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Abstract. This paper presents a methodological approach to data integration in
transboundary water resources management under climate and demographic change.
A multi-layer architecture is developed to ensure the collection, standardization, and
integration of hydrological, climatic, demographic, and energy data using GIS, sat-
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ellite monitoring, and machine learning techniques. The WAFLEX, WEAP, and cli-
mate-demographic scenario modeling (RCP/SSP) frameworks are applied to assess
water balance, forecast deficits, and optimize resource allocation. Central Asian case
studies demonstrate the potential of multi-agent modeling to reduce interstate con-
flicts and enhance socio-economic benefits. The findings indicate that data integration
and the use of digital technologies significantly improve adaptive management and
the resilience of water systems in a changing climate.

Keywords: transboundary water resources, data integration, climate scenari-
os, demographic scenarios, hydrological modeling, machine learning, SDG, Central
Asia

For citation: K.V. Kolesnikova, A.V. Neftissov, .M. Kazambayev, T.M. Olekh,
Zh. Abdibayev. Methodological approach to data integration in transboundary wa-
ter resources management//International journal of information and communication
technologies. 2025. Vol. 6. No. 23. Pp. 186-201. (In Eng.). https://doi.org/10.54309/
JICT.2025.23.3.010.

Conflict of interest: The authors declare that there is no conflict of interest.

MOJIIMETTEPAI UHTEI'PALUAJIAY IBIH MOCEJIEJIEPAPAJIBIK CY
PECYPCTAPBIH BACKAPYJAT'BI 9AICTEMEJIIK KATUJATTAPDBI

K.B. Konecnukosa'', A.B. He¢pmucoe*?, U.M. Kazamobaee’, T.M. Onex?,
K. Oboibaeé’,

XaspIKapalblK aKmapaTThiK TEXHOIOTHSIIAD YHHBEPCHUTETI, AnMatsl, Kasakcran;
?Actana at YHuBepcurteri, Acrana, Kasakcran;
3JleHe MIBIHBIKTBIPY JKOHE OyKapasbIK CIIOPT akaaeMusichl, ActaHa, KasakcraHn;
*Opmecca MOTMTEXHUKACKHI VIITTHIK YHUBepcHTeTi, Ofecca, YKpanHa;
E-mail: kkolesnikova@iitu.edu.kz

KonecnukoBa Karepmna — TeXHUKANBIK FBUIBIMIAP JOKTOPHI, Mpodeccop,
XanblkapanblK AKIMaparTelK TexHomorusmap YHUBEPCUTETI, AKIApaTThIK Kyleep
kadenpacbiHbIH podeccopsl, AnmaThl, KazakcTaH.

E-mail: kkolesnikoa@iitu.edu.kz, https://orcid.org/0000-0002-9160-5982;
Hedtuco Anexcanap — PhD, kayeimmacteipsiiran mpodeccop, FruibiM xoHe
WHHOBALIUATIAD JKOHIHAETI MPOPEKTOp, JleHe MIBIHBIKTHIPY KoHE OyKapalsbIK CIIOpT
akagemusicel, Acrana, Kazakcran; 3eprreyuii, Industry 4.0 FeuibIMU-HHHOBAIUSITBIK
optanbirbl, Astana IT University.

https://orcid.org/0000-0003-4079-2025;

Kazam6aeB Uabsic — PhD nokropanTsl, Industry 4.0 FeutbIMu-HHHOBAIIUSIIBIK Op-
TaJIBIFBIHBIH TUPEKTOPBIHBIH M.a., Astana [T University, Actana, Kazakcran.
https://orcid.org/0000-0003-0850-7490;

Onex TarbsiHa — TEXHHUKAIBIK FBUIBIMIAD KaHAWIATHI, KaybIMIACTBIPBUIFAH
npocdeccop, XKorapel MaTeMaTHKa XKOHE XYyHenik Monenbaey kadeapacel, Omecca

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
187 International License m



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

¥YarTeiK [TonmuTexHUKaIBIK Y HUBEPCHUTETI, Y KpanHa.
https://orcid.org/0000-0002-9187-1885;

9oaidoaeB Kanyzak — PhD nokropantsl, KP Cy pecypcrapsl )koHe uppuraiys Mu-
Huctpmiriae kapactol «Kascymap» PMK CanapikTay genapTaMeHTIHIH )KETEKII Ma-
Manbl, Actana, Kazakcras.

https://orcid.org/0000-0002-3896-9701.

© K.B. KonecuukoBa, T.M. Onex, A.B. Heprucos, .M. Kazambaes, XK. O6nidaes,

AnHoTauus. byn Makanaga KIMMATTBHIK JKOHE JeMOrpadUsIbIK e3repicTep
KarJalblHIa MEMJIEKEeTapallblK Cy pecypcTapblH OacKapylarbl MONIMETTEpl
MHTETpalsulayFa apHajlifaH OJICTEMENIK TOCUT YCBIHBIIAABL. [ HMIPOJIOTHSIIBIK,
KIUMATTBIK, JeMOTpaUsIbIK JKOHE DHEPreTHKANbIK MOTIMETTEepAl JKUHAY,
cTaHAapTTay *koHE OipikTipy ymriH GIS, CTyTHUKTIK MOHUTOPHHT JKOHE MAIIMHAJIBIK
OKBITY TEXHOJOTHSUIAPBIH KOJIJAHATHIH KONKa0aTThl apXUTEKTypa J31pJCHTEH.
WAFLEX, WEAP xone RCP/SSP crienapwuitinik Moaenbiey Kypaiapbl apKbLIbI CY
OayraHchIHA Oara OepiyIin, TaNIBLUIBIKTEI 00JDKAY KOHE pecypcTap/ibl OHTAMIAHIBIPY
xyprizuteni. OpTanblKk A3HsIarbl KeWc-MbICanap KeIl areHTTIK MOJEIbACY/IiH
MeMJIeKeTapaablK KAKTBIFBICTAP/bI a3alTy JKOHE ONEyMETTiK-3KOHOMHKAIBIK
THIMJIUTIKTI  apTTBIPy QJIEYETIH KepceTell. 3epTTey HOTWKeIepl IUPIbIK
TEXHOJIOTHSIIAP/IbI KOJITAaHy MEH JiepeKTep Al OipikTipy OerimaenreH 6ackapy MeH Cy
KYHeJepiHiH OPHBIKTBUIBIFBIH €0Yip jKaKcapTaThIHBIH.

TyiiiH ce3aep: TpaHCIIEKAPATIBIK CY PECYPCTaphl, IePEKTEP Il HHTETpalusiiay,
KIIUMATTBIK ~ CLIEHApHilep, JaeMOorpausulbIK — CHEHapUuiiiep, THIPOJIOTHSIIBIK
MOJIETIBJICY, MATMHAIIBIK OKBITY, T/IM, OpTtanbik A3ust

Hoiiexco3nep ymrin: K.B. Konecaukosa, A.B. Hedtucos, 1.M. Kazambaes,
T.M. Onex, XK. O6ni06aeB. MomiMeTTep i HHTETpAIUsIIAY IBIH MAceeepapabiK Cy
pecypcTapbiH O6acKapyAarbl 9/licTeMeNiK KaruaaTTapbl//XanbIKapalblK aKnapaTThIK
YKOHE KOMMYHMKAIMSUIBIK TEXHOJIOTHUsIap *KypHaisl. 2025. Tom. 6. Ne 23, 186201
oeT. (Arbn). https://doi.org/10.54309/1JICT.2025.23.3.010.

Myanesiep KaKThIFbICHI: ABTOpJap OChl Makaiaaa MYJaenep KaKThIFbICHI
JKOK € MOJIIMICHI.

METOI[OJIOFI/I‘IECKI/Iﬁ NoJAXOJA K UHTEI'PALIUU TAHHBIX B
YIIPABJEHUU TPAHCTPAHNYHBIMU BOJHBIMU PECYPCAMUI
K.B. Konecnukosa', A.B. Hegpmucoe*’, .M. Kazamoaes’, .M. Onex?,

K. Aoouoaee’,

"MexmyHapoIHbIN YHUBEPCUTET HHPOPMAIIMOHHBIX TEXHOIOT U, AJIMATHI,
Kazaxcran;

?Acrana UT yauBepcurer, Actana, Kazaxcran;? Akagemus GU3NIECKON KyIbTYPbI U
MaccoBoro cropta, Acrana, Kazaxcran;

*HarmonanbHeiii yauBepcuteT «Omecckas monutexuukay, Onecca, YKpanHa;
E-mail: kkolesnikova@iitu.edu.kz

This work 1s licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
lnternational License 188




INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

KonecnukoBa KaTtepuna — J0KTOp TEXHHUYECKHX HayK, mpodeccop, mpodeccop
kadenpsl  «MHpOpManMOHHBIX  cucTeM»,  MeXIyHapOAHBI  YHUBEPCHUTET
nH(}OPMAITMOHHBIX TEXHOJOTHH, Anmartsl, Kazaxcran

E-mail: kkolesnikoa@iitu.edu.kz. https://orcid.org/0000-0002-9160-5982;
HedtucoB Anexcanap — PhD, acconuupoBanHbIi npodeccop, pEeKTOp Mo Hayke
U MHHOBAIUsAM, AkaaeMus (PU3MUECKON KyIbTYyphl U MacCcOBOTO cropTa, AcTaHa,
Kazaxcran; Hay4HbIl cOTpyaHUK, HayuHo-uHHOBaImoHHBIA HeHTp «Industry 4.0»,
Actana UT ynuBepcutert, Actana, Kazaxcran
https://orcid.org/0000-0003-4079-2025;

KazambaeB Wabsic — JOKTOpaHT, HWCHOJHSIOMUN OOS3aHHOCTH JAUPEKTOpa
Hayuno-unnoBarnmonnoro nentpa «Industry 4.0», Actana UT ynusepcutet, AcTtana,
Kazaxcran;

https://orcid.org/0000-0003-0850-7490;

Ounex TaTbsiHa — KaHIUAT TEXHUYECKUX HAYK, IOIICHT, TOIEHT Kadeapsl « Beiciieit
MaTeMaTHKH U MOJEIUPOBaHUs cuctem», HanmonanbHbll yHUBepcuTeT «Oaecckas
nonuTexHuka», Onecca, Ykpanna

https://orcid.org/0000-0002-9187-1885;

AoaudaeB Kanyzak — Beaymuil crenuanuct otaena mudposmzanuu PITI
«Ka3Bogxo3», MwuHHCTEPCTBO BOJHBIX pPECypcoB M wuppuranuu PecrmyOmuku
Kazaxcran, Acrana, Kazaxcran

https://orcid.org/0000-0002-3896-9701.

© K.B. Konecnukona, A.B. Hedrucos, .M. Kazambaes, T.M. Onex, XK. A6aubaes,
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apXHUTEKTypa, oOecneunBaromas cOop, CTaHAapTH3AlMI0 W HWHTETPAIUio
THUAPOJIOTHYECKUX, KITUMATHICCKUX, TEMOTPaPUIECKUX W SHEPTETHUCCKUX JTaHHBIX
¢ mpumenenueM ['MIC, CIyTHMKOBOTO MOHHTOPHMHTAa W MAIIUHHOTO OOYYEHUSI.
HcnonwszoBansl mogenn WAFLEX, WEAP u kiumaTo-nemorpadudaeckoe crieHap-
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Jne(HUIMTOB U ONITUMH3AIINN pacTIpeieieHus pecypcoB. B pamkax keticoB LleHTpasb-
HOM A3HWM MPOAEMOHCTPUPOBAHBI BOZMOKHOCTH MHOTOAreHTHOT'O MOJEIUPOBAHUS
JUISL CHUOKEHUS MEXKTOCYJIapCTBEHHBIX KOH(IMKTOB W TIOBBIIICHUS COIUATBHO-
SKOHOMHUYECKOM BBITOJbI. Pe3ynbTaThl MOKAa3bIBAIOT, UYTO HWHTETpAlMs JaHHBIX
U WCTOJB30BaHUE HHU(PPOBBIX TEXHOJOTHHA TMO3BOJSIOT TOBBICHTH aJallTHBHOCTH
VIOPaBICHUS U  YCTOMYMBOCTH BOJOXO3SIMCTBEHHBIX CHCTEM B  YCIOBHSX
W3MEHSIOIIETOCS KIIMMaTa.
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Introduction

Effective management of transboundary water resources is one of the key chal-
lenges for sustainable development and deals with an interwoven puzzle in the con-
text of integration of multifaceted information from diverse sectors across countries
and different levels of governance (Liu et al., 2020; Rahaman & Varis, 2005). Without
reliable, accessible, and interoperable information on water quantity in terms of both
quality and availability; reservoir operation, use of water, weather and climate chang-
es, and related energy demands, making decisions that benefit all sides is impossible
(UNECE, 2015; Biswas, 2004). Additionally, contemporary water-related conflicts,
scarcity due to droughts, ecosystem degradation, and increasing consumption make
the demand for reliable data essential (Wolf, 2007; De Stefano et al., 2012), partic-
ularly in transboundary basins that may escalate into international scrutiny should a
discrepancy occur.

This is particularly acute in arid and semi-arid regions such as Central Asia,
where water resources are limited, and their utilization is intertwined across many
countries (Kenshimov et al., 2022; ICWC, 2021). In such setups, transboundary riv-
ers — most notably the Amudarya and Syrdarya — are essentially water lifelines serv-
ing sets of more than one state with varied interests in terms of prioritizing water use,
infrastructure capacity, and monitoring. Downstream irrigation and drinking water
needs often clash with the upstream use for hydropower, thus necessitating transpar-
ent and coordinated data exchange mechanisms (UNECE, 2020; Granit et al., 2017).

Nowadays, many of the transboundary rivers and basins have fragmented sys-
tems for their data collection, storage, and exchange. Countries also differ in formats,
monitoring methods, data frequency, and legal obligations, which makes it challeng-
ing to build a comprehensive hydrological map (Sarfaraz et al., 2022; UNEP-DHI,
2016). Nevertheless, experiences realized within international and regional initiatives
provide the opportunity to leverage data integration as a platform on which shared
water governance can be developed. The most important frameworks include: the
UNECE Water Convention (1992), Sustainable Development Goal indicator 6.5.2,
UNECE guidelines, GEF and IW:LEARN programmes, and World Bank and UN-
ESCO guidance — collectively these provide conceptual foundations and technical
pathways for transboundary data harmonization (UNECE, 2023; GWP, 2009; UNE-
SCO-IHP, 2020).

Central Asia provides an especially illustrative case. Over historical and po-
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litical complexities, the region has established a robust architecture of cooperation
involving Interstate Commission for Water Coordination (ICWC), Basin Water Orga-
nizations (BWOs), National hydrometeorological services, Energy operators such as
CDC «Energy», and an array of international partners — UNECE, UNRCCA, GWP,
World Bank, etc. (CAWater-Info, 2022; UNRCCA, 2021). It allows transboundary
balancing protocols and pilot modeling applications alongside satellite and Earth ob-
servation (EO) data integration with the prototype for tracking some of the Sustain-
able Development Goals (SDG)-based reporting (GEF, 2020; WBG, 2021).

This makes Central Asia a good place for understanding the challenges and
opportunities in linking transboundary water data. It provides an example of how
different systems like institutional coherence, IT solutions, and analytical models can
work together in a politically complex and hydrologically dynamic system (Granit &
Lienert, 2020).

This article aims to provide a methodological strategy for data integration in
the context of transboundary water resources management. It is based on the synthe-
sis of international experience, an analysis of real-world practices in Central Asia,
and the development and use of analytical tools (WAFLEX model or Climate-De-
mographic Scenario Model). This study has shown how different data (hydrological,
climatic, demographic, energy use) can be combined well with each other to form an
integrated system capable of supporting coordinated and adaptive decision-making at
the regional level.

Literature Review

Data integration in transboundary water resources management is based on
interdisciplinary concepts that combine hydrology, systems analysis, water gover-
nance, institutional economics, and information technologies (Biswas, 2004; Liu et
al., 2020).

One of the key approaches is Integrated Water Resources Management
(IWRM), promoted by GWP and UNEP, which emphasizes the need to harmonize
data on water quantity and quality, water use, ecosystem needs, and climate change.
Within IWRM, data serves as the foundation for developing balanced management
strategies under competing interests (GWP, 2009).

The TWO Analysis (Transboundary Waters Opportunity), proposed by SIWI
(2008), enables structuring information across social, ecological, and economic di-
mensions to identify “win-win” solutions and shift from confrontation to cooperation.
The methodology focuses on qualitative and quantitative assessment of cooperation
potential, where the availability of reliable and comparable data is a critical factor.

Another relevant concept is Socio-hydrology, which conceptualizes the dy-
namic, reciprocal interactions between humans and water systems (Di Baldassarre
et al., 2013). This requires integrating data on water flows, consumption, governance
institutions, risk perception, and social resilience.

The Adaptive Participatory Integrated Approach (APIA), widely applied in
Southeast Asia, positions data not only as a computational resource but as a commu-

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
191 International License m



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

nication tool among stakeholders (Lautze et al., 2011). It is built on iterative cycles of
data collection, stakeholder dialogue, adjustment, and reassessment.

At the international level, one of the core legal documents for shared data use
is the UNECE Water Convention (1992). Article 6 obliges states to exchange «data
and information» in mutually agreeable formats. Implementation committees under
the Convention have also published guidance on transparency, monitoring, and data
sharing practices (UNECE, 2015; 2023).

In the context of the Sustainable Development Goals (SDGs), Indicator 6.5.2
is used to assess the degree of institutional coordination and mechanisms for data
exchange in transboundary basins. Methodological guidance from UNECE and UN-
ESCO (2020) provides step-by-step frameworks for mapping transboundary waters
and evaluating cooperation, including data sharing, coordination mechanisms, and
joint monitoring systems (UNESCO-IHP, 2020).

Central Asia has developed strong institutional arrangements such as: The
Interstate Commission for Water Coordination (ICWC), Basin Water Organizations
(BWOs) for the Syrdarya and Amudarya Rivers and the Chu—Talas Commission.

All these bodies include elements of joint data collection and analysis, al-
though levels of openness, automation, and standardization vary (ICWC, 2021;
CAWater-Info, 2022).

In transboundary water management, this means using digital technologies to
automate, scale, and ensure the interoperability of modern data integration approach-
es. Some of these tools include Geographic Information Systems (GIS), remote sens-
ing and satellite monitoring, data infrastructures in the cloud, early warning systems,
and hydroeconomic modeling tools among many others (WBG, 2021).

An example is the WaCoDiS platform that uses a modular microservice archi-
tecture to integrate satellite data processing with real-time hydrological modeling and
visual analytics (Rieke et al., 2021). Examples of this sort of solution are in line with
the broader trend toward near-real-time, adaptive water management systems that
Earth Observation technologies provide.

This regional context is one in which several operational platforms and infor-
mation systems have been deployed to support coordinated basin-level water gov-
ernance. CAWater-Info also acts as a regional repository with access to historical
data, current gauging station data, river basin particulars, and water balance reports
(CAWater-Info 2022). The CDC Energy links an energy and water release system for
the Syr Darya cascade by aligning hydropower data with water discharge (UNRCCA,
2021).

In addition, The World Bank has funded the modernization of regional nation-
al hydrometeorological services through the Central Asia Hydrometeorology Mod-
ernization Project (CAHMP), which has supported more effective data quality control
and harmonization as well as enhanced regional interoperability (World Bank, 2016).
Furthermore, new tools are examined, for example, cloud platforms and geospatial
modeling environments together with machine learning algorithms focusing on the
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identification of long-term trends and anomalies in water — both quantity and quality.

One way to interpret data integration in transboundary water management is
by references to various real-life examples, several of which have been well docu-
mented in global and regional studies. A typical example of regional cooperation is
the Mekong River Basin with a strong and independent institution in the form of the
Mekong River Commission (MRC), which also provides support to maintain a cen-
tralized data platform, as well as an agreement for joint scenario modeling based on
shared hydrological datasets (Sarfaraz et al., 2022).

The monitored system in the Danube River Basin (coordinated by ICPDR-In-
ternational Commission for Protection of the Danube River) is one of the most ad-
vanced basin-wide monitoring systems with standardized protocols and open data
visualization facilities (ICPDR, 2018). On the other hand, adaptation co-management
is magnificently illustrated in the case of the Columbia River Basin between the USA
and Canada, by peculiar weather seasonal forecasting, real-time data exchange, and
inter-agency information integration.

Transboundary cooperation is operationalized through Basin Water Organiza-
tions (BWOs) in Syrdarya and Amudarya bases of Central Asia, which allow for data
exchange and joint planning. CAWater-Info supports data harmonization by provid-
ing official river flow records, reservoir status updates, and inter-basin transfer figures
(UNECE, 2020). Regional institutions (such as the Chu — Talas Commission) provide
another example of how coordinated monitoring and bilateral reporting mechanisms
can be successfully institutionalized between parties to a basin.

Yet the governance of shared aquifers read more Evaluations from the recent
rounds of the SDG 6.5.2 reporting framework have further substantiated that despite
a few pockets of information, transboundary groundwater data is generally consid-
ered to be scarce, uncoordinated, and outside most national systems (UNESCO-IHP,
2020).

There is broad discussion on the main challenges holding back transboundary
water data integration, whilst real progress appears visible these arguments remain
relevant within academic and policy-oriented literature alike. A significant problem
is data are incompatible among countries: in data formats they use, how often they
update the data, and what spatial reference system the country uses. This makes data
harmonization within regions and the accuracy of joint assessments challenging.

Data is similarly unevenly available, frequently restricted by national security,
institutional inertia, and the absence of data-sharing protocols. Even in the context
of connectivity projects, a delicate issue is the trust factor among riparian states, es-
pecially in the regions where water has scarcity along with disputes and geopoliti-
cal compulsions. Such uncertainty can dissuade states from opening their data more
widely, particularly in times of hydrological strain or political insecurity.

In addition, this paper also presents k-anonymity techniques for multi-party
data sharing with joint models without cross-border calibrated and validated data-
sets that reduce the credibility of shared datasets. There is also a substantial gap in

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 -
193 International License m



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Is. 3.

the involvement of academia, civil society, and external users to be engaged in the
data-driven process. Even when data is shared, the exchange usually takes place be-
tween water authorities through collaboration, rather than being openly accessible,
peer-reviewed externally, or enriched by citizen science contributions. Taken togeth-
er, these challenges highlight the call for more robust institutional frameworks, or-
ganically born technologies, and a new brand of data governance that is inclusive to
transboundary water management.

Materials and methods

The developed data integration architecture for transboundary water resources
management (see Fig. 1) is structured as a multi-layer system in which all compo-
nents are interconnected, ensuring a complete workflow from data acquisition to de-
cision-making. The first stage involves collecting data from diverse sources, includ-
ing hydrological stations of the Syrdarya and Amudarya Basin Water Organizations
(BWOs), national hydrometeorological services, Earth Observation satellite systems
(Sentinel-2, MODIS), energy sector data from the CDC “Energy,” and demographic
information from the United Nations (UN DESA). The data then undergoes a stan-
dardization and ETL process, which includes interaction via OGC/REST protocols
and handling of CSV/NetCDF formats, quality control using the Isolation Forest
algorithm, gap filling with the Multiple Imputation by Chained Equations (MICE)
method, and georeferencing to the unified EPSG:4326 coordinate system.

Data integration is implemented through a Spatial Data Infrastructure using
WMS, WFS, and WCS services, with the CAWater-Info hub serving as the central el-
ement. Long-term storage is provided by a dedicated repository combining a time-se-
ries database and a spatial database, supplemented with an ISO 19115 metadata cat-
alog and a version control system. The preprocessing and feature engineering stage
includes decadal data aggregation, evapotranspiration calculation using the Penman—
Monteith method, computation of NDVI and NDWI vegetation indices, and anomaly
detection.

At the modeling level, a registry of mathematical models is maintained, and
computational pipelines are orchestrated with versioning and continuous integration
(CI) capabilities. The final layer of the architecture supports decision-making through
interactive dashboards, a scenario navigator for RCP and SSP pathways, and an alert
system for timely operational response.

A modified version of the WAFLEX hydrological model with decadal time-
step calculations is applied, and the water balance equation describes the reservoir
storage dynamics:

S, =S+HI-R-E-L, (1)

where:

S'is the reservoir storage volume;

1 is inflow;

R is release or withdrawal (including irrigation supply);

E - represents evaporation losses;
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L - denotes conveyance and infiltration losses.
Evaporation is estimated using the Penman—Monteith equation:

Central Asia context: BWO Syr/Amu, CAWater-Info, Toktogul-Shardara cascade
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where:

ET, is the potential evapotranspiration;

A is the slope of the saturation vapor pressure curve;

R is net radiation;

G is soil heat flux;

y is the psychrometric constant;

T means air temperature;

u, is wind speed at 2m height;

e and e are the saturated and actual vapor pressure, respectively.

The transition from potential evapotranspiration to actual crop water require-
ments is carried out using crop coefficients (K ) specified for different growth stages.
Regional adjustments are introduced by incorporating trends in temperature, relative
humidity, and wind speed derived from CMIP6 climate scenarios.

Model calibration and integration with WEAP are performed using Bayesian
parameter estimation via the DREAM(zs) algorithm, with priority given to maxi-
mizing the Nash—Sutcliffe Efficiency (NSE) at control gauging stations. WEAP is
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employed for scenario simulations, including alternative reservoir cascade operation
rules and changes in water demand.

Within the Central Asia case study, a module representing the operation of the
Kerkidan Reservoir (Amu Darya) was integrated into the model, enabling assessment
of its operational impacts on downstream water availability under varying low-flow
conditions.

Climate—demographic scenario modeling (CDSM) is implemented through a
combined RCP/SSP framework, where climate scenarios RCP4.5 and RCP8.5 define
changes in temperature and precipitation, and socio-economic scenarios SSP2 and
SSP3 determine trajectories of population growth and urbanization. For the 2035 and
2050 horizons, changes are calculated for inflow AI(RCPt), irrigation demand via
ET = KclET (RCP;t), and municipal-industrial demand AD,, (SSP,t). These scenar-
i0 parameters are integrated into the WAFLEX and WEAP models, as well as into
the optimization stage. In the Central Asian case, for the Fergana Valley (Syrdarya),
the RCP8.5xSSP3 scenario for 2035-2050 results in a 6-12% increase in irrigation
demand and a 10-20% reduction in inflow compared to the baseline period, which is
factored into deficit calculations and adaptation planning.

Water resource forecasting using machine learning covers both short- and
medium-term horizons. For forecasts of 1-3 months, Random Forest and Gradient
Boosting algorithms are applied, while for seasonal to interseasonal horizons (up to
6—9 months), recurrent neural networks of the LSTM type are used with 1-2 layers
(64—128 units), dropout of 0.2-0.3, and a dense output head. Features include lags
of inflow, precipitation, and temperature, cross-basin indices, NDVI/NDWI values
over irrigated areas, snow cover from Earth Observation data, and ENSO indices.
Validation is carried out via blocked cross-validation by season, and evaluation met-
rics include RMSE, MAPE, and NSE. In the Central Asian case, LSTM successfully
predicted the 2022 low-flow period for inflow into Shardara with NSE~0.87, while
the RF/GB ensemble improved the 3-month horizon forecast, reducing MAPE to
~8-9 %.

Table 1. Model Validation Metrics (Central Asia Case Studies)

Model NSE RMSE MAPE Validation Period
WAFLEX (Syrdarya) 0.88 42.1 m%s |9.8% 2010-2020
WAFLEX (Amudarya) 0.83 574 mis | 12.4% 2010-2020
CDSM (Ferghana Valley) 0.85 - - 2020-2023
ML RF/GB (Shardara inflow) | 0.9 38.5m%s |8.5% 2015-2022
LSTM (Seasonal forecast) 0.87 453 m’/s |110.2% 2000-2022
Multi-Agent Simulation - - - Scenario-based

Multi-agent modeling of interstate strategies is based on a game-theoretic
framework with agents representing Kazakhstan, Kyrgyzstan, Tajikistan, and Uz-
bekistan. Utility functions incorporate weighted components of energy generation,
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irrigation, environmental flow, and penalties for deficits. Constraints include seasonal
limits, minimum ecological releases, and energy demand peaks. Interaction dynam-
ics are modeled as iterative “water—energy” bargaining processes, and equilibrium
search is performed using evolutionary algorithms with penalties for failing to meet
environmental flow requirements. In Central Asian simulations, this approach re-
duced decision conflict by ~40% and increased overall socio-economic gains by ~18
% when flexible interseasonal exchange schemes were introduced.

Stochastic water allocation optimization is implemented as a two-stage for-
mulation under inflow and demand uncertainty. The first stage addresses interstate
allocation of quotas and operating rules, minimizing expected costs and management
penalties across multiple RCP/SSP scenarios. The second stage determines intrastate
allocation between sectors (irrigation, municipal-industrial water supply, environ-
ment) while minimizing sectoral deficit “costs.” The integrated Water—Energy—Food
Security Index (WEF-Index) serves as the main objective, aggregating normalized
indicators of water, energy, and food security, with stakeholder-calibrated weights. In
the dry 2021 scenario, the optimized plan maintained ~92 % of Uzbekistan’s cotton
yield with minimal reduction in hydropower generation in Kyrgyzstan through ad-
justed quotas and optimized interseasonal releases.

Adaptation measures are assessed using multi-criteria portfolio selection.
Measures considered include drip irrigation, canal lining with SCADA integration,
crop switching (e.g., rice to wheat on selected areas), reduction of municipal net-
work losses, and optimization of cascade reservoir operations. Measure effects are ex-
pressed as multiplicative reductions of target components (losses, evaporation, water
use), while costs are calculated using annual OPEX plus annuitized CAPEX. Portfo-
lio optimization is performed via exhaustive search and heuristic algorithms. For the
“severe” RCP8.5xSSP3x2050 scenario, the optimal portfolio includes drip irrigation
and crop switching, which substantially reduced aggregate damages compared to a
no-adaptation baseline, despite increased CAPEX.

Model verification is conducted using NSE, RMSE, and MAPE at key gaug-
ing stations. Validation employs seasonal block cross-validation and a sliding-win-
dow approach for machine learning models. Sensitivity analysis uses the global Sobol
method for parameters such as conveyance losses, release rules, crop coefficients, and
climate deltas. Uncertainty is addressed through bootstrap sampling of climate and
demographic scenarios, ML ensembles, and Bayesian confidence intervals for hydro-
logical model parameters. Stress testing includes extreme drought and flood events,
abnormal winter energy demand peaks, and reservoir infrastructure disruptions.

Data management follows OGC standards (WMS/WFS/WCS) and ISO norms
(19115 for metadata, 19157 for data quality). Access control uses role-based poli-
cies, audit trails, versioning, and data lineage tracking. Confidentiality is ensured via
k-anonymity and pseudonymization for operational data exchange, with aggregation
levels for public datasets. Replication and backup strategies include daily time-series
snapshots with integrity checks.
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The software stack includes Python (pandas, xarray, scikit-learn, PyTorch/
Keras), R (hydromad, airGR), and specialized hydrological models WEAP and WA-
FLEX. Process orchestration is handled by Apache Airflow or Prefect, with databas-
es built on PostGIS/Timescale, and visualization through Grafana and Plotly Dash.
Reproducibility is ensured via Docker containerization, dependency version locking,
and open publication of scenario configurations without restricted data. Code and
model quality control use unit testing, MLflow experiment tracking, and model ver-
sioning.

Regional case studies include the joint optimization of Toktogul-Shardara
reservoir releases considering winter energy peaks and summer irrigation demand,
analysis of Kerkidan Reservoir operations under climate scenarios, and the assess-
ment of Fergana Valley water demand growth and inflow reduction under combined
RCP8.5xSSP3 conditions.

Scenario Modeling: Water Demand under Climate & Demographic Change
(Ferghana Valley Example)

—e— RCP4.5 (moderate warming) ®

27000 _q- RCP8.5 (high warming) -7

----- Baseline demand (2025) e
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25000

24000
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Fig. 2. Scenario Modeling under Climate and Demographic Change

Example based on Ferghana Valley: population growth of 1.3 % per year
combined with climate-induced irrigation demand increase. Under RCP8.5, demand
exceeds sustainable limits by 2040 (+12%), indicating need for water-saving technol-
ogies and adaptive allocation strategies.

Scenario Modeling Example: Climate (RCP) x Demography (SSP). Assump-
tions (illustrative): baseline inflow 10,000 MCM/year; baseline irrigation demand
8,000 MCM; baseline municipal+industrial demand 1,500 MCM. Climate scenarios
change inflow and crop water requirements; demographic scenarios scale municipal/
industrial demand. Results show total demand, projected inflow, and water deficit.
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Fig 3. Water Deficit Across Climate-Demography Scenarios
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Fig.4. Average Inflow vs Demand by RCP (SSPs averaged)
Table 2. Scenario Results
Projected | Irrigation Total Deficit
Year RCP SSP Inflow Need Demand (MCM)
MCM) MCM) (MCM)
2035 RCP4.5 SSP2 9500.0 8240.0 1680.0 9920.0 420.0
2035 RCP4.5 SSP3 9500.0 8240.0 1800.0 10040.0 540.0
2035 RCP8.5 SSP2 9000.0 8480.0 1680.0 10160.0 1160.0
2035 RCPS8.5 SSP3 9000.0 8480.0 1800.0 10280.0 1280.0
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2050 RCP4.5 SSP2 9200.0 8400.0 1800.0 10200.0 1000.0
2050 RCP4.5 SSP3 9200.0 8400.0 2025.0 10425.0 1225.0
2050 RCP8.5 SSP2 8200.0 8800.0 1800.0 10600.0 2400.0
2050 RCP8.5 SSP3 8200.0 8800.0 2025.0 10825.0 2625.0

Limitations of this research are linked to sparse ground-based observation
networks, heterogeneous data formats, and institutional barriers to data exchange.
Future developments will focus on integrating seasonal climate forecasts, explicitly
modeling snowpack and channel loss stochasticity, expanding the multi-agent model
to multi-criteria negotiation with auction-based mechanisms, and gradually transi-
tioning toward near-real-time modeling with Al-assisted decision dashboards.

Conclusion

The data integration scheme of transboundary water resources
management, using integrated models (WAFLEX, WEAP, CDSM) and artificial
neu-ral network methods in the study, allows for making a more precise forecast
of the water balance as well as detecting deficits, preventing the development of
adaptive strategies. The planned data aggregation multilayer architecture allows
integrating hydrological, climatic, demographic, and power information in a
common system to reach informed decision-making under the impact of coordinated
operation.

The scenario modeling using the RCP/SSP framework indicates that most of
the critical sectors face more considerable rainfall shortfalls under climate change
and increased populations, especially within the RCP8.5xSSP3 scenario. Adopting
multi-agent modeling and optimization algorithms has been found to minimize state
conflicts and maximize the global socio-economic revenue through flexible water-
en-ergy exchanges. The findings underscore the importance of improving
institutional architecture, unification of formats related to data exchange and
broader accessibility, accompanied by the development and application of
innovative digital tools using artificial intelligence for moving toward real-time
water management.
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