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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. Water resource systems are characterized by numerous uncertainties
that cause significant variability in water distribution, particularly in watersheds
with sizeable irrigation areas, diverse water users, and multiple water sources.
The purpose of this study is to develop an integrated methodological approach
for identifying and assessing extreme water-resource situations that lead to major
socio-economic and environmental consequences. To achieve this, a dynamic—
stochastic approach is applied to describe the temporal evolution of water
management systems under random and unpredictable external factors. The
proposed dynamic—stochastic model integrates hydrological, environmental, and
economic components into a unified mathematical programming framework aimed
at maximising economic benefits across different water-using sectors. This makes
it possible to analyse combined environmental—economic issues within a consistent
modelling environment. The results include the development of innovative
simulation software for transboundary river-basin modelling capable of simulating
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and evaluating a broad range of hydro-economic parameters and generating
comprehensive water-supply scenarios. The novelty of the work lies in the creation
of a modelling tool and methodological framework that have not previously been
applied to the study of complex river basins. The model was validated and tested
using the Ile-Balkhash River Basin, selected due to its hydrological complexity
and high sensitivity to climatic and anthropogenic pressures. The tests revealed
the strengths and weaknesses of the system, demonstrated the adequacy of model
responses to external impacts, and confirmed the applicability of the methodology
for further analysis and forecasting in other river basins.
Keywords: river basin modeling, [le—Balkhash Basin, Balkhash Lake, hydro-

economic modeling, simulation software
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Annoramusi. Cy pecypcrapsl Kyieci kemTereH Oenrici3 (dakropriapra
OalmaHBICTBl TUHAMHUKAJIBIK CHIIATKA He, OYJI acipece KONTereH cy Keslepi MeH
naigananymesuiapsl 0ap cyapy aiiMakTapAa CyAbIH TapalyblH KypAeJIeHIipeni.
3epTTeyain MaKcaTsl — Cy pecypcTapblH OacKapyaarbl €H MaHbBI3AbI QICyMETTiK-
HSKOHOMHKAJIBIK JKOHE SKOJOTHSUIBIK cajjapiapsl Oap TOTEHIIE Karaailnapabl
aHBIKTAy JKoHE Oarajay YIIiH MHTErpalMsIbIK 9JicTeMeHi a3ipiey. Ocbl MakcaTka
KETy YLIH JMHAMHUKAJIBIK-CTOXaCTUKAIBIK TOCUT KOJJIAHBUIAABI, ON Ke3ACHCOK
KOHE aJJblH ajla OoJDKaIMalThiH (pakTOpiIapAblH oCcepiH ecemke aibll, Cy
pecypcTapblH  0ackapy OKYHECiHIH YyakpIT OOWBIHIIA ©3repyiH CHIaTTayfa
MYMKIHIIK Oepeni. JIMHAMHKaJIBIK-CTOXaCTHKAIBIK MOJEIb Cy pecypcTapbl
MEH JKOHOMHKAJBIK KOMIIOHEHTTEepAl OIpiKTipim, opTypii cananaparbl CyIbl
naianany apKblUibl 5KOHOMUKAJBIK MaiaaHbl OapblHIIA apTThIpyFa OarbITTallFaH
MaTeMaTUKaJbIK OarnapiaManay KypbUIBIMBIH KamMTamachl3 ereai. by Tocin
OIpIKTIpIITeH HKONOTHSIIBIK-9KOHOMHKAJIBIK MOCeJeNepAl LIemyre MYMKIHIIK
Oepeni. 3epTTey HOTIIKECIHJIE TpPaHCIICKApAIbIK OacCeWHACpAl WMUTAIVSUIBIK
MOZICTIb/ICY YLIIH WHHOBAIMSJIBIK OariapiaMalblK KamMTaMachl3 €Ty 93ipJeHl,
0J1 THIPO’KOHOMHUKAJIBIK TMapaMeTpiepii Oaranam, e3¢H OacceiiHaepiH cymeH
KaMTaMachl3 €Ty[diH KeIIeHJAl CHEeHapHiIepiH jkacayra MYMKiHAIK Oepeni.
Kananeirer — OypeiH-coHbl KazakcTanna skacaqiMaraH CTOXaCTHUKAIIBIK KOHE
HSKOHOMHKAJIBIK AJIEMEHTTEP I HHTETpalusuIIayIblH jKaHa TOCUTiH Kongany. Monenb
Oacrankpia Opra Asusiiarbl eH ipi cy Koiimacekl bankamn kesiH KaMTHTHIH lie-
Bankam e3eHiHiH ana0OblHAa TEKCEPUAi. ANAnThIH TUAPOIOTUSIIBIK KYPASTITIr
MEH TaOMFH-KJIMMATTBIK >KOHE aHTPOIOTCHIIIK dCEepIepre KOFaphl Ce31MTasIbIFbI
3eprreyre Heri3 0onabl. ChIHAK HOTHXKEJIEpi MOACIBIIH CBHIPTKBI dcepiepre skayar
Oepy AYpBICTBIFBIH OaranayFa, >KyHeHIH KYIITI )KOHE OJICi3 JKaKTapbhlH aHBIKTAyFa,
COHal-aK onicTeMeHiH ©0acka TpaHCIIEKapalblK ajanTapia KOJAaHBLTYbIHA
MYMKIHJIK Oep/i.

Ty#iin ce3mep: o3cH anaObIH MOJENJELY, JITUHAMHKAIBIK-CTOXACTUKAIBIK
Mozenb, bamkam ke, HMMUTaUMSUIBIK OarjapiaMaiblK KaMTamachl3 €Ty,
THIPOIKOHOMUKANBIK Tajnay, OpTanblK A3us

153



ISSN 2224-5278 6.2025

© M. Jleman*!, A. Taupos, U. MaabkoBckuii', JI. ToneybaeBa’,
A. AnnusipoBa?, 2025.

'AO UuctutyT reorpaduu u BogHOM OezomacHoCTH, AnMmarhl, Kazaxcran;
2Kazaxckuil HanmoHanbHbIN arpapHblid HCCIEI0BATEIbCKUI YHUBEPCUTET,
Anmarsl, Ka3zaxcras.

E-mail: maxleman131@gmail.com

JTAHAMMKO-CTOXACTUYECKAS MOJIEJIb YCTOMYMUBOI'O
YHPABJIEHUS BOOIHBIMU PECYPCAMMU KA3AXCTAHA

Maxcnm Jleman — PhD-nokropant, AO «HCcTHTYT reorpaduy 1 BogHON 6€30macHOCTHY, AJIMATHI,
Kazaxcran,

E-mail: maxleman131@gmail.com, https://orcid.org/0000-0003-3026-6558;

Ampaxkan TaupoB — kanmuaar reorpaduyecknx Hayk, AO «MHCTUTYT reorpadmu ¥ BOIZHOU
Oe3omacHocT», Anmarsl, KazaxcraH,

E-mail: amra2005@]list.ru, https://orcid.org/0009-0001-4407-6328;

Hrops ManbkoBckuii — noktop reorpaduueckux Hayk, npod. AO «uctutyt reorpaduu u
BOJHOM Oe3omacHoCcTHY, AnmaTtel, KazaxcraH,

E-mail: maxleman131@gmail.com, https://orcid.org/0009-0001-9676-7446;

Jlupusa ToueybaeBa — noktop reorpaduyecknx Hayk, AO «MHCTHTYT reorpadmu ¥ BOJHOM
Oe3omacHoCcTH», Anmarsl, KazaxcraH,

E-mail: listoleu@mail.ru, https://orcid.org/0009-0002-1546-7052;

Aiinypa AnguspoBa — PhD nokrop, accou. mpod. Kazaxckuit HanmoHanbHBIN arpapHblil
HCCIIeI0BATEeNIbCKUN UHCTUTYT, Antmarel, Kazaxcran,

E-mail: ainura.aldiyarova@yandex.kz, https://orcid.org/0000-0002-6017-5182.

AnHoTaums. CHUCTEMBbl BOJHBIX PECYpCOB XapaKTEPU3YIOTCSI BBICOKUM
YPOBHEM HEOIPENEIEHHOCTH, YTO OOYCJIaBIMBACT JUHAMUYCCKHA XapakTep
pacrpenienieHudss BOJHBIX pPECypcoB, OCOOEHHO B OacceiiHaX ¢ pa3BHTOU
UPPUTAITMOHHOW  HHPPACTPYKTYPOH, MHOKCCTBEHHBIMH  UCTOYHHUKAMH U
Pa3HOPOAHBIMHM KaTErOpUsMM BojonoJbs3oBareneil. llenp wuccnenoBanuss —
pa3paboTaTh MHTETPUPOBAHHBIN MTOIXOM W METOAWKY JUIS BEISBICHUS M OIICHKH
SKCTPEMANbHBIX BOJOPECYPCHBIX CHUTyallMii, OKAa3bIBAIOIIMX CYIIECTBEHHOE
COIIMAIbHO-DKOHOMHUYECKOE U JKOJIOTHYecKoe BozaeicTBue. s JOCTHKEHUS
eI  TPUMEHSETCS  JUHAMUKO-CTOXACTUYCCKUN  TOMAXON,  IO3BOJISIOIINMA
YYHUTHIBATh BIIMSHUAE HEMPEACKa3yeMbIX (DAKTOPOB M OIHUCHIBATH JBOJIIOLIUIO
BOJIOXO3AHCTBEHHBIX IPOIECCOB BO BpeMeHHW. PaspaboTaHHas AMHAMHUKO-
CTOXacCTHUYECKass MOJelb OOBEAMHSET BOJIHBIE M DKOHOMHYECKHE KOMITOHEHTHI
B €IUHYI0 MaTeMaTUKO-MPOrPAMMHYIO0 KOHCTPYKLHUIO, OPUECHTUPOBAHHYIO Ha
MAaKCHUMM3AIUI0 SKOHOMUYECKOM OTAa4d OT HCIHOJB30BAaHUS BOAHBIX PECYPCOB
pu  COONIOJICHUM DKOJIOIMYECKUX OrpaHuueHuit. Takoil momxon obecredrBaet
BO3MO)KHOCTH PEIICHHUS KOMIUICKCHBIX JKOJIOTO-dKOHOMUYECKHX 3a7ad B paMKax
€AMHON MoAeNd. Pe3ynbraroM HUCCIeNOBaHUS CTAJIO CO3AaHUE IMPOrPaMMHOIO
oOecrnieueHus Ui MMHUTAIMOHHOTO MOJAEIUPOBAHHS TPAHCTPAHUYHBIX PEUHBIX
0acceliHOB, MO3BOIISIONIETO OICHUBAThH INUPOKHUN CHEKTP THAPOIKOHOMHUYECKUX
rnapaMeTpoB U (OPMHPOBATH Pa3IUYHBIC CIIEHAPUU BoOpOCHaOxeHus. Haydnas
HOBHM3HA pabOThI 3aKJIFOUACTCS B pa3padOTKe METO/Ia HHTEIPAI[MH CTOXaCTHYECKIX
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MPOLECCOB M 3KOHOMHUYECKHX OHJIEMEHTOB, paHee HE NPUMEHSBIICIOCS B
Kazaxcrane 11 MOAEeMpOBaHUsI CIOKHBIX BOAOXO3IHCTBEHHBIX cucTeM. Mofelnb
Obu1a anpoOupoBaHa Ha Oacceiine Mie-banxain — oHOM 13 HauboJIee CI0KHBIX U
YSI3BUMBIX BOJHBIX cucTeM LlenTpansnoit Asun. [IpoBenéHHbIE TECTHI MTO3BOINIH
OLIEHUTh KOPPEKTHOCTh PEaKUWi MOJENM Ha HM3MEHEHHMsS BHELIHHX YCIOBHH,
OIIPEIECIUTh CUIIbHBIC U CJIA0bIE CTOPOHBI MOACIMPYEMOI CHCTEMBI U MOATBEPANTD
MPUMEHUMOCTD MPEUIOKCHHOW METOAMKHU Ul aHAIM3a IPYTrUX TPaHCTPaHHYHBIX
PEYHBIX 0acCEeHHOB.

KiwueBble cjoBa: MOIENMpOBaHWE pEYHBIX OAacCeHOB, JAMHAMHKO-
CTOXacTHUYecKas MoOJeNib, 03epo bamxam, WMHTAallMOHHOE MOJAEIHPOBAHUE,
IMIPO3KOHOMUYECKUN aHaJIN3

1. Introduction. Water resources are the foundation of strategic economic and
natural resources and then become the guarantee of global sustainable development.
When insufficient water resources meet rising water consumption, over-withdrawal
of water resources and associated ecological, environmental degradation would
occur (Israilova et al., 2023). The planning of human activities involving rivers
and their floodplains must consider certain hydrologic facts. One of these facts
is that surface water flows and aquifer storage volumes vary over space and time
(Daniel, 2017). An effective tool for research systems and its influences is numerical
simulation modelling, where the influence of various factors is considered by setting
the probabilistic characteristics of processes (probability distribution law). Water
resources availability was particularly critical since the demands from multiple
sectors were rapidly increasing in many regions of the past years (Li et al., 2009).

The manuscript introduces a novel method for simulating water supply system
of Balkhash Lake in Central Asia, through numerical experiments utilizing
mathematical models. These models accurately replicate the behavior of real objects
over time periods. At the same time, the development and functioning of water
bodies and water infrastructure is described by a set of algorithms that simulate
the probabilistic process of formation of river flow resources and the dynamics of
water demand of natural economic systems and administrative regions, as well as
the rules of water regulation and water distribution. In the future, we should expect
aggravation of the situation with water supply in the republic due to the reduction
of river flow from the territory of neighbouring countries, as well as due to the
climatically conditioned reduction of local flow (Medeu et. al., 2017).

The main objective is to provide decision-makers involved in planning the use
and protection of water resources with a comprehensive suite of programs. These
programs utilize modern technologies to generate the necessary data to support
various water supply scenarios.

2. MATERIAL AND METHODS

2.1 Study area

Central Asia, primarily comprised of drylands (MEA, 2005), relies heavily
on water to sustain its natural ecosystems, biodiversity, and various land use
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activities. Along the rivers of Central Asia, the most productive and diverse
ecosystems within these drylands are found (Tesch, 2020).

Balkhash Lake, a closed-basin lake located in arid part of Kazakhstan
(Central Asia), ranks as the 15-th largest lake globally and the third largest in
Asia (Mischke et. al, 2020). The lake the end part of the transboundary basin,
the main river is the Ile, which originates from the People’s Republic of China.
The Ili River originates in the Tian Shan Mountains in the south and provides 78%
of the flow. The Karatal River drains the Dzungar Alatau and delivers most of the
remaining discharge 15% (Propastin, 2013). The river, a critical water source in
southeastern Kazakhstan, sustains drinking water supplies, electricity generating
and irrigates farmlands across seven regions. Transboundary river basins, such as
the Ile-Balkhash, present additional complexities, as water must be managed
across multiple political jurisdictions, each with its own interests and needs
(Wolf et al., 1999, Kummu et al., 2010).

Balkhash Lake is a vital water body boasting a diverse aquatic flora and fauna,
particularly notable for its varied wildlife. The lake’s economic significance
primarily stems from local fisheries and recreational resorts. The hydrological
balance of Balkhash Lake is significantly affected by the climatic conditions in the
upper reaches of its main tributary, the Ili River, and the resulting inflow into the
lake (Petr, 1992, Propastin, 2013). Two parts of the lake are divided by the Saryesik
Peninsula and that is why the water composition of the two parts is different.
However, this unique lake might significantly shrink due to the intensification of
agriculture, aggravating climate change, and the potential basin-wide impacts of
China’s Belt Road Initiative, according to the recent research of the University of
Oxford (Tesse de Boer et al, 2021). The study area is illustrated in Figure 1.

. The Balkhosh Lake, MODIS, Terra
o |satellite, 2023

ot

Figure 1. The Balkhash Lake. Central Asia (adopted from MODIS, Terra satellite, 2024).
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2.2. Materials and methodology

The methodology of the developed model is based on the implementation of
various river basin structures, each characterized by distinct natural and economic
features. This model was tested on a unique and complex river basin in Central
Asia. The basin encompasses all types of water consumers and users, includes a
reservoir, and Balkash Lake considering arid climate and river flow losses.

The model’s performance was evaluated using this representative and intricate
river basin. Specific scenarios have been identified through analysis of both
theoretical and applied results where it is inherently impossible to simultaneously
maintain the key standard parameters of the Western Balkhash, water level and
salinity. The prioritization of one parameter over another should be justified based
on an evaluation of their individual impacts on the lake’s various components.
A preliminary assessment suggests that, in terms of creating the most favorable
conditions for the population of the Balkhash region (including maintaining a
suitable microclimate and preventing desertification and salt dispersion from the
drying lake bed), the optimal approach is to maintain a high-water level in Balkhash
(referred to as the «highly mineralized lake» option).

To restore and preserve the water supply functions of the lake, the most
effective solution appears to be the establishment of a ‘small fresh’ lake. However,
considering the interests of fisheries, whose productivity depends on both the lake
level (water area) and water mineralization, an intermediate option seems to be
more suitable. The conflicting nature of this situation naturally leads to the problem
of multicriteria optimization regarding the lake’s level and salinity, necessitating a
compromise solution.

One of the fundamental aspects of the effectiveness of the considered alternatives
to the state of the lake. Balkash is the duration of the process of establishing a
new level and salinity regime. The dynamics of the average salinity values of the
Western Balkhash is determined not only by the limiting (equilibrium) values of
this indicator, but also by the initial conditions - the excess of the initial water
salinity over the equilibrium state. In this case, the average salinity of flowing
water bodies, tends, with constant elements of the water balance, to an equilibrium
position according to an exponential law, i.e.:

-P
mZ+AT:M4+(mZ—M4)eXp(—QW3-AT), 1
3

T . T
where: m~ mT+AT— average values of water mineralization in Western

Balkash at certain time 7’and 7+ AT (initial and final); M 4—maximum (equilibrium)
salinity of the western part of the lake; O — average annual volume of river inflow
into Western Balkhash; W and P ,— the volume of the western part of the lake and
its “water consumption” at the accepted level.

The main factors determining the intensity of the process of self-regulation
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of Balkash Lake level are the inflow and surface evaporation as well as the
morphometric characteristics of its water body. The average levels dynamics of the
Lake described by the following approximate formula:

ZyM =Z,+(Z) - Z)p) exp(—R—AT), 2)

T 7 T+AT . .
where: Z , “B — Balkash Lake levels, respectively, at period 7 and 7+
AT (initial and final);

Z B— gravity level of the lake, corresponding to the equality between the rate of
inflow and the rate of visible evaporation;

R — annual river inflow rate;

E — norm of the annual evaporation from the water surface; RZ — water
consumption rate of Balkash Lake at the accepted level;

6 — parameter of the morphometric characteristics of the Lake Balkash within
the possible amplitude of fluctuations in its level (b = 0.54).

According to Balkash Lake salinity research (Mischke, S., Zhang et al., 2020)
for discrete values of river inflow, water exchange limitation coefficient and inflow
salinity allows to draw the following conclusions:

The standard value of the limiting salinity of the lake (Mg = 1.6 g/l) without
artificial regulation of its hydrological regime is ensured by river inflow with water
mineralization (conservative salt content) of no more than 0.16 g/l (zero option).
Each 0.1 g/l increase in inflow mineralization leads to an increase in the limiting
salinity of the Lake by an average of 0.8 g/l.

2.3 The model description

Figures 2 and 3 shows the structure and parameters of the dynamic-stochastic
model.

A logical and mathematical description of the model has been developed. It
consists of the following modules:

—water demand dynamic model;

— stochastic model of available water resource potential;

— The water balance model of Balkash Lake whole and its western and eastern
parts individually;

— the water balance model of the Balkash Lake.
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Scheme description

° —> Annualriver flow

o @ ﬂ —> Reservoir inflow

wi  —> Reservoir

@ —» Groundwater sources

@ —> Interbasin water transfer

—> Surface evaporation

Leman et al.

Figure 2. The structure of dynamic-stochastic model of Ili-Balkash River basin.

2.4 Programming and model implementation

Machine language, the fundamental language understood by computers, is
essential for executing operations within computational models. The «model
translation» process involves converting theoretical models into a computer-
readable format using machine language. This translation is crucial for accurately
simulating complex systems and ensuring the model’s functionality (Lange and
Sippel, 2020, Miller and Thompson, 2020).

Figure 3 illustrates the general operating diagram of the computer simulation
model, outlining its main processes and stages of operation.

Initial data Input (—
Data Sort and
preparation (—

Data Processing Interpretate!
(Algorithms and Rules) predict

Analyse

L disCOVer
feedbac¥

Outcomes Data

success
L Failure

Leman et al.

Figure 3. General scheme of operation of the computer simulation model.
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The initial step is always to load the input and initial data into the software. The
developed software package provides several different options for loading input
and initial data.

The first is manual data entry by the operator, the second option is loading prepared
data in the form of a script, considering the adjustment of the “operators” script
parameters, and the third option is loading data in an automated form from the database.

The next stage of the simulation computer model is preparing the data in a form
convenient for processing and loading it into the computer’s RAM. Data for calculations
is packaged into instances of special data types of collection classes, which allow
more flexible work with groups of objects than in arrays. Memory is also used more
efficiently; if the number of objects increases, memory is allocated dynamically. The
main types of collections used are “Queue”, “List”, “Dictionary”. These collections
allow you to effectively work with heterogeneous data contained in model objects.

After preparing the data for calculation, the modeling process starts. The
calculation process is carried out in a parallel thread, which allows calculations to
be carried out simultaneously, in the background, regardless of further actions of
the user and the operating system. Using an additional thread makes it possible to
create animation of the calculation process, as well as the visualization process with
the ability to slow down, pause and reverse.

The final stage of the computer simulation model is the analysis of the modeling
result - processing data from the modeling process, preparing and filling out data
tables, creating two-dimensional graphs, creating and preparing two-dimensional
visualization interfaces.

The model being developed consists of several interconnected processes and
modules.

In addition to these processes computer simulation model includes service modules
designed for the interaction of the program with the user, operating system, and database.
Figure 4 shows a diagram of the interaction of the main processes and modules.

[ MAIN PROCESSES AND MODULES INTERACTION SCHEME ]

Development structure
of sumulation model
and scenario planning

==]

e _____.
Monte Carlo methed annual

flow simulation by probability
£ distribution functions

Modelling of water demand

dynamics based on of - >

development of water sectors
and nature

Water balances modelling
for the estimated levels of
economic development
Modelling scenario of water
supply system based on T ——]
resource and demand

management 1

- A - "
Scenaric evaluation

according to Water Security
L criteria and results
visualisation
Analyse and results

discussion, conducting the
following experiment

-

Leman et al.

Figure 4. Scheme of interaction of main processes and modules.
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For many software programs, probabilistic models are a useful asset in modeling
statistical behavior, such that coverage testing is possible by automating test-case
selection, execution and evaluation (Marinescu et. al, 2015)

Developing the structure of a simulation model and planning scenarios for the
development of a water basin includes a key point in creating the structure of a
simulation model considering the characteristics of the water basin (Dolbeshkin et.
al., 2017). Planning and developing scenarios for the water supply system means
designing and creating a database where data on water resource dynamics, changing
water demand, calculated water balance data, etc. can be displayed and stored. The
input parameter represents a system of assumptions about the dynamics of water
resources and changes in water demand. The result of this process is the functional
and chorological structure of the simulation mathematical model.

An appropriate database is essential for accurate model functionality. The time
structure is divided into stages, with a large model step: retrospective until 2023,
perspective 2025-2050. The software architecture is a client-server application,
which is a prevalent model in network computing. This architecture minimizes
software compatibility issues with user computers, as the server handles most
processing tasks and ensures consistent functionality across different platforms
(Rizwan et al., 2018). This configuration facilitates real-time collaboration
among multiple experts, thereby increasing the system’s efficiency and ability
to expand. The server part of the programme is implemented using the Python
programming language, the Django framework, and the SQLite DBMS. The
client part of the programme is implemented using JavaScript, the Leaflet
library, and ChartJS.

The software main components: database, administration module, dynamic-
stochastic model, scheme map module and their functionality described in Figure 5.

The Django application
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HTML Templates

Databasee
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Leman et al.

Figure 5. The Django application scheme.
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Database. A data storage structure and models were developed based on the
collection of hydrological data, water quality data of the Ili-Balkash basin, and
water demand for the population and economic sectors of the basin. Developed
database allows users to store and process data and model parameters in the form
of scripts. The client part of the application operates using a data structure based on
JSON, which is used to exchange data.

The Administration Module provides essential additional functionality for
working with scripts, quick editing outside the computer model, and using JSON
editors for debugging the script. The SQLite database management system also
functions optimally thanks to this module. The functionality allows update and
edit the application content, create user accounts and control access to the software
package — whether that’s mass or private.

The software implementation of the dynamic-stochastic model ensures that
all stages of the modelling process are completed correctly and on time.

The software is a set of functions and subroutines in the Python programming
language, that ensure all stages of the modeling process:

— Reading and loading script parameters from the database;

— Formation of series of random numbers of runoff according to specified
coefficients of variation and flow rates;

— Water balance model of the Ili-Balkash river basin;

— Evaluation model by specified criteria;

— Display and visualization data in the form of maps, graphs, charts and
tabular data.

The Scheme and map module are a visualization tool for the Balkash
Lake basin components, including: basin map and borders, layers, river and
administrative araes, large rivers, reservoirs, as well as a background (Google
Maps, OpenStreetMap). For these layers, it is possible to dynamically change
the display for more convenient analysis.

3. VALIDATION AND VERIFICATION

The object database is established based on the unique characteristics of the
region’s water economy, including its environmental conditions, territorial and
sectoral structure, primary water resources of the WHB, and the water demand of
various economic sectors (Smith & Jones, 2018; Anderson et al., 2020).

The results of the implemented model were rigorously validated and verified
through both manual numerical calculations and advanced statistical analyses. The
validation process involved comparing model outputs with observed data from
historical water usage and resource availability, ensuring the model’s ability to
accurately replicate real-world conditions (Brown et al., 2019). Verification, on the
other hand, was conducted by testing the model under various scenarios and stress
conditions to ensure robustness and reliability, figure 7.
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Model Schematic map Administration

Computer Model of Lake Balkhash

Select scenario
Scenario 1 ¢
SAVE m Graph Screenshots Table Screenshots
Main Parameters District Data Hydrological Risk Chart Calculation
Initial Parameters B
Parameter 2021-2030 2031-2040 2041-2050
=] 12 12 12
cv1 0.3 0.3 03
Qz 5,57 5,57 5,57
Cv2 0.2 0,2 0.2
Q3 7.04 7.04 7.04
Cv3 0,22 0,22 0,22

Figure 7. The primary operating window for inputting initial data.

The statistical methods employed in these analyses include regression analysis,
Monte Carlo simulations, and sensitivity analysis. These techniques help in
understanding the degree of correlation between the modeled outcomes and actual
observations, as well as in assessing the model’s responsiveness to changes in input
parameters (Lee and Kim, 2021). This comprehensive approach to validation and
verification provides confidence in the model’s utility for simulating the water
dynamics and demand within the WHB (watershed basin).

4. RESULTS AND DISCUSSION

The results obtained during processing of the input parameters of the model
demonstrate the feasibility of rapidly and efficiently calculating substantial
quantities of data over extended periods, while simultaneously acquiring the
requisite data for subsequent analysis and forecasting of the water management
complex. Additionally, the model allows for the generation of an unlimited
number of scenarios for the development of a future water supply strategy,
contingent on the availability of water in a given year, the economic and
ecological circumstances within the river basin, or the administrative districts
and provinces of the country. Analyzing the modeled data helps in understanding
the impact of economic growth, industrial demands, and population changes on
water resources (Pahl-Wostl et al., 2007).

The model applied to the Ili-Balkash River basin addresses the key mater
managing issues:

163



ISSN 2224-5278 6.2025

e Creating a various water management scenario for decision-makers and
policies;

e Considers a possible hydrological risk;

o Assesses the system for water supply reliability and stress.

As a result, the model is volume instrument for forecast and basin planning,
being an effective tool for optimal water management in agriculture, industries
and future environment planning. It assesses the availability, reliability of water
resources and identifies potential shortages. The primary operating window for
inputting initial data shown on the figure 8.

Analyzing transboundary inflows and local water sources, the model can predict
areas and periods of water scarcity, aiding in effective water resource planning and
management (Vorosmarty et al., 2000).

Figures 4 shows results visualization modules, which are present calculated
data of hydrological risk and demand criteria. In this instance, the criteria for
the reliability of the water supply to the system have been selected. Furthermore,
the block illustrates all water users and considers their priority for water access in
accordance with the selected management scenario and displays the status of Lake
Balkash at the time selected by the colour.

Main Parameters Data by Districts Hydrological Risk Calculation Results

2020-2030

of Water in the Ili River Basin (Kazakhstan Territory)
Based on Reliability and Risk Criteria

0

20 - T ]

|
|
1

Resource, km3

o 10 20 30 40 50 €0 70 80 20 100
% R, Supply Reliability

E:;:ﬁ:s])h]schame to . Deficit . * Priority Water Use Irrigated Agriculture Water Use | Lake Balkhash

Figure 8. Assessment visualization module by reliability and hydrological risk criteria.

The model shows water availability assessment in the Ile-Balkhash river basin
(Kazakhstan’s part) for the chosen period (2020-2030; 2031-2040; 2041-2050)
based on reliability and hydrological risk criteria. The panels present graphs of
resource allocation across reliability levels (P, %) probability of deficit or surplus
of river flow and other various components, including Balkhash Lake level,
inflow volume, priority of water use by economics, and regional water resources.
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The also panels include a Maps visualisation block, (illustrated in Figure 9) and
cross-sectional diagrams showing water level dynamics and critical indicators,
providing a comprehensive visualization of the modeled scenarios for future water
management. The results of the modeling, based on the selected scenarios, are
presented within the framework of the mathematical software complex.

lli-Balkhash River Basin Model 2031 year

Figure 9. The scheme module window of the Ile-Balkhash basin.

5. CONCLUSION

The developed dynamic-stochastic model of water resources management,
tested using the Ile-Balkhash basin as a case study, demonstrated a high degree
of reliability and stability in assessing water availability within the transboundary
basin.

The temporal structure of the model, organized into forecast stages for the years
2030, 2040, and 2050, made it possible to identify the characteristics and dynamics
of long-term changes in water resources.

Calculations based on reliability criteria and hydrological risk confirmed the
applicability of the proposed approach for analyzing water management scenarios
under conditions of uncertainty.

The technical implementation of the server component using Python, the Django
framework, and the SQLite DBMS provided a stable computational environment
and the potential for further scaling of the developed tool.

The conducted tests made it possible to identify the strengths and weaknesses
of the modeled system, assess the adequacy of its response to external impacts,
and confirm the applicability of the proposed dynamic-stochastic modelling
methodology for further research and scenario forecasting in other river basins,
including transboundary ones.
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