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MODELING OF TRANSBOUNDARY
ILE-BALKHASH RIVER BASIN IN CENTRAL ASIA

Abstract. This article presents an overview of the Ile-Balkhash river basin modeling and its use for analyzing
and forecasting of water resources and natural-economic demands for water. The model allows by defining possible
scenarios, to test sensitivity of water supply system and its influence on environment and economy of the Ile-Bal-
khash river basin. The computer model results allow decision-making authorities to define optimized water mana-
gement scenario. This study is mainly focuses on the implementation of a simulated dynamic-stochastic model of the
water supply system of Balkhash Lake basin (Republic of Kazakhstan). Model simulations supplemented with uncer-
tainty analysis and assessment of stochastic properties, using the Monte Carlo method. The model implemented in an
object-oriented C# programming language. This manuscript presents the results of created water balance simulation
algorithm of the Ile-Balkhash river basin. Developed and implemented water supply scenarios. Designed statistical
assessment module of the model. Created results visualization block.

Keywords: water management, river basing modeling, environment, water recourses, hydrology, water supply,
mathematical and computer modeling, dynamic-stochastic model.

1. Introduction. River basins are important for water use by various, often competing, and users.
Thus, careful long-term use of water resources requires planning and management. Socio-economical
activities depending on water availability (e.g., agricultural, ecologic, industrial or energy demands) are
preferentially organized and coordinated within the entire river basin [1]. River basins are the fundamental
natural systems of many hydrologic phenomena[2].River basin management and the organization of water
resources management at the river basin level is a focus areas for policy-oriented research and technical
advisory activities [3]. Water management generally focuses on an integrated basin system, including
water supply, water demand, and intermediate components. In arid and semi-arid river basins, irrigation is
the dominant water use, and there careful management plays a critical role [4].

The Ile-Balkhash river basin (140,000 km?) is located in the southeastern part of the Republic of
Kazakhstan and adjoining territories of China (Figure 1). The basin includes the Almaty region, the south-
eastern part of the Karaganda region, the south-western part of the East Kazakhstan region, east of
Zhambyl region (all Republic of Kazakhstan), as well as the north-western part of the province of
Xinjiang in the People's Republic of China. The main watercourse of Ile-Balkhash river basin is Ile River,
which measures approximately 1440 km, and which is the largest fresh water inflow to Balkhash Lake, the
downstream end of the closed drainage basin. The Ile River provides about 80% of the inflow of fresh
river water to the lake. Therefore, the level and water quality (salinity) of the lake, and ecological state and
desertification of the region, are largely depending on the discharge of the Ile River [5].

In Central Asia, the sources of many transboundary rivers (e.g., lle, Syrdarya, Chu, Talas rivers)are
located in mountainous terrains where discharge is regulated by a cascade of reservoirs for various
purposes (e.g., energy production, water consumption and flood risk management), which sometimes are
competing with uses (e.g., agricultural production) in downstream countries (e.g., the Syrdarya basin in
Central Asia). In these cases, the issues of river basin management are international, and policy solutions
require regional collaboration between different countries [6].
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Figure 1 — Ile-Balkhash river basin

Complex system of interactions between different components makes river management on a basin
scale challenging. A straightforward and effective tool for making economical and policy decisions is
mathematical river basin modeling, which represents the relevant physical processes in the river basin and
which can be used to predict the behavior of the basin under different (climatic) conditions or management
scenarios. River basin models successfully deployed to aid in the determination of fair and equitable long-
term water sharing agreements or short-term operational plans in transboundary basins [7].

In this study, a mathematical model combines the effects of management and use of surface and
subsurface reservoir (supply) systems with effects of water extraction by irrigation forfarming. The model
is designed as a tool to support decision-making on matters of National Water Complex (NWC), that
include the development of water infrastructure, conservation and restoration of natural water bodies, the
economic justification of water limits, and improving interstate water relations between Kazakhstan and
China. Importantly, the model includes interactions between upstream and downstream water allocation,as
well as a water users on local and regional scale management according to the planned water supply
scenarios. In addition future water supply scenarios of the Republic of Kazakhstan (until 2030) were
included — based on a previous study by Seversky and Malkovsky, 1998). This model-scenario thought as
a planning exercise that examines the future with an expected to decrease due to intensive using of runoff
in its Chinese part of the basin [8].

Methodology.

Design of the dynamic-stochastic model. The main goals of baseline scenario are to mitigate the
impacts of upstream water usage on the Balkhash Lake Environment and to provide a tool to monitor the
local supply-demand balance. This helps to increase agricultural productivity and industry, while pre-
venting river channel degradation and impact on social and economic structures by water scarcity [9]. In
Figure 2 the main components of Ile-Balkhash river basin are shown, including possible sources of water
(groundwater and surface water), the water transport system and infrastructure (canals, piping network and
reservoirs), extraction by water users(agricultural, municipal, and industrial), and a the output of the
drainage system (surface and subsurface).

Computer simulation of Water Supply Systems (WSS)implemented by a set of mathematical tools,
special computer programs and tricks replace the real object of study with a model that simulates impor-
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Figure 2 — Ile-Balkhashriver basin components of dynamic-stochastic model

tant processes and natural and human impacts on the water balance. A set of software tools and
mathematical modeling techniques determines the specificity of the modeling system.

Developed software allows user to select a certain river basin, choose the scenario and generate a
flow data of its main rivers, using the average flow data for long-term period, variation and modular run
off coefficients. Further based on the specifics of the basin and region water demands (municipal, indus-
trial, agricultural and environmental)the model simulates water balance according water users demands,
taking into account river flow losses, reservoirs operation, Balkhash Lake surface evaporation and
perspective water transfer. The objective of dynamic-stochastic model is to evaluate and future conditions
of the river basin in terms of reducing transboundary flow of a long-term period (until 2050) under diffe-
rent scenario parameters. Further assessment of modeling undo different scenarios allows decision-making
experts for effective water using and saving the environment.

For calibration purpose, model outputs compared with historical or measured outputs of the system
(at gauging station) and the model parameters adjusted until the values predicted by the model agree, to a
reasonable degree of accuracy, with the measured values.

Verification — an independent set of input data, i.e., different from that used in the calibration step, is
used in the model and the model results are compared with measured outputs.

Development of a computer model, as well as data analysis, and the two-dimensional imaging perfor-
med with the use of modern means of creating and designing mathematical software. The model should
meet the following requirements:

— Using object data and mathematical model;

— Processing large volumes of data;

— 173 =



Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

— Visualize simulated results in a convenient form;

— Module structure of the program for effective update and upgrade software.

The set of functions and the process steps of created computer model corresponding to the logical and
mathematical description of the Ile-Balkhash river basin, it includes the following procedures:

1. Development of a database, providing scenario analysis, operation and development of Water
Supply Systems (WSS) for long-term period;

2. River flow modeling by random generating discharge using annual river flow and the flow
variation coefficient;

3. Modeling of water demand dynamics of water users based on population, development of in-
dustries, agriculture and water supply standards;

4. Automatic modeling and simulation the results of water infrastructure reconstruction and (WSS)
objects;

5. Modeling water forecast scenarios of (WSS), water scarcity and excess calculation for required
time periods;

6. Scenario development assessment by hydrological risk and reliability criteria, of (WSS) charac-
terizing the water scarcity and probability of system failures, using the "Wald's maximin criterion" and
"Laplace criteria" (law of equal probabilities).

7. Data storage and modifying in a database. Visualization of the results in the form of graphs, curves
and tables.

Referring to Figure 3 the algorithm scheme represents the implementation of the model simulation.

—{ Recourses ]

'
[}
wv
@
Infrastructure =
b
1)
(]
-
Balance
l . /
Analysis and
assessment

.

I Expert decision

Figure 3 — Simulation algorithm of computer model

The computer model is an effective tool for the assessment and analysis of the Ile-Balkhash river
basin. This mathematical software has a module structure with a certain algorithm and links between
modules. Each module of program contains a specific data type, performs specific functions and
applicable program interface[10].

The database operations module loading certain scenario data from the database load and prepare
data for computer model. The main components of database formed based on the characteristics of Ile-
Balkhash river basin. The database contains hydrological stations actual discharge data and other river
basin characteristics such as reservoir operation parameters and its evaporation rates, river flow losses and
water supply demands.

The scenario operations module allows creating, modifying and saving the water-using scenario.

— 74—



ISSN 2224-5278 Cepus ceonoeuu u mexnuueckux Hayk. Ne 5. 2017

Water balance and mathematical operations module contains average annual flow data of the main
rivers and its tributaries. It calculates annual water balance of Ile-Balkhash river basin including in flows,
Kapchagay reservoir operations, Balkhash Lake evaporation rivers flow losses, groundwater storages,
water demands based on a 35-year period. This module also contains supposed water transfer data inside
and between the basins.

The statistical assessment module estimates the data processing by hydrological risk and reliability
criteria (Wald's maximin criterion and Laplace criteria).

Interface module allows the user to interact with the software to perform hydrological calculations for
analyzing the system.

The simulation results block includes three modules by the types of displaying the simulated results:
Table form data presentation module, graphs form data presentation module and 2-dimension visualization
module. These modules display calculated data in user-friendly form for further analysis. The Figure 4
shows modular structure of the computer model and interaction between them.

%
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Scenario operation
module

Water balance and mathematical operations

module

I Table form data I

| presentation +— %
| s}

L___modie | |2

————————— g
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Figure 4 — The modules interaction scheme

Validation and verification of the model.

Validation and verification are two of the most important steps in any simulation study [11].
Verification is the process of ensuring that the model design (conceptual model) has been transformed into
a computer model with sufficient accuracy; Validation is the process of ensuring that the model is suffi-
ciently accurate for the purpose at hand [12]. A successful Verification and Validation project cannot be
realized unless you have a solid management approach [13]. The scheme development model steps are

shown in Figure 5.
r {
I
I

Specify

Specified
requirements

Validation

Verification

Find out
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H

requirements

’ ‘ Development

L[ Intended use ]_J

Figure 5 — Model Validation and Verification scheme
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Ile-Balkhash river basin model calibrated for 20 years period (1992—-2011). Model accuracy surveyed
through a validation data period. Initials conditions of simulation experiments on validation stage were
determined by processing historical data over the period. Adjusted two major parameters: Ile River losses
dynamics and Balkhash Lake level dynamics for a 20 years period as it shows figures 6 and 7. Then the
program estimates the scenarios, according to the water supply reliability and hydrological risk criteria as
well as operates the reservoir states conditions. The program displays a window (Figure 8), that shows the
results of statistical evaluation of water supply scenarios according to the known formulas.

E, km?

7,5 1
7 -
6,5 1
6
GinE
5 - h
45
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35
3 4
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Figure 6 — Ile River losses (downstream, Kapchagay reservoir): a — actual data; b — simulated data
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Figure 7 — Balkhash Lake levels: a — actual data; b — simulated data

Statistical evaluation of water supply scenarios.
1. Water supply reliability criteria — the probability (expectation) of water demands satisfaction by
the relative number of uninterrupted years:

n.
P=1-— 1
; N (1

where N — number of years of the settlement period; n — number of cases when water supply less than
demands, O".
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2. Hydrological risk criteria — relative value water supply interruptions (water supply shortages),the
quantity of which is calculates as:

— 1 & QT
R ==Y (-2 @)
v
"Laplace criteria" (law of equal probabilities).
. o/
R, =max(1-=") )
o

"Wald's maximin criterion" — is a non-probabilistic decision-making model according to which
decisions are ranked based on their worst-case outcomes.
where O; and Q;" — declared (guaranteed) and the actual value of the water supply delivered forthe
i-th component; N — the duration in years of the period.

The figure 8 shows the statistical assessment module. This window displays assessment criteria and
Balkhash Lake hydrological risk probability. This proves that the model accurately respond to all system
changes.

Scenario statistical assessment module n

Iteration

Rich water Medium water Poor water

Water supply reliability criteria

Water supply reliability 0.000 0.029 0.029

Hydrological risk criteria

Laplas criteria 0.33 0.375 0.375

Wald's maximin criterion 0.622 0.633 0.633

Balkhash level expectations

Optimal 0.029 0.057 0.057
Critical 0.200 0.143 0.143
Catastrophic 0.800 0.857 0.857

Figure 8 — Scenario statistical assessment program module

Balkhash Lake has different limnological conditions its south-western part has a salinity of
<2 g-L™! whereas the salinity of the eastern basin is ~4 g-L ™' [14]. Balkhash Lake ecosystem sustainability
is required to provide optimal salinity regime, which depends on the Ile River inflow and a two-way flow
between western and eastern parts of the lake [15]. The parameters program software displays as graphs as
it shown in figure 9.

For analyzing and forecasting the program allows displaying all simulated parameters of the river
basin such as Ile delta regime, Balkhash Lake inflows, level changes, Kapchagay reservoir operations, and
water supply demands for agriculture, industry, municipal and environmental.

The software displays a two-dimensional interactive visualization of the river basin, which displays
water balance, objects interaction and system changes for the simulated period (2016-2050).This inter-
active visualization allows user to analyze and optimize the necessary parameters of Ile-Balkhash river
basin and clearly show the effects of the development according to the accepted scenario. By choosing the
required scenario, which implies reducing transboundary flow and water consumption priority “Envi-
ronment” or “water user* priority, we can see the influence on the Lake Balkhash environment or water
supply deficits.
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Basin: lli-Balkhash

Scenario: Scene_1
Two-way flow dynamics between Western
and Eastern parts of the Balkhash Lake
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Figure 9 — Two-way flow dynamics between Western and Eastern parts of the Balkhash Lake
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Figure 10 — Ile-Balkhash river basin two-dimensional interactive visualization

Conclusions. Submitted mathematical and software package improves efficiency of water
management of the Ile-Balkhash river basin as well as an opportunity for assessment and forecasting in the
management of Transboundary Rivers. Computer modeling of river basin allows making policy decisions,
according the analysis of simulated data.

The values of the input parameters based on actual data, expert hypotheses or a preliminary analysis.
The sensitivity of the results evaluated through a series of iterations. The model accuracy surveyed
through a validation period (1992-2011). Model performance for 20-years validation period evaluated
suing most reliable actual data: downstream reservoir flow and Balkhash Lake level dynamics.
Hydrological simulation model of Ile-Balkhash river basin created in object-oriented programming
language C#. The developed mathematical software package includes a set of modules: graphical inter-
face, mathematical functions, interactive analysis, and interaction with the operating system. The model
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has a two-dimensional visualization of the simulation process, based on schematic symbols of objects,
their interaction and parameters. Performing calculations of the model confirmed its functionality and
reliability of results obtained in a wide range of input parameters, proved the effectiveness of simulation
calculations for water predictive assessment of possible scenarios of river basin and Balkhash Lake hydro-
ecological regime assessment. The numerous iterations function helps to reduce the impact of accidental
inaccuracy of the model.
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M. Jdoabemxkun, E. [Ty3ukos, P. [loBeTrkun

I'eorpadus nunctutyThl, AnmaThl, Kazakcran

OPTAJIBIK A3BUSIIAYBI TPAHCIHIEKAPAJIBIK
LIE-BAJIKAII ©3EHI BACCEMHIHIH MOJEJIJIEY

AnHoTanusl. ¥ ChIHbUIFaH Makaiia Ine-baykain tpaHcuiekapaiblK ©3eH aaObIHbIH MaTeMaTHKAJIBIK KOMIIBIOTED
yurineyi. Herisri Kypasbel periHzue yirijieyni naiinaiaHy aBToMaTu3alysiiay YLIH JKOHE Cy LIapyallbUIbIK ecernTey-
JIepJIi OHTAWIAHIBIPY, Cy TEHJACCTIK alalTapbliH YITUICY, )KOHE JIe CyFa JICreH TaOUFH-DKOHOMHKAJIBIK KaXKSTTIIIrIH
€CKepe OThIpa TPaHCIICKAPAIIBIK aFbIH/IBI KaFJalbIHIA Cy KOpbIHA OOJDKay >KoHE Tajjay. YJriiey cleHapHiilepiH
aHBIKTAayFa, CyMeH KaMTaMachI3JaH/bIpy JKYHECIHIH Ce3IMTalIblH TeKCepy JKoHE e allMaKThIH SKOHOMHKACH JKoHE
KOpIlIaraH opTara OHBIH 9CEpiH aHbIKTayFa MYMKiHIIK Oepexai. Ockl 3epTTeynepae Herisri Hazap bankamr keni ana-
OBIH CYMEH KaMTaMachI3aHABIPY KYHECIHIH AMHAMHKA-CTOXACTHUKAIBIK YIATEYiH JKy3ere acelpy. YJriiey KyObuI-
MaNbIK TalgayMmMeH xoHe Monte-Kapio omiciH maiimanmaHa CTOXacTHKANBIK KAaCHETTEpiH OarallayMeH TOJIBIKTHI-
peutFad. Yariney C# Oarmapiama HbeICaHABI-OaFfapiiaHy TLTIHIE jKy3ere acwhlppurrad. Lime-bankam amaObHBIH Cy
TEHAECTIK Yariiey anroputMi eHuaenreH. CyMEeH KaMTaMachI3JaHABIPY CHEHAPHIIEp] SHTI31ITeH JKOHE OHJIENTeH.
CrarucTukanslk Oaranay MOyl OHIeIreH. YIrijiey HOTHKENepiHiH Ko30eH 1oy OJIor] eHJereH.

Tyiiin ce3mep: cy KopiapbH 0acKapy, ©3¢H ajanTapblH YiIriiey, KopIiaraH opTa, Cy KOpJapbl, THAPOJIOTHUS,
CYMEH KaMTaMachI3JIaH/IbIpy, MaTEMaTHKAJIBIK KOMIIBIOTEPIIIK YAriiey, IMHAMHKa-CTOXaCTUKAIIBIK YJIriiey.
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M. Jonbdemkun, E. ITy3ukos, P. [loBeTkun
Wucruryt [eorpaduu, Anmarsl, Kazaxcran

MOJEJINPOBAHUE WIE-BAJIKAIICKOI'O TPAHCTPAHAYHOT'O BACCEMHA
B HEHTPAJIBHOU AU

AnHoTauus. Ctarhs MpeiCcTaBIseT MaTeMaTHYECKYI0 KOMITBIOTEpHYIO Mozenb Wne-bankaiickoro tpaHcrpa-
HUYHOTO PEYHOro OacceifHa. Vcrmonp30BaHHe MOJCITUPOBAHHUS KaK OCHOBHOTO WHCTPYMEHTA Il aBTOMATH3alUU U
ONTUMU3AINH BOJOXO3IHCTBCHHBIX PACYCTOB, MOACTHPOBaHNE 0aCCEHHOBBIX BOJMHBIX 0OAJTAaHCOB, a TAKXKE aHATN3a U
MPOTHO3a BOJHBIX PECYPCOB B YCIOBUSIX TPAHCTPAHUYHOCTH CTOKA C YYETOM MPUPOIHO-IKOHOMUYECKUX MOTPEOHOC-
Teil B Boge. Mojenb MMO3BOJSET ONPENEIUTh BOSMOXKHBIEC CIICHAPHH, IPOBEPUTh TYBCTBUTEIBHOCTh CHCTEMBI BOJO-
obecrieueHNs U ee BIMSHUE Ha OKPYXKAIIIYI0 Cpely, U SKOHOMHKY pernoHa. OCHOBHOE BHHMaHHE B 3TOM HCCIIe-
JIOBaHWHU YAETSAETCS pealn3aldil MOIEIHPYEMON IWHAMHUKO-CTOXAaCTHUECKOW MOIETH CHCTEMBI BOJ0OOECIICYEeHHUS
Oacceitna o3epa bamkam. MoaenupoBaHue MOJIEIHN JOTOMHIETCS aHaIN30M HEOMPESICHHOCTH U OLIEHKOW CTOXac-
TUYECKHUX CBOWCTB C MCHOJB30BaHHEM MeTona Monre-Kapno. Monens peanu3oBaHa B 00bEKTHO-OPUEHTHPOBAHHOM
si3pIke  mporpammupoBanust C#. PazpaboraH airopuTtM MOICIUpPOBaHHMS BOXHOro Oamanca HMie-Banmkamnickoro
Oacceiina. Pa3paboTaHbl U BHEAPEHBI CIICHAPHH BojooOecneueHus. Pa3paboTaH MOy/b CTaTUCTUYCCKON OIICHKU.
bnox Bu3yanuzaiuu pe3yabTaToB MOIEIUPOBAHMUS.

KiarodeBble cji0Ba: yrpaBlicHHE BOIHBIMH PECypCaMH, MOJCIHPOBAHUEC PEYHBIX OACCEHHOB, OKPYXKAroIas
cpena, BOIHBIC PECYPCHI, THIPOJIOTHS, BOJAOOOCCIICUCHUE, MATEeMAaTHIECKas KOMITBIOTCPHAS MOJECTb, JUHAMHKO-
CTOXaCTUYECKask MOJICITb.
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