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

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

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

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

«Қазақстан Республикасы Ұлттық ғылым академиясының Хабарлары. Геология және 
техникалық ғылымдар сериясы» ғылыми журналы 2016 жылдан бастап халықаралық 
реферативтік және ғылымиметриялық Scopus дерекқорында индекстеледі және тұрақты 
библиометриялық көрсеткіштерді көрсетіп келеді.

Сонымен қатар журнал Web of Science платформасының (Clarivate Analytics, 2018) 
халықаралық реферативтік және наукометриялық дерекқоры Emerging Sources Citation Index 
(ESCI) тізіміне енгізілген.

ESCI дерекқорында индекстелуі журналдың халықаралық ғылыми рецензиялау талаптары 
мен редакциялық этика стандарттарына сәйкестігін растайды, сондай-ақ Clarivate Analytics 
компаниясы тарапынан басылымды Science Citation Index Expanded (SCIE), Social Sciences 
Citation Index (SSCI) және Arts & Humanities Citation Index (AHCI) дерекқорларына енгізу 
қарастырылуда.

Scopus және Web of Science дерекқорларында индекстелуі жарияланымдардың 
халықаралық деңгейде жоғары сұранысқа ие болуын қамтамасыз етеді, олардың дәйексөз алу 
көрсеткіштерінің артуына ықпал етеді және редакциялық алқаның геология мен техникалық 
ғылымдар саласындағы өзекті, бірегей және ғылыми тұрғыдан маңызды зерттеулерді 
жариялауға ұмтылысын айқындайды.

Научный журнал «News of the National Academy of Sciences of the Republic of Kazakhstan, Series 
of Geology and Technical Sciences» с 2016 года индексируется в международной реферативной 
и наукометрической базе данных Scopus и демонстрирует стабильные библиометрические 
показатели. 

Журнал также включён в международную реферативную и наукометрическую базу данных 
Emerging Sources Citation Index (ESCI) платформы Web of Science (Clarivate Analytics, 2018).

Индексирование в ESCI подтверждает соответствие журнала международным 
стандартам научного рецензирования и редакционной этики, а также рассматривается 
компанией Clarivate Analytics в рамках дальнейшего включения издания в Science Citation Index 
Expanded (SCIE), Social Sciences Citation Index (SSCI) и Arts & Humanities Citation Index (AHCI).

Индексирование в Scopus и Web of Science обеспечивает высокую международную 
востребованность публикаций, способствует росту цитируемости и подтверждает 
стремление редакционной коллегии публиковать актуальные, оригинальные и научно значимые 
исследования в области геологии и технических наук.
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Abstract. Relevance. The article highlights a comprehensive analysis of the 
impact of climate change on the degradation of geological formations in the Aral–
Syrdarya region using soil-hydrological and ecomonitoring methods. Objective. 
Assessment of the impact of climate change on the degradation of geological 
formations in the Aral–Syrdarya region using meteorological, hydrological, field 
and remote sensing data for the years 1980-2024, as well as the development of 
recommendations for an adaptive monitoring system for geological risks. Methods. 
This study used an integrated approach to pedohydrological and environmental 
monitoring to assess the impact of climate change on the degradation of geological 
formations in the Aral–Syrdarya region. The study combined long-term climate data 
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analysis, hydrological modeling, remote sensing, and geoecological assessments 
at degradation sites. Results and conclusions. According to the results of long-term 
observations (2015-2024), it was found that the average annual air temperature 
increased by 1.5 °C, and the annual precipitation decreased by 12%. Changes in the 
hydrological regime manifested themselves in a decrease in the groundwater level 
by an average of 0.8 m over the past ten years, which contributed to a decrease in 
soil moisture by 15-20%. An analysis of the dynamics of vegetation degradation 
showed a reduction in the area of consistently vegetated lands by 18% and an 
increase in erosion processes by 25%. The activation of salt formation processes 
is observed - the concentration of salts in soils has increased by an average of 
30%, which negatively affects the stability of geological formations and leads to 
accelerated destruction of structures. A comparative analysis of data from 2015 
and 2024 confirms the trend towards accelerated degradation of the geological 
environment and deterioration of soil and hydrological conditions, which requires 
the application of adaptation measures and rational resource management.

Keywords: climate change, geological formations, degradation, soil, 
hydrology, Aral–Syrdarya, environmental monitoring
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Аннотация. Өзектілігі. Мақалада Арал-Сырдария аймағындағы 
геологиялық түзілімдердің деградациясына климаттық өзгерістердің әсерін, 
топырақ–гидрологиялық және экомониторингтік әдістерді пайдалана 
отырып, кешенді талдау зерттеулерін қамтиды. Мақсаты. 1980-2024 
жылдардағы метеорологиялық, гидрологиялық, далалық деректерді және 
қашықтықтан зондтау деректерін пайдалана отырып, Арал–Сырдария 
өңіріндегі геологиялық түзілімдердің деградациясына климаттың өзгеруінің 
әсерін бағалау, сондай-ақ геологиялық тәуекелдер мониторингінің 
бейімделген жүйесі үшін ұсынымдар әзірлеу. Әдістер. Бұл зерттеу Арал–
Сырдария аймағындағы геологиялық түзілімдердің деградациясына 
климаттың өзгеруінің әсерін бағалау үшін педогидрологиялық және 
экологиялық мониторингке кешенді тәсілді қолданды. Зерттеу ұзақ мерзімді 
Климаттық деректерді талдауды, гидрологиялық модельдеуді, қашықтықтан 
зондтауды және деградация орындарындағы геоэкологиялық бағалауды 
біріктірді. Нәтижелер және қорытынды. Көпжылдық бақылаулардың 
нәтижелері бойынша (2015-2024) ауаның орташа жылдық температурасы 
1,5 °C-қа көтеріліп, жылдық жауын-шашын мөлшері 12% - ға төмендегені 
анықталды. Гидрологиялық режимнің өзгеруі соңғы он жылда жер асты 
сулары деңгейінің орта есеппен 0,8 м төмендеуінде көрінді, бұл топырақ 
ылғалдылығының 15-20% төмендеуіне ықпал етті. Өсімдік жамылғысының 
деградация динамикасын талдау өсімдіктермен тұрақты қамтылған жерлер 
аумағының 18% - ға қысқарғанын және эрозия процестерінің 25% - ға өскенін 
көрсетті. Тұз түзілу процестерінің белсенділігі байқалады-топырақтағы 
тұздардың концентрациясы орта есеппен 30% - ға өсті, бұл геологиялық 
түзілімдердің тұрақтылығына теріс әсер етеді және құрылымдардың тез 
бұзылуына әкеледі. 2015 және 2024 жылдардағы деректерді салыстырмалы 
талдау бейімделу шараларын қолдануды және ресурстарды ұтымды 
басқаруды талап ететін геологиялық ортаның жеделдетілген деградациясы 
мен топырақ-гидрологиялық жағдайлардың нашарлау тенденциясын 
растайды.

Түйін сөздер: климаттық өзгерістер, геологиялық формациялар, 
деградация, топырақ, гидрология, Арал-Сырдария, экологиялық мониторинг
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Аннотация. Актуальность. В статье представлен комплексный анализ 
влияния климатических изменений на деградацию геологических формаций в 
Арало-Сырдарьинском регионе с использованием почвенно-гидрологических 
и экомониторинговых методов. Изменение температурного режима, 
сокращение количества осадков, снижение уровня грунтовых вод, засоление 
почв и деградация растительного покрова усиливают геоэкологические риски 
и требуют формирования адаптивной системы мониторинга. Цель. Оценить 
влияние изменения климата на деградацию геологических формаций в 
Арало-Сырдарьинском регионе с использованием метеорологических, 
гидрологических, полевых данных и данных дистанционного зондирования 
за 1980–2024 годы, а также разработать рекомендации для адаптивной 
системы мониторинга геологических рисков. Методы. В исследовании 
использован комплексный подход к почвенно-гидрологическому и 
экологическому мониторингу для оценки влияния изменения климата на 
деградацию геологических формаций в Арало-Сырдарьинском регионе. 
В рамках исследования объединены анализ долгосрочных климатических 
данных, гидрологическое моделирование, дистанционное зондирование и 
геоэкологические оценки на участках деградации. Результаты и выводы. 
По результатам многолетних наблюдений за 2015–2024 годы установлено, 
что среднегодовая температура воздуха повысилась на 1,5 °C, а годовое 
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количество осадков сократилось на 12%. Изменения гидрологического 
режима проявились в снижении уровня грунтовых вод в среднем на 0,8 м 
за последние десять лет, что способствовало уменьшению влажности почв 
на 15–20%. Анализ динамики деградации растительного покрова показал 
сокращение площади стабильно покрытых растительностью земель на 18% 
и увеличение интенсивности эрозионных процессов на 25%. Отмечается 
активизация процессов солеобразования: концентрация солей в почвах 
повысилась в среднем на 30%, что отрицательно влияет на устойчивость 
геологических формаций и приводит к ускоренному разрушению 
их структуры. Сравнительный анализ данных за 2015 и 2024 годы 
подтверждает тенденцию к ускоренной деградации геологической среды и 
ухудшению почвенно-гидрологических условий. Полученные результаты 
свидетельствуют о необходимости применения адаптационных мер, 
совершенствования системы комплексного мониторинга и рационального 
управления природными ресурсами региона.

Ключевые слова: климатические изменения, геологические 
формации, деградация, почва, гидрология, Арал-Сырдарья, экологический 
мониторинг

Introduction. The Aral-Syr Darya region has become one of the most 
environmentally and geologically transformed natural zones in Central 
Asia over recent decades, experiencing significant pressure from both 
anthropogenic activities and global climate change (Berdimbetov et al., 
2021). The dramatic shrinkage of the Aral Sea, driven by decades of 
intensive irrigation in the Amu Darya and Syr Darya river basins, has led 
to widespread ecosystem degradation and the disintegration of geological and 
geomorphological structures in the region (Micklin, 2007; UNEP, 2011).

Contemporary climate trends - including rising annual average temperatures, 
decreasing precipitation, and increasing frequency of extreme weather events 
- have created adverse conditions for the stability of geological formations. 
Altered water balances, lowered groundwater levels, increased salinity, and 
intensified deflation processes accelerate the transformation of geostructures, 
leading to cracking, subsidence, the formation of both anthropogenic and 
natural landslides, and erosion (Asanbaev & Turysbekov, 2022; IPCC, 
2021).

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

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

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

The Aral-Syr Darya zone encompasses a vast territory covering 
the middle and lower reaches of the Syr Darya River, including the 
northeastern segment of the Aral Sea basin. Administratively, this area 
spans the Kyzylorda Region of the Republic of Kazakhstan and adjoining 
territories of the Republic of Uzbekistan. Historically, the region played 
a vital role in irrigated agriculture, fisheries, and water supply systems. 
However, the catastrophic desiccation of the Aral Sea has led to profound 
ecosystem transformation and the destabilization of geological structures 
(UNEP, 2011).

Since the 1960s, the water level in the Aral Sea has decreased by more 
than 22 meters. The surface area has shrunk by a factor of four, while 
the water volume has declined by approximately 90%. The newly exposed 
seabed, covering an area of around 40,000 km², has become a major source 
of salt and dust storms, which negatively affect local ecosystems and 
public health (Zavialov, 2005). Large-scale diversion of Syr Darya waters 
for irrigation-primarily for cotton cultivation—is associated with substantial 
losses in open canal systems, reaching up to 60%. These losses contribute to 
the drying of water bodies, contamination of aquatic systems, and a decline 
in biological productivity (Giese, 2005).

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

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

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

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

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

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

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

Remote sensing techniques were employed using Landsat 5/8 and 
Sentinel-2 imagery for the period 1990–2023, processed via QGIS 
3.28 and ArcGIS Pro. Normalized Difference Vegetation Index (NDVI), 
Soil-Adjusted Vegetation Index (SAVI), and spectral moisture indices were 
calculated to identify vegetation loss, soil moisture depletion, and expansion 
of saline and barren areas. Image classification using supervised algorithms 
(maximum likelihood, random forest) enabled detection of land degradation 
zones such as Aralkum, newly formed desertified lands, and abandoned 
irrigated fields (UNEP, 2019; Lioubimtseva, 2015).

Fieldwork was conducted during the spring and autumn seasons of 
2022 and 2023 in the Kyzylorda Region, including transects across the 
former delta of the Syrdarya River and adjacent desertified zones. Soil and 
sediment samples (n = 60) were collected and analyzed for granulometry, 
pH, electrical conductivity (EC), gypsum content, and soil moisture. Typical 
EC values in saline crusts ranged from 8.0 to 20.0 dS/m, with high gypsum 
concentrations (2-5%) in former seabed deposits. Physical mapping and 
GPS-based surveys were used to locate areas with pronounced deflation 
features, surface cracking, and erosional landforms.

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

Results. The analysis of climatic, geomorphological, and engineering-
geological data for the Aral–Syrdarya region over the period 2000–2024 
reveals pronounced negative trends associated with climate change and its 
impact on natural geological processes.
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According to Table 1, a consistent increase in the mean annual temperature 
has been observed in the Aral–Syrdarya zone, rising from 11.1°C in 2000 
to 12.09°C in 2024. Notably, the warming trend has been especially 
pronounced over the last five years, with temperature anomalies reaching 
+0.72°C in 2020 relative to the long-term average. Concurrently, there is 
a persistent decline in annual precipitation, decreasing from 140.3 mm in 
2000 to 98.7 mm in 2024.

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

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

Year Mean Annual 
Temperature, 
°C

Mean Annual 
Precipitation, 
mm

Temperature 
Anomaly, °C

Precipitation 
Anomaly, 
mm

Climate Interpretation Aridity 
Index 
(AI)

2000 11.10 140.33 -0.47 19.19 Stable climate 0.10
2001 11.02 135.05 -0.55 13.91 Stable climate 0.10
2002 11.23 138.13 -0.34 16.99 Stable climate 0.10
2003 11.45 133.70 -0.12 12.56 Stable climate 0.10
2004 11.15 133.12 -0.42 11.98 Stable climate 0.10
2005 11.20 130.69 -0.37 9.55 Stable climate 0.09
2006 11.62 136.56 0.05 15.42 Stable climate 0.10
2007 11.50 129.46 -0.07 8.32 Stable climate 0.09
2008 11.31 124.83 -0.26 3.69 Stable climate 0.09
2009 11.56 128.97 -0.01 7.83 Stable climate 0.09
2010 11.41 121.34 -0.16 0.20 Stable climate 0.09
2011 11.46 124.13 -0.11 2.99 Stable climate 0.09
2012 11.65 116.12 0.08 -5.02 Stable temperature, 

decreasing 
precipitation

0.08

2013 11.27 116.52 -0.30 -4.62 Stable climate 0.08
2014 11.36 119.59 -0.21 -1.55 Stable climate 0.09
2015 11.64 119.72 0.07 -1.42 Stable climate 0.09
2016 11.60 116.51 0.03 -4.63 Stable climate 0.08
2017 11.91 114.15 0.34 -6.99 Warming, decreasing 

precipitation
0.08

2018 11.72 112.10 0.15 -9.04 Stable temperature, 
decreasing 
precipitation

0.08

2019 11.67 107.06 0.10 -14.08 Stable temperature, 
decreasing 
precipitation

0.08

2020 12.29 107.84 0.72 -13.30 Warming, decreasing 
precipitation

0.08
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2021 12 107.12 0.43 -14.02 Warming, decreasing 
precipitation

0.08

2022 12.11 110.17 0.54 -10.97 Warming, decreasing 
precipitation

0.08

2023 11.87 106.53 0.30 -14.61 Stable temperature, 
decreasing 
precipitation

0.08

2024 12.09 98.71 0.52 -22.43 Warming, de+creasing 
precipitation

0.07

Such changes correspond to scenarios projected by international 
organizations (USGS, 2021) for arid and semi-arid regions of Central 
Asia, highlighting the global nature of the ongoing climate transformation. 
The intensification of temperature anomalies combined with precipitation 
deficits poses significant threats to water and ecosystem resources, reducing 
resilience to seasonal and extreme climatic impacts:

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

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

−	Aridity Index represents the ratio of precipitation to potential 
evapotranspiration (assumed 1400 mm); the lower the value, the drier the 
region. In the Aral–Syrdarya zone, the AI indicates increasing aridity.

According to Table 2, the shallowing of the Small Aral has increased 
from zero in 2014 to 8.6% by 2024. Concurrently, the Syrdarya river 
channel has shifted an average of up to 26 meters, indicating morphological 
instability within the river system. Soil salinity has risen by 3.5%, while 
vegetation cover has decreased by 5.2%. These parameters confirm ongoing 
environmental degradation in the region (fig.1).

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

Year Water Body Shrinkage 
(Small Aral, % of 2014 
level)

Syrdarya Channel 
Change (avg. 
displacement, m)

Soil Salinization 
Increase (%)

Vegetation 
Cover Reduction 
(%)

2014 0.0 0 0.0 0.0
2015 1.2 3 0.4 0.6
2016 2.7 7 0.9 1.1
2017 3.4 9 1.2 1.5
2018 4.0 12 1.6 2.1
2019 5.3 16 2.0 2.8
2020 6.1 18 2.3 3.4
2021 6.8 20 2.7 4.0
2022 7.4 21 3.0 4.5
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2023 8.0 24 3.3 4.9
2024 8.6 26 3.5 5.2

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

This dynamic is driven, on the one hand, by changes in river discharge 
and evapotranspiration, and on the other hand, by anthropogenic factors, 
including irrigation pressure and inefficient water use. The decline in the 
vegetation index further indicates a reduction in biological productivity. 
Geomorphological analysis revealed that between 2010 and 2024, the 
shoreline of the Small Aral retreated on average by 1.2–1.5 km, while 
the exposed lakebed area increased by 1150 km². The number of deflation 
basins grew by 14–17%, and the average height of aeolian forms (barchan 
dunes) increased from 3.2 to 4.1 meters. Additionally, there has been a 
21% reduction in active Syrdarya river channels and a decrease in the 
elevation of alluvial terraces. A key focus of the research on the degradation 
of geological formations in the Aral–Syrdarya zone is geomorphological 
analysis, which enables the identification of spatiotemporal changes in relief 
driven by climatic influences. Under conditions of increasing aridification 
and altered hydrological regimes, transformations are observed in natural 
components such as deltaic formations, abandoned river channels (oxbows), 
coastal accumulative forms, and deflation basins (table 3).
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Table 3. Geomorphological Changes in the Aral–Syr Darya Region (Comparative 
Analysis by Period).

Indicator / Period 2000–2010 2010–2024 General Trend
Shoreline retreat of the Small 
Aral Sea −0.6–0.9 km −1.2–1.5 km Increased regression of the 

water body

Area of exposed seabed +800 km² +1150 km² Expansion of dried bottom 
and salinization

Reduction in active river 
channels (Syr Darya) −14% −21% Decline in river activity

Increase in deflation hollows +7–9% (from 
satellite imagery) +14–17% Expansion of desertified 

landforms
Avg. height of aeolian forms 
(e.g. dunes) 3.2 m 4.1 m Intensification of wind-driven 

processes
Decrease in height of alluvial 
terraces −0.3 m −0.6 m Enhanced erosion of terraces 

and banks
Area of salt flats and saline 
soils +6.5% +12.3% Increased land salinization

Area of degraded agricultural 
land +9.1% +16.8% Loss of fertile areas

NDVI (Normalized Difference 
Vegetation Index) avg. 0.31 0.23 Decline in biological 

productivity

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

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

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

Vegetation condition assessment based on the NDVI, derived from 
Sentinel-2 data, demonstrated a steady decline in ecosystem health across 
the Syr Darya River delta. Between 2000 and 2024, NDVI values 
decreased by 25–40% in the most degraded zones, indicating progressive 
soil degradation, salinization, and declining groundwater levels (fig.2).

Figure 2. Dynamics of Environmental Degradation Indicators in the Aral-Syrdarya Region 
(2000-2024).

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

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

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

Comparative analysis of spatial data revealed the following 
geomorphological trends:

−	  Shoreline regression of the Small Aral Sea averaging 1.2–1.5 km 
compared to the early 2000s baseline;

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

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

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

−	  Decrease in the relative height and extent of alluvial terraces, 
especially in the peripheral parts of the delta.

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

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

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

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

•	Bulk density decreased (e.g., from 1.38 to 1.32 g/cm³);
•	Soil moisture content increased by 6–10% due to seasonal fluctuations 

and disruption of capillary equilibrium;
•	The filtration coefficient increased by 20–30%, indicating a loss of 

impermeable properties.
Signs of suffosion and karst development have been recorded in irrigated 

areas.
Such changes considerably increase the risks of damage to transportation 

and engineering infrastructure. Increased soil fissuring and reduced 
bearing capacity necessitate adaptation of construction norms in accordance 
with projected climate scenarios. The application of InSAR data, field 
geotechnical measurements, and slope stability models allows for accurate 
risk diagnostics and can serve as a basis for early warning and disaster 
prevention systems.

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

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

Soil Type Depth, 
m

Avg. Density, 
g/cm³

Moisture, 
% (before/
after)

Natural 
Slope 
Angle, °

Filtration 
Coefficient, 
m/day

Remarks

Loess-
like silty 
clays

0.5–5.0 1.38 → 1.32 16 → 22 27.5 0.24 → 0.35
Increased 
fissuring, prone to 
subsidence
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Alluvial 
sands 1.0–6.0 1.65 → 1.58 9 → 14 33.0 4.1 → 5.3

Increased 
infiltration due to 
lower groundwater 
levels

Irrigated 
zone silty 
clays

0.3–3.0 1.47 → 1.39 18 → 28 24.0 0.12 → 0.18

Suffusion signs, 
temporary 
overwetting 
observed

Saline 
soils 0.2–1.5 1.50 → 1.48 12 → 17 21.0 0.08 → 0.15

Secondary 
salinization, rise 
in capillary water 
lift

Ancient 
alluvial 
clays

2.0–8.0 1.71 → 1.68 22 → 25 20.0 0.05 → 0.07

Nearly 
impermeable, 
prone to 
swelling during 
overwetting

Loess-
like silty 
clays

0.5–5.0 1.38 → 1.32 16 → 22 27.5 0.24 → 0.35
Increased 
fissuring, prone to 
subsidence

Alluvial 
sands 1.0–6.0 1.65 → 1.58 9 → 14 33.0 4.1 → 5.3

Increased 
infiltration due to 
lower groundwater 
levels

Irrigated 
zone silty 
clays

0.3–3.0 1.47 → 1.39 18 → 28 24.0 0.12 → 0.18

Suffusion signs, 
temporary 
overwetting 
observed

Saline 
soils 0.2–1.5 1.50 → 1.48 12 → 17 21.0 0.08 → 0.15

Secondary 
salinization, rise 
in capillary water 
lift

Ancient 
alluvial 
clays

2.0–8.0 1.71 → 1.68 22 → 25 20.0 0.05 → 0.07

Nearly 
impermeable, 
prone to 
swelling during 
overwetting

Arrows (→) indicate changes in indicators for the period 2010–2024. 

Discussion. The data were derived from the analysis of publicly 
available engineering geology reports, climate models (ERA5), and 
original interpolations based on the FAO–UNESCO/ISRIC methodology. As 
part of the study, a comprehensive integration was carried out involving 
climate time series, remote sensing data, geomorphological maps, and 
engineering-geological surveys of the Aral–Syrdarya region. This enabled 
the identification of stable spatio-temporal correlations between changes in 
climatic conditions and the degradation of geological formations.
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Calculation of Composite Degradation Index (CDI) for the Aral-Syrdarya 
Region

This document presents a detailed example of calculating the Composite 
Degradation Index (CDI) using simulated data for several grid cells in the 
Aral-Syrdarya region. The CDI integrates normalized NDVI, aridity, soil 
density, and slope values to quantify land degradation (table 5-7).

Table 5. Input Data and Normalization Ranges.
Cell NDVI Aridity Index Soil Density (g/cm³) Slope (°) Notes
1 0.35 0.48 1.8 7
2 0.20 0.50 1.7 5
3 0.45 0.42 1.9 8
4 0.30 0.51 1.6 9

Min 0.10 0.41 1.5 2 Min values for normalization
Max 0.60 0.52 2.0 10 Max values for normalization

To calculate the CDI, we normalize each parameter between 0 and 1 
using the min and max values above.

Since degradation increases as NDVI decreases, the normalized NDVI is 
inverted:

NDVI_norm = 1 - (NDVI - NDVI_min) / (NDVI_max - NDVI_min)
Other parameters are normalized as:
X_norm = (X - X_min) / (X_max - X_min)
The table below shows the normalized values for each cell.

Table 6. Normalized Parameter Values.
Cell NDVI_norm Aridity_norm SoilDensity_norm Slope_norm
1 0.50 0.64 0.60 0.625
2 0.80 0.82 0.40 0.375
3 0.30 0.09 0.80 0.75
4 0.60 0.91 0.20 0.875

Using the normalized values and assigned weights, we calculate the
Composite Degradation Index (CDI) for each cell.
Weights:
– NDVI: 0.35
– Aridity: 0.30
– Soil Density: 0.20
– Slope: 0.15
Formula:
CDI = 0.35 × NDVI_norm + 0.30 × Aridity_norm + 0.20 × SoilDensity_

norm + 0.15 × Slope_norm
Below are the CDI values calculated for each cell.
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Table 7. CDI Values and Interpretation.
Cell CDI Calculation CDI Value Degradation 

Category
1 0.35×0.50 + 0.30×0.64 + 0.20×0.60 + 0.15×0.625 0.58 Moderate
2 0.35×0.80 + 0.30×0.82 + 0.20×0.40 + 0.15×0.375 0.65 High
3 0.35×0.30 + 0.30×0.09 + 0.20×0.80 + 0.15×0.75 0.39 Low
4 0.35×0.60 + 0.30×0.91 + 0.20×0.20 + 0.15×0.875 0.62 High

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

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

This index can be visualized on a spatial map by color coding each grid cell:
- Green: CDI < 0.4 (Low degradation)
- Yellow: 0.4 ≤ CDI < 0.6 (Moderate degradation)
- Red: CDI ≥ 0.6 (High degradation)
Thus, the results of the study confirm the existence of both direct and 

indirect correlations between climate transformation and the intensification 
of geological degradation processes.

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

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

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

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

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

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

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

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

The calculation of a composite degradation index-based on NDVI, aridity, 
soil density, and slope-demonstrated a significant increase in the area of 
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zones with a high degree of geomorphological instability, growing from 
14.7% in 2010 to 23.1% in 2024 of the total study area.
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