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SUMMARY

Landslides are among the most frequent and destructive natural hazards in mountainous regions,
posing serious risks to human life, infrastructure, and ecosystems. The Carpathian Mountains,
spanning Central and Eastern Europe, are particularly susceptible due to their complex
geomorphology, steep topography, and increasing anthropogenic pressures. Comparing traditional
field-based assessments, advancements in remote sensing and cloud-based platforms such as
Google Earth Engine (GEE) enable scalable, high-frequency, and cost-efficient analysis of
landslide-prone terrain. This study utilizes GEE to integrate multi-source satellite and
environmental data for regional-scale landslide susceptibility mapping across the Carpathians. A
weighted overlay model combining factors such as elevation, slope, aspect, curvature, vegetation
(NDVI), and precipitation was used to compute a Landslide Susceptibility Index (LSI). The
resulting map, validated using the NASA Global Landslide Catalog, identifies low to very high
susceptibility zones.
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Introduction

Landslides are a major natural hazard in mountainous regions, leading to significant environmental damage,
economic losses, and community risks. In the Carpathian Mountains — which stretch across parts of
Ukraine, Poland, Slovakia, Romania, and Hungary — landslides occur frequently due to the region’s
complex geology, steep terrain, and increasing pressure from human activity and climate variability (Ivanik
et al., 2019; Shtohryn, & Kasiynchuk, 2024). Effective monitoring and assessment of these processes are
essential for land-use planning and disaster risk management.

Remote sensing data play a critical role in landslide research, providing dynamic and large-scale
observations (Fossi et al., 2025) often inaccessible through conventional field methods (Heruk et al., 2017;
Kuzmenko et al., 2018). Their integration into geospatial analysis significantly enhances the ability to
detect, monitor, and model hazardous processes in hard-to-access terrains, including mountainous areas.
This study aims to evaluate the potential of Google Earth Engine (GEE) (Laghari et al., 2025) for regional-
scale landslide susceptibility mapping across the Carpathians. The main objectives include identifying key
natural and anthropogenic factors influencing landslides, processing open-access satellite and terrain data,
and producing a spatial model of hazard distribution. The research demonstrates the usefulness of remote
sensing and the power of cloud-based geospatial analysis for supporting sustainable land management in
vulnerable mountain landscapes.

Method and/or Theory

The methodology integrates multiple geospatial datasets representing topographic, climatic, vegetation, and
landslide event information to generate a Landslide Susceptibility Index (LSI) (Lee, & Talib, 2005). A
weighted overlay model was applied, incorporating such characteristics as geomorphological factor values,
NDVI, and precipitation (Liang et al., 2021; Ostapenko et al., 2023). Table 1 provides general information
about the datasets used in the assessment.

Table 1 Datasets used in the landslide susceptibility assessment

Temporal Spatial

Dataset Source Coverage | Resolution Purpose

SRTMDEM  [USGS/SRTMGL1 003 N/A 30m |Derivation of elevation,
- slope, aspect, curvature
Sentinel-2 )
Surface COPERNICUS/S2 SR Summer jom |\VPVI calculation for
2022 vegetation coverage
Reflectance
CHIRPS Daily - \(;-5p CHG/CHIRPS/DAILY | Year2023 | ~5km  |0nual - precipitation
Precipitation estimation
Validation of the

NASA Global - \\1\ g (GLC, 1970-2019) 1970-2019 | Point data |Landslide Susceptibility
Landslide Catalog Index

The area of interest (AOI) is the Carpathian Mountains, defined by a shapefile containing the vector
boundary of the region (approximate geographic extent between 17.5° — 26.5°E longitude and 45.5° —
50.5°N latitude). All raster datasets were clipped to this AOI and resampled to a uniform spatial resolution.
The landslide inventory points were also filtered to fall within the AOI. Each layer was normalised to a 0—
1 scale to standardise input variables. NDVI was inverted to reflect increased landslide susceptibility with
lower vegetation. Curvature was normalised assuming a range from -1 to 1. The Landslide Susceptibility
Index (LSI) was computed using a weighted linear combination of six factors, each representing a key
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environmental variable influencing landslide occurrence: altitude (w = 0.2), slope (w = 0.25), aspect (w =
0.2), curvature (w = 0.15), NDVI (w = 0.1), and precipitation (w = 0.1).
LSI values were divided into four susceptibility zones using the 25th, 50th, and 75th percentiles of the LSI
distribution across the study area:

* Low susceptibility;

e Moderate susceptibility;

o High susceptibility;

e Very high susceptibility.
The resulting LSI was validated using historical landslide data from the NASA Global Landslide Catalog
(NASA GLC) (Kirschbaum et al., 2010).

Results

The resulting Landslide Susceptibility Index (LSI) map for the Carpathian region (Figure 1) effectively
highlights spatial patterns of landslide risk across mountainous areas. Areas of very high susceptibility are
predominantly found along steep slopes in the northern and south-eastern Carpathians, particularly in
Romania, Slovakia, western Ukraine, and southern Poland. High susceptibility zones follow a similar
pattern, extending across ridgelines and escarpments. Moderate susceptibility areas are distributed across
mid-elevation zones and transitional terrains, whereas low susceptibility is associated with flatter terrain,
usually found outside mountainous regions.
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The landslide events observed in the NASA GLC are predominantly concentrated within the high and very
high susceptibility zones. This spatial overlap provides a compelling indication of the model's validity and
suggests a general agreement between the predicted risk levels and the actual landslide occurrences (Figure
2). The correlation of historical landslides with modelled zones of higher susceptibility serves to
demonstrate the efficacy of the weighted overlay approach in identifying vulnerable areas across the
Carpathians.
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Figure 2 Landslide counts per susceptibility class
Conclusions

This study successfully demonstrates the application of a multi-criteria weighted overlay approach for
assessing landslide susceptibility in the Carpathian region with open source data and cloud geoinformation
platform Google Earth Engine. LSI values allow for highlighting priority areas for risk mitigation and
support regional planning initiatives by identifying zones of low to very high susceptibility across the
mountain range.

The approach integrates topographic, vegetative, and climatic indicators from global remote sensing
datasets. While effective for regional-scale assessments, several limitations must be acknowledged. The
model assumes static environmental conditions and does not account for dynamic processes such as
deforestation, urban development, or land use change, which can significantly alter landslide risk over time.
The precipitation data used from the CHIRPS dataset, although globally accessible, has relatively coarse
spatial resolution, which may not adequately capture localised rainfall events critical to triggering
landslides. Using NDVI as a proxy for vegetation stability is a simplification that does not fully represent
land cover, forest structure, and vegetation type. Additionally, the assignment of weights for the
contributing factors was based on expert judgment and literature review rather than statistical optimisation,
potentially introducing bias into the model.

Another important constraint is the limited number of observed landslide events in the study area's NASA
GLC. The spatial coverage of the catalog is sparse in the Carpathians, reducing the robustness of the
validation step and underrepresenting actual landslide occurrences. Incorporating national or regional
landslide inventories — such as those maintained by Polish, Ukrainian, Romanian, or Slovak geological
institutes — would be highly beneficial to enhance the accuracy of susceptibility mapping and validation.
Higher spatial resolution datasets would improve the model's sensitivity and would strengthen the model's
reliability and operational utility.

Future research should consider integrating more detailed and dynamic variables such as land cover and
land use variability, lithology, hydrology, tectonic, and seismic data. Statistical methods or machine
learning techniques (e.g., logistic regression, random forests, or AHP) could be applied to refine the
selection and weighting of input factors. Advancements in these directions would support the development
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of more accurate and responsive landslide susceptibility models, ultimately contributing to more effective
early warning systems, sustainable land management, and climate resilience planning in mountainous
regions like the Carpathians.

References

Fossi, D. H., Lonkeng, D. S. T., Fossi, D. H., & Lonkeng, D. S. T. (2025). Landslide Detection and
Monitoring Using Remote Sensing Techniques. Exploring Remote Sensing - Methods and
Applications. https://doi.org/10.5772/INTECHOPEN.1007652

Heruk, Yu. V., Kuzmenko, E. D., Davybida, L. 1., Yakovlev, Ye. O., & Nikitash, A. P. (2017). About a
temporal relation between precipitation and groundwater levels on the right bank of the Kiev
hydroelectric reservoir. 16th International Conference on Geoinformatics - Theoretical and Applied
Aspects, 2017(1), 1-5. https://doi.org/10.3997/2214-4609.201701811

Ivanik, O., Shevchuk, V., Kravchenko, D., Shpyrko, S., Yanchenko, V., & Gadiatska, K. (2019). Geological
and geomorphological factors of natural hazards in Ukrainian Carpathians. Journal of Ecological
Engineering, 20(4), 177-186. https://doi.org/10.12911/22998993/102964

Kirschbaum, D. B., Adler, R., Hong, Y., Hill, S., & Lerner-Lam, A. (2010). A global landslide catalog for
hazard applications: Method, results, and limitations. Natural Hazards, 52(3), 561-575.
https://doi.org/10.1007/S11069-009-9401-4

Kuzmenko, E. D., Chupurna, T. B., Chepurnyi, 1. V., Bagriy, S. M., Davybida, L. 1., & Shtogrin, L. V.
(2018). Forecasting of subsidence of the earth's surface within the salt deposits areas of
Precarpathians by a complex of geophysical and geodetic studies. In 17th International Conference
on Geoinformatics - Theoretical and Applied Aspects, Kyiv. https://doi.org/10.3997/2214-
4609.201801823

Laghari, M. M., Jagirani, S. S., Cheng, N., Irfan, M., Zardari, 1. A., David, U., Akbar, Z., Zewen, Y., &
Abu Bakar, M. (2025). Advances in Landslide Detection through Google Earth Engine: A
Comprehensive Review. Natural Hazards Review, 26(3), 05025007.
https://doi.org/10.1061/NHREFO.NHENG-2423

Lee, S. & Talib, J.A. (2005). Probabilistic Landslide Susceptibility and Factor Effect Analysis.
Environmental Geology, 47, 982-990. https://doi.org/10.1007/s00254-005-1228-z

Liang, Z., Wang, C., Ma, D., & Ullah Jan Khan, K. (2021). Exploring the potential relationship between
the occurrence of debris flow and landslides. Natural Hazards and Earth System Sciences, 21(4),
1247-1262. https://doi.org/10.5194/NHESS-21-1247-2021

Ostapenko, H., Zatserkovnyi, V., de Donatis, M., Ilyin, L., & Pastushenko, T. (2023). Using GIS methods
to build a landslide susceptibility map in Romagna region (Italy). 4th EAGE Workshop on
Assessment of Landslide Hazards and Impact on Communities, Landslide 2023.
https://doi.org/10.3997/2214-4609.2023500009

Shtohryn, L. V., & Kasiynchuk, D. V. (2024). Analysis of natural and man-made factors of landslide
development in the Carpathian region using GIS. Naukovyi Visnyk Natsionalnoho Hirnychoho
Universytetu, 5, 93-98. https://doi.org/10.33271/nvngu/2024-5/093

Fifth EAGE Workshop on Assessment of Landslide Hazards and impact on communities
15-18 September, 2025, Ukraine


https://doi.org/10.5772/INTECHOPEN.1007652
https://doi.org/10.3997/2214-4609.201701811
https://doi.org/10.12911/22998993/102964
https://doi.org/10.1007/S11069-009-9401-4
https://doi.org/10.3997/2214-4609.201801823
https://doi.org/10.3997/2214-4609.201801823
https://doi.org/10.1061/NHREFO.NHENG-2423
https://doi.org/10.1007/s00254-005-1228-z
https://doi.org/10.5194/NHESS-21-1247-2021
https://doi.org/10.3997/2214-4609.2023500009
https://doi.org/10.33271/nvngu/2024-5/093


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



