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KIRISH (falsafa doktori (PhD) dissertatsiyasi annotatsiyasi)

Dissertatsiya mavzusining dolzarbligi va zaruriyati. Jahonda sug‘oriladigan
yerlarda yer osti suvlarining gidravlik rejimini ilmiy asosda baholash, uning
mavsumiy va hududiy o‘zgarishlarini aniqlash hamda zamonaviy GAT
texnologiyalari va Machine Learning algoritmlaridan foydalanish yetakchi
o‘rinlardan birini egallamoqda. Dunyo miqyosida sug‘oriladigan hududlarda yer osti
suvlarining gidravlik rejimini GAT texnologiyalari asosida baholash, fazoviy
ma’lumotlarni tahlil gilish, Machine Learning algoritmlari yordamida suv sathi va
gidravlik ko‘rsatkichlarni modellashtirish hamda ularning o‘zgarishini prognozlash
imkonini beruvchi zamonaviy yondashuvlarni amaliyotga joriy etishni tagozo etadi.
Shu jihatdan sug‘oriladigan yerlarda yer osti suvlarining gidravlik rejimini
baholashda GAT texnologiyalari asosida fazoviy ma’lumotlarni tahlil qilish,
Machine Learning algoritmlari yordamida gidrogeologik ko‘rsatkichlarni
modellashtirish va ularning o‘zgarishini prognozlash muhim ahamiyatga ega
hisoblanadi.

Jahonda suv xofjaligi rivojlanishiga ta’sir etuvchi Kkatta hajmdagi
ma’lumotlarni tezkor qayta ishlash, ishonchli tahlil qilish va prognozlash,
shuningdek, yer osti suvlari gidravlik rejimini baholashda GAT texnologiyalari
hamda sun’iy intellektga asoslangan Machine Learning algoritmlarini qo‘llashga
yo‘naltirilgan ilmiy-tadqiqot ishlari olib borilmoqda. Bu borada, yer osti suvlari
sathining o‘zgarishini modellashtirish, xavf zonalarini ajratish, geoma’lumotlar va
vaqt gatorlarini tahlil gilish, noanigliklarni kamaytirish hamda prognoz anigligini
oshirishga qaratilgan GAT va Machine Learning asosidagi intellektual
yondashuvlarni ishlab chigish, shuningdek, yer osti suvlari gidravlik rejimini
baholashning zamonaviy usullarini asoslashga alohida e’tibor berilmoqda.

Respublikamizda suv resurslaridan ogilona va samarali foydalanish,
sug‘oriladigan yerlarda yer osti suvlari holatini muntazam monitoring qilish,
ularning gidravlik rejimini baholash, suv xo‘jaligini raqamlashtirish hamda
zamonaviy GAT texnologiyalari va sun’iy intellekt algoritmlaridan foydalanish
bo‘yicha keng gamrovli chora-tadbirlar amalga oshirilib, muayyan natijalarga
erishilmogda. O‘zbekiston Respublikasini 2030  yilgacha rivojlantirish
strategiyasida, jumladan, «..suv resurslaridan ogilona foydalanish, suvdan
foydalanish samaradorligini oshirish, irrigatsiya tizimlarini modernizatsiya qilish,
suv xo‘jaligida ragamli va innovatsion texnologiyalarni keng joriy etish..» *
bo‘yicha muhim vazifalar belgilab berilgan. Ushbu vazifalarini amalga oshirishda,
jumladan, sug‘oriladigan hududlarda yer osti suvlarining gidravlik rejimini GAT
texnologiyalari asosida baholash, geoma’lumotlar va vaqt qatorlarini tahlil qilish,
Machine Learning algoritmlari yordamida yer osti suvlari sathining o‘zgarishini
modellashtirish va prognozlash hamda suv resurslarini samarali boshgarishga
garatilgan zamonaviy ilmiy yondashuvlarni yaratish muhim ahamiyat kasb etmoqda.

O‘zbekiston  Respublikasi ~ Prezidentining  2023-yil  11-sentabrdagi
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“O‘zbekiston—2030” strategiyasi to‘g‘risidagi PF-158-son Farmoni, O‘zbekiston
Respublikasining 2023-yil 4-avgustdagi “Suv kodeksini tasdiglash to‘g‘risida”gi
O‘RQ-1076-son Qonunida, 2023-yil 1-maydagi “Suv xo°jaligini boshqarish tizimini
takomillashtirish chora-tadbirlari to‘g‘risida”gi PQ-169-son qarori, O‘zbekiston
Respublikasi Prezidentining 2023-yil 7-dekabrdagi “Qishloq xo‘jaligi yerlarining
meliorativ holatini yaxshilash va suv resurslaridan ogilona foydalanish chora-
tadbirlari to‘g‘risida”’gi PQ-408-son garori hamda mazkur faoliyatga tegishli boshga
me’yoriy-huquqgiy hujjatlarda belgilangan vazifalarni amalga oshirishga ushbu
dissertatsiya ishi muayyan darajada xizmat giladi.

Tadqigotning respublika fan va texnologiyalari rivojlanishining ustuvor
yo‘nalishlariga mosligi. Mazkur tadqigot respublika fan va texnologiyalar
rivojlanishining V - «Qishloq xo‘jaligi, biotexnologiya, ekologiya va atrof-muhit
muhofazasi» va VIII - «Yer to‘g‘risidagi fanlar (geologiya, geofizika, seysmologiya
va mineral xomashyoni qayta ishlash» ustuvor yo‘nalishlari doirasida bajarilgan.

Muammoning o‘rganilganlik darajasi. Yer osti suvlari harakatining nazariy
asoslari va ularning hisoblash usullarini ishlab chigish muammolari A.Darsi,
J.Dyupi, L.S.Leybenzon, F.Forxgeymer, N.YE.Jukovskiy, J.Bussinesk, CH.Slixter,
S.F.Averyanov, V.l.Aravina, N.N.Pavlovskiy, G.N.Kamenskiy, F.B.Abutaliyev,
D.M.Kas, K.SH.Latipov, R.Sadullayev, D.F.Fayzullayev, N.Ravshanov,
B.Xo‘jayorov, I[.K.Gavich, T.W.Patzek, P.J.Monteiro, D.B.Silin, M.Chraibi,
S.Zaleski, C.Atkinson, R.A.lsangulov, F.Franco, M.H.Hamdan va boshga
tadgigotchilarning ishlarida bayon etilgan.

GAT texnologiyalarining suv resurslarini tadgigqotida qo‘llanilishi hamda
machine learning va deep learning algoritmlaridan foydalanish masalalari
R.Tomlinson, M.F.Gudchayld, P.A.Burrou, A.U.Frank, S.Openshou, D.J.Maguayr,
M.Batti, G.Klark, N.Krisman, D.V.Rxind, Y.Lekun, Y.Benjio, J.Xinton, A.Greyvs,
J.Shmidxuber, l.Gudfellou, T.Sejnovski, M.Jordan, P.Domingos, A.Ng,
A Arifjanov, Z.Abdulkhaev, A.Kadirkhodjaev, B.Akramov, B.Abdullaev,
Z.Umarova va boshga olimlar tomonidan izlanishlar olib borilgan va ma’lum
darajada ijobiy natijalarga erishilgan.

Olib borilgan ilmiy tadqiqotlar va ularning tahliliga ko‘ra, hozirgi vaqtda
sug‘oriladigan yerlarda yer osti suvlari gidravlik rejimini baholash, GAT
texnologiyalari asosida gidravlik parametrlarni fazoviy tahlil gilish hamda machine
learning algoritmlarini qo‘llash bo‘yicha muayyan ilmiy-amaliy natijalarga
erishilgan. Biroq yer osti suvlari gidravlik rejimini kompleks baholashda
gruntlarning filtratsiya koeffitsientini aniglash va hududiy zonalashtirish, gidravlik
parametrlarning fazoviy o‘zgarishini baholash, shuningdek, gruntlarning fizik-
mexanik xususiyatlarini Machine Learning algoritmlari asosida prognozlashni
yagona yondashuv asosida tadqiq etish masalalari yetarlicha chuqur o‘rganilmagan.

Dissertatsiya mavzusining dissertatsiya bajarilgan oliy ta’lim
muassasasining ilmiy ishlari rejasi bilan bog‘liqligi. Dissertatsiya tadgiqoti
“Toshkent irrigatsiya va qishloq xo‘jaligini mexanizatsiyalash muhandislari
instituti” Milliy tadqiqot universiteti ilmiy-tadgiqot ishlari rejasining 1.8-son
“Irrigatsiya tizimlari, gidrotexnik inshootlar va suv omborlarida gidravlik va

gidrologik jarayonlarni informatsion texnologiyalar asosida baholashning ilmiy
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asoslarini ishlab chiqish”, “Iqlim o‘zgarishi sharoitida Xitoy va O‘zbekistonning
suvni tejovchi texnologiyalarini qo‘llash va moslashtirish” mavzusidagi
O‘zbekiston-Xitoy qo‘shma loyihasi (2025-2028) hamda Erasmus+ Yevropa
Ittifoqi tomonidan moliyalashtirilgan “Oliy ta’limda salohiyatni oshirish”
yo‘nalishidagi MECAS (Orol dengizi havzasiga ta’siri bo‘yicha ekoinformatika
magistr ta’lim yo‘nalishini yaratish) mavzusidagi amaliy loyihasi doirasida
bajarilgan.

Tadgiqotning magsadi. Yer osti suvlari gidravlik rejimini  GAT
texnologiyalari, machine learning va deep learning algoritmlarini qo‘llagan holda
baholash va bashorat gilish usullarini ishlab chigishdan iborat.

Tadgiqot vazifalari:

sug‘oriladigan yerlarda yer osti suvlari gidravlik rejimini baholashga doir
nazariy va amaliy tadgiqotlar tahlili;

sug‘oriladigan yerlarda yer osti suvlari gidravlik rejimining shakllanishiga
ta’sir etuvchi tabiiy va antropogen omillarni masofadan zondlash usullari yordamida
tadqiq etish;

Machine learning va Deep learning algoritmlarini (LSTM neyron tarmog‘i)
qo‘llagan holda yer osti suvlari sathi o‘zgarishini baholash va bashorat qilish
bo‘yicha tadqiqotlar olib borish;

GAT texnologiyalari, Machine learning va Deep learning algoritmlarini
integratsiyalash orgali yer osti suvlari gidravlik rejimini tahlil gilishning kompleks
usulini ishlab chigish.

Tadgiqotning obyekti sifatida Surxondaryo viloyati sug‘oriladigan yerlari
olingan.

Tadgiqgotning predmetini yer osti suvlari harakatining gidravlik va gidrologik
jarayonlari tashkil etadi.

Tadqgigotning usullari. Tadgiqot jarayonida gidravlika va muhandislik
gidrologiyasi usullaridan, dala tajriba ma’lumotlarini analitik qayta ishlash,
eksperimental tajriba natijalariga statistik ishlov berish, machine learning va Deep
learning algoritmlaridan, gidrogeodinamik modellashtirish usullaridan hamda
dasturiy mahsulot ishlab chigish magsadida sun’iy intelekt, Python va JavaScript
dasturlash tillaridan foydalanilgan.

Tadgiqotning ilmiy yangiligi quyidagilardan iborat:

sug‘oriladigan yerlarda yer osti suvlari sathining ko‘p yillik hamda mavsumiy
o‘zgarishiga ta’sir etuvchi tabiiy va antropogen omillarni inobatga olib ogimning
bargaror va begaror harakatining gidrodinamik modeli takomillashtirilgan;

gidravlik va gidrologik ma’lumotlar hamda sun’iy intelekt algoritmlarini
integratsiyalash asosida yer osti suvlarining gidravlik rejimini baholash usuli ishlab
chigilgan;

LSTM (Long Short-Term Memory) neyron tarmoglari yordamida yer osti
suvlari dinamikasini bashoratlash modeli yaratilgan;

GAT texnologiyalari, machine learning va deep learning algoritmlarini
integratsiyalash orgali yer osti suvlari gidravlik rejimini tahlil qgilish usuli ishlab
chiqilgan;



Tadgigotning amaliy natijasi quyidagilardan iborat:

yer osti suvlari sathini monitoring qilish uchun “Groundwater Information
Management System” onlayn ilovasi va ma’lumotlar bazasi yaratilgan;

yer osti suvlari sathi dinamikasini baholash va boshgarishni amalga oshirishni
ta’minlovchi algoritm (Python PL) va hisoblash web ilovasi hamda dasturi
yaratilgan;

sug‘oriladigan maydonlarda yer osti suvlari mavsumiy yo‘nalishi va sathini
ifodalovchi 2D xaritasi ishlab chigilgan;

gruntlarning gorizontal filtratsiya koeffitsiyenti bo‘yicha zonalashtirish amalga
oshirildi hamda xaritalari ishlab chigilgan;

LSTM algoritmi yordamida yer osti suvlari sathi dinamikasini bashorat gilish
modeli ishlab chigilgan;

Masofadan zondlash usullari yordamida tadgiqot hududi uchun onlayn ilova
yaratilgan.

Tadgiqot natijalarining ishonchliligi. umume’tirof etilgan mexanika
gonunlari, zamonaviy GAT texnologiyalari, Machine Learning va Deep Learning
algoritmlariga asoslanganligi, nazariy natijalarning eksperimental va dala tajribalari
natijalari bilan taggoslab tekshirilganligi, shuningdek, statistik va matematik usullar
asosida, jumladan o‘rtacha kvadratik xatolik (MSE) ko‘rsatkichi orqali
baholanganligi bilan izohlanadi.

Tadgqiqot natijalarining ilmiy va amaliy ahamiyati. Tadgigot natijalarining
ilmiy ahamiyati yer osti suvlari gidravlik rejimini GAT texnologiyalari, Machine
learning va Deep learning algoritmlari  asosida  baholash  usullari
takomillashtirilganligi, gruntlarning filtratsiya koeffitsiyenti va gidravlik
parametrlarini fazoviy tahlil gilish yondashuvi ishlab chigilganligi, shuningdek,
LSTM neyron tarmog‘i yordamida yer osti suvlari sathini bashorat qilish modeli
yaratilganligi bilan izohlanadi.

Tadgiqot natijalarining amaliy ahamiyati yer osti suvlari gidravlik rejimini
baholash va bashorat gilish uchun GAT asosidagi interaktiv xaritalar va modellar
ishlab chiqilganligi, filtratsiya koeffitsiyenti bo‘yicha hududlarni zonalashtirish
hamda yer osti suvlari sathini nazorat gilish va boshgarishga xizmat giluvchi
algoritm va dasturiy ta’minot yaratilganligi bilan izohlanadi.

Tadqiqot natijalarining joriy qilinishi. Sug‘oriladigan yerlarda yer osti
suvlari gidravlik rejimini baholashda GAT texnologiyalari va Machine learning
algoritmlari mavzusi bo‘yicha olingan natijalar asosida:

Yer osti suvlari sathi dinamikasini fazoviy tahlil gilish, gidrometeorologik va
gidrogeologik ma’lumotlarni integratsiyalash hamda interaktiv xaritalar orqali
vizualizatsiya qilish imkonini beruvchi “Groundwater Information Management
System” monitoring tizimi ishlab chigilgan va amaliyotga joriy qilingan
(O‘zbekiston Respublikasi Ekologiya, atrof-muhitni muhofaza gilish va iglim
o‘zgarishi vazirligining 2025-yil 17-dekabrdagi 03-03/1-3724-son
ma’lumotnomasi). Tizim asosida 2000-2024-yillardagi ma’lumotlarni gamrab
olgan “Gidrogeologik-gidromeliorativ ma’lumotlar bazasi (Surxondaryo viloyati
misolida)” yaratilib, O‘zbekiston Respublikasi Adliya vazirligining BGU-1674-son
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guvohnomasi bilan ro‘yxatdan o‘tkazilgan. Natijada, yer osti suvlari sathining ko‘p
yillik va mavsumiy o°‘zgarishlarini monitoring qilish imkoniyati yaratilgan;

Yer osti suvlari sathi dinamikasini bashorat gilish uchun LSTM (Long Short-
Term Memory) neyron tarmog‘i asosidagi model ishlab chiqilgan va amaliyotga
joriy gilingan (O‘zbekiston Respublikasi Ekologiya, atrof-muhitni muhofaza qilish
va iqlim o‘zgarishi vazirligining 2025-yil 17-dekabrdagi 03-03/1-3724-son
ma’lumotnomasi). Natijada, yer osti suvlari sathini bashorat qilish aniqligi 92 foizni
tashkil etib, uning ko‘tarilishining oldini olish bo‘yicha tadbirlarni oldindan
rejalashtirish imkoniyati yaratilgan;

GAT texnologiyalari asosida ishlab chigilgan onlayn platforma Surxondaryo
viloyati Amu-Surxon irrigatsiya tizimlari havza boshqarmasi, “Chiroy Muzrabod”
XK, Ekologiya va iqlim o‘zgarishi milliy qo‘mitasining hududiy boshgarmalari
hamda Xalgaro suv resurslarini boshgarish instituti Markaziy Osiyo ofisi (IWMI-
CA) tomonidan amalga oshirilayotgan CGIAR NEXUS Gains tashabbusining
“Groundwater research” komponenti faoliyatiga joriy qilingan (IWMI-CAning
2025-yil 6-iyuldagi 1CT/145/07-son ma’lumotnomasi). Natijada, yer osti suvlari
sathi dinamikasini monitoring qilish va suv resurslarini boshqarish bo‘yicha tezkor
garorlar gabul gilish imkoniyati yaratilgan.

Tadqgigot natijalarining aprobatsiyasi. Mazkur tadgiqot natijalari 3 ta
xalgaro va 2 ta respublika ilmiy-amaliy anjumanlarda muhokamadan o‘tkazilgan.

Tadqiqot natijalarining e’lon qilinishi. Dissertatsiya mavzusi bo‘yicha jami
15 ta ilmiy ish chop etilgan. O‘zbekiston Respublikasi Oliy attestatsiya
komissiyasining texnika fanlari bo‘yicha falsafa doktori (PhD) dissertatsiyalari
asosiy ilmiy natijalarini chop etish tavsiya etilgan ilmiy nashrlarda 9 ta maqola,
Scopus ma’lumotlar bazasida indekslanuvchi konferensiya materiallari
to‘plamlarida 4 ta ilmiy ish hamda Q2 kvartilli xorijiy jurnallarda 2 ta magola chop
etilgan, shuningdek, 2 ta EHM dasturi uchun guvohnoma olingan.

Dissertatsiya tuzilishi va hajmi. Dissertatsiya tarkibi kirish, to‘rtta bob,
xulosa, foydalanilgan adabiyotlar ro‘yxati va ilovalardan iborat. Dissertatsiyaning
umumiy hajmi 125 betni tashkil etgan.

DISSERTATSIYANING ASOSIY MAZMUNI

Kirish gismida dissertatsiya mavzusining dolzarbligi va zarurati asoslangan,
dissertatsiya mavzusining dissertatsiya bajarilgan oliy ta’lim muassasasining ilmiy-
tadqiqot ishlari rejalari bilan bog‘ligligi, tadgiqotning magsadi va vazifalari, obyekti
va predmeti keltirib o‘tilgan. Shu bilan bir gatorda tadgiqgotlar olib borilgan uslublar,
tadgigotning ilmiy yangiligi va amaliy natijalari bayon gilingan, shuningdek,
olingan natijalarning ishonchliligi asoslangan, tadgigot natijalarining ilmiy va
amaliy ahamiyati, hamda natijalarning amaliyotga joriy qilinishi, tadgigot
natijalarining aprobatsiyasi, natijalarning e’lon qilinishi hamda dissertatsiyaning
tuzilishi va hajmi bo‘yicha ma’lumotlar keltirilgan.

Dissertatsiya ishining “Yer osti suvlarining gidravlik rejimi tadqiqotiga
doir nazariy va amaliy izlanishlar tahlili” deb nomlangan birinchi bobida



sug‘oriladigan hududlarda yer osti suvlarining gidravlik rejimini o‘rganishga oid
ilmiy-amaliy tadgiqotlarning analitik tahlil natijalari keltirilgan.

Birinchi navbatda, sug‘oriladigan hududlarda yer osti suvlarining gidravlik
rejimini aniqlashga doir klassik yondashuvlar, ularning shakllanish gonuniyatlari
hamda suv sathining o‘zgarishiga ta’sir etuvchi omillar tizimli ravishda ko‘rib
chiqilgan. Tadqiqotlar tahlili shuni ko‘rsatadiki, yer osti suvlarining rejimi suv
balansi elementlari, ya’ni sug‘orish suvlari, infiltratsiya jarayonlari, drenaj tizimlari,
iqlim omillari hamda tuprog-gidrogeologik sharoitlar ta’sirida shakllanadi.

Yer osti suvlarining harakati va ularning nazariy asoslari Darcy gonuni hamda
geofiltratsiya tenglamalari asosida tahlil qilinib, turli olimlar tomonidan olib
borilgan fundamental va zamonaviy tadgiqotlar natijasida grunt suvlari sathi
dinamikasi murakkab, ko‘p omilli tizim ekanligi hamda jarayonni to‘liq baholash
uchun sun’iy intellekt elementlaridan foydalanish mumkinligi asoslangan.
Tadqiqotlar yer osti suvlarining shakllanishi va o‘zgarishi tabiiy hamda antropogen
omillar ta’sirida yuzaga kelishini ko‘rsatadi. Ayniqsa, sug‘orish suvlari
infiltratsiyasi hamda kanal va kollektor tizimlaridagi filtratsion yo‘qotishlar grunt
suvlari sathining oshishiga asosiy sabab bo‘lishi aniglangan. Shu bilan birga,
samarali drenaj tizimining mavjudligi yer osti suvlarining bargaror rejimini
ta’minlashda muhim omil sifatida e’tirof etiladi.

Hududiy tahlillar, xususan, Surxondaryo viloyati misolida olib borilgan
izlanishlar yer osti suvlarining dinamikasi hududning gidrogeologik va iglimiy
xususiyatlariga bevosita bog‘ligligini tasdiglaydi, bu esa har bir irrigatsiya hududi
uchun individual boshgaruv yondashuvini talab qiladi. Zamonaviy ilmiy
yondashuvlar doirasida Geografik axborot tizimlari, masofadan zondlash, Machine
Learning va Deep Learning usullaridan foydalanish yer osti suvlari rejimini
baholash va bashoratlash imkoniyatlarini kengaytiradi. Xususan, sun’iy intellekt
asosidagi neyron tarmoqlar va LSTM modellaridan foydalanish vaqt bo‘yicha
dinamik o‘zgarishlarni yuqori aniqlikda aniqlash imkonini berishi ilmiy tadqiqotlar
bilan tasdiglangan. GAT va ML/DL texnologiyalarining integratsiyasi esa yer osti
suvlarini boshqgarishning innovatsion va samarali mexanizmlarini shakllantirishga
xizmat giladi.

Olib borilgan izlanishlar asosida sug‘oriladigan hududlarda yer osti
suvlarining gidravlik rejimini baholash va boshgarish masalasi kompleks
yondashuvni, ya’ni nazariy asoslar, matematik modellashtirish va zamonaviy
raqamli texnologiyalarni birgalikda qo‘llashni talab etishi aniqlangan. Natijada,
dissertatsiya tadgiqotining magsadi va asosiy vazifalari shakllantirilgan.

Dissertatsiya ishining “Sug‘oriladigan yerlarda yer osti suvlari gidravlik
rejimini baholash bo‘yicha dala tadqiqotlari va ularning tahlili” deb nomlangan
ikkinchi bobida tadgiqot hududining geografik o‘rni, iqlim va gidrologik sharoiti,
yer osti suvlarining shakllanishi, sathi o‘zgarishi va gidravlik xususiyatlari,
hududning geologik, geomorfologik, litologik va gidrogeologik sharoitlari hamda
tuproq ko‘rsatkichlari, masofadan zondlash materiallari asosida olingan natijalar
tahlili keltirilgan.

Tadgigot ob’ekti sifatida Surxondaryo viloyati sug‘oriladigan yerlari tanlab
olindi. Yer osti suvlari rejimini baholash uchun 2000-2024-yillar bo‘yicha 81 ta
10



kuzatuv qudug‘i ma’lumotlari jamlanib, ulardan rejimning turli tiplarini ifodalovchi
6 ta reprezentativ quduq ajratildi.
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1-rasm. Yer osti suvlari sathi dinamikasi

Tahlillar natijasida tanlangan quduglarda yer osti suvlari sathining oylik
o‘rtacha chuqurligi 0,72 m dan 10,8 m gacha o‘zgarishi aniqlandi (1-rasm). Xususan,
1722005-sonli quduqda ko‘p yillik trend +0,11 m/yil ni tashkil etib, Mann—Kendall
testi bo‘yicha p=0,004 darajada statistik ahamiyatli ekani isbotlandi; bu ayrim
hududlarda yer osti suvlari sathi barqaror ko‘tarilish tendensiyasiga ega ekanini
ko‘rsatadi. Meteorologik omillar tahlili asosida, Denov stansiyasida 2000—2024-
yillar uchun yillik yog‘in o‘rtachasi 312,8 mm, aridlik indeksi 0,31 bo‘lib, hudud
yarim qurg‘oq zona sifatida tavsiflandi; Termez stansiyasida esa yillik yog‘in 154,6
mm, aridlik indeksi 0,14 bo‘lib, qurg‘oq sharoit ustunligi aniglandi. Trend tahliliga
ko‘ra, yog‘in qatorlarida statistik jihatdan barqaror o‘sish kuzatilmagan bo‘lsa-da,
harorat bo‘yicha Termezda +0,40 °C/10 yil va Sherobodda +0,53 °C/10 yil ijobiy
trend gayd etildi. Surxondaryo havzasi bo‘yicha so‘nggi 25 yillik ma’lumotlar
tahliliga ko‘ra yog‘ingarchilik miqdori 41 mm ga kamayganligi aniqlandi. Tadgiqot
hududi bo‘yicha tuproglarning mexanik xossalari tahliliga ko‘ra, filtratsiya
koeffitsienti (K) ning eng kichik giymati 8,22 sm/kun, eng Kkatta giymati
12,03 m/kun, hudud bo‘yicha o‘rtacha giymati esa 304,5 sm/kun ni tashkil etdi.
G‘ovakligi (n) bo‘yicha qiymatlar 32 % dan 49 % gacha o‘zgarib, o‘rtacha 37,16 %
ga teng bo‘ldi. Suv beruvchanligi (Sy) ning minimal giymati 5 %, maksimal giymati
32 %, o‘rtacha qiymati 24,1 % ni tashkil etdi. Dala namlik sig‘imi (65) bo‘yicha
diapazon 8,2 mm dan 43,2 mm gacha bo‘lib, hududiy o‘rtacha qiymat 19,3 mm deb
aniqglandi.
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2-rasm. Tuproglarning mexanik xossalari

Hajmiy zichligi (p,) esa 1,27 g/sm3dan 1,55 g/sm?3 gacha o‘zgarib, o‘rtacha 1,47
g/sm3 ni tashkil etdi (2-rasm). Ko‘rsatkichlar hududda qumli, qumoq va gilli
gatlamlarning bir-biri bilan almashinib kelishini, ya’ni tuprog goplamining kuchli
teksturaviy va gidravlik geterogenligini ko‘rsatadi. Shu bilan birga, tekstura sinfi
bo‘yicha o‘rtacha parametrlar ham sezilarli farg gildi: Soz (clay) tuproq sinfida K =
8,22 sm/kun, O = 43,2 mm, Sy =5 %, n = 49 %, p, = 1,27 g/sm?3; og‘ir qumoq (clay
loam) da K = 24,5 sm/kun, 6= 28,7 mm, Sy = 13 %, n = 32 %, p, = 1,53 g/sm?,
o‘rtacha qumogq (loam) da esa K = 66,5 sm/kun, 65 = 25,4 mm, Sy = 17 %, n = 43,3
%, p, = 1,39 g/sm? ni tashkil etishi aniglandi.

Yer osti suvlari monitoring va axborot tizimi

Gidrogeaologik Gidromaliorativ Gidrometeorologik Litologik

3-rasm. Yer osti suvlari monitoring va axborot tizimi tuzilishi

Tadgigot doirasida yer osti suvlari monitoringi va axborot tizimi ishlab
chiqilgan bo‘lib, u turli manbalardan olingan ma’lumotlarni yagona platformaga
birlashtirish, ularni standartlashtirish, yig‘ish, statistik va fazoviy tahlil gilish hamda
natijalarni xaritalar ko‘rinishida taqdim etish imkonini beradi. Ushbu tizim yer osti
suvlari rejimini kompleks baholash va bashoratlash uchun samarali vosita sifatida
tavsiflangan. Masofadan zondlash texnologiyalari asosida hududning fazoviy
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xaritalari tuzilib, yer osti suvlari sathi dinamikasini baholashda ko‘p manbali va
analitik yondashuv qo‘llanilgan. Bu esa tabiiy omillar ta’sirini aniqlash, monitoring
tizimini takomillashtirish va bashoratlash modellarining anigligini oshirish imkonini
beradi.

—  GEE asosida online ilova _
[ ‘ J | 1

Surxondaryo viloyati = JavaScript (PL) ]

Yer osti suvlari sath dinamikasiga ta’sir etuvchi tabiiy omillar

[
v

Vaqt gatorlari ‘ = Manba ( Sun’iy yo’ldosh ;urlari ]
« 2000-2024 yillar  TerraClimate « Sentinel-2
* Mavsumiy « CHIRPS/ERAS « Landsat 8/9
» Copernicus « MODIS

i Parametrlar) T
Air =

Temperature

S Soil
Moisture

4-rasm. Tadgiqot hududi uchun GEE asosida online ilovaning metodik
sxemasi

Yuqoridagi tahlillar natijasida yer osti suvlari rejimini baholash va boshgarish
uchun kompleks yondashuv zarurligi, ya’ni dala kuzatuvlari, statistik tahlil, GAT
texnologiyalari va zamonaviy modellashtirish usullarini birgalikda qo‘llash
muhimligi asoslab berilgan.

Dissertatsiyaning “GAT texnologiyalari, Machine learning va Deep
learning algoritmlari yordamida yer osti suvlarining dinamikasini
modellashtirish” nomli uchinchi bobida yer osti suvlari sathini baholashda
geografik axborot texnologiyalari, Machine learning algoritmlaridan foydalanib, yer
osti suvlarining dinamikasini bashoratlash usulini takomillashtirish, Deep learning
(LSTM) neyron tarmog‘i asosida yer osti suvlarining darajalarini bashorat gilish
usulini ishlab chigish masalalari bayon etilgan hamda modellar samaradorligini
baholash va natijalarni tagqoslash ishlari amalga oshirilgan.

Yer osti suvlari harakati tenglamasi yer osti gruntlarining gorizontal va
vertikal filtratsiya koeffitsiyentlarini hisobga olgan holda Dekart koordinatalar
sistemasida quyidagicha yoziladi:

dh 0 oh 0 oh 0 oh

v 50 () + oy (K 5y) + 3 (K 3) + RO - 0 (1)

bu yerda, Sy - suv beruvchanlik koeffitsiyenti, h - yer osti suvlari sathi, K, Ky,

K; - mos ravishda x, y va z yo‘nalishlari bo‘yicha filtratsiya koeffitsiyentlari, R -
Kiruvchi suv mlqdorl Q(t) esa chlquvchl suv miqdorini bildiradi. Mazkur tenglama
yer osti suvlari ogimining umumiy filtratsion harakatini ifodalaydi. Unda suv
sathining vaqt bo‘yicha o‘zgarishi gorizontal va vertikal yo‘nalishlardagi filtratsiya
jarayonlari, shuningdek, tashqi kirim va chiqimlar ta’sirida shakllanishi ko‘rsatilgan.
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Shu sababli tenglama yer osti suvlari sathining fazo va vaqt bo‘yicha o‘zgarishini
gidravlik jihatdan asoslash uchun boshlang‘ich nazariy ifoda sifatida qabul qilindi.

Sug‘oriladigan hududlarda gidrologik parametrlar K,, K,,, K, kabi gidrologik
parametrlar va Q,, P, I, D balans komponentlari fazo-vaqt bo‘yicha o‘zgaruvchan
bo‘lib, ularni har bir (X,y,t) nuqtada to‘liq o‘lchash amaliy jihatdan murakkabdir. Shu
sababli (1)-tenglamadagi fizik jarayonlarni ma’lumotlar asosida ifodalash uchun
vaqt qatorlari bilan ishlashga mos bo‘lgan LSTM (Long Short-Term Memory)
neyron tarmog‘i tanlandi. LSTM sug‘orish mavsumidagi kechikkan ta’sirlarni,
filtratsiya jarayonining inertligini va mavsumiy tebranishlarni xotira mexanizmi
orgali hisobga olishi bilan ajralib turadi. Yuqorida keltirilgan (1)-tenglama asosida
yer osti suvlari harakati suv balansi komponentlari orgali aniglashtirilib, quyidagi
ko‘rinishga keltirildi:

dh 0 dh 0 dh

S5 = xa)+$(Ky$)+Qr(t)+P(t)+1(t)—D(t) @)

bu yerda, Q((t) - yonlama yoki gidrogeologik kirimni, P(t) - atmosfera

yog‘inlari va yer yuzasidan shakllanadigan tabiiy kirimni, I(t) - sug‘orish suvlari

infiltratsiyasini, D(t) esa drenaj orqgali chigariladigan suv miqdorini bildiradi.

Tenglamaning moslashtirilgan ko‘rinishida hudud uchun asosiy kirim va chigim

komponentlari alohida ajratib ko‘rsatilgan. Mazkur ifoda yer osti suvlari sathining

o‘zgarishi faqat filtratsiya koeffitsiyentlari bilan emas, balki hududiy suv balansi
elementlari bilan ham bog‘ligligini ko‘rsatadi.

Ushbu tenglama tadqiqot hududi sharoitiga moslashtirilgan bo‘lib,
sug‘oriladigan hududlarda yer osti suvlari balansini soddalashtirilgan gidravlik
ko‘rinishda ifodalaydi. Unda kirimlar Q(t), P(t), I(t) hamda chigim D(t) hisobga
olinib, suv sathining o‘zgarishi shu komponentlar va filtratsiya jarayonlarining
birgalikdagi ta’siri natijasida shakllanishi asoslandi.

oh 0 oh 0 oh
i, (80 57 = 5 (Ao 0 33) + 3 (s O 35 ) + fa, 080 + fo ) + (K = fo) - @)

bu yerda, fs,(X;) - suv beruvchanlikning hudud bo‘yicha o°zgarishini, fxx(X:)
va fky(X;)) - X va y yo‘nalishlaridagi filtratsiya koeffitsiyentlarining fazoviy
tagsimotini bildiradi. fo(X:), fr(X:) va fi(X;) mos ravishda yonlama kirim, yog‘inlar
hamda sug‘orish infiltratsiyasi ta’sirini, fp(X;) esa drenaj chigimini ifodalaydi.
Umumlashtirilgan model ko‘rinishida parametrlarning fazoviy o‘zgaruvchanligi
funksional shaklda ifodalandi. Shu orgali parametrlarning bir xil giymatga ega
emasligi va ular hududiy sharoitga garab o‘zgarishi modelda hisobga olindi.

A dh 0 (A

502 2 (kD) + 2 (R, 0 2) + 0,(t) + P + i) ~ D 4
0% = 5 (B05) 15 (ROF) + 2@+ @ +10) - D 0

(4)-tenglamada parametrlarning vaqt bo‘yicha o‘zgaruvchanligi inobatga

olinib, tizimning dinamik xususiyatlari yanada aniglashtirildi. Bu bosqgichda fazoviy
funksiyalar vaqtga bog‘liq o‘zgaruvchi parametrlar sifatida qaraldi va yer osti
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suvlari sathining keyingi holatini baholash uchun tenglama diskret ko‘rinishga
keltirildi:

fens = e+ 55 [ (RO 55) + 35 (RO F) + 0.0+ + 10 - Do) &

bu yerda, /1) - keyingi vagt momenti uchun bashorat gilingan yer osti suvlari
sathi, h - joriy vaqt momentidagi suv sathi, 47 - vaqt gadami, Syw - vaqt bo‘yicha
o‘zgaruvchi suv beruvchanlik koeffitsiyenti, Kx(t) va Ky(t) - mos ravishda x va y
yo‘nalishlaridagi filtratsiya koeffitsiyentlari, Or, Py, 1 - Kirim komponentlari, Dy
esa drenaj orgali chigim komponentini bildiradi. Modelning vaqt bo‘yicha
diskretlashtirilgan ko‘rinishida suv sathining keyingi qiymati oldingi holat va shu
vaqt oralig‘idagi gidravlik omillar asosida aniglanadi. Mazkur ko‘rinish suv
sathining o‘zgarishini oldingi holat, filtratsiya va suv balansi elementlari bilan
bog‘lab hisoblash imkonini beradi.

he = LSTMg(Xt—p:t-1) (6)

Ushbu ifoda LSTM asosidagi yakuniy bashorat modelini bildiradi. Unda /g
giymati X,—,..; ko‘rinishidagi oldingi vaqt oralig‘i ma’lumotlari asosida aniqlanadi.
X tarkibiga yer osti suvlari sathi bilan bog‘liq gidravlik va gidrogeologik omillar,
jumladan filtratsiya koeffitsiyentlari, suv beruvchanlik, yog‘in, sug‘orish
infiltratsiyasi, yonlama kirim va drenaj chiqimi kabi ko‘rsatkichlar kiritiladi. Shu
sababli LSTM modeli fizik tenglamalarda ifodalangan jarayonlarni vaqt gatori
ma’lumotlari orqgali o‘rganib, yer osti suvlari sathining keyingi holatini
bashoratlashga xizmat giladi.

Sug‘oriladigan hududlarda yer osti suvlari rejimini GAT texnologiyalari, ko‘p
mezonli baholash, geostatistik tahlil hamda machine learning va deep learning
algoritmlari asosida modellashtirish natijalari keltirilgan. Dastlab tadgiqot hududi
bo‘yicha relyef, nishablik, ekspozitsiya, drenaj zichligi, geomorfologiya, yer
goplami, NDVI, lineament zichligi va litologiya kabi fazoviy omillar ragamli
qatlamlar ko‘rinishida tayyorlanib, ular AHP asosida normallashtirildi va weighted
overlay (WQO) usuli orgali yer osti suvlari potensial hamda xavf zonalari aniglandi.
Ushbu metodik yondashuvda baholash mezonlari 1-9 ballik shkala bo‘yicha
reklassifikatsiya qilinib, modelning ishonchliligi CR < 0.10 sharti bilan tasdiglandi.
Hisoblashlar natijasida yer osti suvlari shakllanishiga eng katta ta’sir ko‘rsatuvchi
omillar litologiya - 18.5%, lineament zichligi - 17.3% va geomorfologiya - 14.2%
ekani aniglandi, bu esa Surxondaryo viloyati sharoitida yer osti suvlari rejimi,
birinchi navbatda, hududning geologik tuzilishi va morfostruktur xususiyatlari bilan
belgilanayotganini ko‘rsatdi (5-rasm).
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5-rasm. Surxondaryo hududining morfometrik va geomorfologik xaritalari:
(A) Balandlik xaritasi, (B) Nishablik, (D) Ekspozitsiya, (E) Egrilik, (F)
NDVI, (G) Geomorfologik sinflar

Fazoviy modellashtirish natijasida yer osti suvlari sathining o‘rtacha, minimal

va maksimal chuqurlik xaritalari tuzildi. Mazkur xaritalarda asosiy chuqurlik
diapazonlari <1 m, 1-3 m, 3-5 m, 5-10 m va > 10 m toifalarda ajratildi. (6-rasm).
Shuningdek bazaviy va 2024-yil holat bo‘yicha xavf zonalari xaritalari ishlab
chiqilib, ular juda sayoz (<1), sayoz (1-3), o‘rtacha chuqurlikda (3-5), chuqur (5-10)
va juda chuqur (>10) sinflarida baholandi.

et 1 oIl

6-rasm. Tadgigot hududida yer osti suvlari sathining minimal, maksimal va
o‘rtacha giymatlari xaritalari

Bunda yer osti suvlari chuqurligi 1 m dan kichik bo‘lgan hududlar yuqori
meliorativ xavf zonalari sifatida ajratildi. Olingan natijalar hududda meliorativ
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xavfning bir xil emasligini, ayrim massivlarda yer osti suvlari sathi ko‘tarilish xavfi
yugori, ayrim zonalarda esa nisbatan barqaror holat saqlanishini ko‘rsatdi.
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7-rasm. Namunaviy kuzatuv quduglari bo‘yicha kuzatilgan va LSTM
modeli yordamida bashorat gilingan yer osti suvlari sathi dinamikasi

Machine Learning bosqichida yer osti suvlari sathini bashoratlash uchun RF,
SVM, XGBoost va LSTM modellarining qiyosiy tahlili bajarildi. Natijalarga ko‘ra,
6 ta quduq bo‘yicha eng yuqori aniqlik LSTM modelida kuzatildi: bunda R* = 0.87—
0.92 oralig‘ida bo‘lib, RF modelida 0.61-0.66, SVM modelida 0.59-0.64, XGBoost
modelida esa 0.64-0.69 giymatlar olindi. LSTM uchun ayrim quduglarda xatolik
ko‘rsatkichlari ham past bo‘lib, masalan 1722005 quduqda RMSE = 0.50, MAE =
0.32, 1722016 qudugda RMSE = 0.49, MAE = 0.31, 1722136 quduqda esa RMSE
= 0.52, MAE = 0.33 ni tashkil etdi. Bu holat LSTM modelining sug‘orish
mavsumidagi kechikkan ta’sirlar, drenaj inertligi va mavsumiy tebranishlarni xotira
mexanizmi orqali samarali ushlashini ko‘rsatdi. Bu natijalar LSTM modelining vaqt
qatorlaridagi yashirin bog‘ligliklar, mavsumiy tebranishlar va kechikkan ta’sirlarni
boshga modellarga nisbatan aniqroq aks ettirishini ko‘rsatadi. Modellar
samaradorligini baholash natijasida GAT, statistik tahlil va LSTM modelini o‘zaro
integratsiyalash yer osti suvlari rejimini baholashda eng magbul yondashuv ekanligi
isbotlandi (8-rasm). Geostatistik interpolatsiya usullari - xususan, IDW quduq
kuzatuvlarini uzluksiz fazoviy yuzalarga aylantirishda samarali bo‘ldi, LSTM esa
vaqt gatorlari uchun eng ishonchli prognoz model sifatida ajralib chigdi. Shu asosda
yer osti suvlari sathining oldindan bashorat gilish anigligi 92 % gacha yetkazildi.
Mazkur natijalar amaliy jihatdan yer osti suvlari sathi ko‘tarilish xavfini erta
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aniglash va suv resurslarini boshqarish bo‘yicha qarorlarni ilmiy asoslash imkoniyati
yaratildi.

Qudugq ragami 1722005 (R?=0.92) Qudugq ragami 1722015 (R?=0.91) Qudugq ragami 1722073 (R2=0.87)
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8-rasm. LSTM modeli yordamida bashorat gilingan va kuzatilgan yer osti
suvlari sathlarining tagqoslanishi

Dissertatsiya ishining “Sug‘oriladigan hududlarda yer osti suvlarining
gidravlik rejimini boshqarish bo‘yicha tavsiyalar” deb nomlangan to‘rtinchi
bobida tadgiqot natijalarini amaliyotga joriy etish, yer osti suvlari rejimini
boshgarish bo‘yicha tavsiyalar ishlab chiqish hamda monitoring va prognozlashning
ragamli infratuzilmasini yaratish masalalari yoritilgan. Olingan ilmiy natijalar
asosida yer osti suvlari sathi, gidrometeorologik ko‘rsatkichlar, gidrologik
ma’lumotlar, suv-retensiya va gidravlik parametrlarni yagona tizimga
birlashtiruvchi “Groundwater Information Management System” (GWIMS) ishlab
chiqildi. Ushbu tizim Surxondaryo viloyati sug‘oriladigan hududlarida 2000-2024
yillar davomida kuzatilgan ma’lumotlar asosida shakllantirilgan “Gidrogeologik-
gidromeliorativ ma’lumotlar bazasi” bilan integratsiyalandi va u O°‘zbekiston
Respublikasi Adliya vazirligi tomonidan BGU-1674-sonli guvohnoma bilan
ro‘yxatdan o‘tkazildi. Natijada yer osti suvlari sathining ko‘p yillik va mavsumiy
o‘zgarishlarini monitoring qilish, tezkor tahlil qilish va hududiy baholash imkoniyati
yaratildi.

Ishlab chigilgan LSTM asosidagi bashoratlash modeli amaliyotga joriy etilib,
sug‘oriladigan hududlarda yer osti suvlari sathi dinamikasini oldindan baholashda
92% aniqlik ko‘rsatgani tasdiglandi. Bu natija sizot suvlari sathi ko‘tarilishi xavfi
mavjud hududlarda meliorativ tadbirlarni, xususan, drenaj yuklamasini kuchaytirish,
monitoring zichligini oshirish va sug‘orish rejimlarini qayta ko‘rib chiqishni
oldindan rejalashtirish imkonini berdi. Shu tariga, bashoratlash modeli nafagat
nazariy jihatdan yuqori aniqlikka ega bo‘ldi, balki amaliy boshqaruv qarorlarini
gabul qgilish vositasiga aylandi.

GAT texnologiyalari asosida yaratilgan bulutli onlayn platforma orqali yer
osti suvlari sathi, meteorologik ko‘rsatkichlar va gidrologik ma’lumotlarni yagona
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mubhitda tahlil qgilish va hududiy vizualizatsiya qgilish imkoniyati yaratildi. Mazkur
platforma O‘zbekiston Respublikasi Suv xo‘jaligi vazirligi tizimidagi Surxondaryo
viloyati Amu-Surxon irrigatsiya tizimlari havza boshgarmasi,
“O‘zbekgidrogeologiya” DUK, “Chiroy Muzrabod” XK hamda O‘zbekiston
Respublikasi Ekologiya va iqlim o‘zgarishi milliy qo‘mitasi hududiy boshqarmalari
faoliyatida joriy qgilindi. Buning natijasida yer osti suvlari rejimini monitoring qilish,
risk zonalarini operativ ajratish, gidromeliorativ jarayonlarni baholash va hududiy
boshqgaruv choralarini tanlash imkoniyati amaliyotga tatbiq etildi.

To‘rtinchi bobda ishlab chiqilgan tavsiyalar shuni ko‘rsatdiki, gruntlarning
filtratsiya koeffitsiyenti past, dala nam sig‘imi yuqori va sizot suvlari sathi sayoz
joylashgan hududlarda drenaj tadbirlarini ustuvor kuchaytirish lozim. Aksincha,
yugori K va past 0¢ bilan tavsiflanuvchi gumli massivlarda infiltratsiya tezligi yuqori
bo‘lgani sababli monitoring rejimini kuchaytirish va sug‘orish yuklamasini
differensial boshgarish muhim hisoblanadi. Shu jihatdan, gruntlarning fizik va
mexanik parametrlari asosida hududiy tavsiyalar ishlab chigilishi meliorativ
boshgaruv samaradorligini oshirishga xizmat giladi. Mazkur bob natijalari ishlab
chigilgan metodika, modellar, algoritmlar va GWIMS tizimi sug‘oriladigan
hududlarda yer osti suvlari rejimini kuzatish—baholash—xaritalash—bashoratlash—
boshqarish zanjiri asosida yuritish imkonini berishini ko‘rsatdi. Bu esa suv
resurslaridan oqilona foydalanish, sho‘rlanish va botqoqlanish xavfini kamaytirish,
sug‘orish va drenaj tadbirlarini hududiy optimallashtirish uchun muhim ilmiy-
amaliy asos yaratadi.

XULOSA

“Sug‘oriladigan yerlarda yer osti suvlari gidravlik rejimini baholashda GAT
texnologiyalari va Machine learning algoritmlari” mavzusidagi falsafa doktori
(PhD) dissertatsiyasi bo‘yicha olib borilgan tadgiqotlar asosida quyidagi xulosalar
tagdim etiladi:

1. Sug‘oriladigan hududlarda yer osti suvlari gidravlik rejimini baholashning
IImiy-uslubiy asoslari takomillashtirildi; bunda an’anaviy gidrogeologik kuzatuvlar
GAT texnologiyalari, masofadan zondlash ma’lumotlari hamda machine learning
algoritmlari bilan uyg‘unlashtirilib, yer osti suvlari sathining fazoviy-vaqgtinchalik
o‘zgarishini kompleks tahlil gilish imkonini beruvchi yondashuv ishlab chiqilgan.

2. Yer osti suvlari rejimining ko‘p yillik monitoringi 81 ta kuzatuv qudug‘i
bo‘yicha amalga oshirilib, ularning ichidan tanlangan 6 ta namunaviy quduq
misolida batafsil statistik tahlil natijasida oylik o‘rtacha chuqurliklarning 0.718—
10.812 m, trend qiyaliklarining esa —0.45 dan +1.02 m/10 yilgacha o‘zgarishi
aniglandi; jumladan, 1722005 quduqda +0.107 m/yil trend p = 0.004 darajada
statistik ishonchli bo‘lib, bu sug‘oriladigan hududlarda yer osti suvlari rejimi
hududlar kesimida keskin farglanishini va uning lokal gidrogeologik hamda
meliorativ sharoitlarga kuchli bog‘ligligini ko‘rsatgan.

3. Gruntlarning suv-retensiya va gidravlik xossalari yer osti suvlari rejimini
shakllantiruvchi asosiy omillardan biri ekani tajriba ma’lumotlari bilan asoslandi;
jumladan, 1722005, 1722132 va 1722136 ragamli quduglardagi qumli gatlamlarda
K = 606-1203 sm/kun, 8¢ = 8.20%, Sy = 32%, n = 33%, p, = 1.51 g/cm3, 1722015
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va 1722073 quduglardagi og‘ir qumoq (clay loam) gatlamlarda esa mos ravishda K
= 24.5 sm/kun, 05 = 28.70%, Sy = 13%, n = 32%, p, = 1.53 g/cm* bo‘lgani, 1722101
qudug‘idagi o‘rta qumoq (loam) gatlamda esa K = 98 sm/kun, 0s. = 32.07%, Sy =
17%, n = 46%, p, = 1.29 g/cm?3 ekani aniglanib, filtratsiya, nam ushlanish va sizot
suvlari sathi o‘rtasidagi fizik bog‘liglik migdoriy ochib berilgan.

4. Tadgigqot ma’lumotlari asosida tuproq mexanik tarkibi va filtratsiya
koeffitsiyenti o‘rtasidagi korrelyatsion bog‘lanishlar baholanib, grunt fizikasi
gonuniyatlari statistik jihatdan tasdiglandi; bunda K—qum o‘rtasida r = +0.82, K—soz
o‘rtasida r = -0.74, K—alevrit o‘rtasida r = -0.72, K—dala namlik sig‘imi o‘rtasida r =
-0.86, K—suv beruvchanlik koeffitsiyenti o‘rtasida esa r = +0.71 bog‘lanish gayd
etildi, bu esa qum miqdori ortishi bilan suv o‘tkazuvchanlik kuchayishi, gil va dala
nam sig‘imi ortishi bilan esa suvning ushlanib qolish xususiyati kuchayishini
ko‘rsatgan.

5. GAT va ko‘p mezonli baholash asosida yer osti suvlari potensial va xavf
zonalari xaritalanib, omillarning nisbiy ta’siri miqdoriy baholandi; AHP natijalariga
ko‘ra, yer osti suvlari shakllanishiga eng katta ta’sir ko‘rsatuvchi omillar litologiya
- 18.5%, lineament zichligi - 17.3% va geomorfologiya - 14.2% ekani aniglandi,
baholash mezonlari 1-9 ballik shkalada amalga oshirildi va modelning izchilligi CR
< 0.10 sharti bilan tasdiglandi; shu bilan birga, yer osti suvlari chuqurligi 1 m dan
kichik hududlar yugori meliorativ xavf zonalari sifatida ajratilgan.

6. Tadqgiqot hududining iqlimiy sharoitlari ham yer osti suvlari rejimiga ta’sir
etuvchi muhim tashqi omil sifatida baholandi va Denov, Termez, Sherobod hamda
Sho‘rchi stansiyalari ma’lumotlari asosida yillik yog‘in miqdori mos ravishda 313
mm, 154.6 mm, 183.1 mm va 272.7 mm, aridlik indeksi esa 0.31, 0.14, 0.16 va 0.27
ekanligi aniqlandi; harorat trendi bo‘yicha Termezda +0.4°C/10 yil (p = 0.022),
Sherobodda +0.5°C/10 yil (p = 0.015) o‘sish kuzatilgani bug‘lanish bosimi ortib
borayotganini va bu holat yer osti suvlari rejimining shakllanishida iglim omilining
rolini kuchaytirishini ko‘rsatgan.

7. Yer osti suvlari sathi dinamikasini bashoratlashda machine learning va deep
learning modellarining qiyosiy tahlili o‘tkazilib, RF, SVM, XGBoost va LSTM
modellar orasida eng yuqori natija LSTM modelida kuzatildi; 6 ta quduq bo‘yicha
LSTM modelida R? = 0.87-0.92, RF da 0.61-0.66, SVM da 0.59-0.64, XGBoost da
0.64-0.69 bo‘lgani, shuningdek LSTM uchun 1722005 ragamli qudugda RMSE =
0.50, MAE =0.32, 1722016 ragamli qudugda RMSE = 0.49, MAE = 0.31, 1722136
ragamli qudugda esa RMSE = 0.52, MAE = 0.33 natijalar olingani ushbu modelning
vaqt qatorlaridagi murakkab nolinear bog‘lanishlarni aniqroq aks ettirishini
isbotlangan.

8. Tadgiqot natijalari bo‘yicha yer osti suvlari sathi monitoringi, gidravlik
parametrlar bazasi, xavfni zonalash va bashoratlashni birlashtiruvchi “Groundwater
Information Management System” axborot tizimi, algoritm va web-ilova yaratildi
hamda amaliyotga joriy etilgan. Ushbu natija sug‘oriladigan hududlarda yer osti
suvlari rejimini operativ nazorat gilish, ilmiy asoslangan boshqgaruv garorlarini gabul
qilish va meliorativ barqarorlikni ta’minlashga xizmat qiluvchi muhim amaliy
yechim sifatida tavsiflangan.
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BBEJIEHUE (anHoTauusi aucceprauuu 1okropa punocodpuu (PhD))

AKTYaJIbHOCTh M BOCTPeOOBAHHOCTH TeMbI AUccepTanuu. B Mupe Hay4yHO
000CHOBaHHAas OlIEHKA THIPABIMYECKOTO pPeXUMa MOA3EMHBIX BOJ Ha OpOIIaeMbIX
3eMJISIX, ONPENEIICHHE €r0 CE30HHBIX U TEPPUTOPHUAIBHBIX U3MEHEHUMN, a TaKkKe
npuMmeHeHue coBpeMeHHbIX ['MC-texHonoruit u anroputMoB Machine Learning
3aHMMAlOT OJHO M3 BeAymux MecT. B MupoBoM MacmTabe BO3HHUKAET
HE0OXOJAMMOCTh BHEAPEHHUS B MPAKTHKY COBPEMEHHBIX MOAXOJ0B, IMO3BOJISIOIINX
Ha ocHOBe [ C-TexHONOrui OLEHUBATh THAPABINYECKUN PEKUM TOJI3EMHBIX BOJT
Ha OpOUIAEMBIX TEPPUTOPHSX, AHAIU3UPOBATh NPOCTPAHCTBEHHBIE JIAHHBIE,
MOJENUPOBaTh YPOBEHb MOJA3EMHBIX BOJ M THJPABINYECKUE ITOKA3aTEIU C
nomolikio anroputmMoB Machine Learning, a Tak:ke mporHO3UpOBaTh UX U3MEHEHUSI.
B 37Ol CBfi3M BaXHOE 3HAYEHUE MMEET AHAJIN3 IPOCTPAHCTBEHHBIX JAHHBIX Ha
ocHoBe ' MIC-TexHOMornii Npyu OLIEHKE THAPABIMYECKOr0 PEXUMa IMOA3EMHBIX BOJ
Ha OpOIIAEMbIX 3€MIISIX, MOJIETUPOBAHHE THAPOTEOJOTHYECKUX IOKa3aTenen ¢
UCIIOJIb30BaHUEM alroputMoB Machine Learning W NOporHo3UpoBaHUE HX
U3MEHEHUM.

B mupe npoBonATcs HaydyHO-HCCIEA0BATENIbCKUE paOOThI, HAIIpaBJICHHbIE HA
ONepaTUBHYIO 00pabOTKy, JOCTOBEPHBIM aHAIU3 U NPOTHO3UPOBAHUE OOJBIINX
00BEMOB JaHHBIX, BIMSIOUIMX Ha pa3BUTHE BOJHOTO XO3fMCTBA, a TaKXe Ha
npumeHeHne ['MIC-TexHOMOTHid W OCHOBAaHHBIX Ha MCKYCCTBEHHOM HHTEIUIEKTE
anroputMoB Machine Learning npu olieHKe IMIpaBIMUECKOr0 pexuMa MoA3EMHBIX
BoJ. B »o2ToM HampaBieHuu o0co00O€ BHUMaHHME VYACISETCAS pa3padoTKe
MHTEJUIEKTYalIbHbIX ToaxonoB Ha ocHoBe I[MC wu  Machine Learning,
OpUEHTHUPOBAHHBIX HA MOJEIMPOBAHUE HU3MEHEHUH YPOBHS IOA3EMHBIX BO/,
BBIZICJICHHE 30H pHUCKA, aHAIW3 TEOJAHHBIX W BPEMEHHBIX pSAJIOB, CHUXKEHUE
HEONPENENEHHOCTH W TOBBIIMICHHE TOYHOCTUM TMPOTHO3UPOBAHMS, a TaKKe
O00OCHOBAaHUIO COBPEMEHHBIX METOJOB OLIEHKH THIPABIUYECKOTO pPEKUMa
MTOA3EMHBIX BOJ.

B pecny0nmke  OCYHIECTBISIOTCA — IIMPOKOMACIITAOHBIE  MEPHI IO
paloHadbHOMY H  3(Q(GEKTHUBHOMY  HCIOJIb30BAHHUIO  BOAHBIX  PECYPCOB,
pPEryJasipHOMY MOHUTOPHHIY COCTOSIHMS MOA3EMHBIX BOJ Ha OPOIIAEMBIX 3EMIISIX,
OLICHKE MX THJIPABIMYECKOTO pexXUMa, IUPPOBU3ALMU BOIHOTO XO3SICTBA, a TAKKE
MIPUMEHEHUI0 COBpeMEHHBIX [ C-TEXHOMOTHIT W alrOPUTMOB HMCKYCCTBEHHOTO
MHTEJUIEKTa; JOCTUTHYTHI oOmpeneiaéHHble pe3ysbrarel. B Crpareruu pa3BuTHS
Pecry6mmku V36ekuctan 10 2030 roma, B 4aCTHOCTH, ONIPEACIICHBI BAXKHBIC 3a1a91
0 «...pallUOHAIIBHOMY HCIIOJIb30BAaHUIO BOJHBIX PECYpPCOB, IOBBIIICHUIO
3¢ (HEKTUBHOCTH BOJOMOJIB30BAaHUS, MOJIEPHHU3AIMN HPPUTALMOHHBIX CHCTEM,
HIMPOKOMY BHEAPEHUIO LU(POBBIX W HMHHOBAIMOHHBIX TEXHOJOTHMH B BOJHOM
xo3sictee..»!. Tlpu peanuMsanuu 3TUX 3a1ady, B YACTHOCTH, BAXHOE 3HAYEHHE
MpUOOPETAET CO3/IaHUE COBPEMEHHBIX HAy4YHBIX MOAXOAOB, HAINpaBJICHHBIX Ha
OLICHKY THUJIPaBIMYECKOr0 PEKMMa MOA3EMHBIX BOJ HAa OPOILIAEMBIX TEPPUTOPHUSIX
Ha ocHoBe [MC-texHonoruii, aHaguM3 TEOJAHHBIX M BPEMEHHBIX PSJIOB,
MOJEJIMPOBAHUE M TPOTHO3MPOBAHWE HW3MEHEHUM YPOBHS NOA3EMHBIX BOJ C

1yka3 lpesunenta Pecriybnuku V36ekucran ot 11 centadps 2023 roma Ne VII-158 «O Crparerun ,,Y36ekuctan —
2030%»
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nomonibio anroputMoB Machine Learning, a taxke 3¢¢exkTuBHOE ympaBlieHHE
BOJHBIMH PECYPCAMHU.

Vka3 Ilpesunenta Pecriyonuku Y36exuctan ot 11 centsiopst 2023 roga Ne VII-
158 «O Crpareruu ,,¥Y306ekuctan — 2030y, 3akon Pecriybnuku Y30ekucran ot 4
asrycta 2023 rtoma Ne 3PV-1076 «O06 yrBepxiaennn BomgHoro Kkojaekcay,
nocta”oyienue [Ipesnnenta Pecyonuku Y30ekuctan ot 1 mas 2023 roma Ne ITI1-
169 «O wmepax 1O COBEpPUICHCTBOBAHUIO CHUCTEMBI YIPABICHUS BOIHBIM
X034iCcTBOMY, mocTaHoByieHue [Ipesunenta Peciyonuku Y30ekuctan ot 7 aexkadps
2023 roga Ne IITI-408 «O mepax Mo yJay4dLIEHUIO MEIHOPATUBHOTO COCTOSIHHS
CEJIbCKOXO3SIICTBEHHBIX 3€MENlb U PAlMOHAIIBHOMY HCHOJIb30BAHUIO BOJHBIX
pecypcoBy», a TakKe Jpyrue HOPMATHUBHO-TIPABOBBIE JOKYMEHThI, OTHOCSIIHECS K
JaHHOM cdepe, OmpeNensioT 3aJadyd, pealu3alid KOTOPbIX B OMNpeaeiaCHHOU
CTETICHU CIIYKUT HACTOAIIAsl JUCCEPTAIIMOHHAs padoTa.

CooTBeTcTBHE HCC/IEOBAHUSA NPUOPUTETHBIM HANPABJEHUAM PA3BUTHUA
HAYKM M TeXHOoJoruii pecmyOqamku. Hacrosiiee wucciieoBaHHE BBITIOJHEHO B
paMKax MPUOPUTETHBIX HAIMPABICHUM Pa3BUTUS HAYKU U TEXHOJOTUM peciyOIuKu
V — «CenbCkoe X035UCTBO, OMOTEXHOJIOTHS, SKOJIOTUSI U OXpaHa OKpYKarolen
cpenbi» u VIII — «Hayku o 3emine (reonorus, reodusuka, CEHCMOJIOTHS H
nepepadoTKa MUHEPAIBHOTO CHIPHS ).

CreneHb M3Yy4eHHOCTH MPoOJeMbl. TeopeTHuecKkne OCHOBBI JBHUKECHUS
MO/I3EMHBIX BOJ U MPOOJIEMBI pa3pabOTKU METO/IOB UX Pacu€Ta U3JI0KEeHbI B TPyAax
A. Napcu, XK. Tromtoun, JI.C. Jlelibenzona, @. @opxreiimepa, H.E. XKykosckoro, XK.
byccunecka, Y. Cnuxtepa, C.D. ABeprsiHoBa, B.1. Apasuna, H.H. [1aBnoBckoro,
I'.H. Kamenckoro, ®@.b. Adyranuena, J[.M. Kaca, K.I1I. Jlatunora, P. Cagynnaesa,
J[.®. daiizymnaeBa, H. PaBmianosa, b. Xomxkaéposa, UK. I'aBuua, T.W. Patzek, P.J.
Monteiro, D.B. Silin, M. Chraibi, S. Zaleski, C. Atkinson, R.A. Isangulov, F. Franco,
M.H. Hamdan u npyrux uccienoBaresiei.

Bonpocet npumenenuss ['MC-TexHOMOTMI TpU  MCCIACIOBAaHUU BOJIHBIX
pPECYpCOB, a TaKXe HKCIOJIb30BAHUS QJITOPUTMOB MAIIUHHOTO M TIIyOOKOTO
oOyuenus uzyyanuchk R. Tomlinson, M.F. Gudchayld, P.A. Burrou, A.U. Frank, S.
Openshou, D.J. Maguayr, M. Batti, G. Klark, N. Krisman, D.V. Rxind, Y. Lekun,
Y. Benjio, J. Xinton, A. Greyvs, J. Shmidxuber, I. Gudfellou, T. Sejnovski, M.
Jordan, P. Domingos, A. Ng, A. Arifjanov, Z. Abdulkhaev, A. Kadirkhodjaev, B.
Akramov, B. Abdullaev, Z. Umarova u 1pyrumMu y4€HbIMU, KOTOPBIMH JJOCTUTHY ThI
ONpEICJICHHBIC MMOJ0KUTEIbHBIE PE3YJIbTATHI.

CornacHO TPOBEAEHHBIM HAyYHBIM MCCJIEJIOBAaHUSAM U HUX aHaIU3y, B
HACTOsIEEe BpeMs JOCTUTHYTHI OMpEACIEHHBIE HAYYHO-TIPAKTUUECKUE PE3YyJIbTaThl
M0 OLEHKE TUAPABIMYECKOrO PEKHMa IMOJ3EMHBIX BOJ HA OPOIIAEMbBIX 3EMIISIX,
MPOCTPAHCTBEHHOMY aHAJIM3y THAPABIMYECKUX MapamMeTpoB Ha ocHoBe [MC-
TEXHOJIOTU W NpUMEHEeHHIO anropuTMoB Machine Learning. OagHako BOIpOCHI
KOMIUIEKCHOM OIICHKM THIPaBINYECKOTO pEXKHUMa TIOJ3EMHBIX BOJ B 4YacTH
onpeneneHuss Kodpuuuenta @QuIbTpalMd TPYHTOB U TEPPUTOPUATBHOTO
30HHPOBAHUS, OILEHKH MPOCTPAHCTBEHHON W3MEHYMBOCTU THAPABIMYECKUX
napameTpoB, a TaKKe MPOTHO3UPOBAHUS (PU3UKO-MEXaHUYECKUX CBOMCTB IPYHTOB
Ha OCHOBe anropuTMoB Machine Learning B pamMkax €IMHOTO MOJIXOJIa U3yYCHBI
HEJI0OCTATOYHO TITyOOKO.
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CB3b TeMBbI JUCCEPTANNH C MJIAHOM HAYYHO-HCCJIEI0BATEIbCKUX PadoT
BbICIIET0 O00pPa30BaTeJLHOI0 YUYpe:XKIeHUsi, B KOTOPOM BbINOJHEHA
auccepranms. {uccepralimoHHOE HCCIIEOBaHUE BBITTOJIHEHO B paMKkax TeMbl Ne 1.8
IUIaHa Hay4YHO-HCCIEAO0BaTeNIbcKuX padboT HarnumoHanbHOro HcciaeaoBaTellbCKoro
yHuBepcuteTa «TalkeHTCKUi MHCTUTYT MH)XEHEPOB MPpPUTALIUK U MEXaHU3aluu
CEIBCKOr0 XO03siiicTBa» «Pa3paboTKa HayYHBIX OCHOB OLICHKH THAPABIMYECKUX U
TUAPOJIOTHUYECKUX TPOILIECCOB B HPPUTAIIMOHHBIX CHUCTEMAaX, TUJIPOTEXHUYECKUX
COOPYKEHUAX M BOJOXPAHWIMIIAX HA OCHOBE MH(POPMAIMOHHBIX TEXHOJIOTHUIY,
COBMECTHOTO Y30€KCKO-KHTalcKkoro mnpoekra «lIpuMeHenne wu aganTarus
BojocOeperaomumx TexHonoruii Kurtas u Y30ekuctaHa B yCJIOBHUSIX HN3MEHEHHS
kiuMatay (2025-2028), a Takxe npukiaanoro npoekra MECAS no nanpasieHnuio
«IloBblllleHWE  TOTEHIMAJla  BbICHIEr0  oOpa3oBaHus»,  (UHAHCUPYEMOTO
EBpomneiickuM coro3o0M B pamkax mporpammbl Erasmus+ (co3manue Maructepckon
00pa3oBaTEIbHON MPOTPAMMBI IO SKOUH(POPMATUKE JJISI OLICHKU BO3JICUCTBUS Ha
OacceliH ApalibCKOTO MOPSI).

Heas uccaenoBanus. Llens nccieqoBanusi COCTOUT B pa3pabOTKe METO/IOB
OIIEHKM ¥ TMPOTHO3UPOBAHMS THUJPABIMYECKOTO PEKHUMA TMOJ3EMHBIX BOJ C
npumMeHerneM ['MIC-texnomnoruii, anroputmMoB Machine Learning u Deep Learning.

3amaum ucciie[0BaHNSA:

aHalu3 TEOPETUYECKUX W NPAKTHUYECKUX HCCIEJAOBAaHUNM IO OIEHKE
TUAPABINYECKOTO PEKHUMA IPYHTOBBIX BOJI HA OPOIIAEMBIX 3EMIISIX;

HCCIICIOBAHUE MPUPOAHBIX M AHTPOIOTEHHBIX (PAKTOPOB, BIMSIOMIMX Ha
(dhopMUpOBaHUE THAPABINIECKOTO PEKUMA TPYHTOBBIX BOJI HA OPOIIAEMBIX 3EMJISIX,
C MCIOJIb30BaHUEM METOJIOB AUCTAHIIMOHHOTO 30HIMPOBAHMUS;

MPOBEICHUE MCCIEIOBAHUNA IO OLEHKE M MPOTHO3UPOBAHMIO H3MEHEHUU
YPOBHSI TPYHTOBBIX BOJ ¢ mpuMeHeHuem anroputmoB Machine Learning u Deep
Learning (ueiiponnas cetb LSTM);

pa3paboTKa KOMILJIEKCHOTO METOJa aHajin3a TUIPABIMYECKOT0 pPeKUMa
IPYHTOBBIX Bojx myTem wuHTerpamuu I MC-texHonoruii, amropurmMoB Machine
Learning u Deep Learning.

O0bexTOM HCCIeI0BaHMSA SBISIOTCS Opoliaembie 3emiid CypXaHIapbuHCKON
o0nacTu.

IIpeaMer uccaegoBaHUsI COCTABISAIOT THIPABINYECKUE U TUAPOJIOTUYECKUE
MPOIIECCHI ABUKEHUS MMOJI3EMHBIX BOI.

MeTtoasl uccienoBanus. B mpoiiecce rcciienoBaHusi UCIOJIb30BaHbI METO/IbI
TUAPABIMKA W WHXCHEPHOW THUAPOJIOTHH, aHAIMTHYECKas 0OpabOTKa JaHHBIX
MOJIEBBIX UCCIIEIOBAHUM, CTaTUCTUYECKas o0paboTka pE3yJIbTATOB
OKCIICPUMEHTAIBHBIX HCCliefoBanuii, aiaroputmbl Machine Learning u Deep
Learning, MeTOAbl THUAPOTr€OAMHAMUYECKOTO  MOJCIMPOBAHMS, a  TaKXKe
MHCTPYMEHTBI HCKYCCTBEHHOI'O MHTEJICKTA U SI3bIKU ITporpaMMupoBanus Python u
JavaScript qyig pa3paboTKu NpOrpaMMHOIO MPOAYKTA.

HayuyHnasi HOBH3HA HCCJIeI0BAHMS 3aKJIIOYAETCS B CIIETYIOUIEM:

YCOBEpIUICHCTBOBAaHA THUJIPOJAMHAMUYECKAsE MOJENIb YCTAaHOBUBIIETOCS U
HEYCTAHOBHMBIIETOCS JBH>KEHUSI MOTOKA C YYETOM MPUPOJHBIX U AHTPOIOTE€HHBIX
(haKkTOpOB, BIUSIONINX HA MHOTOJICTHHUE U CE30HHBIC H3MEHEHUSI YPOBHS TPYHTOBBIX
BOJ] HA OPOILIAEMBIX 3EMIISIX;
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pa3paboTaH METOJA OIICHKM THUIPABIMYECKOTO pEXHMa TPYHTOBBIX BOJ Ha
OCHOBE MHTETPALMH TUAPABINYECKUX U THIPOJIOTMUECKUX JAHHBIX C aITOPUTMAMHU
HCKYCCTBEHHOT'O UHTEJUICKTA,;

co3faHa MOJeNIb TMPOTHO3UPOBAHUS JWUHAMUKHA TPYHTOBBIX BOJA C
ucnonb3oBanueM HelpoHHbIX ceTeir LSTM (Long Short-Term Memory);

pa3paboTaH METO/ aHaIN3a THIPABINYECKOTO PEeKUMA TPYHTOBBIX BOJI ITyTEM
uaterpanun [ MUC-Texnooruid, anroputmoB Machine Learning u Deep Learning;

IIpakTH4yeckue pe3yabTaThl HCCJIEIOBAHUSA 3aKIIOYAIOTCS B CIECTYIOLIEM

co3maHbl oHaWH-TipwiiokeHne «Groundwater Information Management
System» u 6a3za TaHHBIX JJIs MOHUTOPUHTA YPOBHS TPYHTOBBIX BOJI;

co3ganbl anroputm (Python PL), pacueTHoe BeO-npuiiokeHrEe U MPOTPaMMHOE
oOecrieueHue, o0OeCTeUrBAIONIME OLCHKY W YIpPaBJICHHE JAUHAMHUKON YpOBHS
IPYHTOBBIX BOJ;

pazpaborana 2D-kapta, oToOpa)karomiasi CE30HHYIO HalpaBICHHOCTh U
YPOBEHBb IPYHTOBBIX BOJ HA OPOIIAEMBIX TEPPUTOPUSIX;

BBINIOJIHEHO 30HUPOBAHME TPYHTOB MO KOIPPUUMEHTY TOPHU30HTAIBHON
(GuabTpalyu 1 pa3padoTaHbl COOTBETCTBYIOIINE KapThl;

pa3zpaboTaHa Moielib TPOTHO3UPOBAHUS IMHAMUKHU YPOBHSI TPYHTOBBIX BOJI C
UCIoJab30BaHueM anropurma LSTM;

C MHCHOJB30BAHMEM METOJOB JHUCTAHIMOHHOTO 30HAUPOBAHUS CO3/IaHO
OHJIAMH-TIPUIIOAKEHUE JIJI1 TEPPUTOPUH HCCIIETOBAHUSI.

JIOCTOBEPHOCTDH Pe3yJIbTAaTOB MccaeA0BaHusl. J[0CTOBEPHOCTh PE3YIbTATOB
UCCJIEI0BAHUS OOBSICHSAETCS TEM, YTO OHM OCHOBAHBI HA OOLIENPU3HAHHBIX 3aKOHAX
MexaHukH, coBpeMeHHbIXx ['MC-texHonorusx, anropurmax Machine Learning u
Deep Learning, TeopeTnyeckue pe3yJbTaTbl TPOBEPEHBI MyTEM COMOCTABICHUS C
pe3yJbTaTaMu 3KCIIEPUMEHTAIBHBIX U TOJIEBBIX UCCIEIOBAHUIM, & TAK)KE OLICHECHBI
Ha OCHOBE CTATHCTUYECKMX W MATEMaTUYECKUX METOJOB, B TOM YHCIE IO
MOKa3aTelto cpeaHelt kBaapatuyHoi ommoku (MSE).

Hayynassi U mnpakTH4eckas 3HAYUMOCTH Pe3yJbTATOB HCCIECI0BAHMS.
Hayunass ~ 3HauMMOCTb  PE3yJbTATOB  HUCCJIEAOBAHMS  3aKJIOYaeTcs B
COBEPILIEHCTBOBAHUM METOJIOB OLIEHKH T'MAPABINYECKOTIO PEXUMA MOJ3EMHBIX BOJ
Ha ocHoBe ['MC-texnonoruii, anroputmoB Machine Learning u Deep Learning,
pa3paboTKe MOAX0/1a K MPOCTPAHCTBEHHOMY aHalu3y Ko3(puuuenTa Gpuibrpanun
TPYHTOB U THUIPABIMYECKUX I[apaMETpOB, a TaKXke CO3JaHUU MOJIENU
MPOTHO3UPOBAHUSL YPOBHS IMOJ3EMHBIX BOJ C HMCIOJIb30BAHHMEM HEWPOHHOUN CEeTH
LSTM.

[IpakTHueckass 3HAYUMOCTH PE3yJIbTATOB HUCCIEIOBAHUS 3aKJIIOYaeTCsl B
pa3paboTKe MHTEPAKTHUBHBIX KapT W Mojaened Ha ocHoBe I'MC 1 oreHku u
MPOTHO3UPOBAHUSI TUAPABIUYECKOTO PEXKMMa TMOJA3EMHBIX BOJ, 30HHPOBAHUU
TeppuTopuil 1Mo KodphuireHTy QuiabTpaluy, a TakKKe CO3JaHUU alropuTMa u
MPOrpaMMHOr0 OOECIIEUeHHs JJIsl KOHTPOJISI U YNPaBIEHUS YPOBHEM MOJ3EMHBIX
BOJ.

BHenpenue pe3yJbTaToB HccjaenoBaHusa. Ha ocHOBe pe3ynbTartos,
MOJYYEHHBIX MO TEME OLEHKUA TUAPABIMYECKOrO0 PEeKMMa TPYHTOBBIX BOJ Ha
opomIaeMbIX 3eMisix ¢ ucnonb3oBaHueM [MC-texHonoruidk W aJIrOpuUTMOB
MaITUHHOTO OOYYCHHS:
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pa3paboTaHa M BHEApPEHA B MPAaKTUKYy cucTeMa MoHuTopuHra «Groundwater
Information Management System», MO3BOJISAIONIAs BBIOIHATH MPOCTPAHCTBEHHBIN
aHaIu3 JTMHAMUKA YPOBHS IPYHTOBBIX BO/I, HUHTETPUPOBATH
TUAPOMETEOPOJIOTMYECKUE W THUIAPOreOJIOTUYECKUE JaHHbIE U BU3YaJIU3UPOBATH
pe3yabTaThl C TOMOIIBI0O UHTEPAKTUBHBIX KapT (crpaBka MUHUCTEPCTBA IKOJIOTHH,
OXpaHbl OKPY’KaIOIIEH cpeabl U U3MEHEeHHs KinMara PecyOnuku Y30ekucTan ot
17 nexabpst 2025 rtoma Ne 03-03/1-3724). Ha 06a3e cucrteMsl co3qaHa
«I'maporeosoro-ruipoMennopaTuBHas 0aza JAHHBIX (Ha npumepe
CypxaHmapsuHCKON 00sacTh)», oxBaThiBaromias gaHHbie 3a 2000-2024 rtommI,
KOTOpas  3aperuCTpUpOBaHAa  CBUJETEIHCTBOM  MUHHUCTEpCTBA  HOCTHIIUU
Pecniyomuku Y30ekucran Ne BGU-1674. B pesynbrate co3maHa BO3MOXKHOCTb
MOHHUTOPUHTa MHOTOJIETHUX M CE30HHBIX U3MEHEHUU YPOBHS TPYHTOBBIX BOJI;

pa3zpaboTaHa M BHEJpPEHA B MPAKTUKY MOJEIb Ha OCHOBE HEHPOHHON CETH
LSTM (Long Short-Term Memory) sl MpOTHO3MPOBAHUS IWHAMUKU YPOBHSI
IPYHTOBBIX BOJI (CipaBKa MHUHHUCTEPCTBA SKOJIOTUH, OXPaHbl OKPYKAIOUIEH cpeabl
1 u3MeHeHus knumara PecryOnuku Y36ekuctan ot 17 nekadps 2025 roga Ne 03-
03/1-3724). B pe3ynbraTte TOYHOCTh MPOTHO3UPOBAHHS YPOBHS TPYHTOBBIX BOJ
cocraBuia 92 %, 4yTo cO3/1a10 BO3MOXKHOCTH 3a0JarOBPEMEHHOTO IIIaHUPOBAHMUS
MEPOINPHUATHN 10 PEIOTBPAIICHHUIO €TI0 OIBEMA;

oHJaiiH-IaTdopMa, pazpadbotanHas Ha ocHoBe I IC-TexHo0TNi, BHEpEHA B
NeATENbHOCTh bacceitHOBOro ymnpaBiieHHMs] HPPUTALMOHHBIX cucteM Amy-CypxaH
Cypxangapeunckoir  obnactu, YII «Chiroy Muzrabod», TeppUTOpHAIbHBIX
ynpasieHuii HalmoHanbHOTO KOMHUTETa MO 3KOJOTUM U M3MEHEHHUIO KIIMMAaTa, a
taxxke komnoHnenTa «Groundwater researchy manimmatneel CGIAR NEXUS Gains,
peanuzyemoil LleHTpanbHOa3zuarckum oducoM MexIyHapOJHOTO HWHCTUTYTa
ynpasienus BogasiMu pecypcamu (IWMI-CA) (ciipaBka IWMI-CA ot 6 uronst 2025
rogma Ne ICT/145/07). B pesynaprare co3gaHa BO3MOXKHOCTH OIIEPATHBHOIO
MPUHATUSL PEIICHUH MO MOHHMTOPUHTY JIMHAMHUKH YPOBHS TPYHTOBBIX BOJ U
YIPABJICHUIO BOJAHBIMU PECYPCAMU.

AnpoOauuss pe3yJbTAaTOB HCCJeAOBaAHUA. Pe3ynbraTel HACTOSLIETO
UCCJIEI0BaHMS 00CYKIEHbI Ha 3 MEXIYHAPOAHBIX U 2 pecnyOJMKaHCKUX Hay4YHO-
MPaKTUYECKUX KOH(EepPEHIHUSX.

Ony0JIMKOBAaHHOCTH Pe3yJbTATOB MccjenoBanus. [lo Teme nuccepranuu
OIy0JIMKOBaHO Bcero 15 HayuHbIX paboT. B HayYHBIX U3JaHUSX, PEKOMEHI0BaHHBIX
Bricmielt arrecranuonnoi komuccuen Pecryonvku Y30ekuctan mjis myOIuKaIum
OCHOBHBIX HAay4HBIX PE3yJbTAaTOB auccepTaruii mqokropa duinocodhun (PhD) mo
TeXHUYECKUM HayKaM, OIyOJuKoBaHO 9 craredl, B COOpHHMKax MaTepuajoB
KOH(epeHIInii, HHACKCUPYEMBIX B 0a3e MaHHBIX Scopus, — 4 Hay4dHbIE paOOTHI, a
TaKKe 2 CTaThbM B 3apyOekKHBIX KypHaJIax KBapTwig Q2; KpomMe TOro, MoJIyYeHbl 2
CBHJIETENILCTBA HA MPOrpaMmbl 1711 DBM.

Crpykrypa u 0o0beM auccepraumm. J[uccepramusi COCTOUT W3 BBEACHUS,
YeThIpeX IJ1aB, 3aKJIF0OUEHHUS, CIIMCKA UCTIOJIb30BAHHOM JIUTEPATYPhI U MPUITOKEHUH.
OOGmuii 00beM AECCepTAIMU COCTaBIIAET 125 cTpaHwmIlL.
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OCHOBHOE COJEPKAHUE JIUCCEPTALINHU

Bo BBemeHun o0O0OCHOBaHBI aKTyaJIbHOCTh M BOCTPEOOBAaHHOCTH TEMBbI
JIACCEPTALIUM, CBA3b TEMBbI JUCCEPTAMU C IJIAHAMU HAYYHO-MCCIIEI0BATEIBCKUX
paboT BBICHIETO O00pPA30BATEIIBHOTO YUYPEXKIEHHS, B KOTOPOM BBINMOJHEHA
JYccepTalus, a TakKe TMPUBEACHBI IeIh M 3aJladd, OOBEKT U MpeaMeT
uccienoBanus. Hapsay ¢ 3THM  M3JI0XKEHBI  UCIOJIB30BAHHBIE  METOJBI
WCCIICIOBAHUS, HAYyYHAsl HOBHU3HA W MPAKTUYECKUE PE3yIbTaThl MCCIIEIOBAHUS,
000CHOBaHAa JOCTOBEPHOCTh IOJTYUYEHHBIX PE3yIbTaTOB, PACKPBHITHI HAy4HAs H
MpaKTUYECKasi 3HAYMMOCTh PE3yJIbTaTOB, UX BHEAPEHUE B MPAKTUKY, anpoOanus u
OMmyOJUKOBAaHHOCTh PE3YJbTAaTOB MCCIICAOBAHUs, a TaKKe IPUBEIICHBI CBEJICHUS O
CTPYKTYpe€ U 00BbEME TUCCEepPTALIUH.

B nepBoii riaBe auccepranuu «AHAJIM3 TEOPeTHYECKUX U NMPAKTHYECKHUX
HCCJIEIOBAHUNA THAPABJIUYECKOI0 PeKNMMAa TPYHTOBBIX BOJA» IPUBEICHBI
pe3yJbTaThl aHATUTUYECKOTO 0030pa HAyYHO-MPAKTUYECKUX HCCIICIOBAHUMN IO
M3YYCHUIO THUJIPABIMYECKOTO PEXKHUMa TPYHTOBBIX BOJ HA  OpOIIAEMBIX
TEPPUTOPHUSIX.

B mnepByro ouepeapr CHUCTEMHO PACCMOTPEHBI KIACCUYECKUE MOIXOAbl K
ONPEIICJIICHAID THIPABINYECKOTO PpPEXHUMaA TPYHTOBBIX BOJ HAa OPOLIAEMBIX
TEPPUTOPUSIX, 3aKOHOMEPHOCTH €ro (opMHUPOBaHUS W (AaKTOPHI, BIMSIOMINE Ha
W3MEHEHHUE YPOBHS BOJbl. AHAJIU3 HCCICAOBAHMN TOKA3bIBAET, UYTO PEKUM
I'PYHTOBBIX BOJI (DOPMHUPYETCS MO BIUSHUEM 3JIEMEHTOB BOJIHOTO OajaHca, B TOM
YUCJIE€ OPOCHUTEIBHBIX BOJ, MPOIECCOB HHOWIBTPALMM, IPEHAXKHBIX CHUCTEM,
KJIIMMaTUYECKUX (PAKTOPOB M MOUBEHHO-THAPOT€OIOTMYECKUX YCIOBUM.

JIBM€HHE TPYHTOBBIX BOJ U €70 TEOPETUUECKUE OCHOBBI MPOAHATU3UPOBAHBI
Ha ocHOBe 3akoHa Jlapcu u ypaBHenuii reoduibtpanuu. Ilo pesynapTaTam
GbyHIaMEHTAIBPHBIX M COBPEMCHHBIX HCCIICIOBAHMHN  Pa3lIMYHBIX  YYCHBIX
000CHOBAHO, YTO IMHAMHUKA YPOBHS I'PYHTOBBIX BOJI IMPEICTABIISIET COOOM CII0KHYIO
MHOTO(aKTOPHYIO CHCTEMY M IS KOMIUIGKCHOM OIIGHKH IIpoIiecca MOTYT
WCIIOJIBb30BATbCS  BJIEMEHThl  MCKYCCTBEHHOrO  HWHTesuiekTa. MccimemoBanus
MOKA3bIBAIOT, YTO (POPMHUPOBAHUE U U3MEHEHUE TPYHTOBBIX BOJ MMPOUCXOJAT MO
BIIMSIHUEM TPUPOJTHBIX W AHTPOINOrEHHBIX (DAKTOPOB. YCTAHOBJICHO, YTO
UHQUIBTpAIUS OPOCUTENIBHBIX BOA U (PUIBTpAIIMOHHBIE MOTEPU B KaHaIax u
KOJUICKTOPHBIX CHUCTEMAX SBIISIIOTCS OJHMMHU M3 OCHOBHBIX NPUYMH MOAbEMA
YPOBHS I'PYHTOBBIX BoJI. BMecTe ¢ TeM Hanmure 3 PeKTUBHOM ApeHAKHON CUCTEMBI
MIPU3HAHO BAXXHBIM (DAKTOPOM 0OECrIeYeHUs] YCTOMYMBOTO PEKUMA TPYHTOBBIX BO/I.

TeppuTopualbHbBIi aHAIW3, B YAaCTHOCTH MCCJEIOBaHUA Ha IpUMEpPE
CypxaHgapbUHCKON 00JIaCTH, TOJITBEPKAACT HEMOCPEACTBEHHYIO 3aBHUCHUMOCTD
JUHAMUKA TPYHTOBBIX BOJ OT THUIPOTr€OJOTHMYECKUX U  KIMMATUYECKHUX
OCOOCHHOCTEM TEppUTOPUHU, YTO TpeOyeT WHIAMBUIYAJIBLHOIO IMOJAX0Ja K
VIPABJICHUIO U1l KaXJIOr0 MPPUTAIMOHHOTO paioHa. B pamMkax COBpPEMEHHBIX
HAay4YHBIX TOJXOJI0B TMpUMEHEHHE Teorpaduueckux HHGOPMAIMOHHBIX CHCTEM,
JUCTAHIIMOHHOTO 30HAMpoBaHMs, MeTogoB Machine Learning u Deep Learning
pacimpsieT BO3MOKHOCTH OLIEHKH U ITPOTHO3UPOBAHUS PEKUMA TPYHTOBBIX BOA. B
YaCTHOCTH, HAYYHBIMM HCCIIEIOBAaHUSIMUA MOATBEPKICHO, YTO HCHOJIb30BAHUE
HEUPOHHBIX CETEH Ha OCHOBE HCKYCCTBEHHOrOo HMHTEUIeKTa u mozaene LSTM
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MO3BOJISIET C BBICOKOW TOYHOCTHIO BBISBIATH JUHAMHUYECKHE W3MEHEHUS BO
BpeMenu. Unrterpanust 'MC u texnonoruit ML/DL cniocoOctByeT hopmMupoBanuio
MHHOBAIMOHHBIX U 3(P(HEKTUBHBIX MEXaHU3MOB YIIPaBJICHUS TPYHTOBBIMU BOJIAMHU.

Ha ocHOBe mpOBENEHHBIX HCCIAEAOBAHUI YCTAHOBJIEHO, YTO OIEHKA U
yIOpaBJiICHUE THUAPABIUYECKUM PEXKUMOM TPYHTOBBIX BOJI Ha OpPOLIAEMBIX
TEPPUTOPUSIX TPEOYIOT KOMILIEKCHOTO MOAX0/a, TO €CTh COBMECTHOTO MPUMEHEHUS
TEOPETUYECKUX OCHOB, MAaTEMAaTHYECKOIO0 MOJICIUPOBAHUS U COBPEMEHHBIX
1M(POBBIX TEXHOJOTUHN. B pe3ynbrare chopMyIupoBaHbI 11€71b K OCHOBHBIC 33/ 1a9H
JMCCEePTALIMOHHOTO UCCIIEI0BaHUS.

Bo Bropoin rimase naucceprauuu «lIloJieBble HCCIeI0BAHUSA 1O OLICHKeE
THAPABJINYECKOr0 PeXKUMAa MOJ3eMHbIX BOJ HAa OPOIIAeMbIX 3eMJISIX M HX
aHAJIN3» TIPUBEJCHBI TeorpapuuecKoe MOJI0KEHUE TEPPUTOPUHU HCCIIeIOBaHUs, €€
KJIMMAaTUYECKHE U TUAPOJIOTHYECKUE YCIOBUS, (POpMUPOBAHHE MOA3EMHBIX BO/I,
M3MEHEHHE UX YPOBHS U THUAPABINYECKUE XAPAKTEPUCTUKH, T€OJIOTMYECKUE,
reoMOpdOIOTHYECKUE, JINTOJIOTHYCCKHE UM THIPOTCOJIOTHYCCKUE  YCIIOBHUS
TEPPUTOPUH, TIOKA3aTENW TOYB, a TAKXKE aHaM3 PEe3yJbTAaTOB, MOJIYUYEHHBIX IO
MarepualiaM JTUCTAaHIIMOHHOTO 30HIUPOBAHMUS.

B kadectBe 00bekTa HCCIENOBaHUS BBIOpAaHBI  OpPOIIAEMBbIE  3€MIIU
CypxannapsuHCKOM o01acTu. J1Jis OIIEHKH peKrMMa T0JI3EMHBIX BOJI OBLITH COOpaHbI
nanaele Mo 81 HaOmomarenbHOUM ckBakuHe 3a 2000—2024 roapl, U3 KOTOPBIX
BBIZICJICHBl 6 PENPE3CHTATUBHBIX CKBAKUH, OTPAXKAIOIIUX PA3IMUYHBIC THIIBI
pexuMma.
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Pucynok 1. /lunamMuka ypoBHSI IOJA3€MHBIX BO/

[Io pesynbTaTam aHaau3a YCTAHOBJIEHO, YTO CpeHEMEcsSuYHas TJIyOuHa
YPOBHS MOA3EMHBIX BOJ B BRIOpAHHBIX CKBakmHax uaMeHsiercs ot 0,72 mo 10,8 m
(pucynox 1). B wactHocTH, mns ckBaxkuHbl Ne 1722005 MHOTONETHUN TpeH]
coctaBuia +0,11 M/ron u o kputepruro ManHa—KeHania CTaTUCTUYECKH 3HAYUM
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nipu p = 0,004; 3T0 CBUAETEILCTBYET 00 YCTOMUMBOM TEHIAEHIIUMA MObEMA YPOBHS
NMOA3EMHBIX BOJ Ha OTAEIbHBIX TeppuTopusix. I[lo pesynbraram aHanusza
METEOpPOJIOTHYECKUX  (DAKTOPOB  YCTAHOBJICHO, YTO Ha craHmuu Jlenay
CpeaHerooBoe KojnuectBo ocankoB 3a 2000-2024 roawl coctaBuiio 312,8 mwm,
nHjaeKke apuaHoctd — 0,31, B CBSI3M C 4eM TEPPUTOPHUS OXapaKTEPU30BAHA KaK
NOJIy3acylUIMBas 30Ha; HA CTaHIUMU TepMe3 CpeTHEroJ0BOE KOJIMYECTBO OCAIKOB
coctaBuwiio 154,6 mm, unnaekc apuaHocty — 0,14, 4TO CBUIIETEIBCTBYET O
npeoOialaHuy  3aCylUIMBBIX  yclioBUM. CoriacHO TPEHIOBOMY  aHaluU3y,
CTaTUCTUYECKU YCTOMYMBOTO POCTa PAJIOB OCAJKOB HE BBIABICHO, TOrJa Kak IO
TeMmrepaType oTMedeHbl mojoxkutenbHbie TpeHasl +0,40 °C/10 mer B Tepmese u
+0,53 °C/10 net B lllepabane. AHanu3 TaHHBIX 3a MOCIEIHNE 25 JIeT Mo OaccelHy
CypxaHgappu TMOKa3aJl COKpallleHHe KoyimuecTtBa ocaakoB Ha 41 wmwm. Ilo
pe3yJibTaTaM aHajJu3a MEXaHUYECKUX CBOMCTB IPYHTOB TEPPUTOPUU UCCIEAOBAHUS
MUHUMaJIbHOE 3HaueHue koapduuuenta punprpanuu (K) coctaBuino 8,22 cM/cyT,
MakcuManibHoe — 12,03 M/cyt, a cpemnee mo tepputopun — 304,5 cm/cyT.
3HadeHHs MOPUCTOCTH (n) U3MeHsuuch oT 32 % 110 49 %, npu cpeHeM 3HaYEHUU
37,16 %. MunumanibHO€ 3HaYeHue KodpdunreHTa BogooTaauu (Sy) coctaBuio 5
%, makcuMasibHOe — 32 %, cpennee — 24,1 %. /Ilnana3oH noJyieBOM BIArOEMKOCTH
(0fc) coctaBun ot 8,2 10 43,2 MM, a cpeiHEE 110 TEPPUTOPUN 3HAUYCHHE — 19,3 MM.

O6bémHan NNOTHOCTL

189 gem™
1.13gem™
3

0.37 gem

TeKCTypHbiA Knacc
® YuCTbid NEecoK
» CyrAMHUCTBIR NECOK
e Un

® CyrnuHok

® nuua

Wn (%)
Wn (%)

(d) (e)

MNecok (%)

PucyHnok 2. MexaHn4eckue CBOMCTBA ITPYHTOB

O0bEéMHas TIOTHOCTH (pg) M3MeHsIachk oT 1,27 no 1,55 r/cm?, mpu cpennem
sHauenuu 1,47 r/cm?® (pucyHok 2). [lonmydeHHbIe TTOKa3aTeNu CBUACTEIBCTBYIOT O
Yyepel0BaHNU Ha TEPPUTOPUHU MECUAHBIX, CYTIIMHUCTBIX U TITMHUCTBIX CIIOEB, TO €CTh
O BBIPAXEHHOW TEKCTYPHOW M THUIPABIMYECKOU HEOAHOPOIHOCTH ITOYBEHHOIO
nokpoBa. Bmecte ¢ TeM cpeaHue mapaMeTpbl MO KiaccaM TEKCTYPhl TaKkKe
CYIIECTBEHHO pa3nuyaiuch: s raunbl (clay) K = 8,22 cm/cyt, Ofc = 43,2 mm, Sy
=5 %, n =49 %, pg = 1,27 t/em*; ansa tsoxé€noro cyrnubka (clay loam) K = 24,5
cMm/cyT, Ofc = 28,7 mm, Sy =13 %, n =32 %, pg = 1,53 1/c™m?; 1151 cpeiHero CyrJIMHKa
(loam) K = 66,5 cm/cyT, 6fc = 25,4 mm, Sy =17 %, n =43,3 %, pg = 1,39 r/cm?.
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Cuctema MOHMTOPUHra U MHGOpPMaLIUK NO NOA3eMHbIM BOAAM

Fuaporeonoruyeckuin rmapomMeTeoponornyecKuin reomopdonoruyeckuin JNiuTonoruyeckuii
* YpoBeHb rpyHTOBbIX BOA (M) M o KONMYECTBO OCAAKOB (MM) M MX M3MEHEHUS * Boicora Hag ypoBHem MOps (m) * Tunbl NOPOA (NecyaHbie/CyrnuHucTbie v Ap.)

nX nameHenns (M) « Temneparypa 8o3ayxa (°C) ¥ BnaxocTy Boaayxa (%) o Penved MecTHOCTH (yKNOHbI, IKCNOIMUMS) « 3epHoBoOit cocTas (rpanynomerpus, %)
. anexvponnoaonuoﬁv; (EC, MxCm/cm) o Ucnapenue (Mm) u ConHeynan paamauma (Br/m?) o Tunbi NOYB, PACTUTENbHBINA NOKPOB * Koaddunument punstpaumm (K, m/cyT)
. O"Nepanlmau:ﬁl (1C SMW/G) i « HanpasneHue u ckopocTs BeTpa (m/c) « Teonoruyeckoe cTpoeHue (nuTonorus) « MopucTocTs (n, %)
SHILCHDIHISIOHEH Sy WG/ NNa W D o CeilcMUuecKan akTMBHOCTS (6annbl, PGA) * MowHocTs cnoes (m)
o Hutparsl (NOy, mr/n), dropuast (F, mr/n)

L | 1 L
L3 2 12 v v
Monb3osarenu CraHumum / CKBaXHWHbI

WN3mepenus
* Oepmepsl u Hacenexue YHukaneHsiid ID u mecTononoxexme YrukanoHbiit 1D uameperus
o [oCypapcTBenHbie Opramel —

. .

* Hassanue u TUN CTaMUMK o [laTa v BpEMA UIMEPEHUA
*  HayuHO-MCCNEA0BaATeNbCKNE MHCTHTYTbI * MNapamerpsi u yacroTa HabnogeHni o MMapamerpsi (rMAPOreonormiecKue, MeTeopoNnoruieckue
* [poexTHBIE U KOHCANTUHIOBbLIE OPraHN3aLuKu o TexHuyeckoe COCTORHME U CPOKU 0BCNYXUBAHUS wAap.)

YacTHeiid cexTop

. Tny61Ha 1 KOHCTPYKUNA CKBAXUHBI
*  MexayHapoaHsie OpraHu3aumum

NpUHAANEXHOCTL K CeTH (HALMOHANBHOK UK NOKANBHOW)
WUcTopma aanHbix

AHanNWTUKa U aHaNU3 TeHACHUUA

Eannnus: mamepenms (M, MKCM/cm, Mr/n, % v ap.)
Kauecreo pammbix (QC, pnarm)
WcTounmuk u MeToa namepermns
CebinKa Ha CTaHUMIO/CKBAXUHY

* BpemenHble PRI U CTATMCTUHECKMA aHanu3
o MpocTpaHcTBeNMbIA ananw3 (TUC)
. PAPETALMA W YPOBHA I} 80A
Nporwosupoearme (ML/DL, LSTM, AR 1 ap.)
CuenapHoe moaennuposarme
OTueTH U BM3YaNMIALMA

+

i no BOAAM

* Ouewka 3anacos NOAIEMHLIX BOA
© MHTepnperaums u KapTbl yA3BUMOCTH

*  PexomeHaaLum NO YCTORMMBOMY BOAONONL3OBAHMIO
© Ynpasnenue puckamu (3acyxa/3arpaanenvie u Ap.)

Pucynok 3. CTpykrypa cucTreMbl MOHUTOPHUHIA U HHPOPMALMOHHOIO
o0ecreveHNs MOA3€eMHBIX BOJI

B paMKax  HCCICAOBAHUA pa3pa60TaHa CHUCTCMAa MOHHMTOPHHIA
I/IH(l)OpMaI_II/IOHHOFO oOecreueHus IIOA3CMHBIX BOJ,

151

npcaHasHadYCHHAA  JJIA

OoObEIMHEHUSI JaHHBIX W3 Pa3IMYHbIX HMCTOYHHUKOB Ha €AMHOM Iutatdopme, uX
CTaHJapTHU3aI1H, COOPa, CTATUCTUYECKOTO U MMPOCTPAHCTBEHHOI'O AHATIN3a, & TAKXKE
IIPEACTABIICHNs PE3YJIbTATOB B BUE KapT. JlaHHas cucTeMa oxapakTepru30oBaHa Kak
3¢ (EeKTUBHBIA MHCTPYMEHT KOMIUIEKCHOM OIIEHKM M IMPOTHO3MPOBAHUS PEKUMA
IMOA3EMHBIX BOA. Ha OCHOBE TEXHOIOTHI TUCTAHIIMOHHOTO 30HAUPOBAHUS CO3/IaHbI
IIPOCTPAHCTBEHHBIE KapThl TEPPUTOPHUM, a IPU OLEHKE JUHAMHUKUA YPOBHS
MMOA3EMHBIX BOJ NMPUMEHEH MHOTOKOMIIOHEHTHBIM AHAIMTHUYECKUN MOAXOA. ITO
MO3BOJISIET BBISABIATH BIUSHUE MPUPOJHBIX (DAKTOPOB, COBEPILIEHCTBOBATH CUCTEMY

MOHHUTOPHHI'A U ITIOBBIIIATE TOYHOCTH ITPOTrHO3HBIX MOI[CJ'ICI\//I.

f OHNanH-NpUusioXXKeHune Ha ocHose GEE

CypxaHaapbuHCcKasa obnacrts [ = JavaScript (API) J

NMpupoaHbie paKTOoPbl, BAUSAIOLLME HA AUHAMUKY YPOBHSA
J' noasemMHpIX BoA, J

Bpéueuuue pﬂ;-l - NCTOYHMKMN AaHHbIX [ Tune aynmuos;ux AAHHbIX
= 2000—2024 roabl = TerraClimate = Sentinel-2
« Ce30HHbIe AaHHble e CHIRPS/ERAS = Landsat 8/9
« Copernicus - MODIS

N

: MapameTpbl

Temneparypa _° N
l

S\ BnaxHocTs
nousbt

Pucynok 4. Meroauueckasi cxemMa OHJIAHH-NIpUJI0KeHus Ha ocHoBe GEE
JJIS TEPPUTOPHH MCCJIEI0OBAHUSA
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1o pe3ynbTaTam MpUBEAEHHBIX BBIIIE AHATIM30B 000CHOBaHA HEOOXOMMOCTD
KOMIUIEKCHOTO MOAXO0/a K OICHKE W YIPaBICHUIO PEKUMOM IMOA3EMHBIX BOJ, TO
€CTb ~ B@XHOCTh  COBMECTHOTO  MPHUMEHEHHS  TMOJIEBBIX  HAOIIOJICHUH,
craTucTuueckoro ananuza, [MC-TexHOJOTMH U COBPEMEHHBIX METOJIOB
MOJICJIMPOBAHUSI.

B tperneii rnase qucceprannu «MoaenupoBaHUe TMHAMUKH ITOJI3EMHBIX BOJT
¢ ucnonp3oBanueM [ MC-texnomnoruii, anroputmoB Machine Learning u Deep
Learning» H3/10EHBI BOMPOCHI COBEPUICHCTBOBAHUSA METOJa IMPOTHO3WPOBAHUS
JTUHAMUKH TIOJ3€MHBIX BOJI C IPUMEHEHUEM T€OMH(POPMAIMOHHBIX TEXHOJOTUNA U
anroputMoB Machine Learning npu olieHKe ypOBHS NOJ3€MHBIX BOJ, Pa3pabOTKH
METO/Ia TIPOTHO3UPOBAHMS YPOBHEW MOJI3EMHBIX BOJl HA OCHOBE HEHUPOHHOU ceTu
Deep Learning (LSTM), a Takxe BBITIOJHEHBI OlleHKa 3()(PEKTUBHOCTU MOJIENeH U
COIIOCTABJICHNE TIOTYYEHHBIX PE3yIbTaTOB.

YpaBHeHUE ABWKEHUS TIOA3EMHBIX BOA C Yy4eTOM KOd(DPHUITMEHTOB
TOPU30HTAJIBLHOM M BEPTUKAIBHOM (PHIBTpALMM TPYHTOB B JIEKAPTOBON CUCTEME
KOOpAMHAT 3alHUCHIBACTCS CIEAYIOIIUM 00pa3oM:

oh 0 dh 0 dh 0 dh

v~ al ) oy (0 15 (0 5) + RO - 0 W
31ech, Sy — koaddumment Bogootnayun, h — yposens nogzemMusix Boa, Ky, Ky, K,
— KO3 PUIUEHTH! PHIBTPALIMM COOTBETCTBEHHO 110 HANPABIEHUSIM X, Y 1 Z, Ry —
BEJIMYMHA IPUTOKA, a Q) — BeIMUMHA OTTOKA BOJbl. JlaHHOE ypaBHEHUE BhIpAXKaeT
ofriee puIpTpalOHHOE ABM)KEHHE MTOTOKA MOI3EMHBIX BOJ. B HeM mokaszaHo, 4To
W3MCHCHHE YPOBHS BOJABI BO BpEeMEHH (QOPMHUPYETCS IO  BIUSHUEM
(GUIBTPALIMOHHBIX TMPOIECCOB B TOPU30HTAIBHOM M BEPTUKAJILHOM HAIIPaBICHUSX,
a Tak)Ke BHEIIHUX MPUTOKOB M OTTOKOB. [loaTOMYy maHHOE ypaBHEHUE TMPHUHSTO B
KayeCTBE HCXOJHOTO TEOPETUYECKOTO BBIPAKEHUS IS THAPABIMYECKOTO
000CHOBaHUS IPOCTPAHCTBEHHO-BPEMEHHOTO U3MEHEHHUS YPOBHS TIOJI3€MHBIX BOJ.

Ha opomraembix TeppuTopusx o0bEKTa UCCICAOBAHUS THIPOTEOJIOTHIECKUE
napamMeTpbel U KOMIIOHEHTHl Oamanca Qy, P, |, D sBasioTcs mpocTpaHCTBEHHO-
BPECMCHHO M3MCHUYMBBIMH, ITO3TOMY HMX ITOJIHOE MU3MEPEHHUE B KaXI0H Touke (X,Y,t)
MPAKTUYECKU 3aTPYJHUTENBHO. B CBA3M ¢ ATUM Ut mpe/icTaBIeHus (PU3NUECKUX
mpoiieccoB ypaBHeHHs (1) Ha OCHOBE JaHHBIX Oblla BbIOpaHAa HEHUpPOHHAs CETh
LSTM (Long Short-Term Memory), npuroanas s paOOThl ¢ BpEeMEHHBIMHU
psaamu. LSTM otnudaercsi cCmocOOHOCTHIO YUUTHIBATH 3ama3IbIBatoiye 3pPexTs
OpPOCUTEIBHOIO CE30HA, MHEPLIMOHHOCTh (PUIIBTPALIMOHHOTO MPOLIECCa U CE30HHBIE
KoJIe0aHusl MOCPECTBOM MeXaHnW3Ma namsaTH. Ha OCHOBE MpHBENEHHOTO BHIIIE
ypaBHeHUS (1) ABMKCHHUE TMOA3EMHBIX BOJ OBIJIO YTOYHEHO Yepe3 KOMIIOHCHTHI
BOJHOTO OajaHca U MPUBEACHO K CIeAyromeMy Buny: Ky, Ky, K,

5 I _ 0 ( ah)+ g (K ah)+ (O + P(£) + () — D(D) 2
Yot ox\ *ax/ oay\ Yoy Qr (2)
31ech, Qrp - 0003HayaeT OOKOBOM WIIM THUAPOTEONOTHYECKUi mputok, P(t) —

aTMoc(hepHBIC OCaJIKK M €CTCCTBCHHBIN MPHUTOK, (DOPMHUPYIOIIHIACS ¢ TTIOBEPXHOCTH
semin, |(t) — wHbUIBTpaIMio opocuTeNbHBIX BOJ, a D(t) — KoJIMYeCTBO BOJIBI,
OTBOAMMOE dYepe3 IpeHax. B amxanTupoBaHHOM BHJE YpPaBHCHHS OTICIIBHO
BBIJICJICHBl OCHOBHBIC KOMIIOHEHTHI TIPUTOKA M OTTOKA JUISI TEPPUTOPUHU

32



uccienoBanus. JlaHHOe BbIpaKEHUE [IOKa3bIBA€T, YTO W3MEHEHUE YPOBHS
MOJA3EMHBIX BOJ| CBS3aHO HE TOJBKO ¢ Ko3(dduuueHtramu (uiabTpalydu, HO U C
AJIEeMEHTaMU TePPUTOPUATIEHOTO BOAHOTO OajaHca.

JlaHHO€ ypaBHEHUE Al TUPOBAHO K YCIOBUSAM TEPPUTOPUH UCCICTOBAHUS U
BbIpakaeT OallaHC MOA3EMHBIX BOJI Ha OpPOIIAEMBIX 3EMJISIX B YIPOLICHHOU
rujipaBindeckoit popme. B Hem yumrteiBarorcs nputokm Qr(t), P(t), I(t), a Taxxke
orrok D(t), uTo mo3Bonsier 000cHOBaTh (POPMUPOBAHNE W3MEHEHUS YPOBHS BOJIBI
MOJI COBMECTHBIM BO3JEHCTBUEM JTHX KOMIIOHEHTOB U (DUIBTPAIMOHHBIX
MPOLIECCOB.

oh _d ohy 0 oh
i, 0 57 = 32 (e 0 32) + 55 (A GO 35) + fo, 000 + 15000 + /i) — fo (X))

3aech, fsy(Xi) oTpaxkaeT namMeHenue BomooTnauun 1mo tepputopud, fux(Xi) u fiky(X)
— TPOCTPAHCTBEHHOE pacmpeneseHue KodhuiueHToB  QuibTpanud B
HanpasieHusax X u Y. fo(Xi), fr(Xt) u fi(Xt) COOTBETCTBEHHO BBIPAXKAIOT BIUSHHE
OOKOBOTO IPHUTOKA, OCAJKOB M HH(WIBTPAIMH OPOCHUTEIBHBIX Boa, a fp(Xi) —
JApCHAaXHBIH OTTOK. B  0000mEeHHOM BHJE MOJCIM IPOCTPAHCTBCHHAS
W3MEHUYUBOCTH MTapaMeTPOB BhIpakeHa B (yHKIIMOHAIBHOU (popme. Tem cambiM B
MOJIETT YYTEHO, YTO IMapaMeTPhl HE UMEIOT OJMHAKOBBIX 3HAYCHHUIA W U3MEHSIOTCS
B 3aBHCHMOCTH OT TCPPUTOPHAIBHBIX YCIOBHH.

0 (., _Oh 0 [ oh ~ " - ~
505 =5 (RO5) + 3 (R, 5) + 00 + PO + 1@ = D) o

B ypaBHeHun (4) yureHa BpeMeHHash HM3MEHYMBOCTb I[apaMETPOB, YTO
ITO3BOJIMJIO JTONOJIHUTENIBHO YTOYHUTH JMHAMUYECKHE CBOWCTBAa cHCTeMbl. Ha
JAHHOM 3Tarle MPOCTPAHCTBEHHbIE (PYHKIIMU pPACcCCMaTPUBAIUCh KAaK 3aBUCALIUE OT
BPEMEHHU IIEPEMEHHBIC IAPAMETPbl, a I OLEHKHU IIOCIEAYIOIIEr0 COCTOSHUSA
YPOBHS IIOJI3EMHBIX BOJ] YpaBHEHHE ObLJIO MPUBEAECHO K IUCKPETHOMY BUIY:

fevs = e+ 5o 5 (RO F) + 35 (RO ) + 0.0 + PO +10 - D]

31ech, Ng1) — HPOTHO3MPYEMBIl YPOBEHb MOA3EMHBIX BOJ JUI CIIELYIOLIETO
MOMEHTA BPEMEHH, h) — ypOBEHB BOJIBI B TEKYIMH MOMEHT BPEMEHH, At — mmar
BpeMeHH, Sy(t) — M3MEeHAIOIuMIicS BO BpeMeHH KO3 (GHUIHMEHT BO0OTAAYH, Ku(t) m
Ky(t) — KOO GUIMEHThI (UIBTPALUY COOTBETCTBEHHO B HAINPABJICHUAX X U Y,
Qi(t), P(t), 1(t) — xommonenTsl mpuToKa, a D(f) — KOMIIOHEHT OTTOKA Hepes
ApeHaxX. B IUCKpPeTH3MPOBAaHHOM TIO BPEMEHU BHJE MOCIH IOCIEAYIOIICe
3HAYCHHWE YPOBHS BOJBI ONPEACISETCS Ha OCHOBE IMPEIBIIYIIETO COCTOSHUS H
THIPABINYECKUX (DAaKTOPOB, JCHUCTBYIOIMX B JAHHOM BPEMEHHOM WHTEpBAJIC.
JlanHas popMa 1MO3BOJISAET PACCUMTHIBATh H3MCHEHUE YPOBHSI BOJIBI BO B3aUMOCBSI3H
C MPEABIIYIIUM COCTOSTHUEM, (GUIIBTPALIUEH U AJIEMEHTAMU BOJTHOTO OaJlaHca.

Et = LSTM, (Xt—p:t—l) (6)
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JlaHHO€ BBIpaXKEHHME NPEICTABISIET UTOTOBYIO IPOTHO3HYIO MOJEIb Ha
ocioBe LSTM. B wneit 3mauenme h(t) ompemensercs Ha OCHOBE JaHHBIX
IpeabIAyIero BpeMeHHoro uHTepBasia Xt—p:t—1. B cocraB X Bkirogarorcs
THJIPaBIMYECKUE M THJPOreOJOTUYECKHE (DAKTOPBI, CBSI3aHHBIE C YpPOBHEM
HOJI3EMHBIX BOJ, BKJIOYass KOA(p(GUUUEHTHl (DUIbTpallid, BOJOOTIAAUY, OCAIKH,
UHQUIBTPAIIUIO OPOCUTETBHBIX BOJI, OOKOBOM MPUTOK U JPEHAXHBIA OTTOK. Takum
obpazom, mozens LSTM, oOydwasich Ha JaHHBIX BPEMEHHBIX PSIOB Ipolieccam,
BBIPQXEHHBIM B (U3NYECKUX YPABHEHUSX, CIYXKHUT [UIsl IMPOTrHO3UPOBAHUS
MOCJIETYIOLIEr0 COCTOSIHUS YPOBHS IIOJI3EMHBIX BOJ.

[IpuBeneHsl pe3yapTaThl MOJEIUPOBAHMS PEXKHUMA IOJ3EMHBIX BOJA Ha
opomaeMsIx Teppuropusx Ha ocHoBe I['TIC-TexHOJIOTHH, MHOTOKPUTEPHAIBHON
OLIEHKH, T€OCTaTUCTUYECKOT0 aHalu3a, a Takke alroputMoB Machine Learning u
Deep Learning. BHauasie npocTpaHCTBEHHbIE (DAKTOPBI TEPPUTOPUN UCCIETOBAHUS
— penbed, YKIOH, SKCHO3ULMS, IUIOTHOCTh JApEHa)xa, reoMopQoJIOrus, 3eMHOU
nokpoB, NDVI, mI0THOCTh IMHEAMEHTOB U JIUTOJIOTHUSI — OBUIM MOATOTOBJICHBI B
BUJIE HIU(PPOBBIX CIOEB, HOpMaIK30BaHbl HA ocHoBe AHP, a moTeHumanibHbIe 30HbI
Y 30HBI pUCKa MOA3EMHBIX BOJ ompeaesieHsl metonoM weighted overlay (WO). B
paMKax JaHHOTO  METOJMYECKOro  IMOJAXO0Ja KPUTEPUU  OLEHKU  Obuln
peknaccu@uIupoBaHbl Mo wmkKane 1-9 OamioB, a COTJIACOBAHHOCTb MOJIEIH
noarsepxkaeHa ycinosuem CR <0,10. Pacu€rsl nokazanu, 4To HAanOObILIEE BIUSHUE
Ha (hOPMUPOBAHUE MOA3EMHBIX BOJ OKa3bIBAIOT JUTOJIOTHS — 18,5 %, MIOTHOCTH
nuHeameHToB — 17,3 % u reomopdosiorus — 14,2 %, 94T0 CBUJIETEILCTBYET O TOM,
yto B ychnoBusx CypxaHAapbHHCKOM 00JIaCTU PpEKUM TOJ3EMHBIX BOJ
OINpEENSIETCS MPEkKIE BCErO IFe€0JOTMYECKUM CTPOEHUEM U MOP(OCTPYKTYPHBIMH
0COOECHHOCTSIMHU TEPPUTOPUHU (PUCYHOK 5).
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PucyHnok 5. Mopdomerpuueckue 1 reoMop(oiornyeckmue Kaprbl
Tepputopun Cypxangapsu: (A) kaprta BbICOT, (B) ykion, (D) 3kcno3uumus,
(E) xpuBusna, (F) NDVI, (G) reomopdosioruyeckue Kiaccol

B pesynbrate nOpOCTPAHCTBEHHOI'O MOJEIUPOBAHUS IMOCTPOEHBI KapThI
CpelHel, MUHUMAJIPHOW U MaKCUMAaJIbHOW TJIyOMHBI YPOBHS MOA3EMHBIX Boja. Ha
ATUX KapTax OCHOBHBIE JUAIA30HbI ITYOHHBI BBIJIEIEHBI MO KaTeropusim < 1 m, 1-3
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M, 3—5 M, 5-10 mu > 10 M (pucyHok 6). Kpome Toro, pa3paboTaHbl KapThl 30H PHCKa
JUTs1 0230BOTO COCTOSTHUS U cOcTOsIHUS Ha 2024 o1, Ha KOTOPBIX BBIJCIECHBI KJIACCHI:
oueHb Heriyookoe (< 1 M), Hermybokoe (1-3 M), cpeaneit riyOuHbl (3—5 M),
riry6okoe (5—10 m) u ouensb riaybokoe (> 10 M) 3ayeranue.

Pl/lcyHOK 6. Kaprl MHUHHMUMAJbHBIX, MAKCUMAJIbHBIX H CPCIHUX 3HAYEeHUH
FJIY6I/IHBI YPOBHA NMOA3CMHBIX BO/J HA TCPPUTOPHUH UCCIACAOBAHNA
HpI/I 9TOM TCPPUTOPUU C FHY6HHOﬁ 3aJICraHuA IIOA3CMHBIX BOJ MCHCC I m
BBIJACJICHBI KaK 30HBI BEHICOKOI'O MCIIMOPATUBHOI'O PHUCKA. HOHYHCHHBIC PE3YJIIbTAThI
IMOKa3aJIn HCOAHOPOAHOCTb MCIIMOPATUBHOT'O PHCKA HA TCPPUTOPHU: HA OTACIbHBIX
MacCCHUBaxX pUCK HOJI’BéMa YPOBH: IMOA3CEMHBIX BOA BBICOK, TOI/Ia KaK B APYI'UX 30HAX
COXpaHsACTCA OTHOCHUTCIIBHO yCTOf/'I‘IHBOC COCTOSAHHC.

CxBaxkmHa Ne 1722005 CxBaxkuna Ne 1722015

VI'B (m)

CxBaxkuna Ne 1722073 CxBaxkuna Ne 1722101

VI'B (M)

CxBaxkuHa Ne 1722132 CxBaxkuHa Ne 1722136
45
40
35

3.0

VTB (M)

Pucynok 7. Ha0sarogaemas u nporuosupyemasi moaesibio LSTM nunamuka
YPOBHS NOA3EMHBIX BO/I 10 PeNpPe3eHTATHBHBIM HA0II01aTeJIbHBIM

CKBaKMHaM
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Ha srane Machine Learning BbITIOIHEH cpaBHUTEIbHBIN aHanu3 mozeneit RF,
SVM, XGBoost 1 LSTM 1151 nporso3upoBaHusi YpOBHsS MOA3eMHBIX Bog. [lo
pe3ynbraTtaM uis 6 CKBaXHH HauOoJblIas TOYHOCTh HAOMIOANach y MOENU
LSTM: R? naxoamics B auamnasone 0,87-0,92, Torna kak mig mogeau RF — 0,61
0,66, SVM — 0,59-0,64, XGBoost — 0,64-0,69. /s LSTM noka3arenu ommook
N0 OTHEIbHBIM CKBAXMHAM TaKKe ObUIM HHU3KHUMH: HAmpHMep, Uil CKBAYKUHBI
1722005 RMSE = 0,50, MAE = 0,32; nns ckBaxkunsl 1722016 RMSE = 0,49, MAE
= 0,31; mna ckBaxkunsl 1722136 RMSE = 0,52, MAE = 0,33. DTo moka3zajio
criocobHocTh Mojenu LSTM addexkTuBHO y4uThIBaTh MOCPEICTBOM MEXaHU3Ma
MaMsITH 3ana3[bIBAIOIINE BO3JECUCTBUS OPOCUTEIBHOIO CE30HA, MHEPLUUOHHOCTH
JpeHaka U ce30HHbIe KosieOaHud. [lomydueHHble pe3ylbTaThl CBUIIETEILCTBYIOT O
ToM, 4T0 LSTM TouHee npyrux Monelied OTPaKaeT CKPBIThIE 3aBUCHMOCTH BO
BPEMEHHBIX PSAaX, CE30HHBIE KOJeOaHus U 3ana3ablBaroniue Bo3aencTus. OneHka
s exTuBHOCTH MoOjeneld mnokaszana, uro uHTerpauus ['MC, craTuctuueckoro
ananu3a u mojenu LSTM sBnsiercs HanOoJiee mpUEMIIEMBIM MTOAXOAO0M K OLICHKE
peKrMa oA3€MHBIX BOJI (PUCYHOK §). MeTo bl T€0CTaTUCTUYECKON UHTEPIIOISIINH,
B yactHoctu IDW, okazanuce 3pekTuBHBIMU IS TpeoOpa3oBaHus HaOIIOAECHUI
[0 CKBaXMHAM B HEIPEPBIBHBIE NPOCTPAHCTBEHHBIE IOBEpXHOCTH, a LSTM
BBIICJIWJIACH KaK Hanbosee HaAEKHasi MPOTHO3HASI MOJIENb JIJIsl BPEMEHHBIX PSIIOB.
Ha »5TOM OCHOBE TOYHOCTH NIPEABAPUTEIBHOIO IPOTHO3ZUPOBAHUSA YPOBHSA
NOJI3EMHBIX BOJ Obuia JoBeneHa 10 92 %. IlomyueHHble pe3ynbTarhl C
IIPAaKTUYECKOM TOYKH 3PEHMS CO3AAJIM BO3MOYKHOCTb PAHHETO BBISBICHHUS PHUCKA
noabéMa YpOBHS IMOJA3EMHBIX BOJA M HAyyHOro OOOCHOBAaHHUS pEILICHUH 110
YIPABJICHUIO BOAHBIMH PECYPCAMH.

CkBakxuHa Ne 1722005 (R2=0.92) CkBaxkxuHa Ne 1722015 (R?=0.91) CkBaxkuHa Ne 1722073 (R?=0.87)
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CxkBaxkuHa Ne 1722101 (R2=0.89) CxBakuHa Ne 1722132 (R2=0.88) CkBaXkxuHa Ne 1722136 (R?=0.90)
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Pucynok 8. ConocraBieHue nporao3upyembix mojaesibo LSTM u
Ha0J/110/1aeMbIX YPOBHEH MO3€MHBIX BOJL
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B uerBeproii r1iaBe auccepranuu «PekoMeHZanuMM MO yNnpaBJICHUIO
THAPABJIMYECKUM PEKMMOM I'DYHTOBBIX BOJ HA OpPOUIAEMbIX TEPPUTOPHUAX
OCBEILIEHBl BOMNPOCHI BHEAPEHUS PE3YJIbTATOB MCCIEAOBAaHUS B IPAKTHUKY,
pa3pabOTKU pEKOMEHIALMIA 110 YIPABIEHUIO PEXXUMOM TPYHTOBBIX BOJ U CO3JaHUS
upoBoil MHPPACTPYKTYpbl MOHUTOPUHIa W TporHo3upoBaHusi. Ha ocHoBe
MOJYYCHHBIX HAY4YHBIX pe3yJbTaTOB pa3paboraHa cucrema «Groundwater
Information Management System» (GWIMS), oO0bequnstomas B eIuHyI0 CUCTEMY
YPOBEHB TPYHTOBBIX BOJ, TUAPOMETEOPOIOTUYECKUE NOKa3aTeu,
TUAPOJIOTHYECKUE JTaHHBIE, BOJOYIECPKUBAIOIIME U TUAPABINYECKHUE MMapaMeETpBhl.
OTa cucremMa UWHTErpupoBaHa ¢ «l UIPOTeOIOTrO-rUAPOMEINOPATUBHON Oa3zoi
JAHHBIX», chopMupoBaHHOM 1Mo HaOIoeHUIM 32 2000—2024 T01BI Ha OPOIIIAEMBIX
TEPPUTOPHUIX CypxaHIapbUHCKOU obsactu 151 3apErucCTPUPOBAHHON
B MunucrepctBe toctunuu Pecnybmuku VY36ekucran moax Ne BGU-1674. B
pe3yibTaTe co37JaHa BO3MOXKHOCTh MOHUTOPHMHIA MHOTOJIETHUX U CE30HHBIX
M3MEHEHUN YpOBHS I'PYHTOBBIX BOJ, ONEPATUBHOIO aHAIM3a U TEPPUTOPHATIBHON
OLICHKU.

Pa3paboTtannas nmporuo3Has Mozenb Ha ocHoBe LSTM BHenpeHa B IPaKTHKY,
Y MOJITBEPKICHO, YTO IIPU MPEABAPUTEIBHON OLICHKE TMHAMUKHU YPOBHS IPYHTOBBIX
BOJ Ha OpOILIAEMBbIX TEPPUTOPHUSIX OHa OOecrneyuBaeT TOYHOCTh 92 %. OTOT
pe3yabTaT MO3BOJIAJ 3apaHee IUIAHHUPOBAaTh MEJIMOPATHUBHBIE MEPOIPUATHS Ha
TEPPUTOPHSIX C PUCKOM MOJbEMA YPOBHSI TPYHTOBBIX BOJI, B YACTHOCTU yCHUJICHUE
JPEHA)KHOM HArpy3Kd, YBEJIWYEHUE IUIOTHOCTH MOHUTOPUHIA M TEPECMOTP
pPEeXUMOB opolueHus. TakuM o0pa3oM, IPOrHO3HAsE MOJIENb MTPOJEMOHCTPUpPOBAIa
HE TOJBKO BBICOKYIO TEOPETHYECKYI) TOYHOCTb, HO M CTajJla WHCTPYMEHTOM
MPUHATHS TPAKTUUECKUX YIPABICHYECKUX PEIICHUH.

OO6maynas onnaiH-TuIaTdopma, co3gaHHas Ha ocHoBe [MC-texnonorwuii,
oOecreunsia BO3MOXKHOCTh aHaJIW3a YPOBHS TPYHTOBBIX BOJI, METEOPOIOTUYECKUX
MTOKA3aTeJIeld U THAPOJIOTMYECKUX TAHHBIX B €IMHON CPEAE U UX TEPPUTOPUAIIBHON
Bu3yanmzanuu. [1natdopma BHenpeHa B AeSITENBHOCTh bacceiHOBOTO yIpaBiIeHUs
uppurallioHHbeIx cucteM Amy-Cypxan CypxaHIapbUHCKOW OOJAcCTU CHUCTEMBI
MunucrtepctBa  BogHoOro  xo3siictBa  PecnmyOmuku  Y36ekucrtan, [VYII
«O‘zbekgidrogeologiya», UIl «Chiroy Muzrabod», a Takxe TeppUTOpHATBHBIX
ynpasiennit Harmonanenoro komurera PecnyOmnukyu Y30eKucTaH 1o 3KOJOTUU U
M3MEHEHHIO KiuMmarta. B pesynpTare Ha MpakTUKE PEaM30BaHbl BO3MOKHOCTH
MOHUTOpPUHIA PEXHMa TPYHTOBBIX BOJ, ONEPATUBHOIO BBIAEIEHUS 30H PHCKA,
OIICHKH THJIPOMEIMOPATHBHBIX MPOILIECCOB W BHIOOpA TEPPUTOPUATBHBIX MEP
yIIpaBJICHHUS.

Pa3paboTanHbie B YeTBEpPTOM TIJ1aBE€ PEKOMEHAALMM T[OKA3alih, YTO Ha
TEPPUTOPHUSIX C HU3KUM KOIPPUIIMEHTOM (DUIBTPAIIUU TPYHTOB, BBICOKOHM TOJIEBOU
BJIATOEMKOCTBIO W HEMNIYOOKHUM 3aJieTaHUEM TPYHTOBBIX BOJ HEOOXOIUMO B
MPUOPUTETHOM TIOPSIIKE YCUIIMBATH JpPECHAXHbIE Mepornpudarus. HampoTus, Ha
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necyaHbIX MaccuBax, xapakrepusytoumxcs BoicokuM K u muzkum 0fc, Bcneactaue
BBICOKOM CKOPOCTH HWHQWIBTPAMU BAXKHO YCHWJIUTH DPEKUM MOHUTOPUHTA U
nuddepeHIIMpOBaHHO YNPABIATh OPOCUTEIBHOM Harpys3koi. B atoii  cBs3u
pa3paboTKa TEpPUTOPUATBHBIX PEKOMEHAAMNA Ha OCHOBE (U3MUYECKUX U
MEXaHUYECKUX MapaMeTpOB I'PYHTOB CHOCOOCTBYET MOBBIICHUIO 3(h(PEKTUBHOCTH
MEJIMOPATUBHOIO yIpaBieHUs. Pe3ynbTaThl T71aBbl MOKa3ad, YTO pa3pabOTaHHbIE
METO/IMKa, MOJenu, alroputMbl U cuctema GWIMS Mo3BOJISIIOT OpPraHU30BaTh
YIIPaBIIEHUE PEKUMOM T'PYHTOBBIX BOJ Ha OPOLIAEMBIX TEPPUTOPUSX IO LEMOYKE
Ha0II0IeHue—OIIeHKa—KapTorpadhupoBaHUe—IPOrHO3UPOBAHUE—yTIPABICHHE. ITO
CO3a€T BAXHYK0 HAYYHO-IIPAKTMYECKYIO OCHOBY JUIA  PAIMOHAIBHOTO
WCITI0JIb30BAHUS BOJHBIX PECYpPCOB, CHIDKEHUSI PUCKA 3aCOJICHUS U 3a001auiBaHUs
Y TEPPUTOPHUAIIBHON ONTUMH3ALUHA OPOCUTENBHBIX U IPEHAXKHBIX MEPOIIPUSITHH.

3AK/IIOYEHUE

Ha ocHOBe wuccnenoBaHuil, BBIMOJHEHHBIX [0 JUCCEPTAllMM JIOKTOpa
¢dbunocodpuu (PhD) Ha Temy «OrnieHKa TUAPABINYECKOTO PEKUMa MOA3EMHBIX BO/I
Ha OpOIlIaeMbIX 3eMisiX ¢ ucnoiab3oBaHueM [MC-texHonoruii u ajaropuTMOB
Machine Learning», mpeicraBieHbI CICIyIOIINE BHIBOJIBI:

1.  VYcoBepuieHCTBOBaHbl ~ HAay4YHO-METOJAMYECKHE  OCHOBBI  OIICHKHU
TUAPABIMYECKOTO pEXKHMMa TMOJA3EMHBIX BOJ Ha OpPOLIAEMBIX TEPPUTOPUSIX;
TPaAUIMOHHbIE TUJPOTEOJIOTHUEeCKUE HaOmoaeHuss oo0beauHensl ¢ [UC-
TEXHOJIOTUSAMH, JaHHBIMU JUCTAHIUOHHOIO 30HAUPOBAHUS U AITOPUTMAMU
machine learning, B pe3ynbrare 4Yero pa3pabOTaH MOIXOJ, OO0ECIICYMBAIOIIHIA
KOMIUIEKCHBI ~ aHaJIU3  MPOCTPAHCTBEHHO-BPEMEHHBIX HW3MEHEHUW  YPOBHS
MOA3EMHBIX BOJI.

2. MHOrojeTHU MOHHMTOPUHI PEXHMMa IMOA3EMHBIX BOJ BBINOJIHEH MO 81
HAOJIOMATeIbHOM CKBaXKMHE; M0 pe3yJibTaTaM JIETalbHOTO CTATUCTUYECKOTO
aHaju3a Ha mpuMepe 6 BHIOpaHHBIX PEMPE3CHTATUBHBIX CKBAKUH YCTAHOBJICHO, UTO
cpeaHeMecsuHas TiyouHa usMmensiercss B npeaenax 0,718—-10,812 m, a HakIOHBI
tpeHaoB — ot —0,45 mo +1,02 M/10 neT; B yacTHOCTH, IJisg CKBaxuHbI 1722005
tpenn +0,107 m/rom cratuctuuecku 3HauuM npu p = 0,004, yto mokazaio
CYIIECTBEHHOE Pa3JInure PEAKUMA MOJ3EMHBIX BOJI [0 OPOIIAEMBIM TEPPUTOPHUSIM U
€ro CHJIbHYIO 3aBUCUMOCTbD OT JIOKAJIbHBIX THIPOTECOJOTUUECKUX U MEJIMOPATUBHBIX
YCJIOBUH.

3. Ha ocHOBe DOKCHEpUMEHTAIBLHBIX JIaHHBIX  OOOCHOBAHO,  YTO
BOJIOYICPKUBAIOIIME U THAPABIMYECKHE CBOWCTBA TPYHTOB SIBJISIOTCS OJHUM M3
OCHOBHBIX (haKTOPOB (POPMUPOBAHUS PEKHUMA TMOJ3EMHBIX BOJ; B YACTHOCTH, IS
necyaHbIX cJIO€B ckBaxkuH 1722005, 1722132 u 1722136 ycranosnensl K = 606—
1203 cm/cyT, Ofc = 8,20 %, Sy = 32 %, n = 33 %, pg = 1,51 r/em?; mist TKETBIX
cyrnuHKOB (clay loam) B ckBaxkunax 1722015 u 1722073 cootBerctBeHHO K = 24,5
cMm/cyT, Ofc = 28,70 %, Sy =13 %, n =32 %, ps = 1,53 r/cM?; 17151 cpeiHero CyriiMHKa
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(loam) B ckBaxkune 1722101 K =98 cm/cyT, 0fc = 32,07 %, Sy =17 %, n =46 %, ps
= 1,29 r/cm®. Tem caMbIM KOJWYECTBEHHO pacKphiTa (pu3udeckas B3aMMOCBSI3b
Mexay punpTpalueit, Bo10yepKaHueM U YPOBHEM I'PYHTOBBIX BOJ.

4. Tlo naHHBIM HCCIIEIOBAHUSI OIICHEHBI KOPPEISIIIUOHHBIE CBSI3U MEXKIY
MEXaHMYECKUM  COCTaBOM MOYB H  Koddduiumentom  GuiapTpanuu, a
3aKOHOMEPHOCTH (PU3MKHU TPYHTOB IMOATBEPXKIIECHBI CTaTUCTUYECKU: Mexay K u
coJiep>KaHueM mecka yctaHoBieHo r = +0,82, mexay K u rounoit — r = —0,74,
mexay K u aneBpurom — r = —0,72, mexay K 1 noneBoit B1aro€MKoCTbI0 — I =
—0,86, a mexxny K u koaddunmmerrom Bogootaaun — r = +0,71. D10 mokasao, 4To
C YBEJIMYEHUEM COJIEPKaHUS MECKa BOJAOIPOHUIIAEMOCTh YCUIIMBAETCS, TOI/IA KaK C
YBEIIMUEHUEM COJEpKAHMUS TIHMHBI M TOJIEBOM BJIAro€MKOCTH BO3pacTaeT
CIIOCOOHOCTH YJIEPKUBATH BOY.

5. Ha ocnoBe ['MC 1 MHOTOKpHUTEpHATIEHOM OIIEHKH KapTorpadupoBaHbl 30HbI
MOTEHI[MAala U PUCKA MOA3EMHBIX BOJI, KOJIMYECTBEHHO OLEHEHO OTHOCHUTEIIbLHOE
BIMsiHUE (PakTOpOB; Mo pe3ynbratraM AHP ycTaHoBieHo, 4To HanboJibliee BAUSHUE
Ha GOpMHUPOBAHKE TOJI3EMHBIX BOJI OKA3bIBAIOT JUTONIOTHS — 18,5 %, MIOTHOCTD
nuHeaMeHToB — 17,3 % wu reomopdosoruss — 14,2 %. Kpurepun oneHku
paHKUPOBaHBI O IKase 1-9 6amioB, cOriaacoBaHHOCTh MOJIENH TMOATBEPKIICHA
ycioBueM CR < 0,10; OgHOBpEeMEHHO TEPPUTOPUU C TIYyOMHOUM 3ajeraHus
MOA3EMHBIX BOJ MeHEE |1 M BBIICJICHBI KaK 30HbI BRLICOKOTO MEIMOPATUBHOTO PUCKA.

6. KitumaTtuueckue ycioBUsl TEPPUTOPUU UCCIIEIOBAHUS TAKKE OLICHEHBI KaK
BAKHBIN BHEIIHMKA (DAKTOp, BIMSIOIIMN HAa PEXHUM MOA3E€MHBIX BoA. Ilo naHHBIM
cranuuii [enay, Tepmes, Illepabanm u Illypum ycTaHOBIIEHO, 4YTO TOJ0BOE
KOJUYECTBO OCAJKOB COCTABIISICT COOTBETCTBEHHO 313 MM, 154,6 mMm, 183,1 MM
2727 mMm, a unaekc apuaaoctu — 0,31, 0,14, 0,16 u 0,27; mo TemnepatypHOmMy
TpeHay B Tepmese HaOmonancs poct +0,4 °C/10 ner (p = 0,022), B Illepabane —
+0,5 °C/10 ner (p = 0,015), yTo cBUAETENHCTBYET 00 YCUICHUH MCIAPUTEIBLHOTO
BO3JICHCTBUSI U BO3pPACTaHUM POJIM KIMMATHYECKOTO ¢akTopa B (HOPMUPOBAHUU
peX)rMa MOJ3EMHBIX BOJI.

7. IlpoBenén cpaBHUTENbHBIA aHanu3 Mojeineil machine learning u deep
learning 1y1st TPOTHO3UPOBAHUS TMHAMUKH YPOBHSI TIOI3EMHBIX BOJI; CPEIIA MO/IEICH
RF, SVM, XGBoost u LSTM nHauBbicimne pe3ynbTaThl nojrydeHsl 1t LSTM: o 6
ckBaxxuHam R* = 0,87-0,92, nns RF — 0,61-0,66, SVM — 0,59-0,64, XGBoost —
0,64-0,69. Kpome Toro, miist LSTM mo ckBaskune 1722005 monyuenst RMSE = 0,50,
MAE = 0,32, no ckBaxxune 1722016 — RMSE = 0,49, MAE = 0,31, no ckBaxkuHe
1722136 — RMSE = 0,52, MAE = 0,33, yrto moarBepawyio 0Oojiee TOYHOE
OTpa)X€HHUE JaHHOU MOJIEIIBIO CII0KHBIX HEJIMHENHBIX 3aBUCUMOCTEN BO BPEMEHHBIX
psnax.

8. Ilo pesymbraram wHCCIEIOBAaHUS CO3JaHBI W BHEAPEHBI B TPAKTUKY
uHpopmanmonnas cucreMa «Groundwater Information Management Systemy,
oOBeUHSIONIasE MOHUTOPUHT YPOBHS TPYHTOBBIX BOJA, 0a3y THAPABINYECKHUX
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MapaMeTpOB, 30HUPOBAHUE PUCKA U IPOTHO3UPOBAHUE, a TAKIKE COOTBETCTBYIOLINE
QITOPUTM U BeO-TIpHIIOKEeHUE. J[aHHBIN pe3yabTaT MpPENCTaBIsIeT COO0H BaKHOE
MPAKTUYECKOE PEIICHHUE JIJI1 ONIEPATUBHOIO KOHTPOJISL pEKMMa IPYHTOBBIX BOJ Ha
OpOIIAEMBIX TEPPUTOPHSIX, MPHUHITHS HAYIYHO OOOCHOBAHHBIX YIIPABICHYCCKUX
penieHuit u odecrneyeHus METMOPATUBHON YCTOMYMBOCTH.
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INTRODUCTION (abstract of PhD thesis)

The aim of the study is to develop methods for assessing and forecasting the
hydraulic regime of groundwater using GIS technologies, Machine Learning and
Deep Learning algorithms.

The object of the research are the irrigated lands of Surkhandarya region,
where groundwater levels change under the influence of natural, hydrogeological,
climatic and anthropogenic factors. The study focuses on irrigated areas
characterized by seasonal and long-term fluctuations of groundwater levels, spatial
variability of groundwater depth, and the impact of irrigation and drainage processes
on groundwater dynamics.

The scientific novelty of the research are as follows:

The groundwater regime was analysed using data from 81 observation wells
for 2000-2024, and 6 representative wells were selected for detailed assessment. The
monthly average groundwater depth varied from 0.718 to 10.812 m, while trend
slopes ranged from -0.45 to +1.02 m per 10 years. In well 1722005, a statistically
significant trend of +0.107 m/year was found at p = 0.004.

Field and laboratory results quantified the role of soil hydraulic properties:
sandy layers in wells 1722005, 1722132 and 1722136 had K = 606-1203 cm/day, 0
= 8.20%, Sy = 32%, n = 33% and bulk density = 1.51 g/cm?; clay loam layers in
wells 1722015 and 1722073 had K = 24.5 cm/day, 0« = 28.70%, Sy = 13%, porosity
= 32% and bulk density = 1.53 g/cm?; the loam layer in well 1722101 had K = 98
cm/day, 0 = 32.07%, Sy = 17%, n = 46% and bulk density = 1.29 g/cm?

Correlation analysis confirmed the physical links between soil texture and
hydraulic conductivity: K-Sand r = +0.82, K-Clay r =-0.74, K-Silt r =-0.72, K-Field
capacity r = -0.86 and Ks-Specific field r = +0.71.

GIS and AHP-based multicriteria assessment showed that the most influential
factors controlling groundwater formation were lithology (18.5%), lineament
density (17.3%) and geomorphology (14.2%). The criteria were evaluated on a 1-9
point scale, the consistency of the model was confirmed by CR <= 0.10, and areas
with groundwater depth of less than 1 m were identified as high meliorative risk
zones.

Climate analysis showed that annual precipitation at Denov, Termez, Sherabad
and Shurchi stations was 313 mm, 154.6 mm, 183.1 mm and 272.7 mm, respectively.
The aridity index was 0.31, 0.14, 0.16 and 0.27, while air temperature trends
increased by +0.4 °C/10 years in Termez (p = 0.022) and +0.5 °C/10 years in
Sherabad (p = 0.015).

A comparative modelling assessment demonstrated the advantage of LSTM:
for 6 wells, R?was 0.87-0.92 for LSTM, 0.61-0.66 for RF, 0.59-0.64 for SVM and
0.64-0.69 for XGBoost. For LSTM, the error indicators were RMSE = 0.50 and
MAE = 0.32 for well 1722005, RMSE = 0.49 and MAE = 0.31 for well 17220186,
and RMSE = 0.52 and MAE = 0.33 for well 1722136. The forecasting accuracy of
groundwater level dynamics reached 92%.
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Implementation of research results. Based on the scientific results obtained
on the assessment of the hydraulic regime of groundwater in irrigated lands using
GIS technologies and Machine Learning algorithms:

The monitoring system "Groundwater Information Management System" has
been developed and introduced into practice. The system enables spatial analysis of
groundwater level dynamics, integration of hydrometeorological and
hydrogeological data, and visualization through interactive maps (reference of the
Ministry of Ecology, Environmental Protection and Climate Change of the Republic
of Uzbekistan dated December 17, 2025, No. 03-03/1-3724). The system was
formed on the basis of groundwater level, meteorological and hydrological data
observed in the irrigated areas of Surkhandarya region during 2000-2024 and
registered by the Ministry of Justice of the Republic of Uzbekistan under the title
"Hydrogeological-hydromeliorative database (on the example of Surkhandarya
region)" with certificate No. BGU-1674. As a result, opportunities were created for
analysing, monitoring and promptly evaluating long-term and seasonal changes in
groundwater levels and hydromeliorative processes in irrigated areas;

The LSTM (Long Short-Term Memory) neural network-based forecasting
model developed for groundwater level dynamics was tested using hydromeliorative
data observed in the irrigated areas of Surkhandarya region and introduced into
practice (reference of the Ministry of Ecology, Environmental Protection and
Climate Change of the Republic of Uzbekistan dated December 17, 2025, No. 03-
03/1-3724). As a result, the forecasting accuracy of groundwater level dynamics in
irrigated areas reached 92 percent, and it became possible to plan in advance the
necessary meliorative measures to prevent groundwater level rise;

Using the cloud-based online platform developed on the basis of GIS
technologies, the possibility was created to analyse groundwater levels,
meteorological indicators and hydrological data in a unified system and to provide
territorial visualization. This platform was introduced into the activities of the Amu-
Surkhan Basin Administration of Irrigation Systems of Surkhandarya region under
the Ministry of Water Resources of the Republic of Uzbekistan, the State Unitary
Enterprise "Uzbekgidrogeologiya"”, the private enterprise "Chiroy Muzrabod", and
the territorial departments of the National Committee of the Republic of Uzbekistan
on Ecology and Climate Change. As a result, opportunities were created for
monitoring  groundwater level dynamics, operational assessment of
hydromeliorative processes and making scientifically based water management
decisions.

The structure and volume of the thesis. The dissertation consists of an
introduction, four chapters, conclusion, list of used literature and appendices. The
volume of the dissertation is 125 pages.
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