according to the Penman — Monteith — Leuning
model, and its components — heat energy flows
measured by remote sensing data — was actually
investigated.

Analysis ofrecentresearch and publications.
Evapotranspiration indicators are defined at the
global level for the Earth’s surface areas based on
the Penman — Monteith — Leuning (PML) dataset
of the second version (V2) according to Zhang
[1]. Evapotranspiration (ET) in the “soil-plant-
atmosphere” system includes direct evaporation
from the soil (Es), transpiration from vegetation
(Ec), and evaporation of intercepted precipitation
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from vegetation (Ei), i.e. the moisture that has
evaporated from the moistened plant surface
(leaves). ET is the main pathway for returning
water to the atmosphere and plays a key role
in the water-energy-carbon cycle [12]. ET is
an important component in water resources
management, drought monitoring, water
accounting, the assessment of water productivity
and global climate change. Separating ET
components into Es, Ec, and Ei can improve
understanding of the global interaction between
terrestrial ecosystems and the atmosphere [13].

The assessment of the accuracy of
evapotranspiration (ET) measurement methods
using remote sensing data, in particular the
Penman — Monteith method in irrigated areas, was
carried out using the RS-PML (Remote Sensing
Penman — Monteith — Leuning) model. This study
included irrigated vineyards, which are difficult
to analyze due to the impact on microclimate and
water resource requirements [8]. RS-PM models
were found to show higher accuracy compared
to other models, such as METRIC and TSEB-PT
(Sebal), at different time scales, including
instantaneous, daily, weekly, and seasonal ones.
The root mean square error (RMSE) for RS-PM
models was the lowest and amounted up to 23 %
[8]. This highlights the significant advantages of
RS-PM models on irrigated areas.

The RS-PMS algorithm, which is based on the
combination of RS-PM with the Stewart stomatal
conduction model, deserves special attention
when assessing accuracy. This algorithm
provided the highest accuracy among all the
models analyzed achieving an RMSE of 19 %.
However, spatial extension of this model requires
adaptation to individual conditions, including
crop and regional peculiarities, as well as an
increase in the number of input parameters, such
as local climate data, soil type, and irrigation
practices [8]. This demonstrates the potential of
RS-PMS for more accurate evapotranspiration
forecasting, but also indicates the difficulty of its
implementation at the global scale.

Analysis of seasonal variations of
evapotranspiration (ET) components showed
that they are significantly correlated with major
meteorological variables such as air temperature,
relative humidity, and precipitation. However,
the ratio of ET components has been shown to
be more dependent on irrigation practices, water
management methods, and other local conditions
than on general meteorological variables [14].
This means that successful application of ET
measurement models requires a comprehensive
approach that takes into account both climatic
factors and agronomic practices.
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To test the accuracy of global evapo-
transpiration models, the researchers used the
global PML-V2 product, which was calibrated
based on observations from eddy covariance
stations located in China covering nine
functionally different vegetation types. The
results showed that the global model performs
well in cross-validation mode, confirming
its high accuracy. In addition, more accurate
evapotranspiration models were developed for
the territory of China using PML-V2 compared
to previous versions [15-16], which was made
possible by increasing the frequency of receiving
input parameters, such as daily (instead of 8-day)
satellite data of better detailing for determining
evapotranspiration. This allowed, in addition to
calculating the dynamics of evapotranspiration,
to determine arable fields with a double crop
system, which contributes to more accurate
measurement of ET in agricultural areas [12].
Verification of the proposed model in Ukrainian
conditions has not yet been carried out.

Publications indicate active development of
research in the field of using new high-resolution
data on evapotranspiration and vegetation
productivity (GPP models). Also, extensive
cloud environments with a large number of
satellite images are becoming the basis for
real-time monitoring of water resources. These
technologies are actively used by researchers
in collaboration with water and environmental
departments in various countries around the
world to manage water resources, assess climate
change, and the impact of agronomic practices on
ecosystems.

The aim of the research. Determination
of the evapotranspiration components’ spatial
distribution, analysis of its dynamics in different
agro-climatic zones based on remote sensing data
with the use of PML-V2 model algorithms, cloud
servers, and the developed software.

Materials and research methods. Obtaining
accurate knowledge of actual evapotranspiration
(ET) and its components with high resolution
is critically important for understanding the
dynamics of processes in the “soil-plant-
atmosphere” system. To carry out this study, a
method of evapotranspiration calculation based
on the analysis of a series of satellite images and
digital data sets was chosen. In particular, the
Penman — Monteith — Leuning model (abbreviated
as PML-V1 and PML-V2) was used. This
model was proposed by Leuning in 2008 [9],
and also improved by Zhang in 2010, 2016, and
2019 [17-18]. Based on the set of initial data,
using the algorithms of the PML model [19],
evaporation and its components were determined,

namely transpiration from vegetation (Ec),
direct evaporation from soil (Es), evaporation of
intercepted precipitation from vegetation (Ei), and
its spatial distribution over the territory of Ukraine.

The PML-V2 model uses total primary
productivity and atmospheric CO, concentration
to estimate the conductivity of the study surface,
thus establishing a relationship and jointly
estimating ET and total primary productivity.
ET in this study is obtained separating it into
three main components: vegetation transpiration
(Ec), soil evaporation (Es), and precipitation
evaporation intercepted by plants (Ei), which are
calculated as follows [1, 14].
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where € = s/y, v is the psychrometric constant
(kPa/°C), s is the the slope of the curve, which is
the ratio of water vapor pressure at saturation point
to the temperature (kPa/°C); A is the available
energy absorbed by the surface (MJ/(m? per day)),
i.e. net absorbed radiation minus soil heat
flux; 4, and A, are the available energy of soil
and vegetation cover respectively; p is the air
density (g/m’); C, is the specific heat capacity
of air at constant pressure (MJ/(g°C)); D, is the
air water vapor pressure deficit (kPa); C, is the
aerodynamic conductivity (m/s); G, (m/s) is the
plant surface conductivity, which is a function of
atmospheric carbon dioxide (CO,) concentration,
pressure, and water vapor pressure deficit; f is
the dimensionless variable that determines the
availability of water for evaporation from the
soil; £, is the leaf area of the studied surface; P
is the daily precipitation (mm/day); P, is the
precipitation threshold when the studied surface
is sufficiently wet.

To obtain spatial assessment and analysis
of distribution results, special software was
developed, namely scripts using the JavaScript
programming language for remote data
processing using the cloud software environment
in the Google Earth Engine (GEE) [20]. This
software allows to customize the PML model for
Ukrainian conditions and visualize the spatial
distribution of ET.
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The calculation of evapotranspiration and its
components is carried out using the formulas (1-4)
on GEE servers for the entire Earth’s surface.
The input data for further processing is available
through the developed user interface and is
an ImageCollection object. The model code is
publicly available and is distributed under the
GPLvV2 license [21]. The model is accessed by

el

(3]

executing user requests on the GEE server. The
result of the analysis of the territory in our study
according to the Penman — Monteith — Leuning
model is a composite mosaic, that is a generalized
image of the territory with detailing at the selected
points [22]. The flowchart of the implementation
of the Penman—Monteith—Leuning model in GEE
is shown in Figure 1 [21].

Leaf Area Index (LA, ‘White Sky Shortwave
MODIS/006/ Albedo (Albed
MCDISASH, Mouls/uua/mcmafxa MOD11A2,
500m, d-day) 500m, daly) 1km, 8 day)

=

Albedo

Emissivity (Emiss,
MODIS/006/

Temperature variable,
Tair_f inst

IGBP land cover data
{land, MCD12Q1.006,
500m, yearly)

==

PML daily inputs

PML_ImgsRaw (Es_eq,
Ec, Ei, ET_water, Pi, qc)

=

Final PML-V2 output,
PML_Imegs (GPP, Ec, Ei, <
Es, ET_water, qe)

Prep, Rin, Rs

Tmax, Tmin, Tavg Pa,U,q

(Erorsms)

Fig. 1. Flowchart of the implementation of the Penman—Monteith—Leuning model
in the Google Earth Engine

The usage of the service’s cloud capabilities
allowed to access the collection of images
and perform their remote processing using the
Penman — Monteith — Leuning algorithm, which
is calibrated using the towers of the global
network of eddy covariance observation stations
on the base of a territory mask. The result of the
assessment is a spatially distributed generalized
image of evapotranspiration and its components
over the territory of Ukraine.

The PML model uses 500 m resolution of
MODIS for data regarding leaves, albedo, and
surface emissivity, as well as meteorological data
coming from the Global Land Data Assimilation
System (GLDAS) version 2. GLDAS receives
observational data from both satellites and
ground-based sources on temperature variability,
instantaneous pressure, wind speed, and relative
humidity, as well as total daily precipitation,
long- and short-wave solar radiation. Using
modern methods of Earth surface modeling and
data assimilation, the GLDAS system generates
optimal fields of Earth surface states and flows.
The GLDAS 2 input data has a spatial resolution
of 0.25° (~25 km), which is interpolated to
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the 500-meter grid of the PML dataset [21].
Evapotranspiration is calculated once per every
8 days, the calculation components are measured
at 3-hour intervals and aggregated into 1-day and
8-day values (Fig. 1).

To analyze the distribution of evapotrans-
piration components, territories, on which the
intensity of evapotranspiration was the same,
were initially identified based on remote sensing
data. For agro-climatic zones on the maps, these
territories were identified in an independent
manner. In different zones (Fig. 2) reference
points were selected in the form of three plots of
0.25 km? each, namely the territory in the Steppe
zone under irrigation (Kherson region), in the
Forest-Steppe — agricultural fields (Cherkasy
region), and Polissya — reclaimed forests (Volyn
region) for the growing season of 2020, when the
irrigation systems of southern Ukraine worked

intensively.

The distribution of evapotranspiration
components, which depends on applied
agricultural practices, was clarified on the
plots. That is, an analysis on the amount

of moisture evaporating from the open soil
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surface, transpiration of moisture by plants,
and evaporation directly from the leaf surface

preliminary studies, we tested the hypothesis
regarding the dynamics of the ET components

was conducted. Thus, on each of the plots of distribution.
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Fig. 2. Locations of the studied plots for different agro-climatic zones of Ukraine
(Steppe, Forest-Steppe, Polissya)

Research results and their discussion.
To determine and assess the state of available
water resources, effectively implement climate
change adaptation strategies, the determination
of the components of the water balance is
a key element of effective water resources
management. Evapotranspiration is the main
and the most important component in the water
cycle. In the study, the E, component of the
split evapotranspiration flux is estimated to
assess the actual water consumption by plants
at the country level. The E; component is used
to assess the effectiveness of precipitation,
and the E, component is used to assess soil
moisture and the shading degree. Generalized
images — the maps of the spatial distribution of
evapotranspiration components — were obtained
(Fig. 3). The scale was chosen to visualize
the differentiation of evapotranspiration
components. Within the territory of Ukraine,
some of the maximum values are deliberately
excluded and are not represented on the palette
to increase the contrast of the average seasonal
values visualization. That is, the maximum
values in the case of visual assessment, e.g. of
E,, are 0.6 mm/day and above.

The soil evaporation distribution map (E,)
represents the moisture evaporation from the open
soil surface and depends on the availability of soil
moisture, the degree of surface shading by vegetation,
and the deficit of atmospheric moisture. The spatial
distribution of E, reflects the regions of the country,
in which the soil loses moisture most intensively
through evaporation from the open soil surface
(Fig. 3a). The Steppe and Forest-Steppe regions have
the highest evaporation intensity values.

The map of distribution of the evaporation
of precipitation retained by vegetation is used to
estimate the fraction of precipitation that goes to
evapotranspiration. This component depends on
the amount of precipitation and the vegetation
cover particularities. The spatial distribution of
E, shows how efficiently precipitation is used by
plants in different zones (Fig. 3b). This indicator
reaches its highest value in the regions densely
covered with vegetation.

The vegetation transpiration distribution map
(E,) determines the dynamic flow of E_. The
map represents the agro-climatic zones that have
the highest or the lowest rates of plants’ water
use, which is critical for water management in
agriculture.
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Thus, the distribution map of the total average
intensity of evapotranspiration identifies agro-
climatic zones with increased evapotranspiration,
which in the obtained results coincide with the
regions where negative trends in the availability of
water resources for plants are observed (Fig. 3d).

Daily  evapotranspiration values  were
studied on individual images and presented as
a series of observations visualized in the form
of histograms and maps of evapotranspiration

.04.20-30.09.20)

spatial distribution and stored in database
tables. Figure 4a shows the distribution of
global maximum and minimum values based on
minimax analysis across the country in the form
of histograms, which corresponds to daily ET
estimated using the PML model. For example, as
of July 3, 2020, the maximum recorded ET value
from the water surface is 8.5 mm, the maximum
evapotranspiration from the land surface is
4.13 mm, while the minimum value is 2.43 mm.
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Fig. 4. Spatial distribution of absolute values of evapotranspiration in the form of a histogram
and a map for 03.07.2024
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It is important to mention that the studied plot of
0.25 km? includes various topographic elements,
for example, the Steppe zone area may include
both irrigated and non-irrigated areas (field roads,
roadsides, etc.), since the pixel of the satellite
image does not always fall completely within the
boundaries of the field. The actual flow from this
plot reflects both the evapotranspiration data of
an individual monoculture and all adjacent areas
included in the observation zone.

By analyzing the distribution of components
in different agro-climatic zones, it was
determined that in each zone the percentage of
the contribution from each component to the
total evapotranspiration is different. The absolute
value of total transpiration during the season
also differs. So, in the Steppe 60 % of ET is the
transpiration from plants, in the Forest-Steppe this
component amounts to 66 %, and in the Polissya
zone — to 65 %. However, the largest difference
in percentage between zones has the evaporation
of precipitation retained by vegetation. In the
Steppe zone it only amounts to 2 %, while in the
Polissya its share is 24 % (Fig. 5).

The dynamic values of E, E_, E; from remote
sensing maps are accumulated in the form of daily
data tables and form a static value of the number of

mm evaporated from the studied pixel of 0.25 km?
plot during the season. Data on absolute and
percentage distribution are given in Table 1.

1. Total ET values for the season and its
components distribution in absolute and
percentage forms during the growing season.

Compo- Steppe Polissia l;;):;s)t;
nent mm | % | mm | % | mm | %
E. 269,68| 60 [216,96| 65 |302,24| 66
E, 10,80 | 2 | 78,00 | 23 | 18,00 | 4
E, 170,24 | 38 | 36,96 | 11 |136,96| 30
ET 450,721100{331,92 (100 (457,20 (100
The dynamics of  evapotranspiration

components during the growing season also
varies depending on the selected agro-climatic
zone (Figure 6).

A feature of the distribution dynamics
for reclaimed areas of the Steppe with early
vegetation restoration is a representative
reduction of the evaporation from the open soil
surface at the beginning of the season and its
increase in the middle, after the end of the active
agricultural crops’ vegetation and early harvest of

100%

20%

10%

Steppe

mEc% WMEI% wmEs%%

Polissia

Forazt-Steppe

Fig. 5. Seasonal distribution of evapotranspiration components in different agro-climatic zones
of Ukraine during the 2020 growing season (01.04.20-30.09.20)
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cereals (Fig. 6a). The value of evapotranspiration
of a selected plot will depend significantly on the
irrigation technologies used by the farm. In the
2020 growing season, evapotranspiration in the
Steppe zone according to the remote sensing data
(daily values were observed within the range of
3,83-5,12 mm) indicates insufficient water in the
soil to fully cover the moisture deficit.

Figure ©6b characterizes the areas with
complete turning over of the arable soil layer,
therefore, in the dynamics at the beginning of
the growing season, evaporation from the open
soil prevails, but after that it decreases with
the development of vegetation cover. Figure
6¢ characterizes the territories of the Polissya
with reclaimed forests. In the dynamics of
the distribution of total evapotranspiration,
compared to the other regions, evaporation from
the surface of plants prevails and the evaporation
of precipitation intercepted by vegetation is also
noticeably present. Since the soil is covered with
a layer of plant residues, evaporation from the
open surface is smaller.

The algorithm and the applied model for
obtaining estimates of ET and its components
showed the distribution of evapotranspiration and
its components in different agro-climatic zones
on a regional scale. To obtain more detailed maps
of the distribution, more detailed remote sensing
data is needed and further cross-validation of the
model using eddy covariance towers is possible.
Further research will focus on determining the
relationship between evapotranspiration and its
components with gross primary production and
on verifying the model in Ukrainian conditions.

Conclusions.

1. The implemented algorithm based on the
use of remote sensing data effectively performs
spatial estimation of evapotranspiration (ET) and
its components based on the improved Penman —
Monteith — Leuning method. The use of remote
sensing data provides an opportunity to perform
detailed ET modeling over large areas with high
resolution, which contributes to the optimization
of water use processes.

2. The possibility of using geospatial datasets
from remote servers for spatial assessment
of evapotranspiration and its components

using software developed by the authors has
been proven. A software product has been
developed to analyze the spatial distribution of
evapotranspiration components in different agro-
climatic zones. The program code is located in the
Google Earth Engine repository and is constantly
being improved both by the team of authors of
the article, who develop applied technologies for
using remote sensing data for assessment, and by
the providers of the datasets.

3. The resulting generalized images and
geospatialmapsofevapotranspirationcomponents
based on remote sensing data are an important tool
for water resources management. Visualization
of the dynamics of evapotranspiration processes
allows making justified decisions regarding
water supply management in different agro-
climatic zones taking into account local natural
conditions. This is especially important for the
water-scarce zones, where evapotranspiration
control can ensure efficient water use and prevent
losses due to inefficient irrigation and tillage
technologies.

4. Models, which are using remote sensing
data for estimating evapotranspiration dynamics,
require additional validation and comparison
with actual field measurements. Quantitative
indicators obtained through the modeling should
be coordinated with the data from ground-based
stations of the greenhouse gas fluxes monitoring
to improve the forecasts accuracy and to identify
possible deviations. This will ensure further
improvement of the methodology and facilitate
its adaptation to the conditions of different
agricultural regions.

5. The use of maps of geospatial distribution
of evapotranspiration over Ukraine based on
global data allows identifying regions with
higher transpiration and a potential shortage
of available water resources. These maps are a
valuable tool for forecasting the availability and
for planning of the usage of water resources,
which is critically important for the agricultural
sector. Identification of the such zones will help
introduce the preventive measures to improve
water availability, implement effective irrigation
methods, and preserve agricultural crops in arid
conditions.
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Anomauyia. Y cmammi npoananizogano peyromamu oyinku esanompancnipayii (ET) ma ii komnonenmis
3a 0aHumu oucmanyitinoeo 3ondyeannsa 3emni. [ns ompumanta yici oyinku 0yn0 po3pobieHo cneyianvhe
npoepamue 3aoe3neuents, a came CKpUnmu 3 6UKOPUCAHHAM MOBU npoepamyeants JavaScript ons 8iooa-
JIeHOT 00POOKU OaHUX Y XMapHoMY npocpamHomy cepedosuwyi Google Earth Engine (GEE). Lle npoepamue
3abe3neuenns 0036019€ Harawmysamu 01a ymoe Yipainu mooenv Ilenmana — Moumetiima — Jleyninea
(PML) ma sizyanizysamu npocmoposuii po3nodin ET. Buxopucmanms XMapHux MOXNCIUBOCMEl Cepaicy
003601UN0 OMpUMamu O0CMyn 00 KOAeKYii 3HIMKI@ ma npogooumu 8i00aieHy ix oopooKy 3a areopummom
Ilenmana — Moumetima — Jleyninea, wo 8i0kanioposanuil 3a OaHUMU CIMOBOT Mepedci Cmanyill cnocme-
pedicents 8UXpoeoi Kosapiayii. Pezynbmamom makoi oyinku cmana KOMRO3UMHA MO3AiKa — NPOCMOpPO8O
pos3nodinene y3azanbHene 300padicenHs eeanompanchipayii ma ii mpbox 0CHOGHUX KOMNOHEHMI8. mpan-
cnipayiro 3 pociunnocmi (Ec), eunaposysanns 3 tpynmy (Es) i eunapoeysanHsa nepexonienux onadis
pocaunnum noxpusom (Ei) na mepumopii' Ypainu 3a éecemayitinuii cezon 2020 poxy. Po3yminnsa ounamixu
YUX KOMNOHEHmMI8 Cnpuse onmumizayii GUKOPUCTNANHS BOOHUX pecypcie ma po3pooyi epekmusHux cxem
3POULIEHHSA, 0COOTUBO 8 YMOBAX 3MIH Kaimamy. B pezynomami ananizy OUHAMIKU CKIAOOBUX e8aNOMPAHCHI-
payii npomscom gecemayitinoco ce3oHy 30IilCHeHe BUSHAYUEHHA HAUOIIbUW 8A20MO20 KOMNOHEHNY e8ano-
Mpaucnipayii y pisHux azpokaiMamuitux 30Hax.

Ilpome mooeni, wo GUKOPUCHOBYIOMb OUCMAHYIUHI OaHi Oisl OYIHKU OUHAMIKU e8anompanchnipayii,
sUMazaionms 000amKo6oi eanioayii ma NOPIGHAHHS 3 NOTLOGUMU GUMIPIOGAHHAMU 015 NIOSUWEHHS IXHbOT
mounocmi. KinbKiCHI NOKA3HUKU, OMPUMAHI Hepe3 MOOEN08AHHS, NOGUHHI Y32000iCY8AMUC 3 OAHUMU
HA3eMHUX CIANYill MOHIMOPUH2Y NOMOKI8 NAPHUKOBUX 2A318, WO CHpUAMUME 800CKOHALEHHIO Memooo-
no0eii ma adanmayii' it 00 yM08 pi3Hux acpaprux pecionis. OKpim moeo, UKOPUCIAHHI KAPM 2e0npoCchio-
POB02O PO3NOILNY e6anompancnipayii 0036804e€ i0eHmuikysamu pe2ionu 3 nio8uUeHo Mpancnipayicio
ma nomenyiuHum de@iyumom 600HUX pecypcis. Taxi kapmu cmarme YiHHUM THCIPYMEHMOM 0151 NIAHY-
8aHHsL T NPOCHO3Y8AHHS BOOHUX PECYPCi8, WO € KPUMUYHO 8ANCTUSUM OISl A2PAPHO20 CEKMOPY.

Knrouosi cnosa: esanomparcnipayis, KOMROHEHMU e8ANOMPAHCNIPAYil, a2pOKIIMAMUYHT 30HU, OUCAH-
yitine 30HOV8AHHA 3emai, TpyHM-pociuHa-ammocgepa, ingopmayiina cucmema, mooersv Ilenmana —
Mounmeuma — Jleyninea, PML-V2, GEE npoepamysanns
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Abstract. The practice of using drip irrigation systems shows that contamination of drip outlets,
including products of organic origin, is a serious threat to their reliable operation. In Ukraine, to combat
such contamination, drip irrigation pipelines are flushed with environmentally hazardous 15 % sodium
hypochlorite AquaDoctor made in China. At the same time, there is evidence in the world practice of the
possibility of effective use of environmentally friendly electrochemically activated low-concentrated saline
solutions, in particular, anolyte, for such purposes. The analysis of the domestic market of disinfectants,
bactericidal agents and antiseptics suggested that the anolyte “Crystal” produced by PE “Personnel Lux”
(Kharkiv), which has a high biocidal effect. Kharkiv), which has a high biocidal activity at a mass total
concentration of 0.1 % of ADR, and electrochemically activated low-concentrated sodium hypochlorite
“Secobren” with a hypochlorite content of up to 0.06 % produced by “UKRTEK PRODUCT” LLC (Kyiv),
which may have similar properties, can be used for flushing drip outlets.

Laboratory and field studies have been conducted to determine the possibility of flushing drip irrigation
pipelines with electrochemically activated low-concentrated saline solutions to remove contamination of
drip irrigation outlets with products of organic origin. The study was conducted during the flushing of
drip irrigation pipelines with integrated drippers from ASSIF (METZER, Israel) with AquaDoctor, Crystal
and Secobren disinfectants. Laboratory studies were conducted in the laboratory of the Institute of Plant
Industry and Mechanics of the National Academy of Agrarian Sciences of Ukraine, accredited in the
UkrSEPRO system, and field studies were conducted on subsurface drip irrigation systems in Cherkasy and
Kyiv regions. For flushing in the field, the “Forced installation of supply and mixing of PUPS” developed
by IRRIGATOR UKRAINE LLC was used.

The results of laboratory and field studies have shown that the washing capabilities of environmentally
safeproducts “Kristal” and “Secobren” are comparable to those of environmentally hazardous hypochlorite
“AquaDoctor”. This makes it expedient to conduct further research to develop the technology of washing
drip outlets depending on the nature and intensity of their pollution.

Keywords: irrigated agriculture, drip irrigation systems, drip outlets, biological pollution, flushing,
electrochemically activated low-concentration salt solutions, anolyte, sodium hypochlorite

Relevance of the study. Information sources
and the practice of using drip irrigation systems
indicate that the development and use of
advanced water treatment systems and filters, as
well as the use of labyrinthine drip outlets with
self-cleaning functions and anti-siphon systems,
have largely eliminated the issue of drip irrigation

contamination with inorganic particles. At the
same time, there is a growing problem in the
world of contamination of drip irrigation systems
with various kinds of pollutants of organic
origin, primarily the remains of microbial waste
products in the form of biofilm in the labyrinths
of drip outlets. As a rule, chlorine-containing
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substances are used to combat such pollution.
In Ukraine, foreign-made sodium hypochlorite
with 15 % chlorine content is used, which, when
dissolved in water, forms by-products that are
very dangerous for humans, animals and plants,
such as trihalomethanes and halogenated acetic
acids. This creates significant environmental
risks for the soil and products grown on irrigated
land.

At the same time, there are environmentally
safe, electrically activated low-concentration
substances with a low chlorine content that
have powerful bactericidal properties and can
be used to clean pipelines and drip outlets from
biological contaminants. Identifying and testing
the possibility of using such domestically
produced substances that can effectively clean
drip irrigation pipelines and drip outlets is an
important practical task, the solution of which
will improve the reliability of drip irrigation
systems, ensure the preservation of soil fertility
and reduce the environmental risks of negative
environmental impact.

Analysis of recent research and publications.
The main limiting factor that determines the
efficiency, reliability and durability of drip irrigation
systems is the issue of the reliability of drip outlets,
which was noted by researchers in the late 70s of
the last century [1] . It was also determined that
the reliability of drip irrigation outlets is primarily
related to the state of their clogging and the main
types of pollution were identified — physical, salt
and biological [1-4]. Clogging of drip irrigation
outlets significantly reduces the uniformity of water
distribution over irrigated areas, can lead to both
excessive and insufficient moisture of plants, and
negatively affects crop growth and yield [4-6]. The
ever-increasing shortage of fresh water in the world
and the aggravation of environmental problems
associated with the need to dispose of wastewater
have led to the widespread use of such water in drip
irrigation systems over the past two decades [5, 7, 8]
and have further exacerbated the need to clean drip
irrigation pipelines and drip outlets from biological
contamination. Until recently, the main method of
combating biological pollution of water was its
chlorination [9]. When chlorine comes into contact
with water, it forms a mixture of hypochlorous
(HCIO) and hypochlorous (HCI) acids:

Cl, + H, O — HCIO + HCI (1).

Hypochlorous acid is the main active
ingredient formed when chlorine dissolves in
water. It is a weak, environmentally safe acid and
dissociates in water to form hypochlorous ion
(ClO-) and hydrogen ion (H"):

HCIO < H' + CIO (2).

HCIO is a much more effective disinfectant
than CIO because of its ability to penetrate
the cell walls of microorganisms. It acts on
microorganisms without damaging animal and
plant cells [10]. But, in addition to it, chloramines,
trihalomethanes, and halogenated acetic acids are
also formed when chlorine dissolves in water
[9]. These by-products of water chlorination are
harmful to both humans and plants. In connection
with these possible negative consequences of
using chlorinated water for cleaning drip irrigation
pipelines and drip outlets, in recent years, sodium
hypochlorite (NaClO), which is also an effective
disinfectant, has been used to flush drip irrigation
pipelines [11]. When dissolved in water,
hypochlorite forms hypochlorous acid (HCIO),
which, as in the case of chlorination, is the main
bactericidal agent:

NaClO + H, O <> HCIO + Na* + OH (3),

According to the practice of using sodium
hypochlorite in Ukraine, it can effectively
neutralize organic formations in drip irrigation
pipelines and drip outlets [11], but at high
concentrations of active chlorine, its use has the
same disadvantages as chlorination.

An alternative to chlorine and sodium
hypochlorite is chlorine dioxide (CIO,), which
is used as a disinfectant in various industries,
including water treatment, food processing,
healthcare, and catering [12—14]. There is also
experience in its use for cleaning drip irrigation
systems [15]. Chlorine dioxide dissolves in
water to form various products, including chloric
(HCI0,) and hypochlorous (HCIO,) acids. During
the dissolution of chlorine dioxide, hypochlorous
acid is not formed, and chlorite (ClO2) and
chlorate (ClOs-) ions are the active disinfectants.
However, according to some recent studies [14,
16], the disinfectant effect of hypochlorous acid
HCIO exceeds the similar properties of chlorate
and chlorite ions. In this regard, for example,
to ensure effective drinking water treatment,
it is envisaged, in some cases, that it should be
treated with sodium hypochlorite after chlorine
dioxide treatment [14]. In general, hypochlorous
acid [10] is one of the most interesting, effective,
and environmentally friendly substances. It is
naturally formed in the human body — produced
by our white blood cells to fight pathogens.
Hypochlorous acid has been investigated as a
possible wound care product, and in 2016, the
FDA approved it as a primary active ingredient in
the treatment of wounds and various infections in
humans and animals [10]. In 2020, disinfectants
based on an electrochemically activated solution
of hypochlorous acid HCIO as an active
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ingredient also appeared on the Ukrainian market.
Such products have a wide range of effects and
are used in various applications. The safety of
these products has been proven by research
by Ukrainian and international specialized
institutions [10]. In 2021, hypochlorous acid in
a concentration of up to 200 PPM was included
in the Order of the Ministry of Health of Ukraine
dated 28.03.2020 No. 722 “Organization of
Medical Care for Patients with Coronavirus
Disease (COVID-19)».

Some authors, noting the extreme importance
of biofilm control as one of the most dangerous
types of biological contamination of pipelines
and drip water outlets [17], emphasize that
an effective substance for biofilm control can
be anolyte, one of the environmentally safe
components of electrochemically activated water,
which also contains hypochlorous acid [18].

Theuseofanolyteisconsideredasanalternative
to chlorine for disinfection of decentralized water
supply systems and prevention of biofilms. There
are significant advantages of such disinfection
compared to chlorination: anolyte effectively
reduces the formation of biofilms (the biomass of
fixed biofilms is reduced by 37.5-79.9 %) [19].
Studies of the process of biofilm formation. call
the reason for this — the vital activity of bacteria.
Anolyte prevents the formation of biofilms
better than other disinfectants by counteracting
the attachment of inactivated microorganisms
to the walls of pipes and emitters and removes
existing microorganisms from surfaces [20].
Today, within the framework of the European
Union’s Horizon 2020 research and innovation
program, in accordance with grant agreement No.
6, research is being conducted abroad on the use
of anolyte for water disinfection in horticulture
[21]. It is noted that heaters and UV installations
do not affect the formation of biofilm, but anolyte
effectively copes with this task. It can be used to
destroy microorganisms in irrigation pipelines
during the growing season, taking into account
its environmental safety [22].

The aim of the study is to investigate the
possibility and feasibility of flushing drip
irrigation  systems  with  electrochemically
activated low-concentration saline solutions.

Research  methods and  materials.
Theoretical and empirical methods of scientific
research are used: analysis and synthesis,
deduction and induction, comparison, as well as
laboratory and field methods.

Research results and discussion. To achieve
this goal, we analyzed the availability of anolites
on the Ukrainian market, which are produced in
industrial volumes and have high bactericidal
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properties. Literature sources state that all
anolites demonstrate high antiseptic properties
and environmental safety at low concentrations
of their components, and some differences in
the ratio of their components make it almost
impossible for the vast majority of pathogens
to develop resistance to them [22]. According
to their characteristics, anolites are divided into
acidic (pH 1 to 5,2), neutral (pH+ 7,0+ 1,5) and
alkaline (pH=9 or more). Neutral anolyte (NA),
which is produced using catholyte, is the main
type of anolyte widely used as a disinfectant
today. There are anolyte production plants of
various designs around the world with capacities
ranging from 5 to 500 liters per hour. Before the
war with Russia, the Ukrainian market offered
a variety of anolites from foreign and domestic
producers, which were used as disinfectants
and decontaminants. Since the beginning of the
war, this market has shrunk significantly. The
main reason for this is the absence of domestic
industrial facilities for the production of anolites
in Ukraine. At the same time, anolites are present
on the Ukrainian market and are produced
at foreign facilities according to technical
documentation approved in Ukraine. One of the
largest producers of neutral anolyte in Ukraine
is Personnel Lux PE (Kharkiv). The anolyte
“Crystal” (Fig. 1, a) it produces has high biocidal
properties and contains hypochlorous acid and
highly active oxygenated chlorine compounds,
chlorine free radicals, and oxygen: HCIO; CIO,;
ClO; O;; H O5%; H 05%; O, ; CI° At the same
time, their mass concentration in terms of active
chlorine is only 0.1 %, which makes this reagent
safe for humans, plants and animals. Most of the
anolyte components relax into ordinary weakly
mineralized water after some time (maximum
several days) and do not accumulate in plants and
soil. According to TU U24.2-3736315-001:2011,
which is used to produce this anolyte, its alkalinity
can range from 6 to 8. Studies of the Ukrainian
market of disinfectants also revealed the presence
of electrochemically activated, environmentally
safe  hypochlorite Secobren manufactured
by UKRTEK PRODUCT LLC (Kyiv). In
accordance with TU U 20.2-43534135-001:2020,
chlorine-containing compounds in it are no more
than 0.6 % (sodium hypochlorite — up to 0.06 %,
sodium chloride —up to 0.5 %) (Fig. 1, b).

The analysis of the characteristics of the
anolyte “Crystal” according to the indicators
standardized by DSTU 7591:2014 “Water
quality for drip irrigation systems. Agronomic,
environmental and technical criteria” [23], shows
that its use (even without dilution) does not pose
environmental risks.
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Fig. 1. Domestic environmentally safe, electrochemically activated low-concentration substances in
commercial containers and permits for their production:

a — Crystal anolyte; b — Secobren hypochlorite

Thus, the increase in the permissible values of
toxicion concentrations by soil groups givenin Table
1 of DSTU 7591 “Assessment of irrigation water
quality for the risk of secondary soil salinization
(according to DSTU 2730)» when applying the
anolyte “Crystal” even without dilution with water
can be from 0.6 to 4 %. When diluted with water
for washing in a ratio of 1:100, the increase in
indicators can be only 0,006...0,04 %, i.e., there
will be no practical impact.

Table 2 of DSTU 7591 “Assessment of
irrigation water quality for the risk of soil
alkalization (according to DSTU 2730)» shows that
the introduction of the anolyte “Crystal”, whose
pH is 7.2, will not change the water quality class.
The same applies to the impact on the risk of soil
salinization (Table 3 of DSTU 7591 “Assessment
of irrigation water quality for the risk of soil
salinization (according to DSTU 2730)»).

The analysis of the environmental safety
of anolyte (Tables 5, 6 and 7 of DSTU 7591)
shows that it cannot pose a threat according to
the indicators given in these tables, as it does
not contain trace elements and heavy metals,
pesticides, phenols, cyanides, oil products, etc.
Due to its extremely low degree of mineralization,
it will not affect the suitability of irrigation water
in terms of the degree of impact on the elements of
drip irrigation systems (Table 8 of DSTU 7591).

The same conclusions can be drawn from the
analysis of the characteristics of electrochemically
activated low-concentration sodium hypochlorite
“Secobren”

The effectiveness of the use of Crystal and
Secobren for cleaning drip irrigation pipelines and
drip outlets in comparison with AquaDoctor anolyte
(China) with 15 % active chlorine content, which
is currently used for these purposes, was tested in

the laboratory and in the field. Laboratory studies
were carried out on three samples of pipelines
(METZER Israel) 1,5, 2,3 and 2,4 m long with
compensated drippers with a nominal flow rate
of 0,85 I/h (=14 ml/min) with a distance between
drip outlets of 0,5 m. The samples were taken from
the underground irrigation system installed by
Irrigator Ukraine LLC in the POA “UKRAINE” of
Boryspil district, Kyiv region, near Velyka Karatul
village. Water is supplied to the system from the
Dnipro River, which is why there was little sand
and silt in the water during the irrigation period,
but a significant amount of algae. To preserve the
vital activity of the pathogenic biota, the samples
were delivered to the laboratory filled with water.
The research was carried out at the stand for
testing drip irrigation pipelines at the Laboratory
for Testing Irrigation and Drainage Facilities of the
Institute of Water Resources and Management of
NAAS (Certificate of Measurement Capabilities
No. PT-8/24 of 11.01.2024). The research was
carried out according to the test methodology
for microirrigation technical means developed at
IWPIM NAAS [24].

During the tests, the flushing capacity
and efficiency of cleaning drip outlets from
contaminants were determined by the following
agents: AquaDoctor sodium hypochlorite (China)
with an active chlorine content of 15 %, Crystal
anolyte and Secobren hypochlorite.

Results of laboratory tests. Flushing of drip
outlets was carried out in two stages. At the first
stage, the concentration of the solutions was
1%o0, measurements of the change in the capacity
of the drip outlets were carried out at operating
pressures from 0,025 to 0.1 MPa with a step of
0,025 MPa (nominal operating flow rate of the
drip outlet is 0,85 I/h ( 14 ml/min) (Table 1):
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1. Evaluation of changes in the flow characteristics of drip outlets depending on the impact
of different types of detergents
2] Pressure, MPa
g 0,15 | 0,2 | 0,25 | 0,3
° Flow rate depending on pressure, ml/60s
Active | 2 2 g E 2 E 2 E
ingredient | = L | &E s | &F L | 2E L | 2E
= =) e ) ) L ) <) L ) <) L )
S| 5|88 2|5 |88 2|5 82|25 |5¢8
- s E s E s E s E
$ R g = = =
33 | 0 7 50 0 11 79 0 14 | 100 | 12 14 | 100
&%‘igr 330l oo fJoJolololo] o ool o
34 1 0 0 2 0 0 4 0 0 3 0 0
25 | 8 10 | 71 13 13 93 12 13 93 12 13 93
Secobren 25 | 7 8 57 110 | 10 | 71 [ 10 | 11 79 10 | 12 86
25 | 6 | 8 57 9 9 64 | 10 | 10 | 71 11 | 10 | 71
25 | 5 1 7 4 4 29 12 12 86 13 13 93
20 | 7 7 50 9 10 | 71 11 11 79 12 12 86
20 | 7 8 57 6 10 | 71 9 10 71 7 8 57
Crystal 20 | 6 7 50 8 10 | 71 11 11 79 11 12 86
20 | 7| 7 50 8 10 | 71 | 11 | 12 86 12 | 13 93
20 | O 0 0 0 0 0 0 0 0 0 0 0

At both stages, after draining the water that
filled the samples during transportation to the
laboratory, one of the samples was filled with
AquaDoctor, the second with Crystal, and the
third with Secobren.

The samples filled with reagents were kept
for 48 h, after which the washing agents were
drained and the flow rates of the drip outlets
were determined. Drip flow rates were measured
after pressure stabilization for 10 min at a
given gradation: at the first stage — 0,025, 0,05,
0,075, 0.1 MPa, at the second stage — 0,15, 0,2,
0,25, 0,3 MPa. The flow rates of the droppers
were determined by the volumetric method
using 25 ml measuring cups and a stopwatch.
The determination time at each pressure was
60 seconds. The pressure was created by the test
bench pump, controlled by a manometer, and
regulated by a valve.

Sampling of underground drip irrigation
pipelines for research was associated with the
difficulty of digging them out and transporting
them with water to the laboratory. This made it
impossible to select long sections of pipelines
with a number of drip outlets that could provide
statistical processing of the results in accordance
with the methodology [24]. Therefore, it can be
assumed that the results obtained give a general
idea and trends about the phenomena under
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study, in our case, the possibility of flushing
drip irrigation systems with electrochemically
activated low-concentrated saline solutions
without quantifying them using mathematical
statistics. Next year, the study is planned to
continue to obtain statistically reliable results of
flushing efficiency and to develop elements of the
technology for flushing drip irrigation systems
with environmentally friendly electrochemically
activated saline solutions.

As can be seen from Table 1, 30 % of the
drip outlets were flushed with AquaDoctor
hypochlorite ~ with a  flushing solution
concentration of 1 ppm and pressures of 0,025,
0,05, 0,075, 0,1 MPa, and the flow rate of only
33 % of the flushed drippers was restored to the
nominal value. 67 % were not flushed. All 100 %
of the drips washed with Secobren hypochlorite
restored their throughput to values close to the
nominal value. 60 % of the drips washed with
Kristall anolyte restored their capacity almost
completely, 20 % restored partially, and 20 %
were not washed.

At the second stage, the concentration of
solutions was 5%o, and measurements of changes
in the throughput of drip water outlets were
carried out at the following operating pressures
from 0,15 to 0,3 MPa with a step of 0,025 MPa
(Table 2).
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2. Evaluation of changes in the flow characteristics of drip outlets depending on the impact of
different types of detergents
Pressure, MPa
5 0,15 0,2 | 0,25 | 0,3
. § @ Flow rate depending on pressure, ml/60s
_ Active == S, = 2 = % = 5 =
imgredient | 52| |5/ £8E| .| 5| 582 |.|5| 582 | |5 52
$ |C|5|SEE| = | 5§ |SEE|°|5|SEE|" 5 SEE
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33 |14]13 93 14 | 14 100 [14)|14| 100 |14(14 100
[‘)“()%‘tlgr 33 (0[0] 0 00 0 [oJo] o [oJo[ o
34 100 0 0 0 0 010 0 0|5 36
25 [13|14| 100 13 14 100 |13|14| 100 |13|14 100
Secobren 25 [12]10 71 12 | 12 86 1212 86 1212 86
25 [10]13 93 10 | 11 79 10]11 79 10]11 79
25 [13]10 71 13 14 100 |13]13 93 13]14 100
20 [12]12 86 12 | 13 93 12113 93 12113 93
20 [ 8 ]9 64 8 9 64 817 50 8 |11 79
Crystal 20 [12]13 93 12 | 12 86 12(14] 100 |12]14 100
20 |13]13 93 13 | 13 93 13(14] 100 [13[14]| 100
20 | 0 |13 93 0 | 13 93 0[14] 100 [0 ]14] 100

The results of laboratory tests show that of all
the droppers that were washed with AquaDoctor
hypochlorite solution, 33 % of the droppers
recovered completely, 33 % partially, and 34 %
did not recover at all. 50 % of the drips washed
with Secobren recovered 100 %, 25-90 %, and
25-80 %. Of those washed with Kristall, 60 %
restored their capacity by 100 %, 20 % by 93 %,
and 20 % by 79 %.

The data obtained indicate that domestic
environmentally safe electrochemically activated
low-salt solutions of anolyte “Crystal” and
sodium hypochlorite “Secobren” exceed the
environmentally hazardous 15%  sodium
hypochlorite “AquaDoctor” produced in China
in terms of their washing capacity to clean drip
outlets from contaminants of biological origin.

A

| TP
4

a

Results of field research.

Field studies were conducted jointly with
IRRIGATOR UKRAINE LLC on two subsurface
drip irrigation systems: in the fields of the PAO
“UKRAINE” in Boryspil district of Kyiv region
and LLC SPF “Urozhay” in Cherkasy region (near
the village of Liplyave). The pumping stations of
both systems take water from the Dnipro River.

The areas irrigated by drip irrigation systems
created by Irrigator Ukraine LLC are divided into
irrigation blocks. The systems of POA UKRAINE
and Urozhay LLC have 10 of them (1-1 to 1-10).
During the irrigation cycle, the irrigation blocks
work in pairs, creating an irrigation shift. Bermad
Turbo IR M water meters are used to record the
flow rate in each pair of simultaneously operating
units (Fig. 2).

Fig. 2. Fittings and equipment for flushing subsurface drip irrigation pipelines in the field:
a — Bermad Turbo IR M water meter; b — installation for flushing subsoil drip irrigation pipelines
designed by IRRIGATOR UKRAINE LLC; ¢ — end cranes of two adjacent pipelines
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During the irrigation season, data on
consumption is recorded in the irrigation log.
When operating subsurface irrigation systems,
they are flushed from mechanical contamination
on a monthly basis, and flushed with chemicals
during algae blooms and at the end of the season.
An indicator for flushing the system is a reduction
in the consumption of irrigation modules by more
than 5 %. The quality of flushing is assessed by
the following factors: a — the renewal of module
consumption; b — the degree of transparency of
drain water after preliminary flushing and keeping
water with a chemical in the pipeline for 24 hours
(the darker the color, the higher the quality of
flushing); ¢ — inspection of the condition of the
components of the drippers.

Comparison of the flushing effect on the
cleaning of drip irrigation pipelines and drip
outlets from contaminants of biological origin
with  AquaDoctor, Crystal and Secobren
substances was carried out using the flushing unit
of the PUPZ LLC “IRRIGATOR UKRAINE”
[25] (Fig. 2, b) . Three irrigation blocks of these
subsurface irrigation systems with a length of
irrigation pipelines of 300 m with compensated
drippers ASSIF (METZER Israel) with a nominal
flow rate of 0,85 1/h in each of the farms were
first emptied through the end taps (Fig. 2, ¢),
and then filled separately with solutions of
“AquaDoctor”, “Crystal” and “Secobren” and
left for 24 hours. After that, the solutions were
drained, and the pipelines and drip outlets were
flushed with irrigation water under a pressure of
up to 0,3 MPa. The concentration of solutions
during flushing was: in SPF “Urozhay” — 1,5 liters
of “AquaDoctor”, “Crystal” and “Secobren” were
dissolved in 3,1 m of® water (the concentration
of solutions was equal to (about 0,5%o); in
PJSC “UKRAINE” — 3 liters of “Crystal” and
“Secobren” and 1 liter of “AquaDoctor” were
dissolved in 2,6 m of® water (the concentration of

(51

solutions was equal to 1,15 and 0.38%o). Due to the
fact that the flushing was carried out after the end
of the irrigation season, water was delivered by
tankers and the use of Bermad Turbo IR M water
meters, which are equipped with the systems, was
impossible. During the research, the transparency
of the drain water after preliminary flushing and
aging with water and chemicals in the pipeline for
24 hours was visually analyzed (Fig. 3).

This assessment showed comparable results
of the quality of flushing with all three tested
substances — hypochlorites “AquaDoctor” and
“Secobren” and anolyte “Crystal”. In addition, the
quality of flushing of drip outlets with AquaDoctor,
Secobren, and Crystal was assessed by opening
the drip outlets and analyzing the condition of
their components (filters, membranes, main and
self-flushing labyrinths, and outlet chambers)
before and after flushing (Fig. 4). In total, 5 drip
outlets were opened for study on each of the three
studied pipelines in each of the farms. That is, the
quality of flushing with each of the substances
(AquaDoctor, Secobren and Crystal) of ten drip
outlets was investigated, and the components of
the drip outlets were analyzed to determine which
are most susceptible to clogging.

The main structural elements of the studied
pipeline drippers are an inlet filter, a main labyrinth
with a wide channel, a silicone membrane, a self-
flushing pressure compensation labyrinth, and an
outlet chamber. As can be seen from Figs. 4 and
5, the inlet filter is cleaned well enough during
flushing and cannot be the reason why the drips
cannot be restored to their capacity.

Figure 5 shows that the main labyrinth (No.1)
is completely cleaned of contaminants after the
droppers are washed. Some contaminants that do
not affect the performance of the droppers may
remain in the outlet chamber of dropper No. 2. It
should be noted that, according to the observations
of IRRIGATOR UKRAINE LLC specialists,

Fig. 3. Visual assessment of the quality of flushing of subsurface drip irrigation pipelines in the field:
a —in 5-liter containers; b — at the beginning of the pipeline discharge after flushing; c — at the end of
the pipeline discharge after flushing
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Fig. 4. The appearance of the drippers from the side of the inlet filter:

a — before flushing; b, ¢ — after flushing

Fig. 5. View of the dropper components after flushing:
1 —main labyrinth; 2 — dropper outlet chamber; 3 — inlet filter; 4 — self-flushing labyrinth; 5 — silicone membrane

contamination of the outlet chamber occurs by
dirt entering the dropper from the outlet side
during the installation of pipelines when there
is no water in them and the anti-siphon systems
of droppers are not working. This is typical for
underground pipelines. The silicone membrane
(No. 5) in all the drippers tested was undamaged,
flat and elastic, so it could not have caused the
drippers to fail. The most vulnerable component
of the droppers, in terms of contamination with
particles of organic origin, is the self-flushing
labyrinth (No. 4). It is significantly contaminated
in all drips, which, in our opinion, is the main
reason for the loss of drip capacity. Despite the
fact that the studied drips are quite advanced
systems with dense filters, pressure stabilizing
mechanisms and anti-siphon systems, their
design did not take into account the possibility
of penetration and further development of a large
number and variety of biological microorganisms
This makes it necessary to periodically flush
them when using recycled water or water from
surface sources.

Field studies of domestic environmentally
safe, electrochemically activated substances such
as Kristal anolyte and Secobrand hypochlorite
have confirmed that their cleaning capacity for
drip irrigation pipelines and drip outlets from
biological contaminants is comparable to the

environmentally hazardous foreign product with
a high chlorine content that is currently used in
Ukraine for these purposes.

Conclusions. The results of laboratory
and field studies have shown that the washing
capabilities of environmentally friendly means
of electrochemically activated low-concentrated
saline solutions “Crystal” and “Secobren”
are comparable to those of environmentally
hazardous 15 % hypochlorite “AquaDoctor”
and are promising for their further use in drip
irrigation systems.

The working concentrations of solutions of
“Crystal” and “Secobren” substances required
for washing emitters of drip irrigation systems
were preliminarily determined and the need for
more detailed laboratory and field studies on
this issue was substantiated (development of
washing technology depending on the nature
and intensity of contamination). Given that
the use of “Crystal” and “Secobren”, due to
their environmental safety, does not impose
restrictions on the number and intensity of
flushing, as is the case when using the highly
toxic 15 % sodium hypochlorite “AquaDoctor”,
it is possible to thoroughly clean drip irrigation
systems and restore up to 100 % of the
throughput capacity of drip outlets, even during
the growing season.
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Anomauia. [lpakmuxa euxopucmanms cucmem KpaniuHHO20 3POUIEHHS CEI0YUMb, WO 3a0pyOHEeHHs
KpanIuHHUX 60008UNYCKIG, Y MOMY YUCITI NPOOYKMAMU OP2AHIYHO20 NOXOOJICEHHS, € CEPUO3HOIO 3a2P03010 iX
Haoitinoi pooomu. B Yxpaini s 6opomuou 3 maxum 3a0pyOHeHHAM GUKOPUCTOBYIOMb NPOMUBKU MpPYOOnpo-
60018 KpanIUHHO2O 3pOULeHHsl eKoN02iuHo Hebesneunum 15 % einoxnopumom nampiio “AquaDoctor” 6upo6-
nuymea KHP. Pazom 3 mum, 6 c8imosiil npakxmuyi icHyioms OAHHI NPpo MONCIUBICIb eheKMUBHO20 3aCmo-
CYBAHHA OISl MAKUX Yinell eKoNo2iuHO Oe3neuHUX eleKmpOXiMiuHO AKMUBOBAHUX HUZbKOKOHYEHMPOBAHUX
CONbOBUX PO3UUHIB, 30KPeMAd — AHONIMY. AHANI3 8IMYUSHAHO2O PUHKY Oe3IH@IKYIOUUX ma 6aKmepuyuoHux
3ac00i6 i anmucenmuxie 003601ue npunycmumu, wo anonim «Kpucmany eupoonuymea I111 «Ilepconan
Jlokey (m. Xapxie), axuti mae 6ucoky OIOYUOHy akmusHicmy npu Macosiu cymapHiu konyenmpayii A/[P 0,1 %,
Ma eneKmpoxXiMiuHO aKmMuU8OBAHUL HUZLKOKOHYeHmposanuti cinoxaopum nampito «Cexobpeny 3 emicmom
einoxaopumy 0o 0,06 % eupoonuymea TOB « YKPTEK IIPOJAKT» (m. Kuis), wo mac mooice ananoiumni
811ACUBOCTI, MOJUCYMb OYMU BUKOPUCIAHT OJi NPOMUBKU KPANIUHHUX 60008unyckig. Ilposedeno nabopa-
MOPHI i NOTBOBI DOCTIONCEHHS UJOOO MONCIUBOCTNT NPOMUBKU €LEKINPOXIMIUHO aKMUBOBAHUMU HU3HKOKOH-
YeHmpoBaAHUMU CONOBUMU POSHUHAMU 3a0PYOHEHb KPANAUHHUX B000BUNYCKIE NPOOYKMAMU OP2AHIUHO20
noxo0dceHHs. JOCHIOHCEeHHs NPOBEOeHO NpuU NPOMUBKAX MPYOONPO800I8 KPANIUHHO20 3POUEHHS 3 iHme-
eposanumu kpanenvruysmu Gipmu ASSIF (METZER, I3painw) oesingikyrouumu 3acobamu “AquaDoctor”,
«Kpucmany ma «Cexobpeny. Jlabopamophi 00cniodiceHHs: npogooUnUcCy 8 akpeoumoeauiii 6 cucmemi
VkpCEIIPO nabopamopii’ IBITIM HAAH, noivosi — Ha cucmemax niotpyHmo8020 KpaniuHHO20 3POULeHHS
Yepracvroi ma Kuiscvkoi obnacmel. /{ns npomuexu € nonbosux ymosax suxopucmosgyeanace «llpumycoea
yemarnoska nooaui ma sviwyeanta IYVII3» pospooxu TOB «IPPITATOP YKPAIHA».
Pesynemamu nabopamopHux i nonb08ux 00CHIOHCEHb 3ACEIOUUNU, WO NPOMUBHI CNPOMONCHOCII €KONO0-
2iuno besneunux 3acobdie «Kpucmany ma «Cexobpeny € cnigcmagui 3 MONCIUBOCHISIMU eKOLO2IHHO Hebe3-
neunoeco einoxaopumy “AquaDoctor”. Lle pobums 0oyintbHUM NPOBEOCHHA NOOATLUUX QOCTIONCEHD OIS
BIONPAYIOBAHHS TNEXHONI02IT NPOMUBKU KPANTUHHUX 8000BUNYCKIB 6 3A1E)HCHOCI 810 Xapaxkmepy ma iHmeH-
cuHocmi ix 3a0pyOHeHH L.

Knwwuogi cnosa: spourysane 3emnepodcmaso, cucmemu KpaniuHHO20 3POULEHHS, KPANIUHHI 6000-
BUNYCKU, 3A0PYOHENHS OI0N0STUHO20 NOXOONCEHHS, NPOMUBKU, €IeKMPOXIMIUHO AKMUBOBAHT HULKO-
KOHYEHMPOBAHI CONbOBL POZUUHU, AHONTM, 2INOXIOPUM HAMPIIO
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Abstract. Conceptual approaches to increasing the investment attractiveness in water resources and
land reclamation infrastructure should be adapted to solving the problems facing states and societies,
including measures to ensure sustainable economic development and environmental protection. The
implementation of investment and infrastructure projects is provided for by the Irrigation and Drainage
Development Strategy until 2030 and is becoming relevant in solving the problems of the Ukrainian
economy. Implementing a tariff policy will allow for maintaining land reclamation infrastructure in working
condition, reducing the energy intensity of water supply for irrigation, establishing technological integrity
of water use, etc. Such tasks draw attention to increasing the function of tariffs as one of the sources of
covering investments in water infrastructure. A general trend in solving problems can be considered a
broad view of problems, lower risk, and higher management reliability.

The article critically analyzes the experience of using irrigated lands based on the introduction of
tariffs, given the investment component of tariffs and the use of mobilized funds for investment activities.
Productive and inefficient principles of tariff formation are shown, and the importance of land reclamation
infrastructure and current directions of financing irrigation infrastructure in EU countries are revealed
through compliance with the requirement of targeted funds spending for infrastructure facilities.

Based on the risk classification, the significance and impact of risks in the operation of land reclamation
systems in market conditions are given; the main components of tariff formation in irrigation water supply
services, which include investments in improving land reclamation infrastructure, are outlined; contents
of the investment component in the activities of water user organizations (WUQO) is indicated, and the
ways for the return on investment in land reclamation infrastructure in Ukraine are outlined. Ukraines
experience in successfully using the irrigation potential through a tariff policy for water supply can serve
as an example for other countries.

Keywords: irrigation, investments, land reclamation infrastructure, tariffs

Relevance of the study. Reforming the
irrigation industry through a system of tariffs
and financing the development of the agrosphere
will allow increasing the economic efficiency of
irrigation, ensuring its financial sustainability
and fiscal transparency [1], the functioning and
renewal of irrigation and drainage systems, which
is provided for by the tasks of the “Strategy of
Irrigation and Drainage in Ukraine up to 2030”
[2]. The state and problems of the development
and participation of the Ukrainian Water Users
Organizations in attracting investments are
shown [3]. Tariff formation in irrigation water
supply is considered as a means of maintaining
irrigation systems in proper condition and a
source of formation of capital investments in
the restoration and modernization of the land
reclamation infrastructure of Ukraine.

© Romashchenko M.I., Panteleev V.P., 2024
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Purpose of the study The purpose of the
study is to determine the main components
of tariff formation for irrigation water supply
services as a tool for reliable financial support and
stimulation of efficient water use by water users
of Ukraine, based on the analysis of regulatory
acts, the practice of forming and attracting
investments in land reclamation infrastructure,
and risk assessment.

Analysis of recentresearch and publications
The researchers emphasized the importance
of irrigation in Ukraine depending on the cost
of water and the importance of introducing a
transparent tariff system for water supply and
wastewater services [4], considered significant
aspects of the role of investments and tariffs
[1-3, 6, 7, 16, 22, 23, 28, 35-37], summarized
and systematized scientific approaches to



IRRIGATION-DRAINAGE

B

methods for forming tariffs for irrigation water
supply and compensation for funds spent on
water supply in EU member states [5]. There is a
methodology for calculating the effectiveness of
methods and regimes of crop irrigation [6] where
applied principles of economic assessment
of investments in drip irrigation projects on a
modern basis are given. The research results
on the trends of loading in the irrigation
sector when solving sustainable development
problems [7] were considered, including both
cautious opinions [33] and positive ideas about
investments in the tariff system [28, 31, 32].
Functions, legal principles, and mechanisms of
tariffs in world practice were shown, and the
problems of reforming the water management
system on reclaimed lands were addressed [25].
However, there was no study on tariff formation
aspects in Ukraine when supplying water for
irrigation with investment in land reclamation
infrastructure based on the experience of the EU
and other countries.

Research methods The following methods
were used in the research: historical-logical (the
experience of European countries in providing
paid services for maintenance of land reclamation
systems based on introducing tariffs and
investments in land reclamation infrastructure
was studied), logical-abstract (regulatory acts,
literary sources, and the best practices from 2000
to 2024 were analyzed), analytical-synthetic
(processing of the information received and
summarizing the results in the form of tables on
tariff schemes in water supply services, the role
of risks in infrastructure investment, revealing
the high potential for return on investment
in constructing modern irrigation systems in
Ukraine; using the positive activities of the
WUO), systemic analysis regarding the study of
the experience of EU countries on water tariffs
and mobilizing investments in land reclamation
infrastructure in Ukraine.

Research results and their discussion

Theimportanceofthechain: waterresources
— reclamation infrastructure — invest-
ments. Based on the complex and
multidisciplinary nature of reclamation systems,
attracting investments to the construction/renewal
of such systems based on improving water supply
services is recognized as an important component
of a water use management mechanism in
irrigated agriculture. The sense of the investment
attractiveness of projects for the efficient use of
resources is the presence of transparent political,
institutional, environmental, macroeconomic,
and business factors that, through risk reduction,
contribute to the attraction of financial resources

to the irrigation sector and guarantee the return
on invested funds.

In Ukraine, the reclamation system is
considered as a technologically integrated
engineering infrastructure; the powers of the
central executive body implementing the
state policy in the field of hydrotechnical
land reclamation include: participation in the
implementation of investment policy, placement
of state investments under target programs
[8]; attraction of investments and investment
attractiveness of irrigation and drainage
systems are provided for by the “Strategy for
the Development of Irrigation and Drainage
in Ukraine for the Period Until 2030 [2], the
need to attract investments in the modernization
and restoration of state pumping stations, in the
formation of a favorable investment climate [9]
is also specified, the financial relationships of the
categories: tariffs, infrastructure and investments
[1] are gaining importance, the close connection
between them is noted by the Rules of Ecological
and Economic Accounting [10]; the need to take
into account the risks associated with climate
change is indicated [1], the economic efficiency
of investment projects is assessed according
to known market indicators: payback period,
internal rate of return, profitability index, net
discounted income, etc. [6, 11].

Researchhasidentified several marketapproaches
that can affect the economic attractiveness of
investments in irrigation infrastructure. They
include subsidizing infrastructure, clearly defining
water rights, facilitating market-based water
transfers, and marginal cost-based irrigation water
pricing [12]. However, implementing the specified
business approaches is not linear/directive and has
its peculiarities when solving the problem of fund
returning funds invested in land reclamation in
different countries.

According to the analysis published by BofA
(Bank of America), there is a growing interest
in water as an investment object in the world,
although the actual volumes of investment are
still far from potential needs. This is confirmed
by the investment amount in achieving the
Sustainable Development Goals (SDGs) related
to water. Thus, achieving SDG 6 “Ensuring
water access and sanitation for all” requires an
annual investment of 114 billion dollars [7], and
achieving SDG 14 “Conservation and rational
use of ocean and sea resources” will be possible
with an annual investment of 175 billion dollars.
Unfortunately, from 2015 to 2019, only $10
billion was invested in achieving SDG 14.

One of the reasons for the insufficient
investment in water is the lack of clear
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mechanisms for using tariffs as a tool for attracting
investments in water use projects [1]. Therefore,
the further reform of the system of water
management and land reclamation in Ukraine,
carried out to fulfill the tasks of the “Strategy of
irrigation and drainage in Ukraine until 2030” [2]
and the Plan of measures for its implementation
[9], requires development and implementation
in practice the methods of forming tariffs for
water supply/removal services in irrigation and
drainage as tools for attracting investments in the
implementation of projects to increase irrigation
and drainage areas [1, 2].

Therefore, it is appropriate to consider the
existing approaches to forming tariffs for water
supply from the point of view of accumulating
funds forinvestments inreclamation infrastructure
as a component of tariffs (Table 1.)

It should be noted that of the 9 options in
Table 1, only the first 6 methods of determining
water price and water management services
meet the requirements of the modern economy,
as they provide incentives for rational water
use, allow the accumulation of funds for the
restoration and modernization of the reclamation
infrastructure, and contribute to investments and
investment returns. The last 3 should be assessed
as unproductive in the conditions of a market
economy since they rely on financing current and

(7]

capital costs from the budget. In practice, a tariff
system for water supply services may be flexible
depending on the state/forecasts of natural
water supply (very wet, moderately wet, or dry
year). The condition for cost coverage at the
expense of tariffs and investments borne by the
contractor for providing services is stipulated by
the EU Directive on the conclusion of concession
contracts [14].

Concept and current trends of irrigation
infrastructure financing in the EU. According
to the Commission on Technical Guidance
regarding the protection infrastructure against
climate change in the period 2021-2027 [15],
infrastructure is a rather broad concept that
includes, in particular, natural infrastructures,
such as green roofs, walls, spatial objects, and
drainage systems; network infrastructure, which
is crucial for the functioning of the modern
economy and society, in particular water supply
and wastewater use. Infrastructure investments
must be aligned with the goals of the Paris
Climate Agreement to reduce greenhouse gas
emissions in line with the EU’s climate goals
up to 2030, climate neutrality up to 2050, and
climate-resilient development. In addition, it is
noted that investments in infrastructure projects
should not cause significant damage to other EU
environmental goals, such as sustainable use

1. Options of tariff formation for irrigation water supply

Main feature Content

Cost principle It involves all costs for the operation of the infrastructure and a part of invest-
ment costs

Benefit principle The procedure for determining the cost of water management services based
on increasing the profit of recipients of water management services

Marginal principle |It is based on the price of water and water management services that will cover

[12] the system costs in the long term, while optimizing the productive use of the
system and maximizing the formation of additional value of crop irrigation

Block tariff method |It applies block pricing, so that the area charge includes the provision of
e.g. 2,000 m® /hectare, and all water supplied above this incurs the full volu-
metric charge. [1]. Since under this method the water price changes gradually
depending on its consumption, it is aimed at reducing water consumption.

Method of water It involves a change in the price depending on the period of water withdrawal

pricing in off-peak | from the system, and is typical for crop irrigation in arid areas, very similar to

and peak periods the marginal principle.

Method of price It is based on the maximization of the price that the user is ready and willing

“discrimination” to pay; the price is determined depending on the user’s ability and willingness
to pay a certain price.

Socio-political It leads to irrational consumption of water resources due to the lack of produc-

method tivity stimulation.

Equal price method |Itis not directly connected with the quantitative characteristics of water supply.

(flat rate tarrifs)

Method of “shadow” | It represents the “protection” of social values and seeks to bring the price of

pricing water to the social optimum.

Source: created by the authors according to [13]
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and protection of water and marine resources,
transition to a closed-loop economy, prevention
and recycling of wastes, the prevention and
control of pollution and the implementation of
the ecosystem protection of people’s health.

The report of the Audit Chamber of the EU
(European Court of Auditors) emphasizes the
high importance of targeted spending of funds
for land reclamation infrastructure. It is noted
that during a systematic study of spending funds
for the sustainable use of water in the agricultural
sector of the European Union, based on state audit
methods, it was established that the irrigation
infrastructure, which increases the quantity
and improves the quality of water, belongs to
the key consumers of these funds. Therefore,
the possibility of building new irrigation
infrastructure and its improvement is being
considered, namely new irrigation installations,
water intake infrastructure, wastewater treatment
infrastructure for water reuse in irrigation,
“green” infrastructure for water conservation;
capital expenditures and depreciation deductions
from the value of infrastructure facilities, as a
component of the costs of water management
organizations, provision and administration of
water supply services, etc.

The already mentioned Report of the EU
Audit Chamber states that various forms of EU
financing are available to investment entities to
implement irrigation projects, namely EU rural
development programs that support the funding of
water conservation measures, increasing irrigated
areas and establishing wastewater treatment
infrastructure for reusing water in irrigation.
Certain investments require potential water
savings of more than 5 %, and it is problematic
to ensure that irrigation investments will benefit
water bodies, especially if the irrigated area is
within a water-stress area.

When constructing a new irrigation
infrastructure, confirmation of land ownership
and/or a valid water withdrawal permit is
required, Within the framework of the “Common
MarketOrganization” (CMO), irrigation
infrastructure is financed for three sectors: fruits
and vegetables, olives and olive oil and wine,
Modernization of existing systems is practiced,
besides the olive and olive oil sector, where
EU can support only improvements. Irrigation
infrastructure may be financed under other
programs such as “Production Planning”. In
general, the state financial audit showed that
rural development programs do not sufficiently
support water conservation measures and water
reuse infrastructure [16].

Many years of experience in introducing

paid water use, tariffs, and investments in the
Republic of Kyrgyzstan [19] are valuable. The
main components of this area in Kyrgyzstan
are: establishing fairly high tariffs, establishing
tariffs mainly for the irrigated area due to
the lack of hydrometric posts on watersheds,
introducing the mechanism of flexible regulation
of tariff rates, establishing a preferential tariff
for electricity for irrigation pumping stations,
introducing an effective mechanism for
controlling and accounting for water use and
supervising of unauthorized water intake from
natural water bodies, uninterrupted financing of
WUO activities and ensuring timely payment
for irrigation services, establishing a fee for
irrigation water supply services as mandatory,
regulating the mechanisms of responsibility of
the primary division of Water Resources Service
of Kyrgyzstan and water users for fulfilling
contractual obligations regarding the supply
of irrigation water, introducing developed
mechanisms for ensuring transparency and
targeted use of investments in the irrigation sector
from the state budget and water users’ funds.

An essential element of managing complex
reclamation systems in market conditions is
the consideration of risks, that is, the danger of
uncertainty and failure to get the planned result.
Considering the risk factor enables us to choose a
risk reduction strategy and achieve the set goals.
There are operational risks (can arise during
current business activities) and financial risks
(related to changes in financial markets, as well
as credit and investment risks), short-term (may
have an impact on the business activities shortly),
and long-term risks (may have a significant impact
on business activities in the distant perspective),
etc. The risk assessment of irrigation investment
projects is regularly considered [6]. The practical
development of the permit system, including
databases and a risk-based verification system,
is envisaged [1]. The significance of the risk
factor associated with infrastructure investments
for better water use through irrigation tariffs is
presented in Table 2.

To  overcome  macroeconomic  risks,
management decisions should be based on a
clear understanding of the hydrological cycle
and reasonable water accounting [23]. So there
is a need for a detailed assessment of risks and
potential problems, a careful analysis of the
costs of functioning and support of water user
associations, and the introduction of financial
management, investment planning, and risk
management [24].

Given the formation of an effective economic
mechanism for ensuring the functioning of the
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2. Investment risks in water supply infrastructure

Type
of risk

Specifications and examples

Macroeconomic and business risks

Investment risk:

* possible adverse impact on the expected investment income due to disruption of the
stability in project implementation;

* state guarantees in project implementation.

State support for irrigation based on water supply tariffs:

* determining the amount of state subsidies for expenses

* adjustment of the taxation system,

Operational and construction risk: risks associated with complex technologies and inno-
vative approaches.

Market risk:

* ensuring uninterrupted financing of WUO activities, water users, and water supply
operators;

* changes in demand for water supply services.

Political risk:

* in case of public procurement (for example, growing cotton and tobacco);

* in case of political interference in the process of tariff imposing.

Risk of funds transfer: in case of discrepancy between the income from the water supply
by accounting and the receiving funds from debtors.

Credit risk: in case a counterparty fails to fulfill his contractual agreements.

Risk of agreement termination in time: the risk of premature termination of long-term
contracts.

political risks

Regulatory risks include:

* changing the principles of tariff formation and improving the tariff policy. Tariffs are
imposed depending on the costs of water supplied by irrigation systems, taking into account
the type of crops (based on water consumption rates);

* economic regulation can be strong, weak, or absent;

* provisions on the participation of the private sector in forming and improving infrastructure.

Industry risks: risks affecting revenues from a specific project (water availability, water
accumulation, payment of services by the tariff);

Risk of creditors’ claims: raising claims for disruption of water supply schedules, low
quality of services, violation of environmental protection legislation, and failure to receive
the planned yields under irrigation.

Environmental | Commercial | Regulatory and
risks risks

* variability in water availability due to climate change may reduce the efficiency of water
infrastructure, such as hydropower generation;

* potential negative environmental impact of large multipurpose water infrastructure;*

* positive impact of using purified wastewater for irrigation;

* growing the hazards of depletion and deterioration of water resources.

*multipurpose infrastructure covers all constructed water systems, including dams, reservoirs,
hydroelectric power plants, and associated irrigation canals and water supply networks, which can
have a multipurpose use in economic, social, and environmental activities [17].

Social risk

* resettlement of households that may be flooded downstream of dams;

* limited labor availability associated with tariff increases;

* attraction of qualified labor force when expansing irrigated land areas and cultivating
crops with high added value;

* the positive impact of land reclamation infrastructure on the development of settlements
located in reclamation areas [18].

Compiled by the authors according to [6, 17, 18]
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reclamation water supply infrastructure for crop
irrigation based on water supply tariffs, taking
into account regulating investment provision
and the impact of investment risks, it is possible
to group the basic aspects of tariff formation
in water supply services: actual volumes and
management of water resources, the essential
role of reclamation infrastructure and water
management. The factors of attraction and use
of investments in infrastructure improvement
through introducing tariffs when providing
services are shown in the Table 3.

Investing in irrigation infrastructure and
mobilizing sources of return. The state, as the
initiator of land reclamation activities, takes
the necessary measures on attracting financial
resources and targeted use of investments, ensure
the efficient use of water and renewed land,
as well as return the invested funds. In many
countries, there is the practice of building new
irrigation systems at the expense of state budget
funds, external borrowings, bank loans, etc., with
the subsequent transfer of infrastructure facilities
into ownership/management to independent
companies or water user associations [19]. At the
same time, it is noted that financial resources and
technical support of irrigation infrastructure from
state or international donors for infrastructure
maintenance and management are less available

than for initial investments. That can lead to poor
maintenance and poor-quality service provision
[23]. Therefore, efforts to mobilize their own
(private) financial resources for renewing
infrastructure facilities are justified.

In particular, the modernization of on-farm
and inter-farm irrigation systems in Ukraine will
require investments of about 3 billion USD and
allow for additional irrigation on a total area of
about 1,180,000 hectares [2].

There are known proposals to use the
investment component in water supply tariffs as
a source of investment financing in the form of
paid water use mechanisms, along with reducing
subsidies to support irrigation from national/local
budgets, increasing the financial burden on direct
users of water supply services — water users in the
agricultural sector, with mandatory consideration
of their actual paying capacity [19]. Such
measures meet the requirements of the WFD [26]
regarding compliance with the principle of water
supply cost recovery.

The importance of the investment
component in tariffs in Ukraine. It has been
established that improving the performance of
WUOs in Ukraine will lead to increasing the
area fees to cover investment costs, but that will
happen at a lower volume fee since the cost of
water pumping is reduced about twice. This

3. Main components of tariff formation in irrigation water supply services

Components
of tariff Description of the tariff system
formation

Water Availability of water resources, ensuring water supply during the irrigation season,

resources compliance with nature protection requirements, taking measures to save water, and
clear water accounting.

Land recla-  |Ensuring water supply for selected methods of irrigation, maintenance in working

mation condition, and improvement of reclamation infrastructure at the cost of funds

infrastructure |obtained for water supply services according to tariffs; ensuring water transportation
by water users’ orders, compliance with water supply schedules, and using effective
irrigation methods.

Management | Separation of management functions of water and land reclamation infrastructure and

of water provision of water supply and drainage services from the water management tasks

resources based on decentralization. A promising direction is the transfer of the functions of
reclamation infrastructure management and operation to water users’ organizations
and associations, ensuring the implementation of the investment project program and
monitoring compliance with the rules for operating water objects.

Tariff systems | The use of effective principles of tariff formation, covering the costs of infrastructure

for irrigation |operation by tariffs, accumulating funds under the investment tariff component, giving

water supply | priority to the two-rate tariff, stimulating the efficient water use; tariff differentiation

services depending on irrigation technology, set of crops under irrigation, technical condition
of'irrigation systems (traditional systems, reconstructed systems, new systems); using
the advantages of integrated water management by the basin principle, accounting
of costs for supplying water for irrigation (separation of constant and variable costs,
application of ecological and economic accounting of water [2]).
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problem will probably be actual for a few years
until WUOs upgrade all their pumping stations
[1] and bring the irrigation area in line with the
capacity of the pumping stations. The full amount
of all costs associated with water management on
the tariff basis will be shown, an effective tariff
policy for WUOs water supply services will be
developed, the coverage of economically justified
costs and a fair distribution of the financial
burden on water users through the introduction
of two-rate tariffs with fixed and variable
components will be ensured.

There is a fair distribution of costs between
water users — “who consumes more water —
pays more”; sustainable development of land
reclamation systems is ensured by including an
investment component in the tariffs [27]. Thus,
the tariff rate contributes not only to common but
also to the expanded renewal of fixed assets of
land reclamation systems.

Including the capital costs for the replacement
and construction of engineering infrastructure
facilities of a reclamation network (Article 20
“Organization Services” of the Law [3]) in the
costs of maintaining the reclamation network of
the organization means using tariffs as a source
of investment in infrastructure improvement.
That is a measure to strengthen responsibility for
the targeted use of funds accumulated through
tariffs. The implementation of the mechanism
for decentralizing irrigation management and
transferring on-farm systems to long-term use
(ownership) will be facilitated by a legislative
solution to create an institute of state-owned
reclamation infrastructure operators, etc. [28]. In
Ukraine, the investment component has already
been included in water supply tariffs as part
of municipal services as well as the approved
investment program for the relevant year [29].

The problem of insufficient investments in
the renewal and maintenance of land reclamation
infrastructure facilities, the wear and tear of
which reaches 70 %, can be solved through a
breakthrough tariff policy. That will contribute
to eliminating the deficit of natural water supply
in more than 2/3 of the territory of Ukraine,
reducing the energy intensity of water supply for
irrigation, establishing technological integrity of
water use, reducing water loss for filtration, and
improving the mechanisms of state support for
agricultural producers on irrigated lands [30].

The world’s experience in the formation
of investment sources. It can be hypothesized
that the existing administration system of the
agricultural sector and the irrigation system
corresponds to the allocated funds for capital
costs in land reclamation infrastructure. In the EU
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countries, capital subsidies to irrigators dominate
[5], but not the compensation for the costs of
maintaining land reclamation systems through
tariffs, which entails strict control over the
targeted use of funds [16]. Along with “market”
options for tariff formation, priorities are given to
solving social problems (Table 1).

This approach may be justified in countries
with strong economies and the capacity to cover
investments in land reclamation infrastructure
from budget funds. Along with uncompromising
views on the “principled” impossibility of water
users’ funds participating in covering capital
investments in hydro-technical land reclamation,
there is no requirement to cover the capital costs
associated with these investments. There is no
requirement to pay prices compensating for the
depreciation costs of “donated” components
[33], etc. There are known individual cases of
including capital costs in tariffs; for example, in
Israel, 40 % of the water tariff is an investment
component for water infrastructure development
[28]. There are some cost recovery programs
under consideration [31]. Regulatory measures
and institutional mechanisms (water prices and
tariffs) contribute to a stable political environment
[32]. There are new initiatives based on water
pricing, revision of water rights, water abstraction
limits, development of regulated water markets,
water reuse, and targeted subsidies for the
modernization of irrigation systems. It is noted
that water pricing policies would be impossible
to implement due to technical and administrative
impracticability and the severe social prospect of
farmers [34].

The development and implementation of an
effective tariff policy for irrigation water supply
services, as a component of the state policy of
Ukraine in water management, implies the goal
of the tariff policy — not to punish water users
by increasing the production cost of production,
but to increase their interest in efficiency and
water saving in water management, increase
the participation of the key beneficiaries of
irrigation — water users (farmers, households)
in implementing effective methods of using
reclaimed land and water resources, introduce
innovations in irrigated agriculture and irrigation
water supply, which in turn will support the full
use of irrigation potential.

The attraction of the investments of WUOs
is based on tariffs. As of the end of 2023,
33 WUOs have been registered in 10 regions of
Ukraine. In 2023 they performed irrigation on an
area of 46 thousand hectares, which is 35 % of
the total irrigation area in the territory controlled
by Ukraine. 7 WUOs submitted information to
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the State Land Cadastre about the reclamation
network serving their territory, and only one WUO
got the right to use the property of the reclamation
system. The next step in expanding the activities
of WUOs is obtaining the land reclamation
network (facilities) in ownership [20]. Therefore,
the current state of WUO activities in Ukraine
does not yet meet the requirements of the Law
of Ukraine “On water user organizations and
stimulation of hydrotechnical land reclamation”
[3] regarding the use of tariffs to attract
investments in irrigation infrastructure.

According to the already mentioned Law on
WUOs [3], the legal basis for providing water
supply services is precisely “determining the
tariff for WUOs’ services”, and this right is the
exclusive competence of the general meetings
of WUOs [3, Art. 12]. The tariff of the WUOs’
services includes the operating costs of the
WUOSs’ reclamation network, costs for water
intake and delivery to water users, and the
WUOs’ organizational costs [3, Article 20]. The
participation of WUOS members in introducing
investments in the reclamation network of the
organization is also regulated [3, Art. 23]. Besides
providing services for irrigation water supply, the
next step in the WUOSs’ activities is introducing
a tariff system, which must be coordinated with
investments.

Such perspectives are evidenced by the
calculations of the economic indicators on
irrigation use, which show that the methods of
soil water regime operation directly affect the total
water consumption in the cultivation technological
process, which, in turn, depends on crop type, method
of watering, and irrigation regime. The highest
profit — from 15.8 to 25.5 thousand UAH/ha
was obtained for vegetable crops, and the
lowest profit — 5.8 and 6.0 thousand UAH/ha,
respectively, for winter wheat and spring barley
[6]. High economic efficiency (profit from
irrigation is 12 thousand hryvnias/ha) provides
financial opportunities for reconstruction and
modernization of irrigation with an acceptable (no
more than 8-10 years) payback period [4].

In Ukraine, it is believed that the payback
period for investments in irrigation when growing
commercial corn is 6-8 years [21]. The rules of
water statistics provide for the accounting of assets
and investments in water supply and drainage
infrastructure [10]. When forming restoration
plans, and preparing investment proposals and
projects in Ukraine, first of all, it is necessary
to focus on using available water resources and
implementing energy-saving principles [22].

In market conditions, using productive
principles of tariff formation becomes a key

moment in the development of irrigation
and drainage in Ukraine. Efficient use and
conservation of water and good operational
condition of reclamation infrastructure give
priority to investment objects. To invest funds, an
investor, analyst, consultant, financier, or owner
need strong arguments to obtain high economic
results from the investment project based on the
forecasts. Complex multi-purpose infrastructure
when implementing the investments, protects
water bodies, develops the agrarian sector,
and solves social problems. When considering
proposals, the main levers of market approaches
to investments are used: providing infrastructure
processes with financial resources, solving legal
problems, and establishing a tariff system [12].

Implementation of investment projects in
irrigation based on tariffs provides future benefits.
Despite the significant need for funds, projects
on the restoration and development of irrigation
systems are attractive for investments due to
their short payback period [2]. Due to additional
irrigation areas that will be under operation after
constructing new intra-farm irrigation systems
when applying the most modern technical,
technological, and constructive solutions, there
is a possibility for the construction of irrigation
systems with the highest economic efficiency and
ecological safety. At the same time, that will make
it possible to minimize the cost of irrigation water
supply [2]. According to experts, an appropriate
water management system should be based on
a combination of water policy and management
tools accompanied by introducing feasible
institutional reforms and necessary investments
from the public and private sectors [35].

After decentralization in Indonesia, many
sectors require investments from regional
governments. The main obstacles to financing
infrastructure are insufficient governance and lack
of guaranteeing cost recovery through tariffs. To
overcome the obstacles tariff payers are involved
in these processes [36]. It is appropriate to
introduce “smart irrigation”, and involve the state
support for innovations, research on improving
irrigation productivity, use of alternative sources
of water resources for irrigation, and reduction of
energy costs in irrigation [37].

Conclusions. As foreign experience shows,
the tools of tariffs for water supply services should
be used to solve the key financial problem in
irrigation development. To solve the problem of
restoration of irrigation infrastructure in Ukraine,
it will be appropriate to use tariffs for irrigation
water services. Such tariffs should have an
investment component. The load on the effective
mechanism of tariff formation is increasing due
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to the mandatory investment component of tariffs
and solving administrative and legal problems
of further reforming the Ukrainian irrigation and
drainage sector.

When applying a two-rate tariff for water
supply services for irrigation, capital costs for
the replacement and construction (placement)
of engineering infrastructure facilities will be
covered by the fee for irrigated areas, and the costs
of pumping water are included in the variable
part of the tariff. An effective tariff policy will
affect macroeconomic, regulatory, political, and
business risks. Developments and experience of
countries with a market economy regarding the
attraction of tariffs as a source of investment in
reclamation infrastructure, compliance with the
target spending funds and solving prospective
problems regarding the shortage of water
resources, taking into account the impact of
risks, introducing paid water use, tariffs and
investments are valuable for Ukraine, especially

(@]

given the need to deploy the full-fledged activity
of the WUOs.

Areas for further research: development of
legislation regarding the introduction of tariffs
for water supply, the study of the current state of
reforms on introducing tariffs, in particular, the
practice of the WUOSs’ activities in the condition
of transferring the reclamation network into their
ownership, research of the impact of the risk
factor on the investment component of tariffs for
water supply to minimize the negative impact
of risks, generalization of the best practices of
reclamation infrastructure operation based on
tariffs both in Ukraine and overseas; substantiation
of tariff components for irrigated systems in
the real conditions of using reclaimed land by
agricultural enterprises in Ukraine, determination
of indicators (criteria) of tariffs, development of
a unified principle (methodology) of calculating
tariffs (fees) for the services and implementation
technical conditions.
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TAPU®U HA ITOCJIYI'U 3 TOAAYI BOAW HA 3POINEHHSA
SIKIHCTPYMEHT 3AJTYYEHHSA IHBECTULIW JAJISI HOJIITIINEHH A
BUKOPUCTAHHSA BOAU TA MEJIIOPATUBHOI IHOPACTPYKTYPU
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Anomayia. Konyenmyanvhi nioxoou 00 NOCULEHHs IH8eCMUYILHOI npueadiu8ocmi 6KNA0eHb V 800HI
pecypcu ma MeniopamusHy ingpacmpykmypy marome 6ymu adanmosani 00 po3e a3aHHs 3a60aHb, WO
cmoams nepeod 0epicasamu i CyCniibCmeoM KOHKPEemHOI Kpaiu, 30Kpema 3axolu, wo 3abe3neuyoms
cmanuil po36UMOK eKOHOMIKU ma NPpupooooXoporHol Oisnvhocmi. Peanizayis ineecmuyitinux ma ingpa-
cmpyKmypHux npoekmie nepeobauena Cmpameci€io po3sumky 3poutenHs ma opeuadicy oo 2030 p.
I cmae akmyanibHOW Yy po3s s3auHi npodnem eKoHOMIKu Yxpainu. 3anposadicenns norimuxu mapugie
oacmu 3mo2y RIOMpUMy8amu MeniopamusHy iH@dpacmpykmypy y pobovomy cmaui, SHUNICY8AmMu eHepeo-
EMHICMb NO0AYl 800U HA 3POUIEHHS, 6CIMAHOBUMU MEXHOLOLIYHY YINICHICINb 8000KOPUCHTYBAHHS MOUO.
Taxi 3a80anms 3yMOGII0I0OMb Y6azy 00 nidsuujenHs Qyukyii mapughie ik 00H020 i3 0dcepen NOKpUumms
iHeecmuyiil y 600HY IHGhpacmpykmypy. 3a2anvHoio MmeHOeHYIE y pO36 S3aHHI NPOOIeM MONCHA 88ANCAMU
WUPOKULL N02TA0 HA NPOOIeMU, MEHWUL PUSUK MA GULYY HAOIIIHICIb YAPAGIIHHSL.

Y mamepiani nposedeno kpumuunuil ananiz 00c8ioy 8UKOPUCIAHHI 3POULYBAHUX 3eMeNb HA 0asi 3anpo-
8a0cenHss mapughie uepesz npusmy iHeeCmMuyiliHoi Ck1a0080i mapugie ma BUKOPUCMAHH MODLTI308aHUX
KOWmIi6 OJist NPOBAOINCEHHSL ITHBECMUYIUIHOL OisibHOCMI. BKA3aHo npoOyKmMueHi ma manioeh)ekmueHi npun-
yunu popmysanms mapuis, po3KpUmMo 3HA4eH s MENioPamusHol IHppacmpyKmypu i akmyaibHi Hanpsmu
Ginancysanns inghpacmpykmypu spowenns 6 kpainax €C uepe3 00mpuManHs UMO2U YiNbOBO2O SUMPA-
YAHHS KOWMIG 8 IH(pacmpyKkmypHi o6 ekmu.

Ha ocrosi kiacugixayii pusuxie Ha6e0eHO 3HAUEHHS MA 6NIUE PUSUKIE 68 YNPAGIIHHI MENiOpAmusHUMU
cucmemam y pUHKOBUX YMOBAX, OKPECIeHO 20J08HI CKAA008i Mapuoymeopenns y Ha0aHHi nociye 3
nooayi 600U HAa 3POUEHHS, 00 CKAAY AKUX 8X00SMb [H8eCmuyii ¢ NONinueHHs MeniopamusHoi ingpa-
CMPYKMypU,; 3A3HAYEHO 3MICM [HEECMUYINIHOI CKAAO080T y OISLIbHOCMI OpeaHizayiti 000KOPUCTYBAYIE
(OBK); naxpecneno opieHmupu OKYNHOCMI 6KAAOeHb [HEeCmuyiil y MeniopamusHy iH@ppacmpykmypy 6
Vxpaini. Jloceio Yrpainu wooo ycniunozo sukopucmants nomeHyianry 3p0oulerHs uepe3 mapugny noi-
MUKY HA N00AYy 800U MOICE CIMAMU NPUKAAOOM 015 THUUX KPAiH.

Knrouosi cnosa: spowenns, ineecmuyii, meniopamusena ingppacmpykmypa, mapugu
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Abstract. The results of the research on determining the optimal parameters of the soil water regime
during cultivation of promising agricultural crops on drained lands under modern conditions of farm
management and climate changes are presented. It was found that the weather conditions of the vegetation
seasons of 2022, 2023, and 2024 on the drained lands of the reclamation system of the Sarny Research
Station of IWP&LR of NAAS were very contrasting: periods with excessive precipitation alternated with
their prolonged absence, and significant fluctuations in temperature indicators were noted. The assessment
of the impact of water regime regulation on the yield of spring wheat, winter rapeseed, grain corn,
and soybeans was carried out using an unified fertilization system, applying the same rates of mineral
fertilizers, and with an identical plant protection system on the background of 3 options for regulating the
groundwater level (GWL) — 75-80 c¢cm, 85—100 cm, and 100—140 cm. On the background of the indicated
options for regulating the GWL, the lowest moisture reserves were observed in the summer period, and
in areas adjacent to the studied territory, where the GWL was not regulated, moisture reserves in the
summer in the soil layer of 0-30 cm dropped to the critical values (8—9 mm). On the experimental plots
during this period, thanks to timely sluicing, soil moisture reserves did not fall below 47-50 mm. Based
on the analysis of the dynamics of dry mass of growth of spring wheat, winter rapeseed, grain corn, and
soybeans according to the options for regulating the soil water regime, the optimal parameters of the soil
water regime (GWL, moisture, and moisture reserves) were determined for the phenological phases of the
studied crops. It was found that the highest yield increase due to the optimization of moisture supply was
observed in spring wheat and soybeans. Spring wheat is the most sensitive to soil water regime and reacts
more actively than other crops to a decrease in GWL. The regulation of the GWL contributed to an increase
in the yield of spring wheat by 41.6 %, winter rapeseed by 18.3 %, grain corn by 32.5 %, and soybeans by
44,8 %.

Keywords: drainage system, drained lands, climate changes, soil water regime, optimal water regulation
parameters

Relevance of the research. Modern that will allow adapting to climate changes [2,

agricultural production is under the direct
influence of climate changes, which is especially
felt in the drainage zone, where significant
changes have recently occurred in the structure
of areas under the crops. Therefore, effective
agricultural production is possible only if
producers are ensuring the necessary conditions

3, 14].

The current structure of sown areas is subjected
to both climate changes and market conditions,
which dictate the cultivation of economically
attractive crops. Climate changes has made
adjustments to the technological flowcharts
of crops cultivation and the crop rotation of

© Voropai H.V., Kharlamov O.1., Kotykovych 1.V., Stetsiuk M.G., Zosymchuk O.A., Danylytskyi O.A., Stozhka D.O., 2024
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agricultural enterprises. Such economically
attractive crops as corn, sunflower, soybeans, and
rapeseed gradually became the main ones, and
crops of traditional specialization (long-staple
flax, sugar beet, rye, oat, etc.) in the drainage
zone ceased to be a priority.

At the same time, the formation of new
conditions for agricultural crops cultivation and
changes in the use of drained lands requires the
expansion of the functional tasks of drainage
systems, primarily regarding the optimization of
water regulation in the humid zone [4, 5, 10].

The presence of a clear trend towards further
increase in the aridity of the climate in Ukraine
and, accordingly, the formation of conditions
not only for overmoistening of soils, but also
for their moisture deficit, during the vegetation
season, requires the restoration and expansion
of water regulation capabilities on drained
lands, which is becoming a mandatory and
defining component of modern technologies
for the production of economically attractive
agricultural crops.

Analysis of recent research and publications
shows that currently in the drainage zone due to
the impact of climate change and at the same time
the demand of external and internal markets for
certain types of agricultural products, there has
been a shift in crop growing areas and significant
changes in the production structure of the areas
under the crops [3, 8, 9].

From 1990 to 2021, the area under sunflower
increased by 4.1 times; under corn for grain —
4,5 times; under rapeseed — 14,6 times; under
soybeans — 11,4 times, making their products
the basis of export. At the same time, from 42 to
83 % of the areas under these crops are located in
the Forest-Steppe and Polissya zones [7].

The total area of cereals and leguminous
crops in Ukraine on average has remained almost
unchanged over the past five years compared to
1990, but the share of their production by natural
and climatic zones has changed. Due to the
increase in productivity, 65 % of cereals is grown
in Polissya and the Forest-Steppe, although the
percentage of areas under those crops in these
regions is 53 % [6, 7].

As for the cultivation of corn for grain, today
in the Forest-Steppe and Polissya this crop is
becoming the main one along with winter wheat
[9]. Due to climate changes, corn for grain is now
successfully grown in the Polissya zone.

The trend of rapeseed cultivation is confirmed
by official statistics: in recent years, the area under
rapeseed in Ukraine has increased by 66,7 %:
from 0,8 million hectares in 2017 to 1,2 million
hectares in 2022, and the leaders in terms of yield

are Volyn, Khmelnytskyi, Ternopil, Rivne, and
Vinnytsia regions [15, 16].

At the same time, in the last 5 years, there
has been a significant increase in soybean yield
(2,05-2,64 t/ha). The main areas of soybean
cultivationare Zhytomyr, Ternopil, Khmelnytskyi,
and Kyiv regions [1, 16].

Considerable attention is paid to the study
of soil water regime during the cultivation of
sunflower, winter wheat, soybeans, and corn.
The researches were mainly conducted within
the Southern Steppe, Right-Bank Steppe, and
Forest-Steppe of Ukraine [11-13, 17]. The
conducted studies have established that soil
water regime is formed mainly due to the
weather conditions, the amount of moisture
reserves in soil, the amount and intensity of
precipitation throughout the year, including
during the vegetation season. To a large
extent, the soil water regime depends on the
morphological characteristics of hybrids,
the density of the crops, sowing dates, and
cultivation  technologies. = Comprehensive
studies on determining the parameters of soil
water regime in modern farm management
conditions in the area of operation of drainage
systems have almost not been conducted.

Thus, taking into account the requirements
of modern agricultural production regarding
the need to ensure the soil water regime in
accordance with the current crop rotation, the
problem of determining optimal water regulation
parameters on drained lands for cultivation of
promising agricultural crops under the modern
conditions of farm management and climate
changes is relevant.

The aim of the work is to determine the
optimal parameters of soil water regime during
the cultivation of promising agricultural crops on
drained lands under the current farm management
conditions and climate change.

The object and research methodology.
The research was conducted on drained lands of
the reclamation system of the Sarny Research
Station (SRS) of IWP&LR of NAAS, which is
located in the western, the most swampy part
of Ukrainian Polissya. The reclamation system
includes the main canal and a second-order
main canal, which flows into the first-order main
canal in the eastern part of the massif. The main
canals are laid through the lowest points of the
swamp massif and the greatest depths of peat.
The collecting canals are laid perpendicular to
the main canals. Their length is 1-2 km. The
distance between the collecting canals is within
1-2 km, depending on the slope of the surface.
Upland trapping canals are used to intercept
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surface and groundwater. The length of the
open network of canals is 27,213 km, the main
channel (MK-2) and other conducting canals —
18,803 km, and the regulating channels — 8,410
km. In total, the system includes 36 open canals,
two of which are the main ones. The length
of the closed network is 107,623 km, of the
collectors — 11,56 km, of the drains — 96,063
km. Closed drainage network (pottery, plastic,
fiberglass, fascia drainage) serves to drain 289
hectares with 327 mouths in total. The system
has 49 hydraulic structures and one automobile
bridge. The agricultural lands consist of 355
hectares of lowland peat soils, and 115 hectares
of mineral soils.

The basis of methodological approaches to
conducting field research is the use of generally
accepted methods of conducting meteorological
observations  (temperature,  precipitation),
determining the groundwater level (GWL),
soil moisture, and biometric characteristics
(occurrence of main phenological phases, yield)
during the vegetation season. The scheme of
experimental research on drained lands of the
reclamation system of the Sarny Research Station
(SRS) of IWP&LR of NAAS is shown in Fig. 1.

Research results. Analysis of weather
conditions on drained lands of the SRS was carried
out based on the observation results made by the
weather station of SRS of IWP&LR of NAAS,
which has been operating since 1946. The weather
station is located directly near the research sites,
which makes it possible to objectively assess the
influence of the main meteorological factors on
the growth and productivity of agricultural crops

(Fig. 2).

(o]

During the vegetation season of 2022 there
was 244,3 mm of rainfalls, which is 155,7 mm
less than the long-term norm, in 2023 there was
233,3 mm, which is 166,7 mm less than the
long-term norm, in 2024 there was 344,0 mm,
which is 56 mm less than the average long-term
norm. Precipitation during the 2022, 2023, and
2024 vegetation seasons was extremely uneven.
During the summer months, the monthly amount
was generally less than the long-term norm.

It should be noted that in recent years there
has been a steady trend towards a decrease in
precipitation during the summer period.

1 2 O 3 4
1 2 O 3 4
2m
;: 1 2 |0 3 4
2,1m
Road

Fig. 1. Scheme of field research on experimental
plots of the SRS melioration system, where the
following were grown:

1 — winter rapeseed, 2 — corn, 3 — spring wheat,

4 — soybeans

Precipitation, mm

May

M averge long-term precipitation

August September for
vegetation
season
m2022 ®2023 m2024

Fig. 2. Precipitations during the vegetation seasons of 2022, 2023, and 2024, SRS melioration system
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The temperature regime during the vegetation
season of 2022 was characterized by a long and
cold spring. May was especially cold, when the
average monthly air temperature was 1,4 °C
below norm. During June, July, and August,
the average monthly temperature was higher by
3,2; 1,2, and 2,6 °C, respectively. At the same
time, September was abnormally cold, with the
average monthly temperature being 2,6 °C below
the long-term norm.

The temperature regime during the vegetation
season of 2023 was characterized by a cold period
at the beginning of the vegetation season, when
the average monthly air temperature in April was
0.6 °C below the long-term norm. The temperature
regime was close to the long-term norm during May
and June. The average monthly air temperature was
significantly higher during July and September.

The temperature regime during the vegetation
season of 2024 was characterized by higher
average monthly air temperatures comparing to
the average long-term indicators. July, August,
and September were especially anomalously
warm — the average monthly air temperature was
higher by 3,9, 3,8, and 4,3 °C compared to the
long-term norm (Fig. 3).

Hydrothermal conditions for the active
vegetation period on drained lands of the SRS are
presented in Table 1.

As can be seen from the data in Table 1,
the duration of the active vegetation period
(the period of time with an average daily air
temperature above 10 °C) for the research period
20222024 varied within the range of 146—156
days, and the sum of active temperatures above
10 °C for the same period was 2401-3014 °C,

25 1

(3]
(=}
I

Temperature, °C
= o

i
!

April May June

I average long-term temperature

for
vegetation
season

July August  September

m2022 ®=2023 m2024

Fig. 3. Average monthly air temperature during the 2022, 2023, and 2024 vegetation seasons,
SRS melioration system

1. Hydrothermal conditions for the active vegetation period on the drained peat swamp massif of the

Sarny Research Station during 2018-2024.

Years beginni]1)1;testhe o~ Am(;’:y‘;t °f | $t10°C | £p, mm | HTC Tav.,ecmge’ Xt>15 °C
2018 | 8.04 | 24,09 169 3062 | 246 | 0,80 | 18,1 2545
2019 | 23,04 | 17,09 147 2643 307 | 1,16 | 180 2356
2020 | 28,04 | 15,10 170 2857 | 342 | 120 | 168 2178
2021 | 10,05 | 17,09 130 2431 220 | 090 | 187 2066
2022 | 2404 | 17,09 146 2401 200 | 076 | 164 1871
2023 | 11,05 | 7,10 149 2712 187 | 0,69 | 182 2447
2024 | 11,05 | 30,09 156 3014 | 274 | 091 | 193 2853
LTN" | 25,04 | 30,09 158 2498 302 | 1,23 | 163 2356

*long-term norm.
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the hydrothermal coefficient was 0,69—0,91,
and the average monthly air temperature was
16,4-19,3 °C.

Thus, using the generally accepted ranking
of the hydrothermal coefficient, it can be said
that the vegetation seasons of 2022-2024 can
be classified as slightly arid in terms of moisture
conditions, which is uncharacteristic for the
Western Polissya zone. This is fully consistent
with the statements of other scientists who
indicate that the climate change in the Western
Polissya zone develops towards the aridization of
climate [6—7].

The considered agricultural crops (spring
wheat, winter rapeseed, corn for grain, and
soybeans) were studied on the background of
3 options for regulating the groundwater level
(GWL). The soils on the experimental plots are
sod-podzolic light loam. A unified fertilization
system was used in all 3 options, which provided
for the application of the same rates of mineral
fertilizers and an identical system of fungicidal
and insecticidal plant protection allowing to
assess the impact of water regime regulating on
the yield of the studied crops.

Before the experiment started, the
experimental plot was limed at a rate of 5 t/ha
of CaCO,. In the experiment, the following rates
of mineral fertilizers were applied to each crop:
winter rapeseed and spring wheat — Ny,P( K¢, +
seed treatment with the phosphorus-mobilizing
product Rice Pi; soybeans — NP K., + seed
treatment with the phosphorus-mobilizing product
Rice Pi and seed inoculation with the product
Rhizofix; corn — N,,,P 5K, + seed treatment

(1]

with the phosphorus-mobilizing product Rice Pi.
Also, foliar feeding with a 5 % solution of Urea
and a 3 % solution of magnesium sulfate was
carried out twice during the vegetation season.

Thus, in the technological flowchart of crop
cultivation, we created an opportunity to highlight
the importance of the water regime in the formation
of the yield of cultivated crops and to determine
their sensitivity to its formation. The regulation of
water regime was carried out using sluicing.

During the vegetation season of 2023,
observations of soil moisture and moisture
reserves in the 0-30 cm soil layer were conducted
at the experimental plots (Fig. 4, 5).

At the site No. 1, the GWL during the active
vegetation period (May-August) was within
100—-140 cm below the soil surface. The moisture
in the arable soil layer (0-30 cm) during this
period was observed within 14,1-66,2 % of the
full soil moisture capacity, and the moisture
reserves were 25,1-99,0 mm.

At the site No. 2, the GWL during the active
vegetation period (May-August) was within
85—100 cm below the soil surface. The moisture
in the arable soil layer (0-30 cm) during this
period was observed within 18,1-68,6 % of the
full soil moisture capacity, and the moisture
reserves were 30,8—106,7 mm.

At the site No.3, the GWL during the active
vegetation period (May-August) was within
75-85 cm below the soil surface. The moisture in
the arable soil layer (0-30 cm) during this period
was observed within 23,4-73.3 % of the full soil
moisture capacity, and the moisture reserves were
46,7-133,9 mm.

100 1

80 o

60 9

40

Soil moeisture, %o

20 1

Paga "GWL 73-85 cm (2023)" Touka "28.06."

(28.Yep, 41)
=T

01.04
11.04
21.04
01.05, 4
11.05
21.05
31.05
10.06

=@=GWL 100-140 cm (2022) =@=GWL 85-100 cm (2022) ==fl=GWL 75-85 cm (2022)
—~@—GWL 100-140cm (2023) —@=GWL 85-100 cm (2023) =—dr—GWL 75-85 cm (2023)

=]
=
=1

30.06
10.07
20.07
30.07. 9
09.08
19.08
29.08
0809, 9

[

Date

Fig. 4. Dynamics of moisture in the 0-30 cm soil layer within the experimental plots in 2022
and 2023, SRS melioration system
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Fig. 5. Dynamics of moisture reserves in the 0-30 cm soil layer within the experimental plots
in 2022 and 2023, SRS melioration system

Thus, the GWL in all three variants was
located at a depth of maximum 140 cm below the
soil surface at plot No. 1, 100 cm at plot No. 2,
and 85 cm at plot No. 3. At the same time, the root
system of all studied crops at plots No. 2 and No.
3 reached groundwater. The depth of penetration
of the corn root system into the soil at plot No. 1
was more than 2 meters.

The lowest moisture reserves were observed
during the summer period. In the areas adjacent
to the studied territory, where the GWL were not
regulated, moisture reserves during the summer
period in the 0-30 cm soil layer dropped to
critical values and were less than 8—9 mm. At the

experimental plots in the same period, thanks to
the timely sluicing, soil moisture reserves did not
drop below 47-50 mm.

The optimal parameters of the soil water
regime (GWL, soil moisture, and soil moisture
reserves) during spring wheat, winter rapeseed,
corn for grain, and soybeans cultivation
were determined based on the analysis of
the dynamics of the increase in dry mass of
the specified crops by the phases of their
development on the background of 3 options
for regulating the level of groundwater. As our
studies have shown, soybeans and corn grow
and develop quite slowly at the beginning

350
300
250 4
=
S 200 -
g 150 ® August
g = July
E 100 o Fins
50 A = May
0 ez = Apri
3E 3E 3E W o
2| 3 S | g | 2 2|3
S |z S|z S|z S |z
) &} ) (@] ) o i) o
Corn for grain Spring wheat Winter rapeseed

Fig. 6. Dynamics of dry mass increase of promising crops under optimal moisture supply by months
of the vegetation season, c/ha
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of the vegetation season (from May to the
second ten days period of June). Starting from
mid-June, growth accelerates significantly and
the maximum values of dry mass increase are
observed in the second half of the vegetation

season (July-August).

in Fig. 6.

The dynamics of the increase in dry mass of
spring wheat, winter rapeseed, corn for grain, and
soybeans under optimal moisture supply over the
ten days period of the vegetation season is shown

(]

The optimal parameters of the soil water
regime during spring wheat, winter rapeseed,
corn for grain, and soybeans cultivation are
presented in Table 2.

Theyield of cultivated crops on the background

of 3 options for regulating the groundwater level

on sod-podzolic light loam soils is presented in
Table 3 and Figures 7-9.

The analysis of the yield of the studied crops
shows that in the context of the 3-year research

cycle, depending on the groundwater levels.

2. Optimal parameters of soil water regime during winter rapeseed, spring wheat, corn for grain, and
soybeans cultivation

layer of 30 cm, mm

Ne Indicator Cro
B Winter rapeseed Spring wheat Corn for grain Soybean
. . .| 3" ten days period 1% ten days
rd rd
Critical period of 3% ten dgys pf riod | 3 ten days [:tenod of June — 2™ ten | period of July —
1 . D of April — 1% ten of May — 1* ten ) >
moisture availability davs period of June | davs period of Jul days period of 2" ten days
ysp ysP Y August period of August
The beginning of 1* ten days period | 1% ten days period |2 ten days period| 2" ten days
vegetation of April of May of May period of May
Dry mass increase per ten 0,8-0,9 0,8-1,2 2,4-3,1 0,7-1,0
days period, c/ha
2 |GWL, cm 50-60 65-70 70-90 70-90
Soil moisture, % of full 66-73 4458 4245 4245
soil moisture capacity
?’Imsmre pooerves Tha 9901320 690-1020 700-890 700-890
ayer of 30 cm, mm
Begmnlng of the pe.r1od 3" ten days period | 3“ ten days period | 3% ten days period 1% ten days
of intensive vegetative . .
. of April of May of June period of July
mass increase
Dry mass icrease per ten 8,3-9.3 6,2-9.8 13,2-17,2 5,8-8,4
3 days period, c/ha
GWL, cm 60-70 90-100 105-115 105-120
SO.ll m0.1sture, % of full 64-73 3043 2841 44-51
soil moisture capacity
Moisture reserves in a 910-1340 570-850 530-790 660-790
layer of 30 cm, mm
Mid-period of intensive | 2™ ten days period | 2™ ten days period | 3* ten days period | 3™ ten days
vegetative mass increase of May of June of July period of July
Dry mass increase per ten 12,8-14.4 12,1-19,3 30,0-39,0 8,6-12,6
days period, c/ha
4 |GWL, cm 70-90 110-115 120-125 120-125
- - 5
Soil moisture, % of full 42-45 35-48 2631 26-31
soil moisture capacity
Moisture reserves in a 700-890 600-920 430-580 430-580
layer of 30 cm, mm
Period of maximum 1 ten days period | 1% ten days period |2 ten days period| 2" ten days
vegetative mass increase of June of July of August period of August
Dry mass increase per ten 24,8-27,8 17,8-28,4 56,9-74,0 16,3-23,9
days period, c/ha
5 |GWL, cm 100110 115-120 110-115 110-115
Soil moisture, % of full 3548 4451 14-23 14-23
soil moisture capacity
Moisture reserves in a 600-920 660-800 250-470 250-470
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3. Crops yield subject to the GWL on sod-podzolic light loam soils, vegetation seasons 2022, 2023,
and 2024

Yield, t/ha
Crop Variety/hybrid GWL, cm Hip (5 t/ha
100-140 | 85-100 | 75-85

2022
Winter wheat Kitri 5,35 5,89 6,41 0,28
Oat Zubr 4,34 491 5,49 0,16
Corn for grain DK 315 14,1 17,39 18,33 0,52
Soybean Astor 2,81 3,63 4,11 0,22

2023
Winter wheat Kitri 3,31 4,94 5,98 0,23
Winter rapeseed Atlant 3,44 3,63 4,07 0,19
Corn for grain Foton 9,96 12,44 14,23 0,47
Soybean Astor 2,52 3,44 3,81 0,27

2024
Winter wheat Kitri 2,60 2,93 3,54 0,19
Oil radish Lybid 1,42 1,76 2,01 0,13
Corn for grain R 8834 11,73 12,76 14,87 0,45
Soybean Astor 2,49 3,03 3,41 0,24

Yield, c/ha
o = N w H (03] (o)} ~N

GWL 100-140 cm GWL 85-100 cm GWL 75-85 cm
® Oat, 2022 ™ Spring wheat, 2022 ™ Spring wheat, 2023 ™ Spring wheat, 2024

Fig. 7. Yields of spring wheat of the Kitri variety and oat of the Zubr variety subject to the GWL,
SRS melioration system

3,63
344

Yield, c/ha
N

GWL 100-140 cm GWL 85-100 cm GWL 75-85 cm
m2022 m2023 2024

Fig. 8. Yield of soybean variety Astor subject to the GWL, SRS melioration system
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Figure 9. Corn yield subject to the GWL, SRS melioration system

The yield of winter wheat varied in the range
of 2,60—6,41 t/ha, of corn — in the range of
9,96-18,33 t/ha, and of soybean — in the range of
2,49-4,11 t/ha. In general, it should be noted that
the high yield of corn during the 3-year research
cycle indicates the prospects for its cultivation in
the Western Polissya zone. This is also confirmed
by the results obtained at the Agricultural Polygon
of LLC “Zakhidagroprom” in the north of the
Rivne region, where under production conditions
the yield of individual corn hybrids was over
14 t/ha [18].

It should also be noted that in 2024, compared
to the previous 2022 and 2023, during the
experiment it was obtained a significantly lower
yield of spring wheat — 2,60-3,54 t/ha, which is
associated with a prolonged air drought observed
in the period from the 3™ ten days period of June
to the 2" ten days period of July (maximum daily
air temperatures during this period exceeded
30 °C). Prolonged air drought during the period
of intensive spring wheat grain filling led to the
formation of grain with a low mass of 1000 seeds,
which led to a significant decrease in yield.

As the research results show, over a 3-year
research cycle, the difference in yield between
the plot where the GWL was at the depth of
100—140 cm below the soil surface and the plot

with the GWL at 85-100 cm was 0,84 t/ha for
spring wheat, 2,27 t/ha for corn for grain, and
0.76 t/ha for soybeans. The yield increase was
22,4 % for spring wheat, 19,0 % for corn for
grain, and 29.1 % for soybeans.

The highest yields values were obtained on
plot No. 3, where the GWL during the vegetation
season was within the optimal range for the
studied crops (75—-85 cm below the soil surface).
The difference in yields between the plot with
the GWL at 100-140 cm was 1,56 t/ha for spring
wheat, 3,88 t/ha for corn for grain, and 1,17 t/ha
for soybeans. Due to the regulation of the GWL,
the yield increase was 41,6 % for spring wheat,
32,5% for corn for grain, and 44,8 % for
soybeans. That is, an increase in the GWL by
30—40 cm leads to a significant increase in crops
yield.

The other crops (oat, winter rapeseed, and
oil radish) were studied in this experiment only
during one year. However, it was found that
winter rapeseed was the least sensitive among
them to the depth of groundwater levels. Thus,
the difference in yield between the plot where the
GWL was at the depth of 100-140 cm below the
soil surface and the plot where the GWL was at
the depth of 85-100 cm was 0,57 t/ha or 13,1 %,
and between the plots where the GWL was at the

4. Crops yield subject to the GWL on sod-podzolic light loam soils, average for 2022, 2023,

and 2024 vegetation seasons

Yield increase by the GWL options, cm
Yield, t/ha
Crop t/ha %
GWL, cm 85-100to | 75-85to | 85-100to | 75-85to
100-140 | 85-100 | 75-85 | 100-140 | 100-140 | 100-140 | 100-140
Winter wheat 3,75 4,59 5,31 0,84 1,56 22,4 41,6
Soybean 2,61 3,37 3,78 0,76 1,17 29,1 44.8
Corn 11,93 14,2 15,81 2,27 3,88 19,0 32,5
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depth of 75-85 and 100-140 cm — 1,15 t/ha or
26,5 %. The weaker response of winter rapeseed
to the depth of groundwater levels is explained by
the fact that the period of intensive accumulation
of vegetation mass for this crop is April-May,
when the soil has sufficient moisture reserves
accumulated during the winter period.

Among the studied crops over the 3-year
research cycle, the highest yield increase due to the
optimization of moisture availability was observed
in soybean and spring wheat. While analyzing
the yield increase of the studied crops in terms of
individual years, spring wheat turned out to be the
most sensitive to moisture availability and reacted
more actively than other crops to a decrease of
the GWL due to a relatively weak root system
compared to the rest of the studied crops.

Conclusions. It was found that the weather
conditions of the vegetation seasons of 2022,
2023, and 2024 on the drained lands of the
melioration system of the SRS of IWP&LR
of NAAS were very contrasting: periods with
excessive precipitation alternated with their
prolonged absence. Significant fluctuations in
temperature values were also noted.

On the background of the 3 options for
regulating the GWL, the lowest moisture reserves
were observed during the summer period. In the
areas adjacent to the study area, where the GWL
were not regulated, moisture reserves in the 0-30
cm soil layer during the summer dropped to
critical values (89 mm). In the study areas during
this period, due to timely sluicing, soil moisture
reserves did not drop below 47—-50 mm. Based on
the analysis of the dry mass increase dynamics of
spring wheat, winter rapeseed, corn for grain, and
soybeans according to the options for regulating
the soil water regime, the optimal parameters of
the soil water regime (GWL, soil moisture, and
moisture reserves) were determined for the phases
of development of the studied crops.

The highest yield increase due to the
optimization of moisture availability was
observed for spring wheat and soybeans. Spring
wheat is the most sensitive to soil water regime
and reacts more actively than other crops to a
decrease in the GWL. Regulation of the GWL
contributed to an increase of the yield of spring
wheat by 41,6 %, winter rapeseed by 18,3 %, corn
for grain by 32,5 %, and soybeans by 44,8 %.
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Anomauia. Haseoeno pezynomamu 00cniodiceHb o000 GUSHAYEHHA ONMUMATbHUX NAPAMEMPi8 B00HO20
pedcumy cpyHmy npu 8UPOWYEAHHI NePCHEeKMUBHUX CilbCbKO2OCNOOAPCHKUX KVIbMYP HA OCYULYBAHUX

2024 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



78 IRRIGATION-DRAINAGE

3eMIAX Y CYUACHUX YMOBAX 20CNO0APIOSANH ma 3MiK Kaimamy. Bemanoseneno, wo no2ooHi ymosu eeze-
mayitinux nepioodie 2022—-2024 pp. 6ynu dysice KOHMPACMHUMU. YEPSYBATUCS NePioOU 3 HAOMIPHOIO Kilb-
Kicmio onadis, mpueaiow ix GiOCYmHicmo ma iOMIUANUCS 3HAYHI KOTUBAHHA MEMNEPAMYPHUX NOKA3-
HUKi8. J0cnioncysani citbCbKO20CnOOAPChKI KYIbMypu (Apa nuleHuys, pinax o3umutl, KyKypyo3a Ha 3epHO
ma cos) eusuanu na goni 3-x eapianmis pezynosannsa piens tpynmosux 600 (PIB). Y mexnonoaiuniii cxemi
BUPOWYBANHSL KYTbIYD CIMEOPEHA MONCIUGICIb GUOKPEMUMU 3HAYEHHSI 600HO20 pexcumy ) hopmyeanHi
VPOIACATUHOCT BUPOWYBANHUX KYILIYD MA SUSHAYUMU IX YYMAUGICMb 00 1i020 popmysanns. Pezynioganns
800H020 pedcuMy 30TUCHIO8ANU 3a 00NOMO2010 winio3yeanns. Ha ¢oni peeyniosanns pieus rpyHmosux
600 (PIB) natinuoicui nokasHuku 6010203anacié 6iomMiuance y nimmiil nepiod, a Ha npune2iux 00 00Ci-
Oorcyeanoi mepumopii dinsnxax, oe PIB ne peayniosascs, eonozoszanacu enimxy y wapi tpynmy 0-30 cm
ONYCKanUcy 00 KpumuuHux sHavenv (8—9 mm). Ha docnionux Oinaukax y yeu nepiood 3a80aKu 64aACHO
npoBeodeHoMy WIO3V8AHHIO 80JI0203ANACYU 2PYHMY He Onyckaucs nusxciue 47-50 mm. Ha ocnosi ananisy
OUHAMIKU HAPOCMAHHSL CYX0I Macu nuieHuyi apoi, pinaky 03umoeo, KyKypyo3u Ha 3epHO ma coi 3a eapian-
mamu pezyniosanns PIB eusznaueno onmumansvui napamempu 6001020 pexcumy epynmy (PIB, éonozicmo
ma eonozo3anacu) 3a gazamu po3gumxy 00CHioNCy8anux Kyibmyp. Busnaueno, wo natiguwuil npupicm
YPOodHCcatiHoCmi 3a paxyHoKk onmumizayii 6onozcozadesneyenHs 6iomiueHo y nuenuyi apoi ma coi. Iwenuys
Apa € HaubINbUW YYMAUBOI0 00 800HO20 PEJCUMY TPYHMY | AKMUBHIULE THUUUX KYIbMYP peazye Ha 3HUICEHHSL
PIB. Pezyniosanns PIB cnpusno spocmantio ypocatinocmi apoi nuenuyi — na 41,6 %, ozumozo pinaxy —
na 18,3 %, kykypyosu na seprno — 32,5 % ma coi — 44,8 %.

Kniouosi cnosa: openasicna cucmema, ocyuly8ani 3emi, 3MiHy KAIMamy, 60OHUL Pelcum IPYHNLY, Onmu-
ManvHi napamempu 6000pe2ynio8aHHs.
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Abstract. The russian invasion of Ukraine has resulted in extensive environmental damage, significantly
affecting the country s soil quality and raising concerns about long-term agricultural sustainability and
environmental health. The war has resulted in soil degradation through contamination by military operations,
destruction of farmland, and disruption of natural ecosystems. The objective of the research is to evaluate
the environmental consequences of the war in Ukraine, with a particular emphasis on soil degradation and
the development of strategies for post-war restoration. The manuscript will entail a comprehensive review
of existing literature on soil degradation and post-war environmental restoration, with a particular focus
on case studies from conflict zones such as Vietnam, the Balkans, and post-Second World War Europe.
Furthermore, an analysis of data from Ukrainian government agencies, environmental organisations, and
international bodies will be conducted to assess the extent and nature of soil damage caused by the war.
To achieve effective recovery of its soils and ecosystems, Ukraine can draw on global experiences and
implement long-term strategies combining modern decontamination technologies, sustainable agricultural
practices and policy reforms that promote ecological resilience. It is imperative that environmental, social,
and economic factors be integrated into the country’s post-war recovery strategy. It is imperative that
international cooperation and investment in environmental restoration, in conjunction with community
involvement, are pursued in order to guarantee the success of these endeavours and to provide Ukraine
with the support it requires in order to achieve a sustainable and resilient agricultural future. The research
provides a foundation for the development of integrated strategies that leverage global lessons, thereby

ensuring long-term recovery for Ukraine's soil and agricultural systems.
Keywords: agriculture, pollution, soil damage, erosion, heavy metal, oil spill, landmine

Relevance of the research. Soil pollution
represents a significant environmental issue with
global repercussions, frequently resulting from
industrial, agricultural, and urban activities.
However, one lesser-known yet impactful
source of soil pollution arises from war and
military conflicts. The deployment of hazardous
substances, such as explosives, chemicals, heavy
metals, and oil spills, during warfare inevitably
results in soil contamination. The destruction
of ecosystems during armed conflicts often
leads to long-term degradation of arable land,
thereby impeding post-war recovery for affected
populations and the country in general [24].

As the global economy was beginning to
recuperate from the effects of the pandemic, a
new crisis emerged with the invasion of Ukraine
by russia, resulting in a war in Europe [41]. The
russian invasion of Ukraine which intensified in
February 2022 precipitated the most significant
armed conflict in Europe since the Second World
War. The consequences of this situation have not
been confined to the countries directly affected;
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they have also had an impact on Europe and the
broader global community indirectly, through the
issue of food security [11, 17].

In addition to the human toll, the conflict has
resulted in considerable environmental damage,
with a particular impact on Ukraine’s soil,
agricultural sector, and ecosystems [23]. The
war has served to exacerbate the pre-existing
environmental challenges, while simultaneously
introducing novel and acute risks associated with
military operations.

Analysis of the latest research and
publications. The profound impact of war on
human lives is well documented. However, the
natural environment, which encompasses soil,
water, air, and living organisms, is frequently
overlooked amidst the devastation. This is despite
the fact that human lives are inextricably linked
to the natural environment.

The latest research and publications on the
environmental impact of armed conflicts have
revealed the extensive damage inflicted by war
on ecosystems, with soil degradation evoking
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significant concern [19, 35]. The war has caused
extensive environmental destruction and soil
contamination in Ukraine. Of particular concern
is the damage to the country’s fertile agricultural
soils, which constitute a critical component
of its economy. Ukraine is renowned as the
“breadbasket of Europe”, with its expansive
tracts of fertile black soil (Chernozem) ranking
among the most productive in the world [23].

Ukrainian and international environmental
agencies and research organizations have
commenced the documentation of the effects
of the war on the country’s natural resources
[4, 17, 26]. These include soil contamination
from heavy metals and fuel residues, erosion
from disturbances on the battlefield, and the
disruption of agricultural systems.

It has been demonstrated that military
operations, including the utilisation of explosives,
the transportation of heavy machinery, and the
contamination of the environment with chemical
substances, have a considerable impact on the
structure of the soil, the composition of nutrients,
and biodiversity [16].

Global case studies on post-conflict soil
restoration, including those from post-Second
World War in Europe offer valuable insights into
the rehabilitation of conflict-affected soils [28].
Furthermore, recent publications have examined
the role of sustainable agricultural practices in
post-conflict recovery as the efficacy of terracing,
crop diversification, and organic farming in
restoring soil health and ensuring food security in
the aftermath of war. Research also underscores
the importance of involving local communities
and stakeholders in the recovery process, a lesson
that Ukraine could benefit from in its restoration
efforts [12].

The purpose of this research is to examine
the environmental impacts of the war in Ukraine,
with a particular emphasis on soil quality, and
to investigate potential strategies for post-war
soil restoration. By analysing global experiences
in post-conflict soil recovery, the research
aims to provide insights and recommendations
for restoring Ukraine’s damaged landscapes,
ensuring sustainable land use, and supporting
long-term ecological resilience.

Methods and objects of the research.
A review of the existing literature on the subject
based on cited publications will be conducted.
A comprehensive review of existing literature
on soil degradation and post-war environmental
restoration will be conducted, with a particular
focus on case studies from conflict zones such
as Vietnam, the Balkans, and post-Second World
War Europe.

The data will then be subjected to analysis.
An examination of data collected from
Ukrainian government agencies, environmental
organisations and international bodies will be
conducted to determine the extent and types of
soil damage resulting from the war.

Research results and discussion. As of
September 2024, the Ministry of Environmental
Protection and Natural Resources of Ukraine [26]
has estimated the financial and environmental
impact of military actions to be UAH 2.596
trillion. This figure was calculated by the State
Environmental Inspection in accordance with
the approved methodology and represents
the estimated damage resulting from the
aforementioned actions. A total of 5,909 cases
of environmental damage resulting from the
armed aggression of russian federation have been
recorded and documented.

In terms of land resources, the estimated
financial loss is UAH 1.15 trillion, based on
2,912 documented cases of damage. The total
area of land affected by littering is more than
19.8 million m?, while the contaminated soil
area is estimated at more than 945,140 m?,
with an estimated financial loss of more than
UAH 18.25 billion.

In the context of an ongoing armed conflict
in part of Ukraine, soil contamination with lead
and fluoride has been identified as a significant
environmental concern, warranting further
investigation. For instance, in Dnipro region, the
concentration of lead has been found to exceed the
maximum permissible concentration (MPC) by
three times, while in Mykolaiv, the concentration
of lead has been found to exceed the MPC by
five. The concentration of zinc, copper, fluoride,
and oil products has decreased by a quarter; in
Zaporizhzhia region, the concentration of lead
has increased by 11.17 times the MPC, the
concentration of zinc and fluoride has increased
by half, the concentration of petroleum products
has increased by 35 %, and the concentration of
phosphates has increased by 30 % [9].

At this stage, the analysis is limited to a broad
overview of the conflict and its consequences.
Subsequently, the focus will shift to the immediate
and long-term challenges Ukraine is confronted
with in its recovery process. This will include an
examination of the necessity for environmentally
conscious strategies to address the multitude of
environmental issues that have been exacerbated
by the war.

A substantial body of research has
demonstrated the significant and enduring impact
of armed conflict on soil quality and ecological
systems. The environmental consequences
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of warfare are manifold and context-specific.
Nevertheless, a number of pivotal findings have
emerged from studies examining the impact
of warfare on soil, including the following:
heavy metal contamination, erosion and land
degradation, oil and fuel spills, unexploded
ordnance and landmines.

Heavy metal contamination. Research has
demonstrated that war can result in significant
heavy metal contamination of soils in conflict
zones, for instance, Iraq, Syria [25], and the
Balkans [34]. Elevated concentrations of metals
such as lead (Pb), mercury (Hg), cadmium (Cd),
arsenic (As), and depleted uranium (DU) have
been identified in soils affected by military action.
These metals originate from munitions, military
vehicles, and destroyed infrastructure.

Soil samples from conflict zones in Iraq [1]
exhibited elevated concentrations of lead and
cadmium, exceeding the threshold levels deemed
safe for agricultural and residential use.

The utilisation of depleted uranium (DU)
munitions in military conflicts, such as the Gulf
War, has resulted in the residual presence of
radioactive materials in soil, which presents long-
term risks to ecosystems and human health [15].

The impact of heavy metal contamination on
soil fertility can be considered to have twofold
consequences: firstly, it renders land unsuitable
for agricultural use, and secondly, it poses a risk
to the food chain and water supplies.

The phytoremediation method makes use of
plants to absorb, accumulate and detoxify heavy
metals fromsoil. Specific plant species, designated
as hyperaccumulators, have the capacity to
concentrate metals such as lead, cadmium, and
arsenic within their tissues. Subsequently, the
plants are harvested and safely disposed of.
Notable examples include sunflowers and Indian
mustard, which have demonstrated efficacy in
soil detoxification in contaminated war zones
such as Iraq [14].

Bioremediation employs the use of microbial
organisms to facilitate the degradation of
contaminants or the transformation of these
substances into less harmful compounds. Specific
bacteria and fungi are capable of metabolising
heavy metals or reducing their mobility in the soil.
For example, the use of Pseudomonas bacteria
has been demonstrated in post-conflict regions
as a means of addressing lead and cadmium
pollution [8].

The replanting of trees and the implementation
of erosion control measures serve to stabilise the
soil, thereby reducing the potential for the spread
of contaminants through wind or water runoff.
Furthermore, trees and vegetation can assist in the
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sequestration of heavy metals, thereby preventing
their entry into the broader ecosystem [7].

Soil washing is a process whereby the conta-
minated soil particles are physically separated
through the use of water or chemical solutions.
This method has the potential to reduce metal
concentrations to safer levels and has been
employed in regions that have been heavily polluted
by conflict, including Kosovo and Serbia [13].

An alternative approach involves the
addition of chemical agents, such as lime,
phosphate, or biochar, to the soil. These agents
bind heavy metals, preventing their absorption
by plants or leaching into groundwater. The
stabilisers immobilise the metals, reducing their
bioavailability. This technique is frequently
employed in regions affected by industrial and
military contamination [7].

Erosion and land degradation. 1t has been
demonstrated that military activities disrupt the
physical, chemical, and biological properties of
soil, leading to significant degradation [8, 18].
For example, the movement of heavily tracked
military vehicles has been observed to increase
soil compaction [32], while disturbances caused
by tanks have been shown to negatively affect
soil quality, resulting in harm to invertebrate
populations and vegetation [3].

The research of Almohamad [2] was to identify
the characteristics and variations of soil erosion
in the context of armed conflicts in the Northern
Al-Kabeer River basin in Syria. The mean soil
erosion rate is 4 t ha™' per year, with a standard
deviation of 6.4 t ha™ per year. Approximately
10.1 % of the basin is subject to a tolerable soil
erosion rate, while 79.9 % of the study area has
experienced erosion at varying degrees. In areas
affected by armed conflict, forest fires tend to
result in the dominance of land cover types such
as coniferous forest, transitional woodland, and
scrub on steeper slopes. In the upper part of the
basin, these land cover types exhibited average
post-fire soil loss rates that were 200 % to 800 %
higher than in the pre-fire situation.

It is frequently the case that military conflicts
result in the destruction of forests and other
forms of natural vegetation, which in turn gives
rise to severe soil erosion. The use of bombs,
artillery shelling, and chemical defoliants during
conflicts has been documented as a cause of
widespread deforestation in research conducted
in Afghanistan and Vietnam. In Afghanistan
[36], soil erosion has increased significantly in
areas that were subjected to intensive bombing
during decades of conflict. This has resulted in
the desertification of former agricultural land,
thereby rendering recovery more challenging.
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In Vietnam [37], researchers observed that
extensive deforested areas, particularly those
treated with herbicides, continue to experience
difficulties in regenerating, which has led to
soil degradation and a reduction in agricultural
productivity.

Furthermore, combat-related activities have
been demonstrated to result in a reduction of
essential soil components, including total carbon
(C), nitrogen (N), microbial biomass, and soil
respiration rates [10]. The flux of soil carbon
dioxide (CO) is particularly susceptible to the
level of disturbance [33], thereby underscoring
the impact of military actions on soil health. Even
foot traffic during military training exercises has
been demonstrated to compact the soil, decrease
water infiltration rates, reduce above-ground
biomass, and exacerbate soil erosion [40].

On-site observations at Ar. the Rimam
depression of the Sabah Al-Ahmad Nature
Reserve in Kuwait [30] demonstrated that
the damage to this site was caused by three
primary factors: munition disposal pits (11,3 %
of the area), compacted areas between Dpits
(36,4 %), and compacted road tracks (3,6 %).
The results of the field investigations of soil
profiles and laboratory characterisation of soil
samples indicated a significant disruption of
pedogenic processes, a loss of topsoil, severe
soil compaction, a reduction in the infiltration
rate, contamination with munition materials, and
alterations in chemical properties. Despite the
presence of higher vegetation cover in the pits
compared to the adjacent compacted areas, the
percentage of vegetation cover was found to be
significantly lower than that observed during the
pre-disturbance period. The soil and vegetation
assessment also indicated that the natural
recovery process did not fully restore the land
and vegetation to their pre-disturbance status.

Forexample, research from Vietnam highlights
the significance of extensive reforestation and
the utilisation of bioremediation techniques
to detoxify soils contaminated by chemical
agents [29]. Similarly, studies from the Balkans
emphasise the critical role of erosion control
measures and landscape restoration in preventing
further environmental degradation [7].

The impact of erosion is the stripping away
of the fertile topsoil that is necessary for plant
growth, which has the effect of severely reducing
agricultural potential and exacerbating food
insecurity in post-war areas.

Oil and fuel spills. In numerous contemporary
armed conflicts, military vehicles, tanks, and
aircraft have been identified as a significant
source of environmental degradation, largely due

to fuel and oil spills. The contamination of soil by
hydrocarbons, heavy metals, and toxic chemicals
resulting from such spills has been demonstrated
to cause long-term damage to Dbiodiversity,
agricultural productivity, and water resources.
For instance, during the Gulf War, extensive oil
spills and the destruction of oil wells resulted
in the release of considerable quantities of
petroleum into the soil [15]. The soil in Kuwait
was significantly contaminated by oil spills and
soot from burning oil wells, which resulted in
notable alterations to the soil’s physical and
chemical properties. The contamination of
soil with petroleum has resulted in a reduction
in soil fertility and the introduction of toxic
hydrocarbons, which persist in the environment
and are challenging to remediate [27].

The contamination of soil with petroleum
disrupts the chemical composition of the soil,
kills vegetation, and renders the land unsuitable
for agricultural or natural regeneration. For
instance, the rate of biodegradation of oil products
for different levels of pollution in Chernozem
was determined over a period of 24 months
[22]. The content of hydrocarbons decreased by
85-87 % and 60-64 %, respectively. One of the
key mechanisms for the loss of hydrocarbons
from the soil surface is microbiological
decomposition. Studies have demonstrated that
in the oil concentration range of 6,4-24,6 1/m?,
there was a notable increase in the intensity of
carbon dioxide release from the soil, which
is 60 % higher than in the control option. This
indicates an intensification of the processes of
its biodegradation. The impact of soil pollution
with oil on diagnostic indicators such as soil pH
and the content of water-soluble potassium and
sodium was found to be less significant than the
influence of the time factor. The phytotoxicity
of oil-contaminated soil was also demonstrated
to have a negative impact on seed germination
in field conditions. The research results indicate
a gradual self-purification of the soil from
petroleum hydrocarbons during the observation
period.

A variety of methods, including physical,
chemical, and biological, are available for
addressing oil spills. The initial two methods
are constrained by factors such as elevated
costs, inefficacy, and disruption to the natural
ecosystem [39]. As an alternative, bioremediation
offers an environmentally friendly process for
the removal or reduction of petroleum pollutants
in the environment through the use of selective
microbial flora [31].

Baniasadi & Mousavi [5] proposed that
bioremediationrepresents amore environmentally
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friendly approach than physicochemical methods,
which are more cost-effective and cause less
disruption to the environment.

In 1991, Kuwait oil fires resulted in the
combustion of numerous oil wells, leading to
the release of millions of barrels of oil into the
surrounding desert environment. This incident
caused significant contamination of the soil.
Large-scale bioremediation and soil washing
efforts were undertaken with the objective
of restoring the land. The Iraq conflict (post-
2003) resulted in substantial damage to oil
infrastructure, with spills contaminating both
land and water. Bioremediation was employed as
a means of cleansing soil that had been rendered
polluted by oil and fuel spills. In this method,
natural or genetically modified microorganisms
are applied to the polluted site, and/or the polluted
environment is enriched with nutrients. These
processes are known as bioaugmentation and
biostimulation, respectively. The primary focus
of attention is due to the fact that these methods
have been the subject of scientific investigation
by the research community with regard to their
potential for the treatment of oil spills, primarily
at the laboratory scale, with less extensive
investigation in real-world settings.

Unexploded ordnance (UXO) and landmines.
The presence of unexploded ordnance and
landmines in the aftermath of armed conflicts
continues to present a significant risk to soil
quality and land use. The presence of UXO
can result in soil contamination with explosive
residues and heavy metals.

The results of studies conducted in Cambodia
[21] and Bosnia [20] indicate that soils
contaminated with explosive residues have
undergone alterations in microbial communities
and have exhibited disrupted plant growth. The
presence of UXO precludes the safe utilisation of
land for agricultural and developmental purposes,
resulting in the underutilisation of vast tracts of
arable land due to concerns regarding potential
detonation.

The impact of UXO on the environment can be
significant. The presence of UXO and landmines
impedes the post-war recovery and development of
agricultural activities. Furthermore, the detonation
of ordnance results in the release of toxic chemicals
into the soil, thereby exacerbating the pollution.

The identification of unexploded ordnance
and landmines can only be addressed through

£

the utilisation of a stochastic-deterministic model
but the eventual creation of risk-hazard maps
requires preliminary work involving laboratory
experiments and field surveys. Baselt et al [6] put
forward a novel approach to the problem within
the context of an international research project.
The objective is to produce risk-hazard maps that
can be employed by elected decision-makers,
administrative  authorities, and emergency
personnel in affected municipalities.

Unpiloted aerial systems featuring advanced
remote  sensing  capabilities represent a
significant technological advancement with the
potential to significantly impact the resolution
of the explosive ordnance crisis. In particular,
recent developments in hardware engineering
have facilitated the effective deployment of
compact, lightweight, and less power-consuming
hyperspectral imaging (HSI) systems from small
unpiloted aerial vehicles (UAVs). The results
demonstrate that the analysis of hyperspectral
imaging (HSI) data sets can yield spectral profiles
and derivative data products, which are capable
of distinguishing between multiple ERW and
mine types in a range of host environments [38].

Conclusions. The research on war-affected
soils has revealed the significant environmental
degradation that follows military conflicts,
particularly in relation to heavy metal
contamination and soil erosion. These issues
can impede recovery for decades. The
implementation of remediation strategies
necessitates the formulation of long-term plans,
encompassing the utilisation of contemporary
decontamination technologies, the adoption of
sustainable land use practices, and the allocation
of substantial financial resources to facilitate
the restoration of ecosystems and to bolster
agricultural and economic recovery in post-
conflict societies.

The United Nations Environment Programme
(UNEP) has highlighted the necessity
for integrated strategies that address both
environmental and social concerns, advocating
for policy frameworks that ensure sustainable
land management and ecological recovery.
The research emphasises the importance of
considering environmental, social, and economic
factors in soil restoration, offering insights that
can inform the recovery process in Ukraine,
drawing on global examples of successful
post-war remediation strategies.
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HOIKOIXXEHHS TA BIIHOBJIEHHS IPYHTIB B YKPATHI:
YPOKHU CBITOBOI'O IOBOEHHOTO JOCBIAY
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Anomayia. Pociticoke emopenents ¢ Yxpainy npu3zeeno 00 3HaUHOI WKOOU HABKONUUHLOMY CepedosuLly),
CYmmeBo GNIUHYUIU HA AKICMb IDYHMIE KpAinu ma UKIUKAGULU 3AHENOKOCHHS U000 00820CMPOKOBOT
CMIUKOCMI CLIbCHKO2O 20CNO0ApCmea ma 300po8 s 006K, Bitina npussena 0o despadayii rpyHmis
uepes 3a0PYOHEHHS BHACAIOOK BILICLKOGUX Oill, SHUWEHHS CLTbCbKO2OCNO0APCLKUX YeiOb mMa NOPYUEHHS
npupoOHux exocucmem. Memorw 00CniONCeHHs € OYIHKA eKONO2IUHUX HACTIOKI 8illHU 8 YKpaiui, 3 0c06-
JIUBUM AKYEHIMOM Ha 0e2padayilo IpyHmie ma po3pooxy cmpameziii RicIA80€HHO20 8i0H06NenHs. Pykonuc
nepeobauac scediunuil 02150 ICHYIOUOL Iimepamypu 3 NUmans 0ecpadayii IPyHmie ma no8OEHH020 GIOHO6-
JIEHHST QOBKINIS, 3 OCOONUBUM AKYEHIMOM HA MEMAMUYHUX OOCTIONCEHHAX 13 30H KOHMIIKMIE, MaAKUX K
B’emnam, barkanu ma €spona nicas /lpyeoi ceimosoi gitinu. Kpim moeo, 6yde npogedeno ananiz oauux
VKPATHCOKUX YPAOOBUX YCMAHOS, €KONOSTUHUX OpPeaHi3ayiil ma MidDCHAPOOHUX OpeaHizayiti 0as OYIHKU
macwmabie i xapaxmepy IPYHMOBUX NOWKOONCEHb, CHPUYUHEHHUX GiliHow. [[Jo6 docsemu eghexmus-
HO20 BIOHOGNEHHS TPYHMIE MaA eKocucmem, YKpaina modice GUKOpUCMAmu c8imoguii 00csio i anposaoumu
00620CMPOKOBI cmpamezii, w0 NOEOHYIOMb CYUACHI MEXHON02IT 3He3apadiCceHHsl, CMIKI CLIbCbKO20CHO-
0apcvKi npakmuKy ma noAimu4ti pepopmu, sKi Cnpusiions eKono2iunit cmitikocmi. Bxpail easxcauso, wob
EKONOCTYHI, COYIanbHI Ma eKOHOMIUHI hakxmopu Oyau IHMe2poBari 8 cmpameiio NICIA80EHHO20 BIOHOG-
JeHHs: Kpainu. Migcnapooue cnigpobimuuymeo ma ingecmuyii' y 6i0H08IeHH O0BKLLIA y NOEOHAHHI 13
3ATYUEHHAM SPOMAOCHOKOCTI € 3aNOPYKOI0 YCNIXY YUX 3YCUNb d HA0aHHA YKPaini niompumku, HeoOXioHoi
07151 OOCSICHEHHSI CIAL020 MA ACUMMEZOAMHO20 CLlbCbKO2OCNOOAPCHKOZ0 MAUOYMHb020. J{OCTIONCEeHHS.
CMBOPIOE OCHOBY OJisl PO3POOKU KOMIJIEKCHUX Cmpameziil, sIKi 8paxo8yloms 2100aivhull 00c8io, 3abesne-
YYI0UU MUM CamMum 00820CMPOKOGe GIOHOGLEHHS IPYHMIB Md CLIbCLKO2OCHOOAPCHLKUX cucmem Yrpainu.
Knrwouogi cnosa: cinbcoke cocnooapcmeo, 3a0pyOHeHHs, NOWKOOICEHHSL TDYHIMIG, epo3is, 8ANCKI Memai,
PO31U8 Haghmu, Ha3eMHi MIiHU
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Abstract. The article presents a comprehensive assessment of meteorological data obtained from the
virtual Visual Crossing Weather Data (VCWD) and the automatic (iMetos Base) meteorological station for
the Polissya region of Ukraine. For this purpose, were selected the meteorological data which are included
in the formula for calculating the reference evapotranspiration (ET,) according to the Penman-Monteith
method (FAO56-PM), namely average (Tmean), maximum (Tmax) and minimum (Tmin) air temperature,
dew point temperature (Tdew), average relative humidity (Rhmean), average water vapor pressure deficit
(Damean), total solar radiation (Rs), average wind speed at a height of 2 m (u,) and daily precipitation (P).
The results of the regression analysis and the calculation of the mean absolute percentage error (MAPE),
root mean square error (RMSE), and standard error (SEE) demonstrate that the data on mean and maximum
air temperature, as well as dew point temperature, were obtained with a high degree of accuracy from the
virtual VCWD weather station. The MAPE errors are 5,6, 2,8, and 8,3 %, respectively (MAPE < 10 %). For
the minimum air temperature and average relative humidity, good accuracy is inherent, with MAPE errors
0f 20,0 and 13,6 %, respectively (MAPE =10-20 %). The data on solar radiation and water vapor pressure
deficit were obtained with satisfactory accuracy, with MAPE errors of 25,0 and 45,2 %, respectively
(MAPE =20-50 %). The data on wind speed at a height of 2 m, total monthly and daily precipitation were
obtained with unsatisfactory accuracy, with MAPE errors of 62,3, 52,6, and 40103 % (MAPE >50 %),
respectively. It has been established that the values of daily precipitation (RMSE = 6,0 mm) obtained from
VCWD are not accurate. It is possible to use only the total precipitation for the month (RMSE = 11,6 mm) or
its annual values (RMSE = 47,9 mm). The application of a correction factor to the obtained meteorological
data increases their accuracy and reduces the errors of MAPE, RMSE and SEE. The use of various errors
made it possible to comprehensively verify the obtained meteorological data. For example, the MAPE error
calculates the accuracy of the meteorological indicator, while the RMSE and SEE errors indicate how the
obtained value differs from the average value. In the future, the obtained meteorological indicators from
the Visual Crossing Weather Data virtual meteorological station will be used to calculate the reference and
actual evapotranspiration using the Penman-Monteith method (FAO56-PM) in the conditions of Polissya
of Ukraine.

Keywords: virtual weather station, meteorological data, air temperature, precipitation, accuracy,
MAPE, RMSE and SEFE errors

Relevance of the study. Meteorological collection, recording, processing, archiving,

data are useful for a wvariable applications,
such as weather and climate forecasting,
landscape planning, and disaster management.
However, the availability of these data requires
a good network of stationary meteorological
stations and other supporting systems for their

communication, and dissemination [1]. Weather-
based forecasting models play an important role
in agricultural decision support systems, but they
are usually computed at the regional level due to
the limited number of weather stations. Farmers
have to contact the nearest weather station, but
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the recommendations are not always adapted to
their situation [2, 3]. Currently, virtual weather
stations (VWS) are widely used [2, 4] and the
demand for spatial climate data in digital form
has increased [5]. A VWS is the integration of
algorithms for downloading meteorological data,
processing it, and using it to obtain data in the
nearest places where there are no meteorological
stations. To develop a VWS, it is necessary to
evaluate the accuracy of various interpolation
methods and the original meteorological data [2,
4]. Evaluation of meteorological data obtained
from different sources is a fundamental task of
meteorological analysis [6]. Studies conducted
in Kenya [1], Belgium [2], the United States
[3], Ecuador [7, 8], New Zealand [9], Brazil
[10], Albania [11], Poland [12], Canada [13],
and Ukraine [14] determined the accuracy of
available meteorological data for individual
points of the landscape obtained from the Virtual
Climate Station Network by comparing them with
measurements at independent meteorological
stations.

To establish the accuracy of meteorological data
obtained from virtual weather stations, we chose
Visual Crossing Weather Data (VCWD). VCWD
provides easy access to hourly or daily climate data
for the entire world, including forecast data for the
next 15 days. Its archive includes more than 50 years
of global weather history. In addition to the usual
meteorological indicators, such as temperature and
relative humidity, wind speed and precipitation,
powerful features such as solar radiation and
energy, degree days, evapotranspiration reference
and weather forecast are available. All data from
the site is available for download via the weather
data request page and the weather API. The
datasets are displayed in a table, which is available
in several formats. One of the powerful features
of VCWD is the ability to import data into most
business intelligence systems, including Excel, for
further processing [18].

Although meteorological parameters are
measured regularly and are widely available on
weather forecasting services on the Internet, they
need to be checked for accuracy in each region
separately. Previous studies have examined one or
more meteorological indicators. Ne comprehensive
verification of all meteorological data measured
by an automatic weather station has yet been
conducted. Therefore, this study was conducted to
verify the accuracy and quality of the meteorological
data obtained from the virtual climate station for
the conditions of Polissya in Ukraine.

Analysis of recent research and
publications. Studies conducted around the
world confirm the reliability of meteorological

data obtained from virtual weather stations
(VWS) [2,9, 13]. As stated in [2, 4, 5], in order to
develop VWS and GIS-compatible climate maps,
it is necessary to evaluate the accuracy of various
interpolation methods and source meteorological
data. To validate VWS, a randomly selected
weather station is removed from daily datasets
and the interpolated values are compared to the
actual values. From a practical point of view, the
meteorological data obtained from VWS can be
used to control crop irrigation. To develop the
VWS in the United States, the authors of [15] used
the PRISM (Parameter-elevation Relationships
on Independent Slopes Model) interpolation
method, which was compared with the WorldClim
and Daymet climate data sets. The comparison
showed that the use of a relatively dense set of
station data and the PRISM interpolation method
led to a significant improvement in climate data
compared to WorldClim and Daymet.

Often, meteorological data are not used
independently, but as input data in various
climate models, so their quality affects the
accuracy of calculations [17]. Many studies
have been devoted to the statistical comparison
of meteorological data, some of which are more
than 100 years old [16]. Studies by the authors
of [7, 8] demonstrate the importance of using
high-quality meteorological data to calculate the
reference evapotranspiration. The verification
of the results of meteorological data obtained
from VWS and automated weather stations
(AWS), which was performed by the authors of
[3] in the western United States, showed their
reliability and they can serve as input data for
landscape environmental modeling. Studies
conducted in New Zealand [9] determined the
accuracy of available meteorological data for
individual points of the landscape obtained from
the Virtual Climate Station Network (VCSN)
by comparing them with measurements at
independent meteorological stations. It was
found that the average monthly global radiation,
average daily maximum and minimum air
temperature are obtained from the VCSN with
reasonable accuracy and a small margin of
error. However, the amount of precipitation was
calculated inaccurately. The authors’ research
[12] on air temperature observations in Warsaw
(Poland) showed that the statistical ML (machine
learning) model can serve as an alternative
approach to traditional kriging and numerical
modeling, characterized by lower complexity
and higher computing speed in the field of urban
meteorological research (RMSE = 1,06 °C and
R2 = 0,94, compared to AWS). The authors of
[13, 17] note that air temperature obtained from
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VWS is an attractive source of data for predicting
water temperature due to the reduced cost of
instrumental equipment and the availability of
long-term historical records over large areas of
North America.

Studies conducted in Brazil (Paraiba State)
[10] comparing global horizontal irradiation
obtained from automated meteorological stations
and satellite images showed good correlation of
data. [t was confirmed that the calculated data from
satellite images slightly exceed those obtained
by ground-based meteorological stations.
Comparison of solar radiation data provided by
NASA’s Solar Radiation Database with available
ground measurements in Albania [11] shows
that the ground-based solar radiation data are in
all cases underestimated compared to the data
provided by the NASA database. The conversion
factor is 1,149. Work [14] compared the average
daily air temperature in the Odesa region obtained
from a field monitoring station with data from the
weather forecasting service (Meteo.Farm) and
the weather site of the Odesa State Agricultural
Station of the Institute of Food and Agriculture
of the National Academy of Agrarian Sciences
of Ukraine. The standard deviations showed the
closeness of the air temperature data between all
three data sources: RMSE (weather site) = 1,38 °C
and RMSE (weather site) = 1,63 °C.

The purpose of the research was to conduct
a comprehensive verification of meteorological
data obtained from the virtual (Visual Crossing
Weather Data) and automatic (iMetos)
meteorological stations for the conditions of
Polissya in Ukraine.

Materials and methods. The daily
meteorological data for this study were obtained
from VWS Visual Crossing Weather Data
(VCWD) [18] for the period May-September
2023-2024 and from the iMetos Base weather
station from Pessl Instruments [19], which is
located atthe experimental site in LLC “Agrofirma
Kyivska”, Makovyshche village, Bucha district,
Kyiv region (50.4574°, 29.8949°).

For the comprehensive verification, we
selected meteorological data that are included
in the formula for calculating the reference
evapotranspiration (ET) according to the Penman-
Monteith method (FAO56-PM) [20], namely,
mean (Tmean), maximum (Tmax) and minimum
(Tmin) air temperature, dew point temperature
(Tdew), average relative humidity (Rhmean),
average water vapor pressure deficit (Damean),
total solar radiation (Rs), average wind speed at
a height of 2 m (u,), and daily precipitation (P).

To verify the obtained meteorological data,
we used regression analysis and the graph
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analytical method, for which the actual values
obtained from AWS iMetos were plotted on
the abscissa axis and the actual values obtained
from VWS Visual Crossing Weather Data on the
ordinate axis. The resulting linear relationship
was compared with a 1:1 line [1, 7]. To assess the
accuracy of the obtained meteorological data, the
mean absolute percentage error MAPE [21, 22],
root mean square error RMSE [23], and standard
error of estimate SEE [24] were determined:
1l &Glx—y
MAPE . Z -

RMSE = /li(x ). 2)
n'ig

(r=y) - z(;_f)z 3)

where x — the value of the meteorological
indicator obtained from AWS iMetos; y — from
VWS VCWD; x. — is the average value of the
meteorological indicator obtained from AWS
iMetos; y — from VWS VCWD; n — sample size
(n=306).

The use of various errors makes it possible
to comprehensively verify the obtained
meteorological data. For example, the MAPE
error calculates the accuracy of the meteorological
indicator. The RMSE and SEE errors indicate how
the obtained value differs from the average value.
The lowest errors indicate the best accuracy of
the obtained meteorological indicator.

Research results and discussion. According
to the results of a comprehensive check of air
temperature, which was obtained from VMS
Visual Crossing Weather Data and from the
iMetos automatic meteorological station, it was
found that the most reliable data are obtained for
the average and maximum air temperature. As can
be seen from the graph (Fig. 1a, 1b), the obtained
linear dependencies almost coincide with the 1:1
line, and the coefficients of determination are
0,9617 and 0.9486, respectively. Less accurate
data are obtained for the minimum air temperature,
the linear dependence is above the 1:1 line (Fig.
1¢), and the coefficient of determination is 0,8346.
This indicates an overestimation of the minimum
air temperature relative to the actual temperature.

The results of the error calculations (Table
1) also confirm that the most reliable data are
obtained for the average and maximum air
temperature. For example, for the maximum
air temperature, on average over the years of
research, the errors of MAPE, RMSE, and SEE

-100% . (1)
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Fig. 1. Regression analysis for checking air temperature

were 2,8 %, 1.0, and 0,9 °C, respectively, which
corresponds to the high accuracy of the result
[22]. For 2023-2024, the MAPE, RMSE, and
SEE errors for the maximum air temperature
were 2,4-3,1 %, 0,8-1,1, and 0.75-1.04 °C,
respectively. In terms of months of research,
the errors of MAPE, RMSE, and SEE for the
maximum air temperature were within 2,6-3,4 %,
0,8-1,1, and 0,66-1,00° C, respectively. The
minimum error values were observed in May,
and the maximum in July and September. Such a
small range of errors indicates their stability over
time.

For the minimum air temperature, the
errors of the MAPE, RMSE, and SEE were
20,0 %, 2,6, and 1,29 °C, respectively, which
corresponds to the good accuracy of the result
[22]. To improve the accuracy of the minimum
air temperature, we calculated the ratio of the
actual minimum temperature to the one obtained
from VCWD, which averaged 0.85 over the years
of research. Multiplying the obtained minimum
air temperature data by the correction factor

of 0,85, we obtained the revised minimum air
temperature. As a result, the errors of the MAPE,
RMSE, and SEE decreased and amounted to
10,4 %, 1,5, and 1,10 °C, respectively (Table 1),
which corresponds to the high accuracy of the
result (Fig. 1d).

According to the analysis of the graph
(Fig. 2a), it was found that the obtained linear
dependence for the dew point temperature almost
coincides with the 1:1 line, and the coefficients
of determination are 0.9568, which indicates the
high accuracy of the results [24].

The results of the error calculations
(Table 2) also confirm the high accuracy of the
dew point temperature obtained from VCWD.
Thus, on average, over the years of research, the
errors of MAPE, RMSE, and SEE, respectively,
were 8,3 %, 1,2, and 0,79 °C, which corresponds
to the high accuracy of the result [22]. For
the years 2023-2024, the errors of MAPE,
RMSE, and SEE were 6,8-9,7 %, 0,9-1,5, and
0,68-0,72 °C, respectively. In terms of months
of research, the errors of MAPE, RMSE and
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1. MAPE, RMSE and SEE errors for air temperature, °C (by observation periods)
. Air temperature, °C
Observation : . - . . -
period aver | max | mine | min* | aver | max | mine | min® | aver | max | mines | min*
MAPE error RMSE error SEE error
average 56 1281200104 |12 |1,0| 2,6 | 1,5 10,63[0,90| 1,29 | 1,10
2023 551241200 93 |12]08 | 24| 1,2 10,57[0,75| 1,07 | 0,91
2024. 56| 3,1120,1 114 |13 | 1,1| 28 | 1,7 10,69|1,04| 1,42 | 1,21
May 46 | 2,6 253113310908 ]| 23 | 1.4 |0,67|0,66| 0,77 | 0,65
June 47126 |125| 83 | 1,1 |08 | 1,7 | 1,3 [0,57/0,80| 0,97 | 0,82
July 541291172 74 13| 1,126 ] 1,3 [0,59]1,00] 1,15 | 0,98
August 6,1 | 241226 85 |141]09| 32 | 1,4 1043|0,77| 1,06 | 0,90
September 6,5 (1341287189 | 13|10 28 | 1,9 |0,67]|0,85| 1,08 | 0,92
min* — specified minimum air temperature.
25 > 25 P
4 y =1,0139x - 0,0903 ®,’
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Fig. 2. Regression analysis to check the dew point temperature

SEE for dew point temperature were in the range
of 11,4-7,1%, 1,409 and 0,93-0,53 °C,
respectively. The minimum error values were
observed in the summer months, and the
maximum in May and September. To improve
the accuracy of the dew point temperature,
we calculated the ratio of the actual dew point
temperature to the one obtained from VCWD,
which averaged 1.07 over the years of research.
Multiplying the obtained dew point temperature
data by the correction factor of 1,07, we obtained
the corrected dew point temperature. As a result,
the MAPE and RMSE errors decreased by 2,5 %
and 0,3 °C, and the SEE error increased by only
0,06 °C. The refined dew point temperature also
corresponds to the high accuracy of the result
(Fig. 2b).

According to the analysis of the graph
(Fig. 3a), it was found that the obtained linear
dependence for relative humidity is below the
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1:1 line, the coefficients of determination of the
obtained dependence are 0,8321. This indicates
that the relative humidity is underestimated
relative to the actual one.

On average, over the years of research, the
MAPE, RMSE, and SEE errors for relative
humidity obtained from VCWD were 13.6 %,
10.7 %, and 4.62 %, respectively (Table 3),
which corresponds to the good accuracy of the
result [22]. For the years 2023-2024, the errors of
the MAPE, RMSE, and SEE were 11,5-15,7 %,
9.0-12.1, and 4,24-4,39 %, respectively. In
terms of months of research, the errors of MAPE,
RMSE and SEE for relative humidity were in the
range of 16,1-8,9 %, 12,2-5,6 and 4,38-2,39 %,
respectively. The minimum error values were
observed in May, and the maximum — in the
summer months. To improve the accuracy of
relative humidity, we calculated the ratio of actual
relative humidity to that obtained from VCWD,
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2. Errors of MAPE, RMSE and SEE for dew point temperature, °C (by observation periods)
Observation Dew point temperature, °C
period average | refined average | refined average | refined
MAPE error RMSE error SEE error
average 8,3 5.8 1,2 0,9 0,79 0,85
2023 6,8 6,5 0,9 0,8 0,68 0,74
2024 9,7 5,2 1,5 0,9 0,72 0,78
May 11,4 15,8 0,9 1,2 0,93 1,00
June 7,1 4,7 1,1 0,7 0,62 0,67
July 7,1 4,3 1,4 0,9 0,77 0,83
August 7,8 4,0 1,3 0,7 0,53 0,58
September 10,9 8,4 1,2 1,0 0,76 0,83
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Fig. 3. Regression analysis for checking relative humidity

which averaged 1.16 over the years of research.
Multiplying the obtained relative humidity data
by the correction factor of 1,16, we obtained
the corrected relative humidity. As a result, the
MAPE and RMSE errors decreased by 7,4 % and
5,3 %, and the SEE error increased by 0,74 %.
The accuracy of the result of the refined relative
humidity increased to high (Fig. 3b).

Based on the analysis of the graph (Fig. 4a),
it was found that the obtained linear dependence
for the water vapor pressure deficit is above the
1:1 line, the R? of the obtained dependence is
0,8734. This indicates an overestimation of the
water vapor pressure deficit relative to the actual
values.

On average, over the years of research, the
MAPE, RMSE, and SEE errors for the water
vapor pressure deficit obtained from VCWD
were 45,2 %, 0,24, and 0,14 kPa, respectively
(Table 4), which corresponds to satisfactory
accuracy [22]. For the years 2023-2024, the
errors of MAPE, RMSE, and SEE, respectively,

were 47,8-42,6 %, 0.21-0,26, and 0,14-0,13 kPa.
In the context of months of research, the errors
of MAPE, RMSE, and SEE for the water vapor
pressure deficit were in the range of 82,7-9,8 %,
0,28-0,13, and 0,14-0,07 kPa, respectively. The
minimum error values were observed in May, and
the maximum in the summer months. It should
be noted that the MAPE error in July was very
high, amounting to 82,7 %, which corresponds to
the unsatisfactory accuracy of the result [22]. To
improve the accuracy of the water vapor pressure
deficit, we calculated the ratio of the actual water
vapor pressure deficit to the one obtained from
VCWD, which averaged 0,80 over the years of
research. Multiplying the obtained data on the
water vapor pressure deficit by the correction
factor of 0,80, we obtained the refined water
vapor pressure deficit. As a result, the errors of
MAPE, RMSE, and SEE decreased by 7,4 %,
0,1, and 0,03 kPa. The accuracy of the result of
the refined water vapor pressure deficit remained
satisfactory (Fig. 4b). In July, the MAPE error
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3. Errors of MAPE, RMSE and SEE for relative humidity, % (by observation periods)
. Relative air humidity, %.
Observation
period average | refined average | refined average | refined
MAPE error RMSE error SEE error
average 13,6 6,2 10,7 5,4 4,62 5,36
2023 11,5 6,2 9,0 5.3 4,24 4,92
2024 15,7 6,2 12,1 54 4,39 5,09
May 8,9 11,7 5,6 7,4 2,39 2,77
June 11,6 6,2 9,5 5,7 4,38 5,08
July 14,4 5,3 11,6 5,1 4,12 4,77
August 16,1 5,3 12,2 4,6 4,35 5,05
September 13,4 6,7 9,9 5,2 2,76 3,20
2,5 " 25 ’
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Fig. 4. Regression analysis for checking the water vapor pressure deficit
4. MAPE, RMSE and SEE errors for water vapor pressure deficit, kPa (by observation periods)
. Water vapor pressure deficit, kPa
Observation
period average | refined average | refined average | refined
MAPE error RMSE error SEE error
average 452 27,7 0,24 0,14 0,14 0,11
2023 47,8 32,2 0,21 0,15 0,14 0,11
2024 42,6 23,3 0,26 0,14 0,13 0,11
May 9.8 17,0 0,13 0,22 0,07 0,05
June 40,3 22,8 0,23 0,13 0,14 0,11
July 82,7 53,8 0,28 0,14 0,14 0,12
August 34,7 16,6 0,25 0,14 0,09 0,07
September 26,9 17,4 0,19 0,14 0,11 0,09

decreased to 53,8 %, which brings the accuracy
of the results obtained in this month almost to
satisfactory.

Based on the analysis of the graph (Fig. 5a),
it was found that the obtained linear dependence
for solar radiation is below the 1:1 line, the
coefficients of determination of the obtained
dependence are 0,7102. This indicates an
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underestimation of solar radiation values relative
to the actual ones.

On average, over the years of research, the
errors of MAPE, RMSE, and SEE for solar
radiation obtained from VCWD were 25,0 %,
7,0, and 3,26 MJ/m? /day, respectively (Table 5),
which corresponds to the satisfactory accuracy
of the result [22]. For 2023-2024, the errors of
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Fig. 5. Regression analysis to check solar radiation

MAPE, RMSE, and SEE, respectively, were
24,5-25,6 %, 6,7-7,3, and 3,49-2,99 MJ/m?/day.
In the context of the study months, the errors
of MAPE, RMSE and SEE for solar radiation
were in the range of 28,9-22,7 %, 7,3—6,0 and
7,48—1,97 MJ/m?/day, respectively. The minimum
values for the MAPE error were observed in the
summer months, and the maximum values were
observed in May and September. For the RMSE
error, on the contrary, the maximum values were
observed in the summer months, and the minimum
values were observed in May and September. The
maximum values of the SEE error were in May
and the minimum values were in September.
To improve the accuracy of solar radiation, we
calculated the ratio of actual solar radiation to
that received from VCWD, which averaged
1,25 over the years of research. Multiplying the
obtained solar radiation data by the correction
factor of 1,25, we obtained the corrected solar
radiation. As a result, the MAPE and RMSE
errors decreased by 10,5 % and 2,8 MJ/m? /day,

and the SEE error increased by 0,82 MJ/m?*/day.
The accuracy of the result of the refined solar
radiation increased to good (Fig. 5b).

The largest deviations of the obtained
meteorological data from the actual ones were
found for wind speed, with a determination
coefficient of 0,5916 for the established
dependence (Fig. 6a). According to the analysis
of the graph, it was found that the obtained linear
dependence for wind speed crosses the 1:1 line
at the point 2.1. Up to the value of 2,1, the linear
dependence passes above the 1:1 line, and after
crossing it, it passes below. This indicates that
the wind speed is overestimated up to a value of
2.1 m/s, and then it is underestimated.

On average, over the years of research, the
MAPE, RMSE, and SEE errors for the wind speed
at a height of 2 m obtained from VCWD were
62,3 %, 0,56, and 0,43 m/s, respectively (Table
6), which corresponds to the unsatisfactory
accuracy of the result [22]. For the years
2023-2024, the errors of the MAPE, RMSE,

5. MAPE, RMSE and SEE errors for solar radiation, MJ/m? /day (by observation periods)

Solar radiation, MJ/m /day?
Observation period| total | refined total | refined total | refined
MAPE error RMSE error SEE error
average 25,0 14,5 7,0 4,2 3,26 4,08
2023 24,5 15,0 6,7 4,4 3,49 4,36
2024 25,6 14,0 7,3 4,0 2,99 3,74
May 26,1 19,5 6,6 5,3 7,48 9,35
June 24,5 17,5 7,3 4,8 3,82 4,77
July 24,9 14,5 7,6 4,4 3,27 4,09
August 22,7 10,4 6,9 3,7 2,72 3,40
September 28,9 14,4 6,0 3,1 1,97 2,46
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Fig. 6. Regression analysis to check wind speed
and SEE, respectively, were 25,8-98,7%, MAPE and RMSE errors increased. Thus, in

0,36-0,71, and 0,32-0,45 m/s. In the context
of the study months, the MAPE, RMSE, and
SEE errors for wind speed were in the range
of 124,3-23,6 %, 0,68-0,35, and 0,39-0,27
m/s, respectively. The minimum values for the
errors were observed in May and June, and the
maximum values were observed in July and
August. It is worth noting the very high error
of the MAPE in August, which amounted to
124,3 %. To improve the accuracy of wind
speed determination, we calculated the ratio of
the actual wind speed to the one obtained from
VCWD, which averaged 0,6 over the years
of research. Multiplying the obtained wind
speed data by the correction factor of 0,6, we
obtained the refined wind speed. As a result, the
MAPE and SEE errors decreased by 23,3 % and
0,19 m/s, and the RMSE error increased by
0,05 m/s. The accuracy of the data obtained
increased to satisfactory (Fig. 5b). At the same
time, despite the decrease in average errors
over the years of research, in May and June, the

May, these errors increased by almost 2,5 times.

Based on the results of comparing the daily
precipitation obtained from the VCWD and the
actual values, a moderate relationship between
them was established [24], with a determination
coefficient of 0,3463 (Fig. 7a). The obtained
linear dependence for daily precipitation falls
below the 1:1 line. Based on the analysis of total
precipitation for the month obtained from VCWD
and actual precipitation, a close relationship
between them was established. The coefficients
of determination are 0,9743 (Fig. 7b). The
resulting linear relationship for total precipitation
per month is above the 1:1 line. This indicates
an overestimation of total precipitation for the
month relative to the actual precipitation.

On average, over the years of research, the
errors of MAPE, RMSE, and SEE for daily
precipitation obtained from VCWD were 40103 %,
6,0, and 5,7 mm/day, respectively (Table 7), which
corresponds to a very unsatisfactory accuracy of
the result [22]. Such high error values are observed

6. MAPE, RMSE and SEE errors for wind speed, m/s (by observation periods)

) Wind speed, m/s
Observation
period average | refined average | refined average | refined
MAPE error RMSE error SEE error

average 62,3 39,0 0,56 0,61 0,43 0,26
2023 25,8 38,0 0,36 0,72 0,32 0,19
2024 98,7 40,0 0,71 0,48 0,45 0,27
May 18,6 50,2 0,48 1,13 0,39 0,23
June 23,6 36,7 0,35 0,77 0,25 0,15
July 48,3 31,3 0,55 0,58 0,33 0,20
August 1243 53,8 0,68 0,35 0,27 0,16
September 63,1 28,1 0,67 0,37 0,25 0,15
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Fig. 7. Regression analysis for precipitation verification

7. Errors of MAPE, RMSE and SEE for precipitation, mm (by observation periods)

Precipitation, mm
Observation daily amount for the daily amount for the daily amount for the
period month month month

MAPE error RMSE error SEE error
average 40103 52,6 6,0 11,6 5,7 -
2023 18295 72,7 6,4 12,6 6,3 -
2024 61912 32,5 5,4 10,7 5,1 -
May 4367 50,0 5,0 10,0 4.8 -
June 52911 33,5 6,2 253 6,0 -
July 74467 17,6 9.9 13,1 9,0 -
August 23264 120 2,8 8,3 2,7 -
September 10941 50,5 4.4 9.8 473 -

both by years of research and by months, which
indicates that it is impossible to use the obtained
values of daily precipitation from VCWD [9].

Based on the analysis of total monthly
precipitation obtained from VCWD, their
unsatisfactory accuracy was found. Thus, on
average, over the years of research, the MAPE
and RMSE errors for the amount of precipitation
per month were 52,6 % and 11,6 mm/month,
respectively (Table 7). For the years 2023-2024,
the MAPE and RMSE errors were 72,7-32,5 %
and 12,6-10,7 mm/month, respectively. In
terms of months of research, the MAPE and
RMSE errors for the amount of precipitation per
month were in the range of 120,0-17,6 % and
25,3-8,3 mm/month, respectively. The minimum
values for the MAPE error were observed in
July, and the maximum values were observed in
August. For the RMSE error, the minimum values
were observed in August, and the maximum
values were observed in June.

For the amount of annual precipitation obtained
from VCWD, their satisfactory accuracy was found
(MAPE=23,9%, RMSE=479 mm/year). For
2023-2024, the errors of the MAPE and RMSE were
28,7-19,2 % and 57,6-38,3 mm/year, respectively.

Conclusions.

1. Based on the results of the analysis of
meteorological data obtained from the Visual
Crossing Weather Data virtual meteorological
station, their accuracy was established. Thus, the
data on the average, maximum air temperature
and dew point temperature are received with
high accuracy, with the MAPE errors of 5,6, 2,8
and 8,3 %, respectively (MAPE <10 %). The
minimum air temperature and average relative
humidity are characterized by good accuracy,
with the MAPE errors of 20,0 and 13,6 %,
respectively (MAPE = 10-20 %). The data on
solar radiation and water vapor pressure deficit
are obtained with satisfactory accuracy, with
MAPE errors of 25,0 and 45,2 %, respectively
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(MAPE =20-50 %). Data on wind speed
at a height of 2 m, total monthly and daily
precipitation were obtained with unsatisfactory
accuracy, with MAPE errors of 62,3, 52,6, and
40103 % (MAPE > 50 %), respectively.

2. According to the results of the research, it
was found that the values of daily precipitation
(RMSE = 6.0 mm) obtained from VCWD are not
correct. It is possible to use only total monthly
precipitation (RMSE=11,6 mm/month) or

o7

3. The application of the correction factor to
the obtained meteorological data increases their
accuracy and reduces the errors of MAPE, RMSE
and SEE.

4. In the future, the meteorological data
obtained from the Visual Crossing Weather
Data virtual meteorological station will be
used to calculate the reference and actual
evapotranspiration using the Penman-Monteith
method (FAO56-PM) in the Polissya region of

annual values (RMSE =47,9 mm/year). Ukraine.
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Anomayia. Y cmammi npogedeno komniexcue oyinio8anHs MemeoponociyHux OaHux, OmpUMAanux 3 6ipmy-
anvroi Visual Crossing Weather Data (VCWD) ma asmomamuunoi (iMetos Base) memeoponoeiunoi cmanyii
ons ymoe Ilonicea Yxpainu. 3 yicto memoro 6y10 obpano memeopono2iuni 0aui, AKi 6x0058ms 00 Gopmynu
pospaxynky emanonnoi esanompancnipayii (ET,) 3a memooom [lenmana-Monmetima (FAO56-PM) a came:
cepeons (Tmean), maxcumanvna (Tmax) ma minimanona (Tmin) memnepamypu nogimps, memnepamypa
mouxu pocu (Tdew), cepedns sionocna onocicmv nogimps (Rhmean), cepeoiii deghiyum mucky 6005HOT
napu (Damean), cymaprna consuna paoiayia (Rs), cepeons weuokicme 6impy Ha sucomi 2 m (u,) ma ujo0o-
006i onaou (P). Ha ochosi pecpecitinoco ananisy ma po3paxyHKy cepeoHboi abcontomHoi 8i0comrogoi
noxuoxu (MAPE), cepednvoksadpamuunoi noxuoxku (RMSE) ma cmandapmmuoi noxubxu (SEE) obrpynmo-
8AHO, U0 3 8UCOKOIO Mounicmio 3 gipmyanvroi VCWD-uemeocmanyii ompumano 0ami ujo0o cepeonsboi ma
MAKCUMATLHOT meMnepamypu nosimpsi, a maxoosic memnepamypu mouxu pocu. Ioxubxu MAPE 6ionogiono
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cmanogiams 5,6, 2,8 ma 8,3 % (MAPE < 10 %). dna minivmansnoi memnepamypu nogimps ma cepeonboi
BIOHOCHOI 801020CMI NOBIMPs NPUMAMaHHa 000pa moynicmos, noxubxu MAPE sxux 6i0nogiono cmanos-
asamo 20,0 ma 13,6 % (MAPE = 10— 20 %). I3 3a008i1b1010 MOYHICMI0 OMPUMAHO OAHI NPO COHAYHY Paoi-
ayito ma deiyum mucky 600anoi napu, noxuoku MAPE axux eionogiono cmanosiams 25,0 ma 45,2 %
(MAPE =20-50 %). /lani npo weudkicms 6impy Ha eucomi 2 M, CyMapHi MicAuHi ma ujo00008i onaou
ompuMano 3 He3ado08inbHol mounicmio, noxubku MAPE sxux eionosiono cmawnosisime 62,3, 52,6 ma
40103 % (MAPE > 50 %). Bcmanosneno, ujo 3nauentisi ujooobogux onaodie (RMSE = 6,0 mm), ompumanux
3 VCWD sukopucmogysamu ne kopekmuo. Modiciuso ukopucmogysamu miioKu cymapui onaou 3a Micsiyb
(RMSE = 11,6 mm) abo ix piuni snauenns (RMSE =47,9 mm). 3acmocysanns xopueyrouoeo xoegiyienmy
00 OMPUMAHUX MEMEOPONOTUHUX OaHUX Nideuwye ix mounicms, ma smenuiye noxuoku MAPE, RMSE ma
SEE. 3acmocysanns piznux noxubox 0ano MOACIUBICIb KOMNIIEKCHO Nepesipumu ompumari memeopono-
etuni dani. Tax, 3a 0onomoeoio noxudku MAPE po3paxoyemvcsi 3 IKOWO MOYHICIIO OMPUMYEMbCI Meme-
oponoeiunuii noxkasuux, noxuoxku RMSE ma SEE exazanu HACKINbKU OMPUMAHA GeNUYUNA 8IOPI3HAEMbCS
8I0 cepeonboeo 3HavenHs. Haoani ompumari memeoponoeiuni nOKasHuKy 3 8ipnyanibHoOi MemeoponociuHoi
cmanyii Visual Crossing Weather Data 6ydyms gukopucmani 014 po3paxyHKy emanionHoi ma axmuuroi
esanompancnipayii 3a memooom Ilenmana-Monmetima (FAO56-PM) 6 ymosax [lonicca Ykpainu.
Knrwuosi cnoea: sipmyanvia memeocmanyisa, MemeopoiociuHi Oaui, memnepamypa nogimps, onaou,
mounicms, noxubku MAPE, RMSE ma SEE
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Abstract. The article presents the results of experimental studies to determine the effect of using different
rates of nitrogen fertilizers in the form of KAS-32 and the nitrification inhibitor 3,4-dimethylpyrazol
phosphate on the yield of winter wheat, winter rape and corn. Field studies were conducted during

2018-2021 in the research department of Druzhba Nova LLC in Varvynskyi district of Chernihiv region
(a branch of the Kernel agricultural holding). Analytical and mathematical-statistical methods were used to
process the experimental data. The scheme of the one-factor field experiment included the use of variants
with different norms of nitrogen fertilizers (Nio, Ni2o and Niso), as well as the use of the nitrification inhibitor
3,4-dimethylpyrazol phosphate when added to KAS-32. The control variant was conditionally without
nitrogen fertilizers NioP3 oK. The results of experimental studies have been proven. Thus, in winter wheat,
on average, over the four years of research in 2019-2021, the yield increased from 3,74 t/ha in the control
variant NioPsoKsoto 6,27 t/ha and to 6,30 t/ha in the variants background + Nigo+ NI and background + N2+ NI
and then slightly decreased in the experimental variant with the maximum rate of nitrogen fertilizers but
without the use of NI (background + Nix) to 5,85 t/ha. For winter rape, on average over the three years of
research in 2018-2021, the yield also increased from 2.48 t/ha in the control variant NioP3oKaoto 3,06 t/ha and
3,16 t/ha in the variants Background + N2+ NI and Background + Niso+ NI and further slightly decreased
to 2,79 t/ha in the variant with the maximum rate of nitrogen fertilizers but without the use of NI (Back-
ground + Ni).

For maize, on average, over 4 years of research in 2019-2021, is fixed an increase in yield from 8,14 t/ha
in the control variant NP3 K to 9,75 t/ha and to 9,52 t/ha in the variants Background + N2+ NI and
Background + Niso + NI and a slight decrease in yield in the experimental variant with the maximum rate of
nitrogen fertilizers, but without the use of NI (Background + Ni3g) to 8,7 t/ha.

Keywords: nitrification inhibitor, 3,4 dimethylpyrazol phosphate, urea-ammonia mixture, normalized
differential vegetation index, yield, winter wheat, winter rape, corn

Relevance of the study. A number of factors,
such as climatic conditions, soil type, growing
zone, crop rotation and fertilizer use, influence
the formation of sustainable crop yields, but
nitrogen fertilizers, first of all, play one of the
main factors [1-5]. In turn, nitrogen fertilizers
are in constant processes of transformation in
the soil from amide form to ammonium form
and finally to nitrate form, these processes have
a negative effect on the environment, ecosystem
and soil as nitrogen losses occur during such
transformations [6, 7]. Therefore, it is natural that
the effectiveness of nitrogen fertilizers is reduced
due to its losses, such as nitrate leaching due to
nitrification and evaporation in gaseous forms
during denitrification, such losses can be up to

2530 % of the applied amount of nitrogen [8, 9].
Some researchers believe that the so-called
inhibitors can reduce nitrogen losses in nutrition
systems by up to 50 %, depending on the specific
inhibitor and the rate of its use, as well as other
conditions such as meteorological conditions and
soil type [10, 11].

Taking all of the above into account, we can
conclude that the study of the impact of different
rates of nitrogen fertilizers in the form of KAS-32
in combination with the nitrification inhibitor
(NI) 3,4-dimethylpyrazol phosphate (DMPP) on
the yield of winter wheat, winter rape and corn is
a relevant area of work.

Analysisofrecentresearchandpublications.
A nitrification inhibitor is a chemical substance
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of selective action that can inhibit the processes
of nitrification in the soil by inhibiting the
development of Nitrosomonas bacteria without
destroying it, namely by suppressing its activity
for a certain period of time. The mechanism of
action of the nitrification inhibitor is to prolong
the conversion of some forms of nitrogen into
others compared to the application of soluble
mineral fertilizers: urea, ammonium sulfate,
ammonium nitrate [12, 13]. In order to reduce
nitrogen losses, namely during the nitrification
process, nitrogen application rates are regulated
and so-called nitrification inhibitors are used,
and today 3,4-dimethylpyrazol phosphate
is one of the most effective nitrification
inhibitors [14, 15, 16]. In the European Union,
nitrification inhibitors are regulated by law,
including the inhibitor 3,4-dimethylpyrazol
phosphate, and the decision of the European
Union Regulatory Commission No. 1257/2014
amending Regulation (EC) No. 2003/2003 of
the European Parliament and of the Council as
regards fertilizers and amending Annexes I and
IV of 24.11.2014 was introduced [17].

Thus, the aim of the study was to determine the
effect of using different rates of nitrogen fertilizers
in the form of KAS-32 in combination with
the nitrification inhibitor 3,4-dimethylpyrazol
phosphate on the yield of winter wheat, winter
rape and corn.

Materials and methods of the study.
The study was conducted at the research site
of Druzhba Nova LLC in Varvynskyi district
of Chernihiv region (a branch of the Kernel
agricultural holding) within the Uday drainage
system without groundwater level regulation.
The soil of the experimental site is a typical
low-humus chernozem, the topsoil of which is
characterized by the following main indicators
humus content — 3,4 %, pH neutral and close to
neutral — 5,7-7,0, mobile phosphorus content —
from high to very high — 15,4-26,3 mg/100 g of
soil, exchangeable potassium — from medium to
high—7,1-16,2mg/100 g of soil, easily hydrolyzed
nitrogen — from high to high — 5,7-7,9 mg/100 g
of soil. The research was conducted according to
the scheme of a one-factor experiment. The sown
area of the experimental plot was 0,6 hectares,
the alternation of variants was sequential. The
field experiments were laid out and performed
according to the methodology of field experiments
(Dospekhov B.A., 1985). Harvest accounting
was carried out by continuous harvesting and
weighing of the bunker mass from each plot
with subsequent conversion to standard moisture
and weediness according to DSTU 2240-93 in
3 replications. Mathematical and statistical data
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were proceeded using the Agrostat software and
information complex.

In accordance with the regulation of the
European Union Regulatory Commission, a
minimum rate of 0,8 % of NI DMPP was used
on amide NH, and ammonium NH4* forms of
nitrogen. According to this minimum calculated
rate of 0,8 %, the rate of use of NI DMPP on
KAS- 32 -is 7,02 liters per 1000 kg of KAS-32.

Research results and discussion.

The analysis of data on the yield of winter
wheat, winter rape and corn shows that this
indicator varied significantly over the years of
research depending on the fertilizer background.
Thus, the yield of winter wheat in all experimental
variants was higher in two years of research in
2018 in the range of 3,72-8,14 t/ha and in 2020
in the range of 3.77-7.25 t/ha. Yields in the other
two years of research, namely in 2019 and 2021,
fluctuated at a relatively lower level in the range
of 3,63-5,10 t/ha in 2020 and 3,83-4,81 t/ha in
2021, respectively. The average yield of winter
wheat in all experimental variants in 2018-2021
ranged from 3,74—6,30 t/ha (Table 1).

In turn, the yield of winter rape in all
experimental variants was higher in 2018,
ranging from 3,12-3,85 t/ha. Yields in 2020 and
2021 were lower and ranged from 2,21-2,98 t/ha
in 2020 and 2,11-2,70 t/ha in 2021. No winter
rapeseed trials were conducted in 2019 due to
unfavorable weather conditions. The average
yield of winter rape in all experimental variants
in 2018-2021 ranged from 2.48-3,16 t/ha.

Corn yields also varied depending on the
years of research in 2018-2021. Thus, corn yield
in all experimental variants was higher in 2018
in the range of 8,60—11,02 t/ha and in 2021 in
the range of 8,57—11,19 t/ha. Yields in 2019 and
2020 fluctuated at a lower level in the range of
7,20-8,89 t/ha in 2019 and 8,17-8,66 t/ha in
2020, respectively. The average yield of corn in
all experimental variants in 2018-2021 ranged
from 8,14-9,75 t/ha.

There is a clear pattern for all studied crops
of winter wheat, winter rape and corn and for the
four years of research in 2018, 2019, 2022 and
2021 as an increase in yields in the experimental
variants depending on the increase in nitrogen
rates and the use of NI, followed by a slight
decrease in yields in the experimental variant
with the maximum nitrogen fertilizer rate but
without the use of NI.

Investigating the data of winter wheat yield
by years of research and by experimental variants
in 2018, the control variant NjoP3K4o yielded
3,72 t/ha, it increased in the experimental variants
with increased rates of nitrogen fertilizers and
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1. Yield of winter wheat, winter rape and corn depending on the use of different rates of nitrogen
fertilizers with the addition of a nitrification inhibitor (2018-2021), t/ha
Option Yield, t/ha Average yield
2018 [ 2019 | 2020 | 2021 2018-2021, t/ha
Winter wheat
Nio P30K4o (background) 3,72 3,63 3,77 3,83 3,74
Background+N o+NI 8,00 5,05 7,20 4,81 6,27
Background+N 12+NI 8,14 5,10 7,25 4,72 6,30
Background+Ni» 7,40 4,64 6,85 4,50 5,85
NIRos 0,133 0,186 0,203 0,249 -
Winter rape
Nio P30K4o (background) 3,12 - 2,21 2,11 2,48
Background+Niy +NI 3,70 - 2,79 2,70 3,06
Background+N3o +NI 3,85 - 2,98 2,66 3,16
Background+Ni3o 3,45 - 2,31 2,60 2,79
NIRos 0,312 - 0,266 0,363 -
Corn
Nio P30K4o (background) 8,57 7,20 8,17 8,60 8,14
Background+N +NI 11,19 8,27 8,51 11,02 9,75
Background+N 3o +NI 9,95 8,89 8,66 10,59 9,52
Background+Ni3o 9,77 7,75 8,38 9,97 8,97
NIRos 0,275 0,335 0,291 0,887 -

the use of NI, namely, Background+ Nig + NI
and Background+ N0+ NI to 8,00 t/ha and
8,14 t/ha, respectively, and slightly decreased in
the experimental variant with the maximum rate
of nitrogen fertilizers but without the addition of
NI Background + Nz to the level of 7,40 t/ha.
The same trend was observed in the other 3 years
of research in 2019, 202 and 2021. Thus, in 2019,
there was an increase in yield from 3,63 t/ha in
the control variant NioP30K4oto 5,05 t/ha and to
5,10 t/ha in the variants Background + N+ NI
and Background + N1+ NI with a slight decrease
to 4,64 t/ha in the variant Background + Ni. In
2020, fixed an increase in yield from 3,77 t/ha in
the control variant NioP30K4oto 7,20 t/ha and to
7,25 t/ha in the variants Background + N+ NI
and Background + N2+ NI and a slight decrease
to 6,85 t/ha in the variant Background + N2, and
in 2021, an increase in yield from 3,83 t/ha in
the control variant NioP30K4oto 4,81 t/ha and to
4,72 t/ha in the variants Background + Ng+ NI
and Background + N2+ NI and a slight decrease
to 4,50 t/ha in the variant Background + Niz. The
NIRgs was 0,133 t/ha in 2018, 0,186 t/ha in 2019,
0,203 t/ha in 2020 and 0,249 t/ha in 2021.

On average, over the 4 years of research
in 2019-2021, the yield of winter wheat
also increased from 3,74 t/ha in the control
variant  NjoP3o)K4 to 6,27 t/ha and to
6,30 t/ha in the variants Background + N+ NI

and Background+Ni+NI and then slightly
decreased in the experimental variant with the
maximum rate of nitrogen fertilizers but without
the use of NI (Background + Nix) to 5,85 t/ha.
For winter rape, as well as for winter wheat,
in all years of research 2018-2021, an increase
in yields was observed in the experimental
variants with an increase in the rate of nitrogen
and the use of NI on the experimental variants
Background+Nixo+NI  and  Background +
Niso+ NI and a subsequent slight decrease in
yields on the experimental variant with the
maximum rate of nitrogen fertilizers but without
the use of NI (Background+Nis). Thus, in
2018, the control variant NjoP30Ka4o yielded
3,12 t/ha, it increased in the experimental variants
Background + N2+ NI and Background + N3+
NI to 3,70 t/ha and 3,85 t/ha, respectively,
and slightly decreased to 3,45 t/ha in the
experimental variant Background+ Nis. The
same trend was observed in the other 2 years
of research in 2020 and 2021. Thus, in 2020,
an increase in yield was observed in the control
variant N1oP3Ka from 2,21 t/ha to 2,79 t/ha and
2,98 t/ha in the variants Background + Ny + NI
and Background + N3+ NI respectively, and a
slight decrease in yield to 2,31 t/ha in the variant
Background +Niz. And in 2021, the yield
increased from 2,11 t/ha in the control variant
NioP30K4o to 2,70 t/ha and 2,66 t/ha in the
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variants Background+Ni+NI and Back-
ground + N30+ NI, and a slightly decreased to
2,60 t/ha in the variant Background +Niso. The
NIRos for winter rape was 0,312 t/ha in 2018,
0,266 t/ha in 2020 and 0,363 t/ha in 2021.

On average, over the years of research, the
yield of winter rape also increased from the control
variant NoP30K4o from 2,48 t/ha to 3,06 t/ha and to
3,16 t/ha in the variants Background + N+ NI
and Background+ N3+ NI and then slightly
decreased in the experimental variant with the
maximum rate of nitrogen fertilizers but without
the use of NI (Background + Ni3o) to 2,79 t/ha.

A similar trend was observed in corn
yield data. Thus, in 2018, the control variant
NioP30K4o yielded 8,60 t/ha, it increased in the
experimental variants Background + N+ NI
and Background+ N3+ NI to 11,02 t/ha and
10,59 t/ha, respectively, and slightly decreased
in the experimental variant Background + N3z to
9,97 t/ha. In 2019, the yield of the control variant
NioP30Kaoincreased from 7,20 t/ha to 8,27 t/ha and
to 8,89 t/ha in the variants Background + N + NI
and  Background+Nio+NI,  respectively,
and a slight decrease in yield to 7,75 t/ha in
the wvariant Background+ Niz. Similarly, in
2020, corn yields increased from the control
variant NioP30K4o from 8,17 t/ha to 8,51 t/ha and
8,66 t/ha in the variants Background + N+ NI
and Background+Ni;+NI and decreased
slightly to 8,38 t/ha in the variant
Background +Niz. And in 2021, the yield of
corn also increased from the control variant
NioP30K4o from 8,57 t/ha to 11,19 t/ha and to
9,95 t/ha in the variants Background + N+ NI
and Background+ N3+ NI and decreased to
9,77 t/ha in the variant Background + Niz. The
NIRys was 0,887 t/ha in 2018, 0,335 t/ha in 2019,
0,291 t/ha in 2020 and 0,275 t/ha in 2021.

Summarizing the corn yield data for the
average of 4 years of research in 2019-2021,
there is also an increase in yield from the control
variant NoP30K4o from 8,14 t/hato 9,75 t/ha and to
9,52 t/ha in the variants Background + N+ NI

and Background + Ni3o+ NI and a slight decrease
in yield in the experimental variant with the
maximum rate of nitrogen fertilizers, but without
the use of NI (Background + Ni3o) to 8,97 t/ha.

In addition to fertilization, the amount and
mode of productive precipitation had a significant
impactontheproductivity ofall crops. Thus, during
2018-2020, in the spring period (from March to
May), there was insufficient precipitation — 68,2,
87,6 and 130,0 mm, respectively, which had an
extremely negative impact on both the period of
spring renewal of winter crops and the conditions
for sowing early spring crops. At the end of the
growing season, in September 2018, the total
amount of precipitation was the lowest in the
years of research and amounted to 309,0 mm
(Table 2).

The analysis showed that from 2019
to 2020, the amount of precipitation and
the amount of productive moisture in the
root layer of the soil from March to May
remained below optimal values for all crop
groups (198,4-222,8-258,2 mm in 2019 and
133,0-168,0-252,0 mm in 2020). At the end of
the growing season, in September 2019 and 2020,
the total amount of precipitation was almost at
the same level and amounted to 341,8 mm and
343,8 mm. In 2021, during the spring growing
season, the amount of precipitation was slightly
higher compared to previous years and ranged
from 196,3-241,7-327,1. Also, the amount of
precipitation at the end of the growing season in
September 2021 was the highest in the years of
research and amounted to 509,9 mm.

The calculations show that the highest
correlation between the amount of productive
precipitation and crop yields was for grain corn —
0,74. For example, the corn grain yield in the
wettest year of 2021 exceeded the drier years of
2019 and 2020 by 1,6 and 2,0 t/ha, respectively.
In turn, for the group of winter crops (wheat,
rapeseed), the impact of precipitation was less
significant (correlation coefficient 0,42 and 0,47,
respectively).

2. Dynamics of productive precipitation (cumulative total) by years of research during the growing

season (March-September) (2018-2021), mm

Months Cumulative rainfall, mm
2018 2019 2020 2021
March 68,2 198,4 133,0 196,3
April 87,6 222.8 168.,0 241,7
May 130,0 2582 252,0 327,1
June 208,6 275,4 286,4 359,3
July 261,8 315,2 3220 4447
August 269,4 3252 3298 4991
September 309,0 341,8 3438 590,9
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Conclusions. The results of experimental
studies have shown that the use of different norms
of nitrogen fertilizers in the form of KAS-32
in combination with the nitrification inhibitor
(NI) 3,4-dimethylpyrazol phosphate (DMPP)
significantly affects the yield of winter wheat,
winter rape and corn.

In winter wheat, on average, over the
four years of research in 2019-2021, the
yield increased from 3,74 t/ha in the control
variant NjoP3;0Ks to 6,27 t/ha and 6,30 t/ha
in the variants — Background+ N+ NI and
Background+Ni+NI  and then slightly
decreased in the experimental variant with the
maximum rate of nitrogen fertilizers but without
the use of NI (Background + Ni29) to 5,85 t/ha.

In winter rape, on average over the three years
of research in 20182021, the vyield also
increased from 2,48 t/ha in the control variant
NioP30Ka4o to 3,06 t/ha and 3,16 t/ha in the variants
Background +Ni2+ NI and Background + N30+ NI
and then slightly decreased in the variant with the
maximum rate of nitrogen fertilizers but without the
use of NI (Background + Ni30) to 2,79 t/ha.

For corn, on average, over 4 years of research
in 20192021, fixed an increase in yield from
8,14 t/ha in the control variant N1oP30K4to 9,75 t/ha
and 9,52 t/ha in the variants Background + N+ NI
and Background + Ni3o+ NI and a slight decrease
to 8,97 t/ha in yield in the experimental variant
with the maximum rate of nitrogen fertilizers but
without the use of NI (Background + Ni3o).
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Anomauia. Y cmammi nageoeHo pe3yibmamu eKCHepUMeHmanbHux 00CIONCeHb i3 8USHAYEHHS GNIUBY
BUKOPUCTAHHS PI3HUX HOpM a30mHUX 000pus y euenidi KAC-32 ma ineibimopa nimpugixayii 3,4-oume-
munnipasonghocam Ha ypostcatiHicms nuieHuYyi 03uMoi, pinaxy o3umozo ma Kykypyosu. Ilonvosi docii-
OotcenHs nposedeno npomsazom 2018-2021 pp. 6 maykoso-oocnionomy 6iooini CTOB «/pyacoa Hosax
Bapesuncwrozo pationy Yepniciecvroi obnacmi (8i0dinenns azpoxonouncy «Kepneny). /lns o6pobru excne-
DPUMEHMATHUX OAHUX BUKOPUCMAHO AHANIMUYHI A MamemMamudno-cmamucmuyni memoou. Cxemoro
00HOMAKMOPHO20 NOTLOBO2O AOCAIOY O)10 BUKOPUCIAHHS 8APIAHMIE 3 PIZHUMU HOPMAMU A30MHUX 00OPUB
(N1oo, Ni2oma Niso), a maxodic suxopucmanms ineioimopa Himpughixayii' 3,4-oumemunnipaszongocgham npu
0ooasanni 8 KAC-32. Koumponvuum 06y6 eapianm ymosHo 6e3 azomuux 000pue NioP3 oK. Pesyromamamu
EKCHEePUMEHMANbHUX 00Caiodcenb dosedero. Tax, no nuienuyi o3uMiti 8 cepeOHbOMY 3a HOMUpPU POKU
oocnioacenv 2019—2021 ypooicatinicms 36inbuLysanacy 6io koHmponvroco sapianmy NioP3Kso3 3,74 m/ea
00 6,27 m/2a ma 0o 6,30 m/2a na eapianmax ¢pon + Nioo + IH ma ¢pon + Ni20 + IH ma 6 nooanvuiomy oeujo
BHUIICYBANACH HA 8apianmi 00CTiOY i3 MAKCUMATLHOI HOPMOIO A30MHUX 000pus ane oe3 GUKOPUCAHHS
IH (¢on + Ni2) 00 5,85 m/ea. Ilo pinaxy o3umomy 6 cepedubomy 3a mpu poxu 0ocrioxcenv 2018—-2021
VPOUCATIHICb TMAKONHC 30LTbULYBANACH 810 KOHMPOIbHO20 8apianmy NP3 K3 2,48 m/za oo 3,06 m/ea ma
00 3,16 m/ea na eapianmax @own + N1z + IH ma ¢on + Niso + IH ma 6 nodanvuiomy 0ewo 3HuUMICY8aiacy
Ha eapianmi 00CHi0y i3 MAKCUMATbHOIO HOPMOIO a30mMHuux 006pus aie oe3 suxopucmanus IH (Q@on + Ni3p)
00 2,79 m/za.

Ilo xkyxypyosi ¢ cepeonvomy 3a 4 poxu oocioacerv 2019-2021 max camo cnocmepieaemvcsi 30i1bUICHHS
ypoorcaiinocmi 6i0 konmpoavrozo eapianmy NioP3Kw3 8,14 m/za 0o 9,75 m/ea ma do 9,52 m/ea na éapi-
aumax @own + Nizo + IH ma @ou + Nizo + [H ma necymmege 3HUINCEHHS 8POANCAUHOCMIE HA 8apianmi 00Caidy
i3 MAKCUMANLHOIO HOPMOIO A30MHUX 000pus, aie be3 suxopucmanns IH (¢hon + Nizg) 0o 8,97 m/za.
Knrwouosi cnosa: incioimop nimpucpixayii, 3,4 oumemuanipazongocgham, xapbamiono-amiayna cymiud,
HOpMANI308anull Ougpepenyitinull 6ecemayitihull IHOEKC, YPONICAUHICMb, NUEHUYS 03UMA, PINAK O3UMULL,
KYKYpyo3a
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Abstract. The sustainability of agriculture in Ukraine directly depends on the level of natural soil moisture
supply, which is significantly deteriorating under the influence of climate change. The article investigates
the impact of these changes on the value of potential evapotranspiration (ETo) in the southwestern part of
the Kyiv region (Central Forest-Steppe of Ukraine) based on the data from the Bila Tserkva weather station
for the period from 1991 to 2020. The research methodology is based on the assumption that the assessment
of the impact of climate change on the state of natural moisture supply can be performed provided that
climate change itself'is assessed according to the long-term dynamics of air temperature and precipitation
in the period from 1991 to 2021 with the values of the same indicators in the period from 1961 to 1990 — the
climatic norm. The potential evapotranspiration (ETo) was chosen as the criteria for assessing the impact
of climate change on the state of soil moisture supply. The assessment results showed that the annual
value of potential ETo increased by 9 %, which may indirectly indicate a deterioration in the conditions of
natural soil moisture supply. This has important implications for agriculture, as an increase in ET can lead
to a decrease in available moisture for plants, which will negatively affect crop yields. The study covers
changes in average annual and average monthly air temperature, as well as precipitation by season and
month. It has been established that over the past thirty years, Ukraine has been experiencing a deterioration
in moisture conditions, which requires the adaptation of agricultural practices. Sustainable development
of the agricultural sector is possible only if changes in the natural moisture supply are taken into account
when developing management models and cultivation technologies. The results obtained indicate the need
to introduce innovative agronomic technologies that adapt to current climate change.

Keywords: forecasting of moisture reserves, modeling, factors of influence, hydrothermal conditions,
agriculture, climate change

Relevance of the research. The sustainability of The rapid increase in average annual

farming in Ukraine directly depends on the level of
natural soil moisture supply. According to numerous
studies conducted by various authors, Ukraine is one
ofthe countries where climate change is characterized
by the highest rates of increase in average annual air
temperature in Europe. This so-called “hot” phase
of climate change began in Ukraine in the late 70s
and early 90s of the last century and continues today.
Depending on the region of Ukraine, the rate of
growth of the average annual temperature ranges
from 0,6 to 0,8 °C (over 10 years).

temperature leads to a corresponding increase in
total evaporation and potential evapotranspiration.
And given that the amount of annual precipitation
remains unchanged, climate change has led to
the development of a progressive dehydration
process throughout Ukraine, which is primarily
manifested through the deterioration of natural
soil moisture conditions and sustainable farming
practices. In this regard, it is important for almost
every business entity, regardless of ownership,
to assess the state of natural soil moisture supply
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and trends in its changes under the influence
of climate change as a basis for developing
measures to minimize the negative impact of this
process on the efficiency and sustainability of
management.

Analysis of recent research and
publications. In recent years, Ukraine’s climate
has been changing intensively: since 1991, each
subsequent decade has been warmer than the
previous one: 1991-2000 by 0,5 °C, 2001-2010
by 1,2 °C, 2011-2019 by 1,7 °C. In 10 regions of
Ukraine, precipitation in 2014-2018 was 7-12 %
less than normal [1-4].

In addition, there is a tendency to increase
the area with insufficient precipitation (less than
400 mm) in the warm season. The climate has
already become drier throughout the country. In
particular, there were droughts in the following
periods: spring drought in 2002, 2003; spring and
summer drought in 2007, 2009 and 2012; autumn
drought in 2011; winter and early spring drought
in 2019; autumn drought in 2020 [5-6] .

Scientists both in Ukraine and globally are
talking about climate change and the threat it poses
to humanity. There are many different forecasts,
and they are all disappointing for agricultural
producers, since in most of the scenarios, from
the most optimistic to the pessimistic, in regions
where there is a significant shortage of water
resources, changes will lead to a decrease in
yields [7-10].

Average annual air temperature is one of the
main parameters for assessing climate change.
In Ukraine, it has risen by 1,2 °C over the past
thirty years, and by 1,7 °C over the past 10 years.
However, for effective agricultural management,
it is important to know how not only the average
annual air temperature is changing, but also
the trends in average monthly and seasonal
temperatures [11] .

The period of active vegetation of crops
has already been extended by 10 days or more.
These are additional opportunities for growing
all types of heat-loving crops. The effectiveness
of precipitation decreases as the air temperature
rises, and a 1 °C increase in temperature threatens
Ukraine with the disappearance of the already
small zone of sufficient moisture (Polissya and
the western Forest-Steppe) and the transition of
this zone to unstable and insufficient moisture.
For several years in a row, the Polissya and
Western Forest-Steppe regions have experienced
extremely low precipitation.

In recent years, there has been a tendency
to increase the area with insufficient rainfall in
the warm season (less than 400 mm), which is
necessary for growing all crops. The climate has
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already become more arid throughout the country
[12]. Some of the benefits of warming are likely
to be short-lived, and within 15-20 years, there
will be a significant reduction in yields of most
crops due to an increase in the frequency and
intensity of droughts [13—14].

The rapid growth of thermal resources and
almost unchanged amount of precipitation, both
in summer and in spring and summer, is already
leading to an increase in the frequency of droughts
and their spread to the western and northern
regions. Therefore, assessing the conditions of
natural moisture supply in the regions that used
to be classified as sufficiently moist and provided
a stable high productivity of major field crops,
but now are increasingly experiencing prolonged
droughts and other climate risks is an urgent issue.

The study aims to assess the impact of
climate change on the growth of potential
evapotranspiration in the southwestern part of the
Kyiv region.

Materials and methods. The research was
conducted at the Institute of Water Problems
and Land Reclamation of the National Academy
of Agrarian Sciences of Ukraine by analyzing
information obtained from the database of
meteorological indicators, followed by their
statistical processing.

The research is based on the assumption
that the impact of climate change on the state
of natural moisture supply can be assessed by
evaluating climate change itself based on the
long-term dynamics of air temperature and
precipitation. The basis for such an assessment
is archival data from the State Meteorological
Station on the average monthly, seasonal, and
annual air temperature, as well as the average
monthly, seasonal, and annual precipitation. In
our case, we used data from the weather station in
Bila Tserkva (49 °48" N, 30 °7" E) for the period
from 1961 to 2021. The choice of this observation
period is based on the World Meteorological
Organization (WMO) recommendations to use
data from thirty-year periods for comparison.
Climate change assessment is carried out by
comparing the above data on temperature and
precipitation in the period from 1991 to 2021
with the values of the same indicators in the
period from 1961 to 1990 — the climate norm.

It is known that the only factors that affect
potential  evapotranspiration are climatic
parameters. Therefore, ETo is a climatic parameter
and can be calculated based on meteorological
data. ETo expresses the maximum potential
evapotranspiration loss in a specific area and
for a specific time of year and is independent of
crops or soil type.
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The potential evapotranspiration (ETo) was
chosen as the criteria for assessing the impact
of climate change on the state of soil moisture
supply. In the absence of solar radiation data
at the meteorological station, we chose the
alternative Hargreaves equation to estimate ETo
[15]. For the calculation, we used the minimum
set of input data and the maximum and minimum
air temperatures.

ET0=0,0023(7,,,, +17,8)x O
(T, =T,

max min

)0’5 x Ra mm,

where E7o is the reference evapotranspiration,

mm; 7,,,, is the average monthly air tempe-
rature, °C; T,,,. is the maximum monthly air tempe-
rature, °C; T, is the minimum monthly air tempera-

ture, °C; Ra is extraterrestrial solar radiation, mm.
Ra L 24(60)
A T )
xG..d, |:(DS sin () +cos(p)cos(Scos(w, ))J mm,

where Ra is extraterrestrial solar radiation, mm,;
G, is the solar constant, MJ-m?-day!; d, is
the inverse relative distance of the Earth-Sun,
o, is the angle at sunset, rad; ¢ is latitude, rad;
0 is solar declination, rad; A is latent heat of
vaporization, MJ-m-day.

The Ra value was taken on the 15th day of
each month from Appendix 2 of Table 2.6 [15].

Research results and discussion. The air
temperature regime was assessed for the period
from 1961 to 2021, according to the dynamics
of changes in its absolute values and deviations
from the norm (1961-1990). The results of this
assessment are shown in Fig. 1.

Fig. 2 shows the results of the assessment of
the dynamics of seasonal air temperature values,
and Table 1 shows the values of average monthly,

seasonal and annual air temperature values for
the entire assessment period (1961-2021).

The analysis of the data on temperature
changes presented in Figures 1, 2 and Table 1
shows that the average annual air temperature
for the period 1991-2020 increased by 1,2 °C, in
winter by 1,6 °C, in spring by 1,1 °C, in summer
by 1,5 °C and in autumn by 0,6 °C, i.e. the most
intense temperature increase is in summer.

As for precipitation, the assessment of changes
in which was made by the values of annual
(Fig. 3), seasonal (Fig. 4) and monthly (Table 2)
precipitation amounts for the same period as
for the temperature, namely from 1961 to 2021,
unlike the temperature, which is increasing,
the amount of precipitation in both annual and
seasonal (except for autumn) decreases. A slight
increase in precipitation in the fall (up to 12 %)
does not compensate for the decrease in annual
precipitation.

The decrease in precipitation in the rest of the
year against the backdrop of a clear increase in
temperature is evidence of an increasingly arid
climate, and, accordingly, a deterioration in the
conditions for growing crops.

The value of potential evapotranspiration
can be used to estimate the potential moisture
consumption for a certain period (day, month,
season, year) and its comparison with the moisture
supply for the same period makes it possible
to assess the moisture supply of the production
process in crop cultivation [16]. In this case, there
are several methods for determining potential
evapotranspiration, which can be generally
divided into calculated and experimental [ 17-22].
In our study, we used the Penman-Monteith
method recommended by FAO as a reference
method, which, according to many data on its
use in different weather and climatic conditions,
allows obtaining data close enough to the values
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Fig. 1 — Dynamics of the average annual air temperature for 1961-2021, °C
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1. Changes in average monthly, seasonal and annual air temperature values for 1991-2020 compared
to 1961-1990, °C

Months/seasons Years
1961-2021 1961-1990 1991-2020 + to 1961-1990
January —4.,5 -5,6 -3,3 2,2
February -3,1 —4,1 -2,1 2,0
March 1,8 0,9 2,7 1,8
April 9,5 8,9 10,0 1,1
May 15,3 15,0 15,5 0,5
June 18,7 18,2 19,2 1,1
July 20,0 19,1 20,9 1,8
August 19,5 18,7 20,3 1,6
September 14,6 14,2 14,9 0,7
October 8,5 8,3 8,7 0,4
November 2,6 2.3 2.9 0,5
December —2,2 2,4 -1,9 0,5
Winter -3,2 —4,0 2.4 1,6
Spring 8,9 8,3 9.4 1,1
Summer 19,4 18,7 20,1 1,5
Autumn 8,6 8,3 8,8 0,6
Year 8,4 7,8 9,0 1,2
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2. Changes in monthly, seasonal and annual precipitation over 1991-2020 compared to 1961-1990, mm
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Table 2 (ending)
1 2 3 4 5
Winter 122 124 117 =7
Spring 138 133 140 7
Summer 220 235 208 —27
Autumn 135 128 143 15
Year 615 620 608 —12

of actual evapotranspiration, but it requires a
significant amount of input data, some of which
should be obtained from direct measurements.
Given this circumstance, an attempt was made to
find a simpler method for determining potential
evapotranspiration, namely, using only the
value of the average monthly temperature. The
dependence of the potential evapotranspiration
on the average monthly air temperature obtained
using this approach is shown in Fig. 5.

Comparison of the values of potential evapo-
transpiration calculated by the Penman-Monteith
method and the dependence shown in Fig. 5 (Fig.
6) made it possible to calculate the correction
factors (Table 3) to the experimental dependence of
potential evapotranspiration on the average monthly
air temperature (Fig. 5). Further comparison of the
values of potential evapotranspiration calculated with
their use with the data of calculation by the Penman-
Monteith method (Fig. 7) showed a sufficient level

180

160

Total monthly ETo, mm

-15 -10 -5 0

v =0,1336x%2+2,5671x + 15,351

Average monthly air temperature, °C

R?=0,9113

10 15 20 25

Fig. 5. Dependence of total monthly potential evapotranspiration on the average monthly air
temperature, mm
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Summer

Fig. 6. Potential evapotranspiration calculated by the Penman-Monteith method and based
on the average monthly air temperature, mm
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of coincidence of the calculation results for practical
purposes, which led to the conclusion that it is possible
to use the dependence shown in Fig. 5 in combination
with the correction factors (Table 3) in conducting
forecast calculations of potential evapotranspiration
for their further use to assess the level of soil moisture

supply.

Using this methodological approach, the
dynamics of the annual potential evapotranspira-
tion for the period 1961-2021 was assessed
(Fig. 8) and changes in monthly values of
potential evapotranspiration for the period
1991-2020 compared to the period 1961-1990
(Table 4).
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Fig. 7. Potential evapotranspiration calculated by the Penman-Monteith method and based
on the average monthly air temperature with a correction factor, mm

3. Correction factors for calculating potential evapotranspiration based on average monthly air temperature

Months
I 11 11T 1\ \% VI VII VIII IX X XI XII
-2 3 11 19 18 11 -1 —12 —14 -16 —11 -5
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Fig. 8. Dynamics of annual potential evapotranspiration for 1961-2021, mm

4. Changes in monthly values of potential evapotranspiration for 1991-2020 compared to 1961-1990, mm

Months
Years | 1I 111 v \4 VI | VvII | VIII | IX X XI | XII | Year
1961-2021 7 14 34 72 105 | 123 | 121 106 68 32 14 7 703
1961-1990 6 13 31 69 103 119 | 113 99 66 31 13 7 670
1991-2020 8 16 36 75 107 | 127 | 128 | 112 71 33 15 8 735
+1961-1990 2 3 5 6 4 8 14 12 5 2 2 2 65
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The analysis of the results of this table shows
that the growth of potential evapotranspiration
occurs in all months of the year, but the largest
increase is observed in the summer months —
by 8 mm in June, 15 mm in July and 13 mm in
August. In general, the growth rate of potential
evapotranspiration is 65 mm per year.

Conclusions. Temperature changes show
that the average annual air temperature over the
period 1991-2020 increased by 1,2 °C, in winter
by 1,6 °C, in spring by 1,1 °C, in summer by
1,5 °C, and in autumn by 0,6 °C, i.e. the most
intense temperature increase is in summer.

Regarding precipitation over the same period
of research, it was found that, unlike temperature,
which is increasing, precipitation is decreasing in
annual and seasonal (except for autumn) terms. A

slight increase in precipitation in the fall does not
compensate for its decrease in the annual context.

There is an increase in potential evapo-
transpiration throughout the year, with the largest
increase in the summer months. In general, the
growth of potential evapotranspiration is 65 mm
per year.

Summarizing the results of the assessment
of climate change on the growth of potential
evapotranspiration, it should be noted that
climate change has caused a significant (9 %)
increase in the annual value of potential
evapotranspiration, and, accordingly, a
deterioration in the conditions of natural
moisture supply of soils in the Central Forest-
Steppe of the Ukraine. This circumstance must
be taken into account when growing crops.

References

1. Zhovtonoh, O.I. (2015). Metodychni rekomendatsii z planuvannia zroshennia na terytoriiakh
z urakhuvanniam klimatu ta modeli agrarnoho vyrobnytstva. [Methodological recommendations for
planning irrigation in the territories taking into account climate and agricultural production models].
Kyiv: Ahrarna nauka [In Ukrainian].

2. Romashchenko, M.I., Kovalchuk, V.P., Tarariko, Yu.O., Soroka, Yu.V., Krucheniuk, A.V.,
& Demchuk, O.S. (2016). Systema informatsiinoho zabezpechennia ahrarnoho vyrobnytstva cherez
merezhu internet. [Information support system for agricultural production via the Internet]. Melioratsiia
i vodne hospodarstvo, 104, 87-92 [In Ukrainian]

3. Tarariko, Yu.O., Saidak, R.V., & Soroka, Yu.V. (2019). Pidsumky ta perspektyvy doslidzhen
z otsinky ta ratsionalnoho vykorystannia ahroresursnoho potentsialu silskohospodarskykh terytorii.
[Results and Prospects of Research on the Assessment and Rational Use of Agricultural Resource
Potential of Agricultural Areas]. Melioratsiia i vodne hospodarstvo, 2, 186—198 [In Ukrainian].

4. Holoborodko, S.P., & Dymov, O.M. (2019). Globalna zmina klimatu: prychyny vynyknennia
ta naslidky dlia silskohospodarskoho vyrobnytstva Pivdennoho Stepu. [Global climate change: causes
and consequences for agricultural production in the Southern Steppe]. Melioratsiia i vodne hospodar-
stvo, 1, 88-98. [In Ukrainian].

5. Kovalchuk, T. (2022). Zmina klimatu ta silske hospodarstvo: iak adaptuvatysia. [Climate
Change and Agriculture: How to Adapt]. Retrieved from: https://agro-business.com.ua/agro/idei-
trendy/item/24771-zmina-klimatu-ta-silske-hospodarstvo-iak-adaptuvatysia.html [in Ukrainian]

6. Ivaniuta, S.P., Kolomiiets, O.0., Malynovska, O.A., & Yakushenko, L.M. (2020). Zmina
klimatu: naslidky ta zakhody adaptatsii. [Climate changes and adaptation measures]: analit. dopovid.
Kyiv: NISD. [in Ukrainian].

7. Derek, J. (2021). The utility of climatic water balance for ecological inference depends on
vegetation physiology assumptions. Global Ecology and Biogeography, March 18, 2021. DOI:
10.1111/ geb.13277

8. Geoportal der BfG. Mean Annual Climatic Water Balance. Retrieved from: https://
geoportal.bafg.de/ dokumente/had/214Climatic WaterBalance.pdf

9. Garcia, R., & Nguyen, T. (2019). Assessment of Hydrological Changes in Agricultural Areas
under Climate Change Scenarios. Journal of Hydrology, 573, 608—620.

10. Bando, G., & Pravalie, R. (2015). Climatic water balance dynamics over the last five
decades in Romania’s most arid region. Journal of Geographical Sciences, 25 (11). DOI: 10.1007/
s11442-015-1236-1

11. Romashchenko, M., Saidak, R., Matyash, T. & Yatsiuk, M. (2021). Irrigation efficiency
depending on water cost. Land Reclamation and Water Management, 2, 150-159. DOI: 10.31073/
mivg202102-308

12. Yatsiuk, M.V., Adamenko, T.I., Romashchenko, M.I., Tsvietkova, H.M., Kolmaz, Yu.T.,
Kulbida, M.I., & Prokopenko, A.L. (2021). Kontseptualni osnovy upravlinnia posukhamy v Ukraini —
[Conceptual basis of drought management in Ukraine]. Kyiv: FOP Yamchynskyi O.V. [in Ukrainian].

2024 « Ne 2 MEJIIOPAILA I BOOHE 'OCIIOJAPCTBO



AGRO RESOURCES

114

13. Romashchenko, M.I., Saydak, R.V., & Matyash, T.V. (2019). Development of irrigation and
drainage as the basis of sustainable agriculture in Ukraine in climate change. Modern problems
of water management, environmental protection, architecture and construction: materials of the
IX International scientific and technical conference (July 22-27, Georgia). P. 243-250.

14. Romashchenko, M.I., Baliuk, S.A., Verhunov, V.A., Vozhehova, R.A., Zhovtonoh, O.I,,
Rokochynskyi, A.M. Tarariko, Yu.O., & Truskavetskyi, R.S. (2020). Stalyi rozvytok melioratsii
zemel v Ukraini v umovakh zmin klimatu. Agrarian innovations, 3, 56—64. DOI: 10.32848/agrar.
innov.2020.3.10

15. Allen, R.G., Pereira, L.S., Raes, D., & Smith, M. (1998). Crop evapotranspiration. Guidelines
for computing crop water requirements. FAO Irrig. Drain. Paper No. 56, Rome: FAO. Retrieved from:
http://www.fao.org/3/x0490e/x0490e00.htm

16. Cherlinka, V. (2024). Evapotranspiration Process and Methods of Measurement. Retrieved
from: https://eos.com/uk/blog/evapotranspiratsiia/.

17. Giménez, L., Petillo, M.G., Paredes, P., & Pereira, L.S. (2016). Predicting Maize Transpiration,
Water Use and Productivity for Developing Improved Supplemental Irrigation Schedules in Western
Uruguay to Cope with Climate Variability. Water, 8, 309. DOI: https://doi.org/10.3390/w8070309

18. Lopez-Urrea, R., Santa, O.F., Fabeiro, C., & Moratalla, A. (2006). Testing evapotranspiration
equations using lysimeter observations in a semiarid climate. Agricultural Water Management, 85,
15-26. DOI: https://doi.org/10.1016/j.agwat.2006.03.014

19. Trajkovic, S., & Kolakovic, S. (2009). Evaluation of Reference Evapotranspiration Equations
Under Humid Conditions. Water Resource Manage, 23, 3057. DOI: https://doi.org/10.1007/
s11269-009-9423-4

20. Djaman, K., Balde, A.B., Sow, A., Muller, A.B., Irmak, S., N’Diaye, M.K. Manneh B.,
Moukoumbi Y.D., Futakuchi K., & Saito K. (2015). Evaluation of sixteen reference evapotranspira-
tion methods under Sahelian conditions in the Senegal River Valley. J. Hydrol. Reg. Stud, 3, 139-159.
DOI: https://doi.org/10.1016/j.ejrh.2015.02.002

21. Romashchenko, M., Shatkowski, A., & Zhuravlev. O. (2016). Features of application of the
“Penman — Monteith” method for conditions of a drip irrigation of the Steppe of Ukraine (on example
of grain corn). Journal of Water and Land Development, 31, 123—127 DOI: https://doi.org/10.1515/
jwld-2016-0043

22. Djaman, K., O’Neill, M., Owen, C.K., Smeal, D., Koudahe, K., West, M., Allen S.,
Lombard, K., & Irmak, S. (2018). Crop Evapotranspiration, Irrigation Water Requirement and Water
Productivity of Maize from Meteorological Data under Semiarid Climate. Water, 10, 405. DOI:
https://doi.org/10.3390/w10040405

VIK 504.4;631.4

OLIHKA YMOB ITPUPOJHOTI'O BOJIOT'O3ABE3NNEYEHHS HA ITPUKJIA AL
HNIBAEHHO-3AXIIHOI HACTHHHW KUIBCBKOI OBJIACTI

P.B. Caiinak!, kanju. c.-r. Hayk, FO.O. Tapapiko?, a-p c.-. Hayk, IL.B. [Tucapenxo®, 1-p .- HayK,
FO.B. Copoka®, kau. c.-I. Hayk, O.B. ’KypaBibos’, 1-p c.-T. HayK, JI.B. Jle/isiBcbKa®, KaHj. €.-I. HAyK

! TacTuTyT BostHKX ipobGiem i memioparnii HAAH, Kuis, 03022, Ykpaina;
https://orcid.org/0000-0002-0213-0496;e-mail: saidak r@ukr.net;

2 TuctutyT BomHMX 1pobiem i memiopanii HAAH, Kuis, 03022, Vkpaina;
https://orcid.org/0000-0001-8475-240X; e-mail: urtar@bigmir.net

3 TncrutyT BogHuX mpobiem i menposiopauii HAAH, Kuis, 03022, YkpaiHna;
https://orcid.org/0000-0002-2104-2301; email pavel pisarenko74@ukr.net;
4 TuctutyT BomtHEX mipobiem i memioparii HAAH, Kuis, 03022, Vkpaina;
https://orcid.org/0000-0001-6228-4131; e-mail: agroresurs@bigmir.net;

5 TuctutyT BopHuX mpobiem i memiopanii HAAH, m. Kuis, 03022, Vkpaina;
https://orcid.org/0000-0001-7035-219X ; e-mail: zhuravlov_olexandr@ukr.net;
¢ TuctutyT BogHuX mpobiem i memiopauii HAAH, Kuis, YkpaiHa;
https://orcid.org/0000-0002-8579-3139; e-mail: orgviddil iwpim@ukr.net

Anomayia. Cmanicme 8edenns 3emnepoocmea 6 Ykpaini 6e3nocepeonvo 3anedcums 6i0 pieHs npupoo-
HO20 8010203a0e3NeYUeHHsL IPYHMIB, U0 3HAYHO NOSIPULYEMBCS NIO BNIUBOM KIIMAMUYHUX 3MIH. Y cmammi
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Q0CTIONCYEMBCS GNIIUS YUX 3MIH HA 8eIuyuny nomenyiinoi esanompancnipayii (ETo) é niedenno-3axioniti
yacmuni Kuiecvroi obnacmi ([{enmpanvruil Jlicocmen Yxpainu) Ha ocrosi 0anux memeocmanyii M. bina
Lepxsa 3a nepioo 3 1991 no 2020 poxu. B ocHogy memo0donocii 00caiodceHb NOKIA0EHO NPUNYUjeHHs,
WO OYiHKY GNAUBY 3MIH KAIMAmMy HA CMAH NPUPOOHO20 8010203a0e3neUeH sl MOICHA GUKOHAMU 3d YMOBU
OYIHKU CAMUX 3MIH KAIMany 3a OaHumu 0azamopiuHoi OUHAMIKU memnepamypu nogimps ma onaodis 8
nepiod 3 1991 no 2021 pp. 3i 3navenusamu yux sice NOKazHukie 6 nepiod 3 1961 no 1990 pp. — kaimamuuna
Hopma.. B sikocmi kpumepiie oyinKku 6nugy 3min KAiMamy Ha CMan 6010203a0e3neyents [pyHmie 0opano
nomenyitiny esanomparcnipayiio (ETo). Pesynomamu oyinku noxasanu, wjo piuHa 6enuyuna nNOmMeHyiiHol
ETo 3pocna na 9 %, wo onocepedxosano modice caiouumu npo no2ipuleHHs ymog npupooHo2o 6010203a-
be3neuenns ipynmis. Lle mae easicnugi nacnioxu 0us cinbcvbkoeo cocnodapcmea, ockinoku 3pocmanns ETo
Mooice npuzgecmi 00 sMEHWEeHHs O0CMYNHOI 601102U 01 POCAUH, WO He2AMUGHO GNIUHE HA BPOACAIHICIb
Kynomyp. Jocuiodicenns OXOnoe 3MiHu cepeOHbOPIvHOL ma cepedHbOMICAUHOI memnepamypu nogimpsi, a
MaKodic KiibKicms 0naodis @ po3pisi ce3onis i micayis. Bcmanosneno, wo npomszom ocmaunix mpuoysmu
poxie 6 Vkpaini cnocmepicacmuvcs menOeHyis 00 NOSIPUWeHHs YMO8 8010203d0e3neyents, uo nompeoye
aoanmayii cintbcvrococnooapcvkux npakmuk. Cmanuii po3eumox azpapHo2o cekmopy MOoNCIUBUL Tuue 3d
YMOBU 8PAXYBAHHSA 3MIH 8 NPUPOOHOMY 8010203abe3neyenti npu po3podyi mooeneli 20cCno0aplosanis ma
mexnonozit supowysants. Ompumani pe3yiomamu ceiouams npo HeoOXIOHICMb 8NPOBAOICEHHSL IHHOBA-
YIUHUX A2POHOMIYHUX MEXHON02IH, SKI a0anmyomscs 00 AKMYaibHUX 3MIH K1IMany.

Knrwouoei cnosa: npoenosysanns 6010203anacis, MoOen08anHs, hakmopu eniugy, ciopomepmiuni ymosu,
CLIbChKE 20CN00APCMB0, 3MIHU KAIMAMY
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Soil is a form of existence of dispersed systems.
O.E. Fersman

Abstract. The weather is one of the determining factors in crop productivity. The purpose of this
publication is to experimentally confirm and highlight the mechanism of the emergence of the dynamics of
pore solution’s chemical composition and its thermodynamic accessibility to plants during the interaction of
black soil with thermodynamic weather factors in the daily cycle. It has been established that the dynamics
of availability should be sought precisely in the daily cycle of soil interaction with the environment. The
basis of experimental laboratory research was the thermodynamic hydrophysical method. Samples of
typical light loamy black soil of undisturbed structure from the Obukhiv district of the Kyiv region were
studied. The studies have found that the emergence of the dynamics of thermodynamic accessibility of
the pore solution and its chemical composition is ensured by subordinate processes that occur in the soil
under the influence of cyclic environmental factors — temperature, atmospheric pressure, and moisture
saturation. During the laboratory experiments, reproducible dynamics of the chemical composition of the
pore solution were obtained in the daily range of changes in the specified factors. It is likely that the
formation of such dynamics in three cycles of desorption — sorption is provided by all five categories
of soil absorption capacity. The chemical composition of the pore solution is functionally related to the
heterogeneity parameter of soil environment, which is determined by the thermodynamic potential of
moisture. Among the components of the chemical composition, the dynamics of the content of nitrate ions
(NOs), as one of the most important biogenic compounds, deserves an increased attention. The unique
dynamics of NOs content consists in its increase as the heterogeneity (desorption) of the soil (soil moisture)
increases, approximately to the values of field capacity. This is explained by the specific behavior of these
ions, which have a negative adsorption capacity (physical absorption capacity), between the two surfaces:
solid particles-liquid and liquid-air, namely their concentration near the surface of separation in contact
with the atmosphere. For structured soil with the presence of trapped air in macropores, nitrate ions are
protected from leaching by the flow of moisture and are released into the pore solution in a volley when
the macropores open, which is important for the conditions of nitrogen nutrition of plants. The conducted
research outlines a whole section of thermodynamic research of soils with undisturbed structure, the
implementation of which will result in parametric models for ensuring the production process of plants.

Keywords: thermodynamic system of soil, thermodynamic weather factors, heterogeneity, hysteresis,
dynamics of moisture availability, dynamics of pore solution'’s chemical composition, nitrates

Relevance of the research. The soil fertility
is understood as the property of soil to satisfy the
needs of plants for the nutritional components
necessary for the production process [1]. Despite
the existing of its various forms and types, the
concept of fertility remains unspecified due to the
consideration of soil as a container with nutrients,

which can be controlled by adding or consuming
nutrients, in accordance with the agricultural law
of return [2].

However, the sacred phenomenon of
fertility has a much more complex nature. In
particular, the productivity of the same soil can
vary significantly from year to year, although
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according to agrochemical indicators, the nutrient
content in it remains practically unchanged. This
difference is believed to be due to the weather
conditions of each year. However, the real
mechanism of the influence of weather conditions
on productivity is not considered in this case.
According to chemists&apos; calculations, the
gross reserves of biogenic elements in a 20 cm
layer of typical black soils will be enough
for obtaining a wheat yield of 3 t/ha during
60-150 years regarding nitrogen, during
85-250 years regarding phosphorus, and during
530-870 years regarding potassium [3]. But
this can be only under the condition of their full
mobilization. It is obvious that weather conditions
affect the availability of nutrients from the soil
and the optimality of their provision for the
production process. At the same time, they affect
both the transpiration capacity of the plants and
the availability of nutrients from the soil, from
those the plants choose the most optimal in space
and time for their own production process. After
all, it is an axiom that plants have followed the
path of adapting and harmonizing their production
cycle with the functional cyclical dynamics of
the interaction of the soil, as a heterogeneous
system, with the cyclicity of external weather
disturbances. At the same time, attention should
be paid to the predominantly daily cyclical nature
of the production process of plants, and therefore
the dynamics of the availability of nutrition from
the soil to them, as adaptive systems, should be
sought precisely in the daily functional cycle of
soil condition.

In a heterogeneous system of soil, the
thermodynamic moisture potential is an indicator
of dynamics status [4]. After all, the most plant
nutrients are obtained from the pore solution, the
availability of which is determined by the value
of the moisture potential. Agrochemists also pay
attention to the thermodynamic nature of the
biogenic elements availability for plants [5].

ecently, agrochemists have also started paying
increasing attention to determining the content
of readily available forms of biogenic elements:
available forms of nitrogen (N), mobile potassium
(K), and mobile phosphorus (P) [6].

However, it is not entirely correct to
determine such availability only by agrochemical
methods. After all, according to K.K. Gedroits
[7], the absorption capacity of the soil is divided
into five categories: mechanical, physical,
physicochemical, chemical, and biological,
which differ in their strength of stabilization of
the components of soils’ thermodynamic system
and the degree of conservatism or dynamism for
the each of indicator categories. By considering
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only the level of chemical absorption capacity,
which to a greater extent characterizes the gross
content of elements, we effectively exclude the
participation of available nutritional components
of other categories of absorption capacity.
And the nature of these different categories
and their intertransitions are determined by the
heterogeneity of the four-phase soil system,
where the fourth phase, in addition to solid
particles, liquid and gas, is an alive matter
[8]. However, when conducting agrochemical
analyses, this heterogeneous soil structure, which
depends on moisture content and other factors,
is completely ignored: the soil is dried, ground,
sieved, and treated with certain chemicals, after
which the resulting solution is analyzed [9].
In due time, V.I. Vernadsky has very critical
opinion regarding the analysis of “air-dry” soils,
devoid of moisture, gases, and organic matter,
believing that such soils do not exist in nature
[10]. Insisting on the need to study soils in their
natural state, Vernadsky focused on the complete
lack of knowledge of soil solutions, which, in
his opinion, represent the “substrate of life”,
an extremely complex and dynamic system of
equilibrium. Supporting the life and enabling
terrestrial vegetation to exist, soil solutions, as
V.I. Vernadsky pointed out, are obviously “the
main element of the biosphere mechanism”
[11].  Therefore, agrochemical indicators,
although they are the most conservative, do not
fully characterize the availability of nutrients
from the soil. Above we draw attention to the
predominantly daily cycle of the bioproduction
process. Therefore, the basis for the dynamics of
the indicators, which are the least stabilized in
the soil&apos;s absorption capacity of biogenic
elements, should be sought precisely in the daily
cycle of the dynamics of nutritional components
stabilization. And, first of all, it is necessary to
establish the cause and possible mechanism
of the emergence of the daily dynamics of the
availability of biogenic elements in natural pore
solutions as a result of the interaction of all
categories of soil absorption capacity as a integral
system. After all, plants, as adaptive systems,
react sensitively by concentrating fast-growing
root hairs precisely in the direction of horizons
where nutrition is most accessible to them [12].
Plants have mechanisms, which vary
subject to the intensity for providing their own
production process with nutrients — from the
slowest chemical leaching from crystalline
rocks, e.g., as performed by lichens, to the most
intense thermodynamic availability based on the
dynamics of the potential pore solution in the soil.
The latter mechanism can provide the highest
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intensity of the production process, which, e.g.,
is required by steppe cereal ecosystems. After
all, the vegetation season of steppe forbs is quite
short requiring a high intensity of the production
process to form biomass and reproductive organs
of grasses during the short vegetation season, in
which the decisive role is assigned to moisture
reserves in the Steppe soils.

We consider it appropriate to first study this
specific intensive mechanism for ensuring the
availability of nutrients for agricultural crops
for the most productive soils from the black
soils&apos; variety. After all, the preservation of
these soils is a priority task for Ukraine, where
the largest area of black soils is located. And
it is in Ukraine, as the successor of one of the
most ancient agricultural civilizations — Trypillia,
where the conditions are created and the highest
motivation is present for revealing the sacred
phenomenon of fertility, and accordingly, the
ways of preserving and effectively managing the
productive function of the national heritage of
Ukraine — black soils.

Therefore, it is in Ukraine, where there is the
highest motivation to reveal the mechanism of
the influence of weather cyclicity on ensuring
the dynamics of the availability of nutrients from
black soils, which is an element of the strategy
of conscious preservation and management
of the productive function of this national
heritage, which is being actualized by modern
global climate changes. Accordingly, the very
mechanism of the emergence of the dynamics of
availability of nutrients from the soil for plants
should be sought in the daily cycle of soil-
environment interaction when considering the
soil as a complete thermodynamic system, in
which a dynamic equilibrium of the chemical
composition of natural pore solutions arises in
the heterogeneous structure of soil framework.

The purpose of the conducted research
is to experimentally confirm and highlight the
probable mechanism of the emergence of the
dynamics of pore solution’s chemical composition
and the availability of plant nutrition components
from black soils, as an integral heterogeneous
thermodynamic system of natural composition,
in interaction with weather factors of the external
environment, which ensures its productive
function.

Materials and research methods. The basis
of this scientific research is thermodynamic
methods of laboratory and field experimental
studies of the natural soils and their regimes,
a systematic analysis of functional parameters
of soils based on the proposed dynamic
functional model in interaction with the external

environment [13]. This dynamic model is
based on the principles of synergetics, which
consider the soil as a thermodynamically
non-equilibrium system and a dissipative active
kinetic environment, in which self-stabilization
and self-organization processes are constantly
present, ensuring their evolution in accordance
with the cyclicity of external weather conditions
[13]. It is the permanent thermodynamic
disequilibrium of the soil that provides local
and periodically increasing thermodynamic
availability of nutritional components for plants,
taking into account local phase transitions of
matter. Research was conducted for over thirty
years on various types of soils belonging to
the sites in the drainage and irrigation ones.
The most large-scaled agro-landscape studies
were conducted in the Forest-Steppe zone in
the Obukhiv district of the Kyiv region at the
experimental agro-ecological polygon during
1989-2005, where typical light loamy black
soils of varying degrees of washout are spreaded
and a soil conservation system of agriculture
with contour-ameliorative organization of the
territory was implemented [14].

It was for these soils that in-depth laboratory
studies of the dynamics of availability and the
dynamics of the chemical composition of pore
solutions were conducted under the conditions
of targeted management of soil heterogeneity.
Chemical analyses of pore solutions were carried
out in the certified hydrochemical laboratory
of the Geological Faculty of Taras Shevchenko
National University of Kyiv under the leadership
of PhD in Chemical Sciences T.V. Gerbunova.

Research results and their discussion.
The first stage in achieving the goal of the
study was to consider the regularities of the
specific structure of a real dispersed soil system.
When considering the structure, the traditional
assessment of soil structure for agrophysics,
which is based on the principle of reductionism,
i.e. the assessment of soil fragments, into which
it breaks down when its integrity is violated,
was abandoned. After all, the plants, climatic
factors, and moisture interact with the soil as an
integral dispersed thermodynamic system, where
many microprocesses of transformations of
matter, energy, and information occur, and those
processes are characterized by the structure of the
pore space. At the same time, its heterogeneity is
decisive, and it is characterized by the surface of
the solid-liquid and liquid-air interfaces, as well
as the biomembranes of organisms. And it is the
structure of the soil’s pore space that determines
the dynamics of interface surfaces when moisture
saturation changes. To characterize the pore
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space, a new physical model was created in the
form of a corrugated equivalent of capillary [15].
This model takes into account the irregularity of
the intersection of imaginary capillaries, which
is characterized by the well-known model of the
Jamin capillary [16]. Another, also well-known,
model of the so-called equivalent capillary of
A.V. Lykov integrally takes into account the
combination of imaginary capillaries of all sizes
[16]. The new model of the corrugated equivalent
capillary combines the benefits of both of these
physical models of soil pore space and thereby
acquires a new quality. It is used to substantiate
the existence of air bubbles trapped by liquid
membranes in the pore space of the soil. The
main condition for the equilibrium existence of
this air is the equality of the radii of curvature of
the liquid membrane from the outside, in contact
with the atmosphere (r.), and inside this bubble
of trapped air (rw), i.e. the equilibrium condition
r.=rw. Since the real dispersed soil system can
be characterized, according to the Jamin model,
by two characteristic dimensions I'min and max, in
the model of a corrugated equivalent capillary,
a segment is determined, where the condition
Tmin < Ta < I'max 1S fulfilled, which is the justification
for a certain group of pores, where air trapped
by liquid membranes exists in an equilibrium
state. It is the presence of this air that is the main
factor in the occurrence of capillary hysteresis in
the soil. The famous scientist O.O. Rode drew
attention to this unique phenomenon back in the
previous century and emphasized that, despite
the fact that in the thermodynamic interpretation
of soil-hydrological phenomena, hysteresis is
quite deliberately not taken into account, it is
actually a phenomenon of extreme importance
not only in theoretical terms, but also in solving
quite practical problems [15]. Thus, capillary
hysteresis is one of the fundamental properties
of soil, which is directly related to its other
fundamental property — heterogeneity [18].
Thermodynamic potential dynamics. The use
of the physical model of a corrugated equivalent
of capillary allowed to create a “Method for
Determining the Structure of the Pore Space of
Soils (Dispersed Media)” [19], which became
an applied aspect of the use of the hysteresis
phenomenon. The patented utility model is
based on the study of the capillary hysteresis
loop obtained in a special mode: desorption
from full capacity as quickly as possible when
there is practically no trapped air in the soil, and
sorption as slowly as possible when equilibrium
is established in the soil in the expansion of
pores with trapped air. The difference in moisture
saturation between the fast desorption and slow
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sorption branches for fixed values of capillary
potential characterizes the moving average
value of the total volume of trapped air in the
group of pores, where the equilibrium condition
Tmin <Ta<I'max 1S satisfied. The graph aggregates
points with different values of capillary potential
(Pi and different volumes of trapped air V.= (P;)
is called a structural characteristic of the soil pore
space). In fact, the curve, graphically plotted
as the difference in moisture content between
the branches of the hysteresis loop, represents
a differential curve of the distribution of pore
space by radii. As the pore radii are related to the
Jurin’s functional dependence on the capillary
potential: P=—0,15/r or r=—0,15/P [16]. Air
trapping in pore expansions increases the overall
heterogeneity by the amount of the total internal
surface area of the bubbles. Therefore, it is
necessary to distinguish between the area of the
liquid-air surface interface in contact with the soil
atmosphere, which was called extra-heterogeneity
(external) [20], and the area of the liquid-air
surface interface in the trapped air bubbles
themselves, which was called intra-heterogeneity
(internal). It is the intra-heterogeneity that most
actively responds to the changes in external
thermodynamic conditions, because air separated
from the atmosphere by liquid membranes
reacts sensitively to the changes in external
thermodynamic conditions — temperature (T°C),
atmospheric pressure (Pam), and moisture
saturation (0) — by changing gas pressure and
moisture saturation of the pore’s body. In this
case, a change in gas pressure in the bubble leads
to the displacement of the liquid, or its entry into
the pore’s body, depending on the direction and
combination of directions of change in external
thermodynamic parameters. The cooperativity
of such microprocesses in the pore space of the
soil leads to the redistribution of moisture in it
and a change in the thermodynamic state of the
soil at the level of the macroparameter of the
system of unsaturated soil, and, accordingly, to a
change in the availability of moisture for plants.
The presence of such a dynamics of capillary
potential has been experimentally studied under
the changes in temperature [20], humidity, and
gas pressure in the range, which corresponds
to the daily cycle of their variability. It has
been found that a rapid change in any external
parameter causes a self-oscillating process of
capillary potential dynamics in the soil [20].
Therefore, the combination of two
fundamental properties — the heterogeneity
and hysteresis — ensures the dynamics of pore
solution availability during soil interaction with
changing external environmental conditions.



120

ECOLOGY

Naturally, such processes develop in the time
and space of the soil environment, to which
plants and plant communities and biota in
general, have been adapted. Therefore, the
overall response of the thermodynamic state
of moisture to changes in external conditions
depends not only on the absolute amplitude of
changes in thermodynamic parameters, but also
on the speed of their changes [15]. And it is the
daily cycle that provides the highest speeds,
and, accordingly, the highest amplitude of the
reaction of the soil thermodynamic system to
external changes, which coincides with the daily
bioproduction cycle of plants. Therefore, it is the
hysteresis of the soil that provides the dynamics
of stabilization of the pore solution, within the
capillary hysteresis loop, when interacting with
the daily variability of external thermodynamic
(weather) parameters.

Analysis of soil structure through the structure
of its pore space based on the thermodynamic
methods allows us to differentially consider the
spatial continuum of pore space, quantitatively
characterize the dynamics of soil heterogeneity,
and also identify specific local subordinate
(internal) processes of the microgradient
structure of the soil environment, which ensure
local transportation and phase transitions of
matter.

Chemical composition dynamics. One of
the most important issues is the assessment of
the influence of the daily cyclicity of weather
factors on the chemical composition of the
pore solution, since both its thermodynamic
availability and its chemical composition are the
results of the same internal (subordinate) soil
processes. In particular, the reaction of trapped
air bubbles to the cyclical variability of external
thermodynamic environmental conditions leads,
in addition to intra-pore moisture redistribution,
to the emergence of gas saturation dynamics of
the pore solution, which has local nature around
the bubbles and provides gas concentration
gradients in the liquid of around the pores with
trapped air. The carbon dioxide (CO:), which has
the highest solubility in the pore solution among
atmospheric gases, deserves special attention in
these processes. But the main thing is that, when
it dissociates, it increases the concentration of
hydrogen ions, that is, it lowers the pH. In fact,
trapped air becomes a local source of carbonic
acid in the soil environment [20]. In turn, radial
acidity gradients become a factor in phase
transitions of matter, primarily for compounds
that cement soil particles. In particular, the
dissolution of these compounds, which have
predominantly carbonate composition, releases

cemented soil particles, which can enable their
relative movement under the action of external
forces. It is likely that this mechanism ensures
the self-development of the soil in the direction
of its decompression by increasing the volume
of elementary pores and transforming them into
structural macropores.

The influence of capillary potential on
the dynamics of the chemical composition
of the pore solution for a typical light loamy
black soils, which is shown in Fig. 1, has been
experimentally confirmed. The experimental
setup was as follows: a cylindrical soil sample of
undisturbed structure with a diameter of 12 cm
and a height of 10 cm, located in a plastic cutting
ring and waterproofed from above and below
with paraffin-bitumen caps, was equipped with
two ceramic probes of control tensiometers on
the side surface of the soil cylinder and a central
working probe, through which the moisture
saturation of the soil sample was changed
according to the hydrophysical tests methodology
[21]. The experimental methodology provides for
the sampling of 10 ml portion-wise microsamples
of pore solution through a central working
ceramic probe during the desorption process of
a soil sample, which is saturated to full moisture
capacity. The decrease in soil moisture saturation
during the sampling was equal to the 1-2,5 % of
the volume. The extraction of pore solution in
the radial space of the sample actually simulated
the extraction of solution from the soil by plants’
roots.  Semi-microhydrochemical  standard
analyses was performed on the selected samples
to determine the main macrocomponents Ca?’,
Mg*, Na*, HCOs, SO4*, CI', NO3, and pH when
diluting the sample to the volume required for the
analyses. The results of the determinations are
shown in Fig. 1, where the concentration of each
macrocomponent, presented in mg.eq./l, and pH
are functionally related to the capillary potential
expressed in absolute values (|P|), kPa, at which
the samples were taken. Thus, it has been shown
that there is a dynamic change in the chemical
composition of the pore solution as the soil
desorption progresses, which may be associated
with a decrease in the radii of curvature of the
liquid-air interface in a heterogeneous soil
system, that is, in fact, with an increase in its
heterogeneity. Three desorption cycles were
carried out and after each cycle the soil monolith
was saturated with distilled water through the
central working ceramic probe.

According to the results of chemical analysis
of pore solution samples, a certain reproducible
regular dynamics of the chemical composition
components content is visible, although the
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Fig. 1. Dynamics of the chemical composition of the pore solution for a typical light loamy black
soil, interval 0,0-0,1 m (placore)

small volume of samples reduces the accuracy
of their determination, which sometimes violates
the monotony of the obtained dependences.
In particular, the following regularities are
noteworthy:

— the acidity of the pore solution tends to
increase by almost an order of magnitude (a decrease
in pH of 1) in each of the three desorption cycles;

— the content of hydrocarbons (HCOs)
naturally decreases as desorption (decrease in
soil moisture) occurs in all three cycles;

— the content of sulfates (SOs") decreased in
the first cycle, however, in repeated cycles there
is a clear tendency towards an increase in their
content;

— chlorine ions (CI), which have a negative
adsorption capacity and can only be found in
solution without a replenishment source, were
recorded only in the first desorption cycle, and
were no longer detected in repeated cycles;

— unfortunately, nitrate ions (NO3") were not
determined in the first cycle, however, in repeated
cycles, a clear tendency towards an increase
in their content in the solution as desorption
proceeds is observed;

— the dynamics of the content of Ca*, Mg**
and Na“ cations have common features: at the first
stage, their content decreases from the highest
absolute values, but during repeated desorption
cycles, a tendency towards an increase in their
content is recorded as the soil is desorbed.

The obtained patterns were reproduced on
other soil samples, so their trend has important
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consequences. In particular, the increase in nitrate
content as desorption proceeds can be explained
by the fact that nitrate ions have a negative
adsorption capacity, which is a manifestation
of the physical absorption capacity of the soil
[22], therefore, in unsaturated soil they gravitate
towards the surface of the liquid-air interface.
That is, they concentrate directly below the
surface of the liquid-air interface, acquiring the
ability to slide and flow along this surface when
a moisture potential gradient appears. It is likely
that this mechanism of pulling nitrates to the roots
operates during pore solution extraction. Under
the conditions of air compression, nitrate ions
concentrate near the inner surface of this bubble
(intra-heterogeneity) and when it opens or a plant
roots penetrates it, a volley of these ions occurs,
which is a source of one of the most important
biogenic elements for plants — nitrogen.

This is the way how we see the experimentally
found mechanism of increasing the content of
nitrate ions in the pore solution due to their
volley ejection during the opening of pores
with trapped air during the soil drying process,
which directly affects the availability for plants
of the nitrogen from the pore solution. The
reproducibility of this extremely important
pattern is experimentally confirmed by the results
of tests of a typical black soil’s sample from the
depth interval of 0,20-0,30 m of the same soil
profile on the plateau (Obukhiv district, Kyiv
region). Table 1 contains the absolute values
of the capillary potential |P|, kPa, at which
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samples of the pore solution were taken, and the
corresponding values of the nitrate ion content
(mg-eq/1) for the II and III desorption cycles for
two samples of typical black soil taken from two
depth intervals. Figure 2 presents the graphs of
the dynamics of the nitrate ions content in the
drained pore solution and a graph of the water
retention curve of sample No. 1 in the second
desorption cycle with the designation of the
points of micro-sampling of the pore solution
on this curve (see Table 1).

The common nature of the nitrate content
dynamics during the soil desorption process

is noteworthy: this is an almost monotonic
increase in their content to absolute values of
capillary potential of 30—45 kPa, after which a
certain decrease in their content is observed. This
decrease is most likely related to the nature of the
pore space structure of the studied soil and gives
grounds for concluding that further soil desorption
will worsen the conditions for providing plants
with the nitrate form of nitrogen.

In the heterogeneous environment of
unsaturated soil, there is likely to be an uneven
distribution of nitrate ions in the pore solution, as
they are under the influence of both solid-liquid
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Fig. 2. Graph of repeated desorption of a sample of the typical light loam black soil (placor) from
depth intervals of 0,00-0,10 m and 0,0-0,30 m with designations on the , kPa, curve of average
moisture values of pore solution sampling and the curves of the dynamics of the nitrate nitrogen

content in the drained solution over two desorption cycles , mg-eq/l

1. Nitrate nitrogen (NOs") content (mg-eq/l) in drained pore solution depending on absolute values
of capillary potential (|P|, kPa) for typical black soil samples from two depth intervals on the second

and third desorption cycles

Sample 1, interval 0,00-0,10 m Sample 2, interval 0,20—0,30 m
N 2" cycle 31 cycle 2" cycle 3rd cycle
PLkPa | €% 1ippkpa| ©7 | pkpa | C | plkpa | O
mg-eq/l mg-eq/l mg-eq/l mg-eq/l
1 2,4 0,13 1,9 0,08 4,5 0,18 2,5 0,37
2 5,8 0,21 6,5 0,07 11,5 0,49 9,4 0,69
3 14,2 0,27 11,7 0,07 19,3 0,78 14,7 0,85
4 20,0 0,47 16,2 0,11 27,7 0,89 21,6 0,69
5 29,1 0,68 21,5 0,15 36,4 0,89 31,2 0,85
6 414 0,95 30,6 0,49 49,9 0,81 45,8 0,91
7 56,2 0,98 50,1 0,89 56,0 0,78 56,5 0,85
8 63,1 0,98 62,1 0,85 — — — —
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and liquid-air interfaces. Therefore, these ions,
“repelling” from solid particles, gravitate to the
surface of the liquid-air interface, due to negative
adsorption capacity, therefore, these ions will
experience the least the influence of the solid soil
skeleton in the most powerful zones of capillary
moisture, which are usually observed in the form
of joint cuffs at the contact of dispersed soil
particles or in water-filled pores. Therefore, it is
possible to assume that the distribution of nitrate
ions is extremely uneven in the heterogeneous soil
environment and may have a network structure,
also taking into account the intra-heterogeneity of
macropores with trapped air and the presence of a
constant source of nitrification of organic matter in
the soil. It is these macropores that play a role of a
storage, a reserve of nitrate ions, preventing their
migration and leaching by the free pore solution.

An important point is the interpretation of
the dynamics of the cation content in the pore
solution, in particular their almost monotonic
decrease in the first desorption cycle and increase
in repeated desorption cycles.

Conclusions. The influence of weather
thermodynamic factors in the daily cycle,
namely temperature, atmospheric pressure, and
precipitation, on the emergence of the dynamics
of thermodynamic availability for plants of soils’
pore solution and the dynamics of its chemical
composition has been experimentally confirmed.
The general formula for the influence of weather
looks like the following: the dynamics of weather
factors — the dynamics of soil heterogeneity — the
dynamics of moisture potential and its chemical
composition, which determines the dynamics of
nutrient availability.

The dynamics of the soil pore solution’s chemical
composition is determined by the dynamics

of heterogeneity (soil moisture), which occurs
under the influence of external thermodynamic
disturbances and leads to the destabilization of all
categories of soil absorption capacity.

The amplitude of the soil heterogeneity
dynamics under the influence of weather
is determined by the rate of variability of
thermodynamic factors, and their greatest
influence on the degree of soil heterogeneity is
provided by daily fluctuations in weather factors.

The different distribution of ions — components
of nutrition in the pore solution — between the
two interfaces of solid particles — liquid and
liquid-air — is significantly different from their
distribution in the free solution, which is due
to the property of different adsorption capacity
(physical absorption capacity), which leads to
their uneven spatial distribution and a certain
selection in the structure of the soil pore space.

A unique phenomenon of an increase in
the nitrate content (NOs’) in the pore solution
as the heterogeneity (desorption) of the soil
increases, which is determined by the structure
of the pore space, in particular the presence of
structural macropores with trapped air, has been
experimentally found. This phenomenon is of a
great importance for the conditions of nitrogen
nutrition of plants and requires further studies.

Without providing ready-made management
solutions for regulating the nature of fertility,
the conducted studies outline the direction of
thermodynamic microgradient studies of soils of
undisturbed structure based on the miniaturization
of sensors and the priority of in-situ and on-line
real-time studies, which will allow combining in
parametric models the cyclical nature of external
weather factors with the cyclical dynamics of the
plant production process.
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Ipynm — ye popma icnyéanns OucnepcHux cucmem.
0.€. depcman

Anomauia. [lo2o0a € 00HuM i3 6UBHAUATLHUX YUHHUKIE NPOOYKMUSHOCHII CiIbCOKO2OCHO0APCLKUX KYILIMYP.
Memoro nybaikayii' € excnepumenmanvHe niOmeepONCeHHs i UCEIMIEHH MeXAHI3MY GUHUKHEHHSA OUHAMIKU
XIMIYHO20 CKIAOY NOPOBO2O POIUUHY MA U020 MEPMOOUHAMIUHOT QOCMYNHOCNI OJIsL POCIUH NPU 83AEMOOTT
YOPHO3eMHO20 TPYHMY 3 MEPMOOUHAMIYHUMY (Dakmopamu noeoou 8 0060eomy yukii. Bcmanosneno, ujo
OUHAMIKY OOCIYRHOCHI CNIO wyKamu came 8 000080MY YUKIL 63AEMOOTL IpyHmy 3 006KiIsAM. OCHOBO
EeKCNEePUMEHMATbHUX  1AO0PAMOPHUX  00CAI0JICeHb  OY8  MepMOOUHAMINHULL  2I0pODIZUUHUL  MemOO.
Hocnioacysanu 3pazxu uopHozemy munogoco 1e2Kocy2nuHKo802o nenopyuiernoi cmpykmypu 3 O6yxiscoko2o
pationy Kuiscwvroi obnacmi. J{ocnioxnceHHAMU CIMAHO8EHO, WO UHUKHEHHA OUHAMIKU MepUMOOUHAMIUHOT
00CMYNHOCIMI NOPOB02O PO3UUHY T 1020 XIMIUH020 CKIAdy 3abe3neuyioms CyOopouHayitiHi npoyecu, wo
BUHUKAIOMb Y [DYHMI 34 GNIUGY HA HbO2O YUKIIUHUX (DAKMOPI6 O06KILIL — meMnepamypu, ammocghepHozo
MUCKY | 801020HACUYEHHSA. Y 1a60pamopHux eKcnepumeHmax ompumana 8i0meopiogand OUHAMIKA XiMiy-
HO20 CKAAOY NOPOBO2O PO3UUHY 8 000080MY OIaNA30HI 3MIH 8KA3AHUX akmopis. Bipociono gopmysanus
maxoi OUHAMIKU y MPbOX YUKAAX decopoyii — copoyii, 3abe3neuyioms yci n’ame kamezopii 60UpHoi 30am-
nocmi tpyHmy. Ximiunuil ckiao nopogoeo po3uuny QyHKYIOHANbHO N0 SA3YEMbCA 3 NAPAMEMPOM 2emepo-
2EHHOCMI IPYHIMOB020 Cepedosuuld, Ky GUHAYAE mepmMoounamiynuil nomenyian eonoeu. Ceped Komno-
HEHMI8 XIMIUH020 CKAAY HAUOLIbUOT y6azu 3aciy208ye OuHamixa emicmy ionie nimpamis (NO5s), sk ooniel
3 HAUANCIUBIUUX Ol02eHHUX CNOAYK. YHikanvua ounamixa emicmy NOs nonseac y 1020 3p0CMAHHI no
Mipi 3pocmanns 2emepoceHHoCHI (0ecopbyii) tpyHmy(801020Cmi IPYHMY) OpieHmMosHo 00 3navens HB. L]e
NOSACHIOEMBCS. OCOONUBOIO NOBEOIHKOW YUX [OHIB, WO MAOMb 80 €EMHY a0copOyiliny 30amuicms ((hizuuna
BOUPHA 30AMHICIb), MIHC 080MA NOBEPXHAMU PO3OLTY MEepdi YaCmKU-piOuHa ma piouna-nogimps,a came
ix Konyenmpayicto 6ina nogepxui po30iny Ha KOHMaxkmi 3 ammocgepoio. [ns oCmpykmypeHo20 Ipyumy i3
HAsIBHICMIO 3AMUCHYMO20 NOGIMPSL Y MAKPONOPAX HIMPAm-iOHU 3axXueri 8i0 BUMUBAHHS NOTMOKOM 801102U
i 341080 BUKUOAIOMbCA Y NOPOBULL POZYUH NPU BIOKPUMMI MAKPONOP, W0 MAE 8AICTUBE 3HAUEHHS 05
VMO8 a30MHO20 JHcugieHHs: pocaut. [Ipoeedeni docniodicents oKpecaoioms Yinull HanpsamMoK mepmoouHa-
MIYHUX OOCTIONCEHD IPYHMIE HENOPYULEHOT CIMPYKMYPU Pe3YIbIMamom peanizayii AKo2o Cmanyms napame-
mpuyni Mooeni 3abe3neuents npoOYKYiliHo20 nPoyecy POCIuH.

Knrouosi cnosa: mepmoounamiuna cucmema IpyHmy, mepMOOUHAMIYHI (hakmopu no2oou, eemepoceH-
HiCmb, 2icmepe3uchicms, OUHAMIKA OOCMYNHOCHI 80102U, OUHAMIKA XIMIYHO20 CKAdY NOPOBO2O PO3UUHY),
Himpamu
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