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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The article highlights a comprehensive analysis of the
impact of climate change on the degradation of geological formations in the Aral—
Syrdarya region using soil-hydrological and ecomonitoring methods. Objective.
Assessment of the impact of climate change on the degradation of geological
formations in the Aral-Syrdarya region using meteorological, hydrological, field
and remote sensing data for the years 1980-2024, as well as the development of
recommendations for an adaptive monitoring system for geological risks. Methods.
This study used an integrated approach to pedohydrological and environmental
monitoring to assess the impact of climate change on the degradation of geological
formations in the Aral-Syrdarya region. The study combined long-term climate data
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analysis, hydrological modeling, remote sensing, and geoecological assessments
at degradation sites. Results and conclusions. According to the results of long-term
observations (2015-2024), it was found that the average annual air temperature
increased by 1.5 °C, and the annual precipitation decreased by 12%. Changes in the
hydrological regime manifested themselves in a decrease in the groundwater level
by an average of 0.8 m over the past ten years, which contributed to a decrease in
soil moisture by 15-20%. An analysis of the dynamics of vegetation degradation
showed a reduction in the area of consistently vegetated lands by 18% and an
increase in erosion processes by 25%. The activation of salt formation processes
is observed - the concentration of salts in soils has increased by an average of
30%, which negatively affects the stability of geological formations and leads to
accelerated destruction of structures. A comparative analysis of data from 2015
and 2024 confirms the trend towards accelerated degradation of the geological
environment and deterioration of soil and hydrological conditions, which requires
the application of adaptation measures and rational resource management.

Keywords: climate change, geological formations, degradation, soil,
hydrology, Aral-Syrdarya, environmental monitoring
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AHHOTAaUMA. Osexminici. Makanaga Apan-Celpgapus — aiiMarbIHJIAFbI
TCOJIOTHSUIBIK TY3LTIMACPAIH JAeTPaJallusiChiHA KIMMATTBIK 63TePiCTep/IiH dCEPiH,
TONBIPAK-—TUAPOJOTHAIBIK JKOHE OKOMOHHTOPHHITIK oficTepii maiijanana
OTBIPBIT, KEIICHAl Tainjay 3eprTeyiepiH KaMmTuabl. Makcarel. 1980-2024
KBUIIApAAaFrbl METEOPOJIOTHSIIBIK, THIPOJIOTHSIIBIK, NANajblK ICPEKTEpAl KOHE
KALIBIKTBIKTaH 30HIATAy JEpeKTepiH maiinanana oTweIpbil, Apan—Celpaapus
OHIPIHJIET] TCOJOTHIIBIK TY3LTIMACPAIH IerpaJaryscbiHa KIUMATThIH 63repyiHig
ocepiH Oaramay, COHJal-aKk TCOJIOTUSUIBIK TOYyEKeNAep MOHHUTOPHHTIHIH
OeliimaenreH KyHeci yIIiH YCBIHBIMAAp a3ipuey. Odicmep. byn 3eprrey Apan—
Celpmapust  aliMarblHAAFbl  TEOJOTHSUIBIK  TY3UIIMIEpAiIH JAerpadauuschiHa
KIUMAaTTBIH ©3TepyiHiH ocepiH Oaramay VIOiH TNEZOTHAPOJIOTHSUIBIK KOHE
AKOJIOTHUSUTBIK MOHUTOPHHTKE KEIICH I TOCUIII KOJIJaHAbl. 3epTTey Y3aK Mep3iM/Ii
KnumatTeIK qepexTepal Tanaayasl, THIPOIOTHUSIIBIK MOACTbACY/, KAIIBIKTBIKTaH
30HATAYAbl JKOHE JAerpajanusi OpPbIHAAPBIHAAFHI T€03KOJOTHSUIBIK Oarayiayabl
Oipiktipai. Homuowcenep oicone KopwvimuviHObl. KeOIKBUIIBIK OaKbLIAYIapabIH
HoTIKenepi OoiibiHma (2015-2024) ayaHblH opTama >KbUIABIK TEMIEpaTypachl
1,5 °C-ka xeTepiil, XKbULABIK KaybIH-IIAIBIH Menmepi 12% - Fa ToeMeHaereHi
aHBIKTANBL. [ MAPONOTHSIIBIK PEXUMHIH ©3repyl COHFBI OH KbUIJA ep acThl
cynapbl JeHreiinin opra ecenmnen 0,8 M TeMmeHIeyiHAe KOpiHAi, Oy TOMBIpaK
BUTFIIBUTBIFBIHBIH 15-20% TeMeHeyiHe bIKIaa eTTi. OCIMIIK )KaMbUIFBICHIHBIH
Jerpaganys JUHAMUKACHIH Talfay ©CIMIIKTEpMEH TYPaKThl KAMTBUIFaH >Kepiiep
aymarbIHBIH 18% - Fa KbICKapFaHbIH JKOHE 303U NpoLecTepiHiy 25% - Fa 6CKeHiH
kepcerti. Ty3 Ty3iny mnpouectepiHiH OeliceHimiri OaliKanaabl-TONBIPAKTAFbI
TY3/AapIblH KOHIEHTpauusickl oprta ecenmeH 30% - Fa ocTi, Oy TeoNoTHsIIBIK
TY3UTIMACPAIH TYPaKTBUIBIFBIHA TEpIC dcep eTeli KoHEe KYpBUIBIMIApABIH Te3
Oy3butybiHa okeneai. 2015 xone 2024 xpurnapaarsl 1€peKTepi cabICTHIPMAIbI
Tanmay OeiiMaeny mIapalapblH KOJNAAaHYABl OHE PpeCcypcTapabl YTHIMIBI
Oackapyapl Tajall €TeTiH TeONOTUSIIBIK OpTaHbIH JKEACTACTIINeH JIerpatalisichl
MEH TONBIPAK-THAPOJIOTHUIBIK JKaFJailapAbslH Hamapiay TEHICHIUSCHIH
pacTaiasl.

Tyiiin ce3mep: KIMMATTBHIK e3repicTep, TEOJOTHUSUIBIK —(opManusiap,
Jerpajganus, TOMbIpaK, TUAPOIorus, Apan-Celpaapus, SKOJIOTHUSUIBIK MOHUTOPHHT
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AHHOTaNUsA. AKT yaJIbHOCTb. B cTaThe NpecTaBlIeH KOMIUIEKCHBIN aHAJIN3
BIIMSIHUA KJIMMaTHUECKUX M3MEHEHUH Ha AETPafaliiio T€0JIOTHIecKuX (hopMaLuii B
Apano-CrlpaapbHHCKOM PETHOHE C UCIIOIb30BaHUEM NOYBECHHO-THAPOIOT HUECKUX
U 3KOMOHUTOPHHIOBBIX METOMOB. [3MEHEHHEe TeMIepaTypHOro peXHMa,
COKpaIlleHHE KOJIMUYECTBA OCAAKOB, CHUKEHHE YPOBHS IPYHTOBBIX BOJI, 3ACOJIEHUE
IOYB U IETPaJIallis PACTUTEIHHOTO TOKPOBA YCHIIMBAIOT T'€03KOJIOTHYECKHE PUCKU
1 TpeOyIoT opMHUPOBaHMS aIalITUBHON CUCTEMBI MOHUTOPHHTA. [[ens. OeHNTh
BIMSHME WM3MEHEHHUs KIMMaTa Ha Jerpajalyio reolorndeckux Qopmanuii B
Apano-CelpIapbMHCKOM PETHOHE C HCIONb30BAHHEM METEOPOJIOTHYECKUX,
THIPOJIOTUYECKUX, MTOJIEBBIX JAHHBIX U JAHHBIX AMCTAaHIIMOHHOTO 30HIUPOBAHUSA
3a 1980-2024 rozapl, a Takke pa3padoTaTh PEKOMEHJIAIMM JJs alalTHBHOU
CHUCTEeMBl MOHHTOpPUHTA T'€OJIOTUYECKUX pPHUCKOB. Memoowl. B uccienoBaHumn
WCIIONIb30BaH KOMIUIEKCHBI TOAXOA K IMOYBEHHO-THAPOJIOTHYECKOMY U
9KOJIOTUYECKOMY MOHUTOPHMHIY Ul OLEHKU BIMSHHS W3MEHEHMS KiIMMara Ha
Jerpajaluio reonorundeckux Qopmanuii B Apano-CepAapbHHCKOM PETHOHE.
B pamkax mccienoBaHusi OObEAMHEHBI aHATU3 JOJTOCPOYHBIX KIMMATHYECKUX
JaHHBIX, TUAPOJIOTMYECKOE MOJEIMPOBaHHUE, NTUCTAHIIMOHHOE 30HIMPOBAaHUE U
T€09KOJIOTHUECKHUE OLIEHKH Ha y4yacTKax Herpafauud. Pe3zynsmamul u 6bl800bI.
[To pesymnpraram MHOTONETHUX HaOmoaeHni 3a 2015-2024 roasl ycTaHOBIEHO,
YTO CpeIHErojoBas TemIepaTypa Bo3ayxa mosbicmiack Ha 1,5 °C, a romoBoe
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KOJIMYECTBO OCAAKOB COKpatuiaoch Ha 12%. M3MeHeHus ruapojaoruyecKkoro
peXuMa MPOSIBUIINCH B CHIDKEHUHM YPOBHS TPYHTOBBIX BOJA B cperaHeM Ha 0,8 M
3a MOCJIEeIHUE AECATh JIET, YTO CIIOCOOCTBOBAIO YMEHBUICHUIO BIAXHOCTH MOYB
Ha 15-20%. AHanu3 AWHAMHKH JETpajaliiil pacTUTEIHFHOTO MOKPOBa IOKa3all
COKpallleHHEe TUTOMAaAN CTAOUIBHO MOKPHITHIX PACTUTENHLHOCTBIO 3eMenb Ha 18%
U YBEJIMYECHHE MHTEHCUBHOCTU 3PO3UOHHBIX mpoueccoB Ha 25%. OrMeuaercs
aKTUBH3AIMS TIPOIIECCOB CoJIe00pa30BaHUs: KOHIIEHTpAIUS COJiell B IOYBax
noBbicuiack B cpeaHeM Ha 30%, 4TO OTPULATEIBHO BIMSIET Ha YCTOMYHMBOCTD
TeoJIOTHYECKNX (opMalii W TMPUBOAUT K YCKOPEHHOMY pa3pylIeHHIO
UX CTpyKTypbl. CpaBHUTEIBHBIM aHanu3 AaHHblx 3a 2015 u 2024 rommi
MOATBEPIKIAeT TCHICHIUIO K YCKOPEHHOW JeTpajaluy Te0J0OTHIeCKON Cpeasl U
YXYAIIEHUIO MMOYBEHHO-TUAPOIOTHYECKUX YyciaoBHi. [lomyueHHBIe pe3ynbTaThl
CBUJETENLCTBYIOT O HEOOXOIWMOCTH TPHMEHEHHWs aJalTallMOHHBIX Mep,
COBEPIUICHCTBOBAHNUA CHCTEMBI KOMIUJIEKCHOTO MOHUTOPHHTA W PAaIlMOHAIBHOTO
yIpaBiIeHUS TPUPOIHBIMU PECYPCAMU PETUOHA.

KaioueBble ¢J10 Ba:  KIIM MaTHYECKHE  W3M €HEHHS, TeO JIOTHYECKHe
¢dop Maumu, ier paganys,noy Ba,rua poiorus, Apa ia-Celpaapbsi, K0 JTOTHUECKUH
MOH UTOPHHT

Introduction. The Ara I-Syr Dar ya reg ion has bec ome one of the most
env ironmentally and geo logically tra nsformed natural zon es in Cen tral
Asia over rec ent dec ades, exp eriencing sig nificant pre ssure fro m bot h
ant hropogenic act ivities and glo bal cli mate cha nge (Berdimbetov et al.,
202 1). The dramatic shr inkage of the Aral Sea, dri ven by dec ades of
int ensive irr igation in the Amu Dar ya and Syr Dar ya riv er bas ins, has led
to wid espread eco system deg radation and the dis integration of geo logical and
geo morphological str uctures in the reg ion (Micklin, 2 007, UNE P,2 01 1).

Contemporarycli matetre nds-inc ludingris ingann ualave ragetem peratures,
dec reasing pre cipitation, and inc reasing fre quency of ext reme wea ther eve nts
- hav e cre ated adv erse con ditions for the sta bility of geo logical for mations.
Alt ered wat er bal ances, low ered gro undwater lev els, inc reased sal inity, and
int ensified def lation pro cesses acc elerate the tra nsformation of geo structures,
lea ding to cra cking, sub sidence, the for mation of bot h ant hropogenic and
nat ural lan dslides, and ero sion (Asanbaev & Tur ysbekov, 2 02 2 ; IPC C,
2021).

International exp erience rev eals sim ilar deg radation tre nds in ari d and
sem i-arid reg ions wor ldwide. For ins tance, res earch con ducted in the Ind us
Riv er Del ta (Pakistan) and the Owe ns Val ley (USA) has sho wn tha t wat er
res ource dep letion and cli mate cha nge can res ult in str uctural det erioration
of all uvial and lac ustrine dep osits, the eme rgence of ant hropogenic des erts,
and the los s of soi | cov er (Khan et al., 2 01 3 ; Let tenmaier et al., 2 01 5). In
Aus tralia, the Mur ray Riv er Bas in sho ws inc reasing deg radation of sal ine
geo logical for mations und er ris ing tem peratures and red uced pre cipitation
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(CSIRO, 2 02 0; ESA , 2 02 0). The se exa mples hig hlight the imp ortance of
int erregional com parative ana lysis of geo logical tra nsformation mec hanisms
und er cli mate str essors.

Against thi s bac kground, a sys tematic sci entific ana lysis of geo logical
for mation dyn amics in the Ara l-Syr Dar ya zon e is urg ently nee ded. The
rel evance of thi s res earch lie s in ide ntifying the spa tiotemporal pat terns
of deg radation pro cesses, the ir rel ationship to cli matic and hyd rological
var iables, and the dev elopment of sci entifically gro unded app roaches to
mon itoring and mit igating fur ther geo ecological des truction (Berdimbetov et
al.,2 02 1; Zin abdin, 2 02 2)).

The aim of this stu dy is to con duct a com prehensive ass essment of
the imp act of cli mate cha nge on the deg radation of geo logical for mations
in the Aral-Syr Dar ya reg ion. The res earch is bas ed on the ana lysis of
met eorological and hyd rological dat afro m 1 980to 2 02 4, fie Id obs ervations,
rem ote sen sing dat a, and com parisons wit h int ernational cas e stu dies. The
pap er als o pre sents rec ommendations for the dev elopment of an ada ptive
geo logical ris k mon itoring sys tem con sidering fut ure cli mate sce narios.

The Aral-Syr Darya zone enc ompasses a vast territory cov ering
the mid dle and low er rea ches of the Syr Darya Riv er, inc luding the
nor theastern seg ment of the Aral Sea bas in. Adm inistratively, this are a
spa ns the Kyz ylorda Reg ion of the Rep ublic of Kaz akhstan and adj oining
ter ritories of the Rep ublic of Uzb ekistan. His torically, the region pla yed
a vit al rol e in irr igated agr iculture, fis heries, and wat er sup ply sys tems.
How ever, the cat astrophic des iccation of the Aral Sea has led to pro found
eco system tra nsformation and the des tabilization of geo logical str uctures
(UNEP, 201 1).

Since the 1 960s, the wat er lev el in the Aral Sea has dec reased by mor e
than 2 2 met ers. The sur face are a has shrunk by a fac tor of fou r, whi le
the wat er vol ume has dec lined by app roximately 90%. The new ly exp osed
sea bed, cov ering an are a of aro und 40,000 km?, has bec ome a maj or sou rce
of salt and dust sto rms, whi ch neg atively aff ect loc al eco systems and
pub lic hea Ith (Zavialov, 2 005). Lar ge-scale div ersion of Syr Dar ya wat ers
for irr igation-primarily for cot ton cul tivation—is ass ociated wit h sub stantial
los ses in ope n can al sys tems, rea ching up to 60%. The se los ses con tribute to
the dry ing of wat er bod ies, con tamination of aqu atic sys tems, and a dec line
in bio logical pro ductivity (Giese, 2 005).

The aeo lian tra nsport of sal ts and fin e dus t fro m the des iccated sea bed
con tributes to sec ondary soil sal inization, esp ecially in the for mer Syr
Dar ya del ta. Thi s pro cess lea ds to red uced cro p yie lds, veg etation die back,
and the exp ansion of des ert lan dscapes. The dis appearance of wet lands has
tri ggered a dra matic dec line in pop ulations of nat ive fis h, bir d, and mam mal
spe cies, dis rupting eco logical equ ilibrium. Win d def lation pro cesses fur ther
lea d to the for mation of def lation bas ins, bar chan dun es, and sal ine fla ts
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on the for mer sea flo or. A tec hnogenic des ert-known as the Ara lkum-is
gra dually for ming.

Extreme tem perature amp litudes and int ense eva potranspiration are
acc elerating the cracking and bre akdown of unc onsolidated geo logical
for mations, esp ecially all uvial and loe ss dep osits. Low ered gro undwater
lev els con tribute to the sub sidence and des tabilization of loe ss, cla y loa m,
and sil t-rich sed iments, par ticularly in are as pre viously imp acted by irr igation
net works. The los s of veg etation cov er int ensifies wat er and win d ero sion,
esp ecially on slo pes, alo ng irr igation dit ches, and in rav ine sys tems. In
the zon es of rec eding wat er, sal ine fla ts (solonchaks) are for ming, oft en
con taining gyp sum- and sul fate-rich sed iments cha racterized by high
che mical act ivity and str uctural ins tability.

According to lon g-term obs ervational data, the mean annual air
tem perature in the reg ion has inc reased by 1 .5-2 °C ove r the pas t 40 yea rs.
Pre cipitation has dec lined by app roximately 1 0—1 5%, whi le the num ber of
dus ty day s has ris en to 70-90 day s ann ually. A sho rtened gro wing sea son
and dec lining wat er lev els fur ther acc elerate the deg radation of geo logical
for mations. The se env ironmental cha nges are acc ompanied by a rise in
res piratory and der matological dis eases, a red uction in ara ble lan d, and the
for ced mig ration of loc al pop ulations. Inc reasing geo dynamic ins tability
pos es a thr eat to cri tical inf rastructure, inc luding roa ds, can als, wat er sup ply,
and irr igation sys tems.

In Kaz akhstan, eff orts are und erway to res tore the Nor thern Aral Sea,
inc luding the con struction of the Kok aral Dam and the con servation of
del taic wet land eco systems. Add itional mea sures inc lude the bio logical
sta bilization of sal ine soi Is thr ough the pla nting of sax aul (Haloxylon spp .)
and tam arisk (Tamarix spp .) and the est ablishment of pro tective for est bel ts.
Int ernational org anizations suc h as the Glo bal Env ironment Fac ility (GEF),
the Uni ted Nat ions Env ironment Pro gramme (UNEP), and the Int ernational
Cen ter for Agr icultural Res earch in the Dry Areas (ICARDA) sup port
reg ional ini tiatives aim ed at sus tainable wat er use , dig ital mon itoring, and
geo ecological ass essment (Shalabaeva et al., 2 02 6).

Materials and met hods. Thi s study emp loyed an int egrated ped o-
hydrological and env ironmental mon itoring app roach to ass ess the imp act
of cli mate cha nge on the deg radation of geo logical for mations in the Ara I
Syrdarya reg ion. The res earch fra mework com bined lon g-term cli matic dat a
ana lysis, hyd rological mod eling, rem ote sen sing,and fie ld-based geo ecological
ass essments to cap ture the spa tio-temporal dyn amics of deg radation pro cesses
occ urring in the zon e of the mid dle and low er Syr darya Riv er.

Climatic dat a for the period from 1 980 to 2 02 3 wer e obt ained fro m
reg ional hyd rometeorological age ncies of Kaz akhstan and Uzb ekistan. The se
dat asets inc luded rec ords of mea n ann ual tem peratures, pre cipitation, and
the fre quency of dus t sto rms. Ove r the pas t fou r dec ades, the reg ion has
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exp erienced a tem perature inc rease of app roximately 1 .8-2 .0°C, a red uction
in ann ual pre cipitation by 1 0—1 5% (from ~1 40 mm to ~1 1 5-1 2 5 mm/year),
and aris e in dus tsto rm fre quency up to 70-90 day s per yea r. Tre nd ana lyses
wer e con ducted usi ng lin ear reg ression mod els and pol ynomial smo othing
tec hniques in RSt udio and SPS S.

Hydrological ass essment inv olved ana lyzing the sea sonal and int erannual
dyn amics of gro undwater lev els and sur face wat er bod ies bas ed on dat a fro m
the Syr darya Bas in Wat er Org anization and nat ional irr igation dep artments.
The gro undwater tab le in som e are as has dro pped by 3 —5 met ers ove r the
pas t thr ee dec ades, whi le ope n irr igation can al sys tems con tinue to los e up
to 50-60% of wat er thr ough eva poration and inf iltration. Sal inity lev els in
aff ected soi Is fre quently exc eed 5-1 5 dS/m, ind icating sev ere deg radation
and sec ondary sal inization pro cesses.

Remote sen sing tec hniques wer e emp loyed using Lan dsat 5/8 and
Sen tinel-2 ima gery for the period 1990-2 02 3, pro cessed via QGI S
3.2 8 and Arc GIS Pro. Nor malized Dif ference Veg etation Ind ex (NDVI),
Soi 1-Adjusted Veg etation Ind ex (SAVI), and spe ctral moi sture ind ices wer e
cal culated to ide ntify veg etation los s, soi | moi sture dep letion, and exp ansion
of sal ine and bar ren are as. Ima ge cla ssification usi ng sup ervised alg orithms
(maximum lik elihood, ran dom for est) ena bled det ection of lan d deg radation
zon es suc h as Ara lkum, new ly for med des ertified lan ds, and aba ndoned
irr igated fie 1ds (UNEP, 2 01 9; Lio ubimtseva, 2 01 5).

Fieldwork was con ducted dur ing the spring and autumn sea sons of
2022 and 2023 in the Kyz ylorda Reg ion, inc luding tra nsects acr oss the
for mer del ta of the Syr darya Riv er and adj acent des ertified zon es. Soi | and
sed iment sam ples (n = 60) wer e col lected and ana lyzed for gra nulometry,
pH, ele ctrical con ductivity (EC), gyp sum con tent, and soi 1 moi sture. Typ ical
EC val ues in sal ine cru sts ran ged fro m 8.0 to 2 0.0 dS/m, wit h hig h gyp sum
con centrations (2 -5%) in for mer sea bed dep osits. Phy sical map ping and
GPS -based sur veys wer e use d to loc ate are as wit h pro nounced def lation
fea tures, sur face cra cking, and ero sional lan dforms.

This met hodological app roach fol lows the pri nciples of geo environmental
mon itoring (GEM)and lan dscape deg radation ass essment (Turneretal.,2 003 ),
ena bling a com prehensive eva luation of geo logical ins tability. Com parative
ana lysis wit h ana logous reg ions - suc h as the Ind us Del ta (Pakistan), the
Owe ns Val ley (USA), and the Mur ray Bas in (Australia) - was und ertaken
to con textualize the obs erved pat terns wit hin glo bal fra meworks of dry land
deg radation und er cli mate str ess (Thomas et al., 2 01 2 ; Sch ickhoff et al.,
201 6).

Results. The ana lysis of cli matic, geo morphological, and eng ineering-
geological dat a for the Aral-Syrdarya reg ion ove r the period 2 000-2 02 4
rev eals pro nounced neg ative tre nds ass ociated wit h cli mate cha nge and its
imp act on nat ural geo logical pro cesses.
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According to Tab le 1 , acon sistent inc rease in the mea n ann ual tem perature
has bee n obs erved in the Ara I-Syrdarya zon e, ris ingfrom 1 1 .1 °C in 2 000
to 12.09°C in 2 02 4. Not ably, the war ming tre nd has bee n esp ecially
pro nounced ove r the las t fiv e yea rs, wit h tem perature ano malies rea ching
+0.72 °C in 2 02 0 rel ative to the lon g-term ave rage. Con currently, the re is
a per sistent dec line in ann ual pre cipitation, dec reasing fro m 1 40.3 mm in
2 000 to 98.7 mm in 2 02 4.

The red uction in the ari dity ind ex (AI) from 0.1 0 to 0.071 fur ther
con firms the int ensification of dro ught con ditions. The se cha nges ind icate an
ong oing pro cess of ari dification, whi ch dis rupts the reg ional wat er bal ance
and con tributes to the deg radation of the lan dscape.

Table 1. Sum mary Tab le of Int erpolated Cli mate Dat a for the Ara I-Syrdarya Reg ion
(2 000-2 02 4) Bas ed on ERA 5/NASA Dat a.

Year | Mean Annual | Mean Annual | Temperature | Precipitation | Climate Interpretation | Aridity
Temperature, | Precipitation, | Anomaly, °C | Anomaly, Index
°C mm mm (AD)

2000 | 11.10 140.33 -0.47 19.19 Stable climate 0.10

2001 | 11.02 135.05 -0.55 13.91 Stable climate 0.10

2002 | 11.23 138.13 -0.34 16.99 Stable climate 0.10

2003 | 11.45 133.70 -0.12 12.56 Stable climate 0.10

2004 | 11.15 133.12 -0.42 11.98 Stable climate 0.10

2005 [11.20 130.69 -0.37 9.55 Stable climate 0.09

2006 | 11.62 136.56 0.05 15.42 Stable climate 0.10

2007 | 11.50 129.46 -0.07 8.32 Stable climate 0.09

2008 | 11.31 124.83 -0.26 3.69 Stable climate 0.09

2009 | 11.56 128.97 -0.01 7.83 Stable climate 0.09

2010 | 11.41 121.34 -0.16 0.20 Stable climate 0.09

2011 |11.46 124.13 -0.11 2.99 Stable climate 0.09

2012 | 11.65 116.12 0.08 -5.02 Stable temperature, 0.08

decreasing
precipitation

2013 | 11.27 116.52 -0.30 -4.62 Stable climate 0.08

2014 111.36 119.59 -0.21 -1.55 Stable climate 0.09

2015 | 11.64 119.72 0.07 -1.42 Stable climate 0.09

2016 |111.60 116.51 0.03 -4.63 Stable climate 0.08

2017 [11.91 114.15 0.34 -6.99 Warming, decreasing |0.08

precipitation

2018 [ 11.72 112.10 0.15 -9.04 Stable temperature, 0.08

decreasing
precipitation

2019 |11.67 107.06 0.10 -14.08 Stable temperature, | 0.08

decreasing
precipitation

2020 | 12.29 107.84 0.72 -13.30 Warming, decreasing |0.08

precipitation
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2021 |12 107.12 0.43 -14.02 Warming, decreasing |0.08
precipitation
2022 |12.11 110.17 0.54 -10.97 Warming, decreasing |0.08
precipitation
2023 | 11.87 106.53 0.30 -14.61 Stable temperature, 0.08
decreasing
precipitation
2024 | 12.09 98.71 0.52 -22.43 Warming, de+creasing | 0.07
precipitation

Such changes correspond to scenarios pro jected by int ernational
org anizations (USGS, 202 1) for arid and sem i-arid reg ions of Cen tral
Asi a, hig hlighting the glo bal nat ure of the ong oing cli mate tra nsformation.
The int ensification of tem perature ano malies com bined wit h pre cipitation
def icits pos es sig nificant thr eats to wat er and eco system res ources, red ucing
res ilience to sea sonal and ext reme cli matic imp acts:

— Anomalies ind icate the ext ent to whi ch the cur rent yea r dev iates fro m
the lon g-term ave rage.

— Climatic int erpretation pro vides a bri ef des cription of tre nds, sho wing
war ming and dec reasing pre cipitation in rec ent yea rs.

— Aridity Ind ex represents the ratio of pre cipitation to pot ential
eva potranspiration (assumed 1 400 mm); the low er the val ue, the dri er the
reg ion. In the Ara 1-Syrdarya zon e, the Al ind icates inc reasing ari dity.

According to Tab le 2, the sha llowing of the Sma Il Aral has inc reased
from zero in 201 4 to 8.6% by 2 02 4. Con currently, the Syr darya riv er
cha nnel has shi fted an ave rage of up to 2 6 met ers, ind icating mor phological
ins tability wit hin the riv er sys tem. Soi | sal inity has ris en by 3 .5%, whi le
veg etation cov er has dec reased by 5.2 %. The se par ameters con firm ong oing
env ironmental deg radation in the reg ion (fig.1).

Table 2. Ass essment of Deg radation Pro cesses (2 01 4-2 02 4) for the Sma 1l Ara I and
the Syr darya Riv er Cha nnel.

Year Water Body Shrinkage Syrdarya Channel  Soil Salinization = Vegetation
(Small Aral, % of 2014 Change (avg. Increase (%) Cover Reduction
level) displacement, m) (%)
2014 0.0 0 0.0 0.0
2015 |12 3 04 0.6 |
2016 2.7 7 0.9 1.1
12017 |34 9 12 15 |
2018 4.0 12 1.6 2.1
12009 |53 16 2.0 2.8 |
2020 6.1 18 2.3 3.4
2021 |68 20 2.7 4.0 |
2022 7.4 21 3.0 4.5
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2023 8.0 24 33 4.9
2024 8.6 26 35 52

Indicators of Soil Degradation in the Aral-Syrdarya Region (2014-2024)

—e— Soil Salinization
5[ —— Vegetation Cover Decline

2014 2016 2018 2020 2022 2024
Year

Figure 1. Ind icators of Soi 1 Deg radation in the Ara 1-Syrdarya Reg ion (2 01 4-2 02 4).

This dyn amic is dri ven, on the one han d, by cha nges in riv er dis charge
and eva potranspiration, and on the oth er han d, by ant hropogenic fac tors,
inc luding irr igation pre ssure and ine fficient wat er use . The dec line in the
veg etation ind ex fur ther ind icates a red uction in bio logical pro ductivity.
Geo morphological ana lysis rev ealed that bet ween 2 01 0 and 2 02 4, the
sho reline of the Small Aral ret reated on ave rage by 1.2 -1 .5 km, whi le
the exp osed lak ebed are a inc reased by 1 1 50 km?. The num ber of def lation
bas ins gre w by 1 4—-1 7%, and the ave rage hei ght of aco lian for ms (barchan
dun es) inc reased from 3 .2 to 4.1 met ers. Add itionally, the re has been a
2 1 % red uction in act ive Syr darya riv er cha nnels and a dec rease in the
ele vation of all uvial ter races. Akey foc us of the res earch on the deg radation
of geo logical for mations in the Aral-Syrdarya zon e is geo morphological
ana lysis, whi ch ena bles the ide ntification of spa tiotemporal cha nges in rel ief
dri ven by cli matic inf luences. Und er con ditions of inc reasing ari dification
and alt ered hyd rological reg imes, tra nsformations are obs erved in nat ural
com ponents suc h as del taic for mations, aba ndoned riv er cha nnels (oxbows),
coa stal acc umulative for ms, and def lation bas ins (table 3 ).
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Table 3. Geo morphological Cha nges in the Ara 1-Syr Dar ya Reg ion (Comparative

Ana lysis by Per iod).
Indicator / Period 2000-2010 20102024 | General Trend
Shoreline retreat of the Small ~0.6-0.9 km 1.9-15km Increased regression of the
Aral Sea water body
Area of exposed seabed +800 km? +1150 km? Exp ansion Of dried bottom
and salinization
Reduction in active river S .
—14% —21% Decline in river activity

channels (Syr Darya)

+7-9% (from Expansion of desertified

. . . o

Increase in deflation hollows satellite imagery) 14-17% landforms

Avg. height of aeolian forms Intensification of wind-driven
32m 4.1m

(e.g. dunes) processes

Decrease in height of alluvial Enhanced erosion of terraces
—-03m —0.6 m

terraces and banks

frea of salt flats and saline | _ ¢ 5o/ +123% | Increased land salinization

i:fleda of degraded agricultural +9.1% +16.8% Loss of fertile areas

NDVI (Normalized Difference Decline in biological

. 0.31 0.23 ..
Vegetation Index) avg. productivity

These pro cesses are a dir ect res ult of the com bined eff ects of cli matic
str ess and hyd rological dis turbances. Inc reasing win d loa ds and moi sture
los s con tribute to def lation and the for mation of des ert lan dscapes. Rem ote
sen sing (RS) and geo graphic inf ormation sys tem (GIS) tec hnologies hav e
pro ven hig hly eff ective in mon itoring spa tiotemporal tre nds, ena bling the
ide ntification of cri tical zon es of tra nsformation and deg radation.

For the pur poses of thi s ana lysis, Ear th rem ote sen sing met hods wer e
emp loyed in com bination wit h Geo graphic Inf ormation Sys tem tec hnologies,
ena bling a ret rospective ass essment of cha nges ove r the past two dec ades
(2 000-2 02 4). Spe cifically, mul tispectral sat ellite ima gery fro m the Lan dsat
7and 8, Sen tinel-2 pro grams,aswel lasdig ital ele vationmod els (DEMs) fro m
the Shu ttle Rad ar Top ography Mis sion (SRTM) and AST ER Glo bal Dig ital
Ele vation Mod el (GDEM), wer e uti lized. Sat ellite ima ge ana lysis rev ealed
a sig nificant red uction in the sur face are a of the Aral Sea, par ticularly in
its sou thern par t. Bet ween 2 000 and 2 02 4, the tot al wat er-covered are a
dec reased by app roximately 40-50%, wit h the most int ense des iccation
occ urring bet ween 2 003 and 2 01 0. GIS -based sho reline com parisons for
key yea rs (2 000,2 01 0,and 2 02 4) sho wed a lan dward shi ft of the coa stline
by up to 80 km, esp ecially alo ng the eas tern and sou theastern mar gins of the
for mer wat er bod y.

Digital ana lysis of the top ography and mor phology of the dri ed sea bed
all owed for the ide ntification of ext ensive def lation zon es, par ticularly in
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the sou thwestern sec tor. The se are as exh ibit hig h sus ceptibility to win d
ero sion due to the pre sence of fin e-grained sed iments, low sur face slo pe,
and the abs ence of sta ble veg etation cov er.

Vegetation con dition ass essment bas ed on the NDVI, derived fro m
Sen tinel-2 dat a, dem onstrated a ste ady dec line in eco system hea Ith acr oss
the Syr Darya River delta. Bet ween 2000 and 2024, NDVI val ues
dec reased by 2 5-40% in the mos t deg raded zon es, ind icating pro gressive
soi 1 deg radation, sal inization, and dec lining gro undwater lev els (fig.2 ).

Environmental Degradation Indicators in the Aral-Syrdarya Region (2000—202{1}
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Figure 2. Dyn amics of Env ironmental Deg radation Ind icators in the Ara I-Syrdarya Reg ion
(2 000-2 02 4).

Graph ill ustrating key ind icators of env ironmental deg radation in the Ara I-
Syrdarya reg ion for the per iod 2 000-2 02 4: blu e lin e —rel ative red uction in
the sur face are a of the Aral Sea (%); gre en lin e — dec line in NDV I val ues
(vegetation hea Ith); red lin e —sho reline ret reat (in kil ometers). In add ition, the
int erpretation of sat ellite ima gery com bined wit h his torical top ographic dat a
rev ealed cha nges in the riv er net work wit hin the sou thern Syr Dar ya bas in.
The re is cle ar evi dence of cha nnel fra gmentation and deg radation, cau sed by
red uced str eamflow, sil tation, and ant hropogenic imp acts, inc luding wat er
wit hdrawal and lan d rec lamation act ivities.

Comparative ana lysis of dig ital ele vation mod els (SRTM and AST ER
GDE M) ena bled the det ection of mic rorelief cha nges in are as of act ive
def lation and sed iment tra nsport. In cer tain loc ations, dep ressions up to 2 —4
met ers in dep th wer e ide ntified, con firming pro cesses of wea thering and
aco lian rem oval of fin e par ticles.

The obt ained res ults ind icate the sys temic nat ure of deg radation pro cesses
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acr oss the Ara l-Syrdarya reg ion, dri ven by bot h nat ural and ant hropogenic
fac tors, and und erscore the nec essity of con tinuous mon itoring and the
imp lementation of ada ptive mea sures to mit igate the imp acts of inc reasing
ari dification.

Comparative ana lysis of spa tial data vrevealed the fol lowing
geo morphological tre nds:

— Shoreline reg ression of the Small Aral Sea ave raging 1.2 -1.5 km
com pared to the ear ly 2 000s bas eline;

— Increase in def lation pro cesses and for mation of bar chan dun e
str uctures on the dra ined are as of the Syr darya del ta;

— Activation of acc umulation pro cesses in sea sonally flo oded zon es in
the low er rea ches of the Syr darya Riv er;

— Changes in cha nnel net work mor phometry — a red uction in act ive riv er
cha nnels and an exp ansion of dry riv erbeds and can als;

— Decrease in the rel ative hei ght and extent of all uvial ter races,
esp ecially in the per ipheral par ts of the del ta.

Data pro cessing was con ducted usi ng QGI S and Arc GIS Pro pla tforms
wit h too Is for ele vation cha nge ana lysis, lan dscape for m cla ssification
bas ed on NDVI and NDW I ind ices, as wel | as sup erposition and gra dient
ana lysis met hods. To ref ine spa tial cha nges, dig ital mas ks wer e gen erated
fro m mul ti-temporal sat ellite dat asets (Landsat and Sen tinel) at int ervals of
3 -5 years (fig.3).

Aral-Syrdaryaregion |

Deflation areas

Coastal recessio
of Aral Sea

e . Decrecated ~
~water bodies

[ ] Deflation areas
e Coastal

recession
of Aral Sea

[ ] Degraded
vegetation

Degraded b~ | I Degraded

river channels river channels

Figure 3 . Mor phodynamic cha nges in the Ara I-Syrdarya reg ion dur ing the per iod of
cli matic tra nsformation (2 000-2 02 4).
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Based on the obtained data, a mor phodynamic var iability map was
con structed and pro files of ver tical and hor izontal dis placement of lan dforms
wer e dev eloped. The ana lysis con firms the sig nificant imp act of cli mate
cha nge-primarily ris ing tem peratures and red uced riv er dis charge-on the
reg ion’s ero sion—accumulation bal ance.

Thus, rem ote sen sing and geo graphic inf ormation sys tems met hods pro ve
to be hig hly eff ective too Is for stu dying geo morphological tra nsformations in
ari d zon es. The se tec hnologies not onl y all ow for qua ntification of lan dscape
cha nge but als o fac ilitate pre dictive mod eling of fut ure dev elopments und er
ong oing cli mate tre nds.

Engineering-geological inv estigations hav e rev ealed a det erioration in the
phy sical pro perties of soi Is. The mos t sig nificant cha nges wer e obs erved in
loe ssial loa ms and all uvial san ds:

¢ Bulk den sity dec reased (e.g., from 1 .3 8to 1.3 2 g/cm?);

¢ Soil moi sture con tent inc reased by 6—1 0% due to sea sonal flu ctuations
and dis ruption of cap illary equ ilibrium;

e The fil tration coe fficient inc reased by 2 0-3 0%, ind icating a los s of
imp ermeable pro perties.

Signs of suf fosion and kar st dev elopment hav e bee n rec orded in irr igated
are as.

Such cha nges con siderably inc rease the ris ks of dam age to tra nsportation
and eng ineering inf rastructure. Inc reased soil fis suring and red uced
bea ring cap acity nec essitate ada ptation of con struction nor ms in acc ordance
wit h pro jected cli mate sce narios. The app lication of InS AR dat a, fie 1d
geo technical mea surements, and slo pe sta bility mod els all ows for acc urate
ris k dia gnostics and can ser ve as a bas is for ear ly war ning and dis aster
pre vention sys tems.

Climate cha nge in the Ara |-Syrdarya reg ion is exe rting an inc reasingly
sig nificant imp act on the eng ineering-geological con ditions of the are a.
This cal Is for a ret hinking of app roaches to inf rastructure pla nning and
ope ration. Gre ater tem perature var iability, red uced wat er ava ilability, and
int ensification of ari dization pro cesses are und ermining soil and slo pe
sta bility, pot entially res ulting in fou ndation def ormation, inc reased ero sion,
and str uctural fai lures (table 4).

Table 4. Cha nges in Eng ineering-Geological Pro perties of Soi Is in the Ara 1-Syr Dar ya
Reg ion und er Cli mate Inf luence.

' Depth, | Ave. Density Moisture, | Natural Filtrati(?n
Soil Type m > glom® > | % (before/ | Slope Coefficient, | Remarks
after) Angle, °© | m/day
Loess- Increased
like silty | 0.5-5.0 [ 1.38 -5 1.32 | 16 — 22 27.5 0.24 — 0.35 | fissuring, prone to
clays subsidence
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Increased

Allavial 6 60 (165158 [9-14  [330 4153 | infltration duc to

sands lower groundwater
levels

Iigated Sullusion signs

zonesilty [0.3-3.0 | 1.47-139 |18 528 |24.0 0.12 - 0.18 | CmPoraty

clays overwetting
observed
Secondary

Saline 0215|150 >148 [12—>17 [21.0 0.08 — 0,15 | Salinization, rise

soils in capillary water
lift
Nearly

Ancient impermeable,

alluvial 2.0-8.0 [ 1.71 > 1.68 |22 —25 20.0 0.05 — 0.07 | prone to

clays swelling during
overwetting

Loess- Increased

like silty | 0.5-5.0 [ 1.38 -5 1.32 | 16 —» 22 27.5 0.24 — 0.35 | fissuring, prone to

clays subsidence
Increased

Allwvial 146 60 (165158 |[9—14  [330 4153 | mfltration dueto

sands lower groundwater
levels

ot Suftusionsign.

zonesilty [0.3-3.0 [ 147139 |18—28 [24.0 0.12—0.18 | cmPoraty

clays overwetting
observed
Secondary

Saline 105 15 | 150148 |12—17 |210 008 — .15 | Salinization, rise

soils in capillary water
lift
Nearly

Ancient impermeable,

alluvial 2.0-8.0 | 1.71 > 1.68 |22 — 25 20.0 0.05 — 0.07 | prone to

clays swelling during
overwetting

Arrows (—) ind icate cha nges in ind icators for t

he per iod 2 01 0-2 02 4.

Discussion. The data were derived from the analysis of pub licly
ava ilable eng ineering geo logy rep orts, cli mate models (ERAS), and
ori ginal int erpolations bas ed on the FAO —UNESCO/ISRIC met hodology. As
par t of the stu dy, a com prehensive int egration was car ried out inv olving
cli mate tim e ser ies, rem ote sen sing dat a, geo morphological map s, and
eng ineering-geological sur veys of the Ara |-Syrdarya reg ion. Thi s ena bled
the ide ntification of sta ble spa tio-temporal cor relations bet ween cha nges in
cli matic con ditions and the deg radation of geo logical for mations.
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Calculation of Com posite Deg radation Ind ex (CDI) for the Ara I-Syrdarya

Reg ion

This doc ument pre sents a det ailed exa mple of cal culating the Com posite

Deg radation Ind ex (CDI) usi ng sim ulated dat a for sev eral gri d cel Is in the
Ara I-Syrdarya reg ion. The CDI int egrates nor malized NDV 1, ari dity, soi |
den sity, and slo pe val ues to qua ntify lan d deg radation (table 5-7).

Table 5. Inp ut Dat a and Nor malization Ran ges.

Cell |NDVI | Aridity Index | Soil Density (g/cm?) | Slope (°) | Notes

1 035 [0.48 1.8 7

2 0.20 [0.50 1.7 5

3 045 (042 1.9 8

4 0.30 |0.51 1.6 9

Min [0.10 [0.41 1.5 2 Min values for normalization
Max |0.60 |0.52 2.0 10 Max values for normalization

To cal culate the CDI, we nor malize eac h par ameter bet ween 0 and 1

usi ng the min and max val ues abo ve.

Since deg radation inc reases as NDV I dec reases, the nor malized NDV I is

inv erted:

NDVI norm=1 - (NDVI-NDVI min)/(NDVI max - NDV I _min)
Other par ameters are nor malized as:

X norm = (X - X min) /(X _max - X min)

The tab le bel ow sho ws the nor malized val ues for eac h cel L.

Table 6. Nor malized Par ameter Val ues.

Cell NDVI norm Aridity norm SoilDensity norm Slope norm
1 0.50 0.64 0.60 0.625
2 0.80 0.82 0.40 0.375
3 0.30 0.09 0.80 0.75
4 0.60 0.91 0.20 0.875

Using the nor malized val ues and ass igned wei ghts, we cal culate the

Com posite Deg radation Ind ex (CDI) for eac h cel 1.

Weights:

—NDVI: 035

—Ari dity: 0.3 0

— Soi I Den sity: 0.2 0

—Slope: 0.15

Formula:

CDI=0.35xNDVI norm + 0.3 0 x Ari dity_ norm + 0.2 0 x Soi [Density

norm + 0.1 5 x Slo pe_norm

Below are the CDI val ues cal culated for eac h cel 1.
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Table 7. CDI Val ues and Int erpretation.

Cell CDI Calculation CDI Value Degradation
Category
1 0.35x0.50 + 0.30x0.64 + 0.20x0.60 + 0.15%0.625 |0.58 Moderate
2 0.35x0.80 + 0.30x0.82 + 0.20x0.40 + 0.15%0.375 ]0.65 High
3 0.35x0.30 + 0.30x0.09 + 0.20x0.80 + 0.15x0.75 ] 0.39 Low
4 0.35x0.60 + 0.30x0.91 + 0.20x0.20 + 0.15x0.875 ] 0.62 High

CDI val ues clo se to 0 ind icate low deg radation, whi le val ues near 1
ind icate hig h deg radation.

Here, cells 1, 2, and 4 sho w mod erate to hig h deg radation (0.58—-0.65),
whi le cel 1 3 sho ws rel atively low deg radation (0.3 9).

This ind ex can be vis ualized on a spa tial map by col or cod ing eac h gri d cel 1:

- Gre en: CDI < 0.4 (Low deg radation)

- Yel low: 0.4 <CDI < 0.6 (Moderate deg radation)

- Red : CDI > 0.6 (High deg radation)

Thus, the res ults of the stu dy con firm the exi stence of bot h dir ect and
ind irect cor relations bet ween cli mate tra nsformation and the int ensification
of geo logical deg radation pro cesses.

The fin dings sup port the app lication of int egrated cli mate—geological
mod els for for ecasting env ironmental deg radation ris ks and for the rat ional
pla nning of ada ptation mea sures at the reg ional lev el. The res ults of the
Com posite Deg radation Ind ex cal culation pro vide a qua ntitative ins ight
int o the spa tial het erogeneity of lan d deg radation pro cesses wit hin the
Ara 1-Syrdarya reg ion. By int egrating key bio physical par ameters-vegetation
con dition, cli matic ari dity, soi I phy sical pro perties, and slo pe gra dient-this
ind ex off ers a mul tidimensional per spective on lan dscape vul nerability in the
fac e of ong oing cli mate cha nge.

The ana lysis of nor malized par ameter val ues rev ealed that are as
wit h low NDVI and hig h ari dity cor respond to the hig hest CDI val ues,
ind icating str onger deg radation pre ssure. For ins tance, Cel 1 2 and Cell
4, whi ch dem onstrated hig h ari dity val ues (0.82 and 0.91 res pectively) in
com bination wit h mod erate to hig h veg etation str ess (NDVI norm of 0.80
and 0.60), sho wed CDI val ues of 0.65 and 0.62 , cat egorizing the m as «High
Deg radation» zon es. The se cel Is als o exh ibited low -to-moderate soi I den sity
and slo pe val ues, sug gesting tha t cli matic fac tors pla y a dom inant rol ¢ in
deg radation int ensity in the se loc ations.

In con trast, Cel 1 3 —despite its rel atively hig h soi 1 den sity and slo pe
(normalized val ues of 0.80 and 0.75)—registered a CDI val ue of only 0.3 9,
cla ssifying it as a «Low Deg radation» are a. Thi s emp hasizes the mit igating
rol ¢ of fav orable veg etation cov er (NDVI norm = 0.3 0) and low er ari dity
(0.09), hig hlighting the imp ortance of veg etation res ilience as a buf fer aga inst
geo logical det erioration.
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The obs erved var iations in CDI val ues amo ng the gri d cel Is und erscore
the com plex and non -linear int eractions bet ween cli matic and geo logical
var iables. Not ably, the ind ex str ucture all ows for fle xible wei ghting, whi ch
can be adj usted to ref lect sit e-specific pri orities or man agement obj ectives.
In the cur rent mod el, hig her wei ght was giv en to NDV I (3 5%) and ari dity
(3 0%), ref lecting the ir pro minent inf luence in ari d and sem i-arid sys tems
lik e the Ara l-Syrdarya reg ion.

Furthermore, the spa tial cla ssification of CDI int o thr ee cat egories-low,
mod erate, and hig h deg radation-offers pra ctical uti lity for vis ualization
and reg ional pla nning. Map ping the se cat egories usi ng gre en, yel low, and
red zon es can fac ilitate the ide ntification of pri ority are as for eco logical
res toration, ant i-deflation mea sures, and sus tainable lan d use int erventions.

Overall, the res ults con firm bot h dir ect and ind irect lin kages bet ween
cli matic tra nsformation (e.g., inc reased ari dity, dec reased veg etation cov er)
and the int ensification of geo logical deg radation pro cesses. The fin dings
als o sup port the imp lementation of int egrated cli mate—geological mod els for
for ecasting lan d deg radation ris ks and gui ding ada ptive lan d man agement
at the regional scale. The CDI fra mework, thus, ser ves not only as a
dia gnostic too 1 but als o as a str ategic ins trument for lon g-term env ironmental
mon itoring and pol icy dev elopment in cli mate-sensitive ter ritories.

Conclusions. The ana lysis of tem perature and pre cipitation tre nds rev ealed
a sta tistically sig nificant inc rease in the ave rage ann ual tem perature by
+1 .2 °C and a dec rease in the tot al ann ual pre cipitation by app roximately
1 2 %. The se cha nges wer e par ticularly pro nounced in the eas tern par t of the
Ara | reg ion. Suc h cli matic tra nsformations hav e con tributed to the dry ing
of the upp er soi | hor izons and an inc rease in the ari dity of the are a: the
UNE P ari dity ind ex ros e fro m 0.41 to0 0.52 . Com parison of NDV I dat a wit h
dig ital ele vation mod els (SRTM, Lan dsat-8) ide ntified a con sistent red uction
in veg etation cov er on ele vated mor phological fea tures suc h as ter races and
rid ges. The se are as exp erienced an ave rage dec rease in ele vation of 0.3 0.6
met ers, ind icating act ive pro cesses of def lation and wat er ero sion.

Field obs ervations con firmed the det erioration of the phy sical and
mec hanical pro perties of loe ss-like and loa my soils. A dec line in the ir
bea ring cap acity, alo ng wit h inc reased fra cturing and per meability, was
obs erved. The se adv erse cha nges are esp ecially cri tical in zon es of act ive
irr igation and alo ng irr igation can als, whe re loc alized dev elopment of
suf fosion pro cesses has bee n rec orded.

Integration of sat ellite dat a (Sentinel-1 InS AR, Lan dsat) rev ealed a spa tial
cor relation bet ween cli matic ano malies and zon es of geo morphological
ins tability, inc luding are as of sur face sub sidence, exp osure of all uvial
dep osits, for mation of sol onchaks, and def lational mic rorelief fea tures.

The cal culation of a com posite deg radation ind ex-based on NDV 1, ari dity,
soi | den sity, and slo pe-demonstrated a sig nificant inc rease in the are a of
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zon es wit h a hig h deg ree of geo morphological ins tability, gro wing fro m
147%in2010to23.1%in2 024 ofthe tot al stu dy are a.
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