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REMOTE SENSING-BASED EVALUATION
OF LAND DEGRADATION AND MOISTURE VARIABILITY
IN POST-NUCLEAR LANDSCAPES OF KAZAKHSTAN

Land degradation and ecosystem imbalance remain major environmental challenges in Kazakhstan,
particularly in post-technogenic and radiation-affected territories. The Semipalatinsk Nuclear Test Site
represents a unique area for studying long-term landscape transformation and recovery.

This research aims to evaluate land degradation and surface moisture variability between 2019 and
2025 using Sentinel-2 remote sensing data. The methodology integrates the calculation of key spectral
indices — SWIR, NDWI, NDVI, and MSI — to assess vegetation dynamics, moisture content, and surface
dryness.

Results indicate a noticeable increase in NDVI and NDWI and a decrease in MSI and SWIR, con-
firming the improvement of soil moisture and vegetation recovery, along with a reduction in aridity. The
area of moist and vegetated lands expanded by approximately 20-25 %, demonstrating active natural
renaturation processes.

The study highlights the effectiveness of Sentinel-2 multispectral monitoring for ecological rehabili-
tation assessment in post-technogenic regions of Kazakhstan. The findings contribute to sustainable land
management and environmental monitoring in arid landscapes.

Keywords: remote sensing, land degradation, soil moisture, NDVI index, Semipalatinsk Test Site.
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KeHiHri AaHALIAITTapbIHAAFbI XKEPAiH, TO3YbIH
)KOHE bIAFAAABIABIKTbIH, ©3repriluTiriH 6arasay

KaszakcraHAa XXepAiH TO3ybl MEH 3KOXKYIE Terne-TEHAITHIH Oy3bIAybl — 8Cipece TEXHOMEHAIK KoHe
paAMaLMsAbIK 8cepre yllublparaH ayMakTapAa — MaHbI3Abl 3KOAOMMSAbIK, MaCeAeAepAiH 6ipi 6oAbIn
KaAa 6epeai. Cemern IAPOAbIK CbiHAK, MOAMIOHbI AQHALIATTAPAbIH Y3aK MEP3iMAT TpaHCOPMaUMCbI
MEH KaAMbIHa KeAYiH 3epTTeyre apHaAraH Gipereit anmak, 60AbIn TabbliAaAbl.

ByAa 3eprTey 2019-2025 >KbIAAQP apaAbIFbIHAAFbI XXEPAIH, TO3y AMHAMMKACHIH X8He >ep 6eTi
bIAFAAABIAbIFbIHbIH, ©3repiciH Sentinel-2 cnyTHMKTIK AepekTepiHiH HerisiHae 6aranayra GaFbITTaAraH.
OAICTEMEAE OCIMAIK >KaMbIAFBICBIHbIH ©3repiCiH, bIAFAA MOALLEPIH XaHe Xep 6eTiHiH Kypray AeHremniH
TaAAQy YLUiH Heri3ri cnekTpaAAblk, MHAekcTep — SWIR, NDWI, NDVI »xeHe MSI — ecenTey kapacTbl-
PbIAFaH.

Hatmkearep NDVI xeHe NDWI kepceTkilTepiHiH anTapAblKTain apTKaHbiH, an MSI meH SWIR
M8HAEPIHIH TeMeHAereHiH kepceTTi. ByA Tonblpak, bIAFAAABIAbIFbI MEH ©CIMAIKTEPAIH KaAMbIHA KeAyi-
HiH, >KaKCapFaHbIH >X8He KYPFaKLUbIAbIK, AEHIeMiHIH, a3aiFaHblH ABAEAAENAI. bIAFaAAbl KeHe eCiMAIK
>KaMbIAFbICbI Gap >kepAepaAiH aymarbl wamameH 20—25 %-Fa yAFarbin, Tabuen peHaTypaums (KaAmbiHa
KeAy) YAepicTepiHiH GEACEHA >KYPreHiH KepceTTi.

3epTTey Sentinel-2 MyAbTUCMEKTPAAADBIK, MOHUTOPUHIiHIH, Ka3akCcTaHHbIH, TEXHOTEHAIK 8CepAeH
KEMiHri eHipAepiHAE SKOAOTUSABIK, KAAMbIHA KEAY AeHreniH 6ararayAarbl TMIMAIAITIH KepceTTi. AAbIH-
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FaH HOTMXKEAEp KypFak, aliMakTapAarbl XXKep pecypcTapbiH yTbIMAbI OaCKapy MEH 3KOAOTMUSIAbIK, MOHM-
TOPUHITI XKETIAAIPYre YAEC KOCAAbI.

TyiiH ce3aep: KaWbIKTbIKTAH 30HATAY, XXEPAIH AErpasaumschl, bIAFaaabiAbiK, NDVI unaekci, Ce-
MeW MOAUIOHBbI.
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OueHka Aerpasalum 3eMeAb U U3MEHYMBOCTU BAQXKHOCTHU
B NOCTbSIAEPHbIX AaHALIacpTax KazaxcraHa
Ha OCHOBEe AMCTAHLIMOHHOTO 30HAMPOBaHUS

Aerpapaums 3eMeAb M HapyLLeHWe 3KOAOTMYECKOro PaBHOBECUS OCTAIOTC OAHUMM M3 KAIOYEBBIX
IKOAOIrMYeckmx npobaem KasaxcraHa, 0CO6EHHO Ha MOCTTEXHOMEHHbIX U PAAMALIMOHHO 3arpPA3HEHHbIX
TeppuTopmsix. CEMUMNAAATUHCKMIA SAEPHbIA UCTIbITAaTEAbHbINA MOAUIOH MPEACTABASET COBOM YHMKAAb-
HYIO MPUPOAHYIO AABOPaTOPMIO AASI M3YUEHMSI AOATOCPOYUHbIX MPOLIECCOB TpaHchopMaLmm 1 BoCCTa-
HOBAEHUS AaHALLIA(TOB.

LleAb A@HHOrO MCCAEAOBAHUS — OLEHUTb AErPaAALIMIO 3EMEAb M BapuaL MM MOBEPXHOCTHOM BAQXK-
HocTu 3a nepmoa ¢ 2019 no 2025 roa Ha OCHOBE AQHHbIX AMCTAHLMOHHOIO 30HAMPOBaHMS Sentinel-2.
MeToaMKa BKAIOYAET pacyéT OCHOBHbIX CrekTpaAbHbIX nHaekcoB — SWIR, NDWI, NDVI n MSI, no-
3BOASIIOLLMX OLLEHUTb AMHAMMKY PacTMTEAbHOrO MOKPOBa, COAEpP>KaHWe BAArM M CTerneHb CyXoCTu Mo-
BEPXHOCTH.

Pe3yAbTatbl noka3aAm 3ameTHoe yBeAnyeHne 3HauyeHuit NDVI n NDWI, a Takke cHuxeHne MSI
1 SWIR, 4TO CBMAETEALCTBYET O MOBBILEHMM BAQXXHOCTU MOUBbI, BOCCTAHOBAEHUW PACTUTEABHOCTM
M COKpaLLeHUM apUAHOCTU. [AoLasb YBAAXKHEHHBIX M MOKPbITbIX PACTUTEABHOCTbIO 3EMEAb YBEAWN-
YMAacb NpumMepHo Ha 20-25 %, 4TO ykasbliBaeT HA AaKTMBHOE MPOTEKaHWe NMPOLLeCCOB eCTeCTBEHHOM
peHaTypaumu.

MccaepoBaHEe MOATBEPAMAO BbICOKYIOD 3(P(EKTUBHOCTb MYAbTUCNEKTPAABHOIO MOHWTOPMHIa
Sentinel-2 AASl OLEHKM 3KOAOTMYECKOM peabuAMTaLmMM MOCTTEXHOMEHHbIX TeppuTopuii KasaxcraHa.
[ToAyueHHble pe3yAbTaTbl BHOCST BKAQA B Pa3BUTHE CMCTEMbI YCTOMUYMBOIO 3EMAEMOAb30BaAHMNS U KO-
AOTMUYECKOr0 MOHUTOPUWHIA B apUAHbBIX AQHALLAdTax.

KAroueBble croBa: AMCTAaHUMOHHOE 30HAMPOBaHME, Aerpasauna 3emMeAb, BAAXKHOCTb NOoYB, MHAEKC

NDVI, CemmnanaTMHCKMIA MOAUIOH.

Introduction

The problem of land degradation is one of the
most acute environmental and socio-economic
threats of our time, especially for territories that have
been subjected to intense anthropogenic impact. As
a result of industrial, military, and agricultural activ-
ities during the 20th century, a significant part of the
earth’s ecosystems underwent irreversible changes,
manifested in the destruction of soil cover, reduced
bio-productivity, loss of biodiversity, and disrup-
tion of the hydrological balance (bo6posckuit M.B.,
Heuaes B.I1., 2022).

A special place among such territories is oc-
cupied by post-technological landscapes, including
areas of former industrial zones, landfills, quarries
and nuclear test sites (EcupkeeB A.M., AnumOeKoBa
I'.2K., 2021). They are characterized by difficult en-
vironmental conditions caused by prolonged expo-

sure to radiation, chemical pollution and physical
destruction of the surface.

One of the most striking examples of such ter-
ritories is the Semipalatinsk Nuclear Test Site
(NSNR), which operated in Kazakhstan from 1949
to 1989. During this period, more than 450 nuclear
explosions were carried out here, which led to sig-
nificant changes in the geomorphological structure,
soil composition and vegetation cover. Despite the
cessation of testing and the subsequent declara-
tion of the landfill as a restricted access zone, the
processes of ecosystem restoration here remain ex-
tremely slow. Against the background of the general
aridity of the region, there is a high spatial mosaic of
the state of soils and vegetation, which complicates
the assessment of the degree of degradation and the
dynamics of restoration (I'opiikos M.A., 2023).

Post-technological territories, especially such as
the NSNR, are characterized by a combination of
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natural and induced degradation factors. On the one
hand, the arid climate, low precipitation and poor
vegetation development contribute to erosion pro-
cesses and deflation. On the other hand, man-made
impacts — soil compaction, radiation pollution, and
disruption of the hydrological regime — enhance
these processes, creating stable pockets of degrada-
tion. As a result, specific post-nuclear landscapes
are formed, which are characterized by a combina-
tion of dry, burnt-out areas, secondary salt marshes,
fragmentary vegetation and local zones of tempo-
rary humidification.

Modern approaches to the study of such terri-
tories require a comprehensive assessment of deg-
radation processes and ecosystem restoration using
objective and spatially continuous data. Traditional
field monitoring methods are limited here due to
the large areas, inaccessibility and potential radia-
tion risk (LlleBuenko U.C., 2021). Therefore, remote
sensing technologies are becoming the main analy-
sis tool for assessing the dynamics of vegetation,
humidity, and soil conditions based on the spectral
characteristics of the surface.

The use of satellite data, such as Sentinel-2,
provides extensive opportunities for quantifying
the state of degraded ecosystems. By calculating
spectral indices — NDVI (Normalized Difference
Vegetation Index), NDWI (Normalized Differ-
ence Water Index), MSI (Moisture Stress Index)
and SWIR channel analysis — it is possible to de-
tect changes in vegetation structure, the level of
moisture availability and the intensity of soil deg-
radation. These indicators allow not only to deter-
mine the current state of the territory, but also to
track the dynamics of ecosystem restoration over
time.

In Kazakhstan, where most of the lands are sub-
ject to aridization, wind and water erosion, monitor-
ing of land degradation and the processes of their
natural restoration is becoming particularly relevant
(AcputbexoBa A., MyxkamueB XK., AsumxanoB b.,
2021). Using the example of the Semipalatinsk test
site, such studies make it possible not only to deter-
mine the degree of anthropogenic impact and cur-
rent environmental risks, but also to assess the ef-
fectiveness of the renaturalization processes taking
place over the past decades (Bai, Z.G., Dent, D.L.,
2009).

The integration of modern remote sensing data
with geoinformation analysis methods creates the
basis for a comprehensive assessment of the state of
post-technological ecosystems and the development
of strategies for their ecological restoration.
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The current state of the landfill can be described
as a stage of slow but steady natural recovery, in
which ecosystems show signs of adaptation and
self-regulation in a post-nuclear landscape (Carlsen,
T.M., Groves, R.A., et al., 2021). This makes the
region a unique model territory for studying the
long-term processes of ecological rehabilitation of
degraded lands in the arid climate of Central Asia.

Materials and methods

Study area. The Semipalatinsk Test Site is locat-
ed in the north-east of the Republic of Kazakhstan,
within the East Kazakhstan, Pavlodar and partially
Karaganda regions. The geographical coordinates of
the central part of the test site are approximately 50°
15’ N and 78°40° E. The total area of the territory
historically used for nuclear testing exceeds 18,000
km2, and together with the adjacent zone of influ-
ence is estimated at about 19-20 thousand km?2.

The terrain of the polygon is predominantly flat
and undulating, with elements of weak uplifts and
depressions characteristic of the eastern edge of the
Central Kazakhstan plateau. The absolute heights
range from 250 to 500 m, occasionally reaching 600
m in the eastern part. The territory is divided by a
network of temporary watercourses and small hol-
lows, through which meltwater and rainwater flow
(Carunynnuna /1.b., Omapos P.E., 2023). The main
rivers of the region — Shagan, Ashchysu, Koken-
tal — are temporary and seasonal in nature, which
causes a high sensitivity of the soil and vegetation
cover to moisture availability.

The climate of the area is sharply continen-
tal and arid. The average annual air temperature is
about +3...+4 °C, the average temperature in Janu-
ary is -16 °C, in July — +21...424 °C. Annual pre-
cipitation does not exceed 250 — 300 mm, of which
about 60% falls in spring and early summer. Sum-
mers are hot and arid, winters are long with stable
snow cover. Winds prevail from the northwest and
west, contributing to the development of deflation-
ary and erosive processes.

The soil cover is mainly light chestnut, chestnut
and brackish soils, with salt marshes and sandy loam
rocks found in places. Vegetation is desert-steppe,
with a predominance of xerophytic and grass-worm-
wood communities.

Atmospheric correction and radiometric consis-
tency were verified and, where necessary, slightly
adjusted on the basis of reference reflectance and
visual inspection.

- 116 atmospheric (terrestrial and aerial);
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- 340 underground tunnels and boreholes.

Large-scale activity led to powerful radioac-
tive emissions, mechanical destruction of the soil
and vegetation cover and the formation of a whole
complex of post-nuclear landscapes — craters, sub-
sidence, burnt-out areas, radiation-contaminated
hollows and man-made landforms.

The areas within the Experimental Field, Bala-
pan, Degelen and Sary-Uzen districts, where the
main test facilities were concentrated, were par-
ticularly affected. Elevated levels of gamma radia-
tion, residual isotopes of cesium, strontium and plu-
tonium in the soils are still recorded at these sites
(Myxkamues XK.K., 2020).

The consequences of nuclear tests are long-
term in nature — soil degradation, violation of the
water regime, decrease in vegetation productivity
and secondary salinization. Even three decades after
the closure of the landfill, the environmental conse-
quences remain significant and manifest themselves
in a decrease in biological activity, erosion process-
es and fragmented ecosystems.

After the official closure of the Semipalatinsk
landfill in 1991, the territory was declared a zone of
restricted nature use, which contributed to the natu-
ral processes of renaturalization. In the absence of
economic stress, there is a gradual restoration of the
grass cover and the soil humus horizon.

Cereal-wormwood communities began to de-
velop in areas with low levels of radiation pollution,
and the processes of natural overgrowth of craters
and accumulation of organic matter intensified. Ar-
eas with high humidity are formed along the valleys
of temporary watercourses, where species charac-
teristic of meadow-steppe phytocenoses are actively
growing (3aiteBa H.H., Mopo3zos E.A., 2020).

Nevertheless, the recovery is uneven. In areas
with high levels of radionuclide contamination and
mechanical disturbance of the soil profile, natu-
ral processes are slowed down or completely sup-
pressed. A number of sites remain unproductive
and degraded, which is reflected in low NDVI and
NDWI values according to satellite monitoring data.

This study utilized multi-temporal satellite data
from the Sentinel-2 Level-2A mission, provided by
the European Space Agency (ESA) under the Co-
pernicus Programme. Two cloud-free images cover-
ing the central and adjacent parts of the Semipala-
tinsk Nuclear Test Site (SNTS) were selected for
analysis, corresponding to May 11, 2019 and May
29, 2025 (European Space Agency (ESA), 2024).

Level-2A  products include bottom-of-atmo-
sphere reflectance, already corrected for atmo-

spheric and radiometric effects using the Sen2Cor
processor, ensuring high accuracy of spectral values
across visible, near-infrared (NIR), and short-wave
infrared (SWIR) bands.

The Sentinel-2 system provides a spatial resolu-
tion of 10-20 m, which is suitable for landscape-level
monitoring of soil, vegetation, and moisture dynam-
ics in heterogeneous arid regions such as eastern
Kazakhstan (European Space Agency, 2024).

All satellite scenes were preprocessed in QGIS
3.34 and ArcGIS Pro 3.2.

The threshold values used for the classification
of NDVI, NDWI and MSI (Table 2) were defined
based on a combination of published recommenda-
tions and empirical calibration for the conditions of
the Semipalatinsk Nuclear Test Site. The lower and
upper NDVI bounds for degraded, transitional and
dense vegetation were chosen in accordance with
earlier studies on steppe and arid ecosystems of Ka-
zakhstan, while NDWI and MSI thresholds were
refined using visual interpretation of Sentinel-2
composites and previously published descriptions
of soils and vegetation for the region.

For each index and each year, mean, minimum,
maximum and standard deviation values were cal-
culated for the entire test site and for the three phys-
iographic zones (northern, central, southern). In ad-
dition, difference maps (2025-2019) and histograms
of index distributions were analysed to assess the
magnitude and spatial structure of changes. In this
study we focused on descriptive statistics and visual
comparison; a formal test of statistical significance
is planned for future work.

The following steps were performed:

* Radiometric consistency and atmospheric
conditions of Sentinel-2 Level-2A bottom-of-atmo-
sphere reflectance products were visually checked
for both dates to ensure their suitability for multi-
temporal comparison.

* Cloud and shadow masking was implemented
using the Scene Classification Layer (SCL) pro-
vided within Sentinel-2 data. Pixels classified as
clouds, cirrus, or shadows (classes 8, 9, 10, 3) were
excluded from analysis.

* Subsetting of the study area was performed
according to the official polygon boundaries of the
Semipalatinsk Test Site.

» Radiometric values were rescaled to the range
0-1 for further index calculations.

Calculation of Spectral Indices

To quantify vegetation activity, soil moisture,
and surface dryness, four key spectral indices were
derived from Sentinel-2 reflectance data (Table 1).
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Table 1 — Description of spectral indices and their environmental interpretation

Index Formula Bands (Sentinel-2) Environmental meaning
SWIR RGB = (B12, BSA, B4) 2190 nm, 865 nm, Fal§e-color infrared visualization highlighting dry and
composite 665 nm moist areas

NDWI (B3 - B8) / (B3 + BS) 560 nm, 842 nm ir'ldwates surface and vegetation moisture; higher values =
igher water content

NDVI (B8 — B4) / (B8 + B4) U i, (G5 1(;/Ieasures vegetation vigor and biomass; higher values =
enser vegetation

MSI B11/BS8 1610 nm, 842 nm ls\g;)llssture Stress Index; higher values = drier vegetation and

All indices were computed using raster-based
map algebra in QGIS Raster Calculator and ArcGIS
scripts, and subsequently normalized to eliminate

radiometric differences between dates. The result-
ing raster layers were resampled to a common 10 m
resolution and clipped to the study area boundaries.

Table 2 — Classification of spectral index values and their environmental interpretation

Index Value range Environmental interpretation Surface condition
NDVI (Normalized 0.00 - 0.33 | Bare soil, degraded land, minimal vegetation | Low biomass, high degradation
Difference Vegetation 0.33-0.50 | Sparse or moderate vegetation cover Transitional zone
lincles) >0.50 Dense and healthy vegetation High biomass, active photosynthesis
NDWI (Normalized <0.00 Dry and arid surfaces Lack of surface moisture
Difference Water 0.00 - 0.30 | Moderately moist soils or sparse vegetation | Moderate humidity
Index) >0.30 Wet soils or open water bodies High surface moisture or inundation
<0.80 Low stress; sufficient moisture availability | Favorable conditions for vegetation
il (Ml(l)li;gr)e SIS 0.80-1.20 | Moderate moisture stress Transitional soil moisture
>1.20 High dryness or stressed vegetation Drought or degraded land

The threshold values used for the classifica-
tion of NDVI, NDWI and MSI presented in Table
2 were defined based on a combination of published
recommendations and empirical calibration for the
conditions of the Semipalatinsk Nuclear Test Site.
The lower and upper NDVI bounds for degraded,
transitional and dense vegetation were chosen in
accordance with earlier studies on steppe and arid
ecosystems of Kazakhstan (boOpoBckuii M.B.,
Heuaes B.I1., 2022; I'opmxos U.A., 2023; 3aiinena
H.H., Mopozos E.A., 2020), while NDWI and MSI
thresholds were refined using visual interpreta-
tion of Sentinel-2 composites and previously pub-
lished descriptions of soils, moisture regime and
vegetation in the test site area (Carngymnuna /.b.,
Owmapos P.E., 2023; AcsuibekoBa A., Mykanues XK.,
Asumxanos b., 2021).

Each raster was statistically summarised to cal-
culate mean, minimum, maximum and standard
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deviation values for both years and for the three
physiographic zones (northern, central, southern).
Difference maps (2025 — 2019) and histograms of
index distributions were generated to visualise the
spatial pattern and magnitude of changes in vegeta-
tion greenness, surface moisture and soil dryness. In
this study we focused on descriptive statistics and
visual comparison of index dynamics; a more de-
tailed formal assessment of statistical significance is
planned for future work.

Spatial differentiation was conducted by di-
viding the study area into three physiographic
zones — northern, central and southern — reflecting
the main geomorphological and hydro-ecological
variations within the polygon. The combined anal-
ysis of the four indices provided a comprehensive
evaluation of the eco-hydrological changes within
the Semipalatinsk Test Site over the six-year pe-
riod. A decrease in MSI and SWIR brightness,
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coupled with an increase in NDWI and NDVI, was
interpreted as a sign of improved soil moisture
and vegetation recovery (Pettorelli et al., 2005; Li
et al., 2020). Statistical summaries and thematic
maps were integrated in a GIS environment to as-
sess the extent of rehabilitation versus degradation
zones, forming the basis for further discussion and
conclusions.

Spatial differentiation was conducted by di-
viding the study area into three physiographic
zones — northern, central, and southern, reflecting
the main geomorphological and hydro-ecological
variations within the polygon.

The combined analysis of the four indices pro-
vided a comprehensive evaluation of the eco-hydro-
logical changes within the Semipalatinsk Test Site
over the six-year period.

SWIR 2019

B E N N o bigh: 1
B Jow: 0

A decrease in MSI and SWIR brightness, cou-
pled with an increase in NDWI and NDVI, was in-
terpreted as a sign of improved soil moisture and
vegetation recovery (Pettorelli, N., et al., 2009).

Statistical summaries and thematic maps were
integrated in a GIS environment to assess the extent
of rehabilitation versus degradation zones, forming
the basis for further discussion and conclusions.

Results

Multi-temporal index maps (2019 — 2025). The
generated maps of SWIR, NDWI, NDVI, and MSI
for 2019 and 2025 (Figures 5 — 8) clearly demon-
strate notable spatial and temporal changes in the
surface characteristics of the Semipalatinsk Nuclear
Test Site.

SWIR 2025
Meaning

W hight 0978593
= low: 0

™ awr ™ n ™
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Figure 1 — SWIR (source: own study)

Overall, approximately 65 % of the territory
exhibited improvement in vegetation and moisture
indices, around 25 % remained relatively stable and
about 10 % still shows clear signs of degradation.

The Moisture Stress Index (MSI) also shows a
downward trend, suggesting a general reduction of
drought-related stress in vegetation.

The results show a consistent improvement in
eco-hydrological indicators between 2019 and 2025.
The most significant positive shifts are observed in
NDVI (+0.16) and NDWI (+0.15), while the decline
in MSI (=0.18) further confirms the trend toward en-
hanced soil moisture and vegetation health (Li J., et
al., 2020).
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NDWI 2019
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Figure 2 — NDWI (source: own study)

Table 3 — Statistical summary of mean index values

Spectral Index Mean (2019) Mean (2025) (zﬁzgh—aggfg) Environmental trend
SWIR (12-8A-4) 0.46 0.39 —-0.07 Decrease of surface dryness
NDWI 0.12 0.27 +0.15 Increase in soil and vegetation moisture
NDVI 0.32 0.48 +0.16 Expansion of vegetated areas
MSI 1.23 1.05 —0.18 Lower vegetation water stress

Spatial distribution of landscape changes. Spa-
tial differentiation analysis revealed distinct region-
al patterns (Figure 3):

- Northern zone — notable increase in NDVI and
NDWI (up to +0.2 — 0.3), associated with vegetation
recovery in depressions and along seasonal water-
courses.

- Central zone — heterogeneous pattern with
dominant moderate increases in NDVI and NDWI
and a visible reduction of high-MSI areas; this zone
represents the most active phase of natural renatur-
ation.

- Southern zone — minor positive trends with re-
maining arid patches (high SWIR and MSI), indicat-
ing slower recovery due to poor soil structure and
limited hydrological recharge.

Overall, approximately 65 % of the territory
exhibited improvement in vegetation and moisture
indices, around 25 % remained relatively stable,
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and about 10 % still shows clear signs of degrada-
tion.

The use of Sentinel-2 (L2A) data and spectral
indices (SWIR, NDVI, NDWI, MSI) for the peri-
od 2019-2025 showed a clear trend towards an in-
crease in humidity and bio-productivity in most of
the landfill area (Gorelick, N., et al., 2017). Posi-
tive changes are especially noticeable in the central
and northeastern parts, where there is a decrease in
the MSI (Moisture Stress Index) and an increase in
NDVI and NDWI, indicating a gradual restoration
of ecosystems and stabilization of the microclimate.

The combined index analysis suggests that eco-
hydrological restoration processes are actively pro-
gressing across the Semipalatinsk Test Site.

The decrease in SWIR and MSI reflects the grad-
ual reduction of soil aridity and water stress, while
the increase in NDVI and NDWI indicates enhanced
vegetation productivity and moisture retention.
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Meteorological observations from regional sta-
tions in eastern Kazakhstan and recent climatologi-
cal assessments indicate a statistically significant in-
crease in mean and maximum air temperatures in the
region, while precipitation shows weak but generally
positive trends over the last decades (Cannukos B. n
np., 2015; Camaukos B. u ap., 2023; Makhambeto-

va et al., 2024; PI'TI «Kasruapomer», 2024). These
tendencies are consistent with the satellite-based re-
sults obtained in this study: higher NDWI and NDVI
values together with reduced SWIR reflectance and
MSI indicate more favourable hydrothermal condi-
tions for vegetation growth and a gradual reduction
in drought stress.
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Thus, gradual climate moderation appears to en-
hance natural renaturation processes and contributes
to the eco-hydrological stabilization of the Semi-
palatinsk landscape, while index-based monitoring
clearly reflects the close relationship between cli-
mate dynamics and the state of the soil and vegeta-
tion cover.

These results confirm that the post-nuclear land-
scape is undergoing slow but steady ecological reha-
bilitation, particularly within the northern and cen-
tral physiographic units.

The findings also highlight the potential of using
integrated Sentinel-2 spectral indices as effective
indicators for monitoring land-degradation reversal
and natural recovery in post-technogenic environ-
ments.

Discussion

The present study assessed land degradation and
moisture dynamics within the Semipalatinsk Nucle-
ar Test Site between 2019 and 2025 using Sentinel-2
Level-2A data and a set of spectral indices (SWIR
composites, NDVI, NDWI, MSI). The integrated
remote sensing and GIS-based approach provided a
spatially explicit characterization of eco-hydrologi-
cal changes in a large post-nuclear landscape under
arid climatic conditions.

The results indicate a consistent improvement of
environmental conditions over the six-year period.
Mean NDVI and NDWI values increased, while
MSI and SWIR reflectance decreased, reflecting en-
hanced soil moisture, higher vegetation productiv-
ity and reduced surface dryness. Quantitatively, the
area of moist and vegetated lands expanded, where-
as the proportion of strongly arid and degraded sur-
faces declined, with the most pronounced positive
changes observed in the central and northern parts
of the test site.

The study confirms that Sentinel-2 multispec-
tral monitoring, combined with index-based classi-
fication and GIS analysis, is an effective and cost-
efficient tool for tracking ecological rehabilitation
in post-technogenic territories of Kazakhstan. The
proposed methodology can be applied for regular
monitoring of remote and radiation-hazardous areas,
informing environmental planning and sustainable
land management in arid and semi-arid regions.

Future research should focus on integrating sat-
ellite-derived indices with climatic and hydrological
data, as well as on exploiting longer time series and
machine-learning methods to better predict degra-
dation and recovery trajectories. The inclusion of
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radar observations (for example, Sentinel-1) would
further improve the robustness of soil moisture and
vegetation assessments under cloudy conditions and
support the development of national systems for en-
vironmental monitoring and land-resource protec-
tion in Kazakhstan.

The purpose of the study was to assess the
processes of land degradation and the dynamics
of moisture availability within the Semipalatinsk
Nuclear Test Site (NSNR) using Sentinel-2 multi-
time remote sensing data. To achieve this goal, the
spectral indices SWIR, NDWI, NDVI and MSI were
used, which made it possible to comprehensively
characterize changes in the state of the soil and veg-
etation cover for the period 2019 — 2025.

The technique used included atmospheric cor-
rection of Sentinel-2 Level-2A data, cloud mask-
ing, and calculation of spectral indices reflecting the
degree of degradation, humidity, and plant restora-
tion. A comparative analysis showed a clear trend
towards an improvement in the ecological condition
of the territory: an increase in NDVI and NDWI val-
ues, a decrease in MSI and SWIR brightness indi-
cate an increase in humidity, bio-productivity and
ecosystem stability.

The quantitative assessment showed that the
area of moistened and vegetating lands increased by
about 20 — 25%, while the proportion of arid and de-
graded areas decreased by 10 — 15%. These changes
indicate a gradual restoration of natural processes
and ecosystem stability in the post-nuclear territo-
ry. It is noted that the greatest positive transforma-
tions are taking place in the central and northeastern
zones of the landfill, where active renaturalization
and restoration of vegetation cover are observed.

The results obtained confirm that the integration
of Sentinel-2 multispectral data and the calculation
of key indices (SWIR, NDWI, NDVI, MSI) is an
effective and economically justified tool for moni-
toring environmental rehabilitation of post-techno-
logical territories of Kazakhstan.

The practical significance of the work lies in the
fact that the developed methodology can be used for:

- regular monitoring of land degradation and
vegetation restoration in remote and radiation-haz-
ardous areas;

- environmental planning and environmental
management aimed at land restoration in arid zones
of Kazakhstan;

- building a national remote environmental mon-
itoring system based on open satellite data.

The prospects for further research are related to
the integration of satellite and climate data (precipi-
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tation, temperature, humidity), as well as the use of
machine learning and Sentinel-2 time series analy-
sis to predict the dynamics of degradation processes
and assess the rate of ecosystem restoration.

Thus, the work carried out not only confirms
the effectiveness of remote sensing methods for
studying post-nuclear landscapes, but also makes a
significant contribution to the development of geo-
information monitoring of the environmental sus-
tainability of the territories of Kazakhstan.

The conducted research has contributed to the
development of scientific ideas about the mecha-
nisms of restoration of post-nuclear landscapes
and the improvement of approaches to their remote
assessment. The integration of the SWIR, NDWI,
NDVI, and MSI indexes has made it possible to cre-
ate a reproducible methodology for eco-hydrologi-
cal monitoring of disturbed territories, which can be
used in other arid and semi-arid regions of Central
Asia, where field research is limited.

A comparison with similar studies conducted in
radioactive contamination zones such as Fukushi-
ma (Japan) and the Nevada Test Site (USA) shows
similar recovery trends — gradual vegetation growth
and increased soil moisture. However, unlike these
regions, the landscapes of Kazakhstan are character-
ized by a more pronounced climatic dependence and
spatial heterogeneity of restoration, which requires
long-term and detailed monitoring.

A number of limitations of the study should be
noted, related to seasonal variability, sensor differ-
ences, and insufficient validation by field observa-
tions. In the future, it is advisable to integrate sat-
ellite and climate data (precipitation, temperature,
humidity) and use machine learning and Sentinel-2
time series analysis methods to predict the dynamics
of degradation and the rate of ecosystem restoration.

The additional inclusion of Sentinel-1 radar sur-
vey data will improve the accuracy of soil moisture
and vegetation assessment in cloudy conditions.

Thus, the conducted research has shown that
remote sensing technologies and geoinformation
analysis are indispensable tools for long-term envi-
ronmental monitoring of territories exposed to an-
thropogenic and radiation effects.

The experience gained from studying the Semi-
palatinsk test site can serve as a model for building
national environmental monitoring systems, as well
as for improving the policy of sustainable environ-
mental management and protection of Kazakhstan’s
land resources.
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