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SUMMARY

Landslides and avalanches are widespread hazardous geodynamic processes along the northwestern
coast of the Black Sea, requiring detailed analysis. At the same time, the scope of instrumental studies
and field observations in the region has been decreasing, making remote sensing data an important
source of information. This study presents a spatial assessment of the landslide susceptibility of
coastal slopes using data obtained from publicly available satellite sources. It is achieved by the
development of a model that accounts for the combined influence of morphometric terrain parameters
and indices characterizing vegetation cover and surface moisture. The resulting model made it
possible to identify areas of varying levels of potential landslide and avalanche hazards along the
slopes of the northwestern Black Sea coast. Model verification was carried out by comparing the
obtained results with slope stability coefficients reported in an authoritative publication. The analysis
revealed a strong correlation, indicating an acceptable level of agreement between the modeling
results and actual slope stability conditions in the region.
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Introduction

The northwestern coast of the Black Sea is characterized by the rapid development of negative
geodynamic processes, among which landslides and avalanches are the most hazardous. Investigating
slope stability in this area is an urgent task, as landslide and avalanche processes pose a serious threat,
especially under increasing anthropogenic pressure. Although considerable attention has been given to
such studies (Cherkez, Melkonyan, & Skalskyi, 2019; Osadchy, & Baadzhi, 2022; Medinets et al.,
2022), recently there has been a reduction in instrumental research and ground-based observations in
this region. Therefore, remote sensing data has become an important source of information for similar
investigations.

In other countries, a number of studies have demonstrated the effectiveness of satellite methods for
assessing slope stability (Aslam et al., 2022; Chen et al., 2021). Although such research would have
theoretical and practical value for the northwestern Black Sea coast, this topic has yet to receive
adequate development in Ukraine. A substantial amount of factual data on slope stability obtained
using classical engineering-geological methods, has been accumulated and partially published for this
area. These approaches provide objective but discrete information, whereas satellite methods enable a
generalized assessment of slope conditions over large areas.

These two approaches differ methodologically. The engineering-geological approach is based on
detailed analysis of slope configuration and rock properties, and therefore is an analytical and
differential method. In contrast, the assessment using satellite data is integrative and holistic. This
makes the comparison of results obtained by these methods and the evaluation of their degree of
correspondence particularly interesting.

The aim of this study is to assess the landslide susceptibility of coastal slopes along the northwestern
Black Sea coast based on multispectral analysis of satellite imagery and processing of a digital
elevation model (DEM) derived from satellite sources, as well as to compare the obtained results with
slope stability coefficients previously calculated by classical engineering-geological methods. The
object of the study is the landslide-prone slopes of the northwestern Black Sea region, the subject is
their landslide susceptibility.

Method and Theory

The study employs a landslide susceptibility assessment methodology based on a factor model with
weighted coefficients, as proposed by Aslam et al., 2022. This approach involves evaluating the
combined influence of several natural factors, each with a specific significance in landslide formation.

For assessing the stability of coastal slopes along the northwestern Black Sea coast, a spatial model
was developed that considers the combined impact of seven factors: morphometric terrain parameters
and the NDVI (Normalized Difference Vegetation Index), characterizing vegetation cover, and NDWI
(Normalized Difference Water Index), indicating surface moisture. These factors were calculated
following generally accepted methodologies using the SRTM (Shuttle Radar Topography Mission)
digital elevation model with a spatial resolution of 30 m and Sentinel-2 satellite imagery with a spatial
resolution of 10 m. The values of each of the seven factors were transformed into a five-point scale to
standardize heterogeneous indicators. The natural breaks method was applied for this purpose, which
groups data to minimize variance within classes and maximize variance between them.

Since the factors have different weights in the final result, weighted coefficients from
Aslam et al., 2022, determined using the Analytical Hierarchy Process, were used slope — 0.26, NDWI
— 0.21, slope length — 0.16, NDVI — 0.14, plan curvature — 0.12, general curvature — 0.09, profile
curvature — 0.02. The resulting landslide susceptibility indicator was calculated by summing the
values of all factors multiplied by their respective weights. For ease of interpretation, the obtained
results were converted into a 0-100 scale, where lower values indicate relative slope stability, and
higher values indicate potential landslide or avalanche hazard.
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The obtained results were compared with slope stability coefficients available for the study area from
Zelinskyi et al., 1993. Despite the lack of detailed spatial characteristics of slopes in the historical
data, this comparison allowed preliminary conclusions regarding the consistency of the model results
with existing observations.

Results

The conducted analysis yielded a spatial landslide susceptibility model that enables the assessment of
landslide and avalanche risks on slopes within the study area, which covers approximately 220 km of
the northwestern Black Sea coast in the Odesa and Mykolaiv regions (Fig. 1). The model incorporates
the primary factors that determine slope stability and can be derived from remote sensing data,
including surface slope, curvature, slope length, moisture content, and vegetation cover.

According to the assessment results, the slopes within the settlements of Kurortne, Sanzhiyka, and
Chornomorske are identified as the most landslide- or avalanche-prone. In general, potentially
hazardous slope areas (landslide susceptibility above 60) encompass a significant portion of the
coastline from Ochakiv city to Lebedivka village (excluding sand spits). At the same time, low
landslide risk zones are observed near limans (Budak, Dniester, Tuzly, Sasyk), which are separated
from the sea by accumulative formations such as sand spits, as well as in the Danube Delta area.
These findings fully correspond with the existing understanding of landslide and avalanche processes
in the studied region (Medinets et al., 2022).
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Figure 1. Landslide Susceptibility map and Validation Sites.

To validate the reliability of the developed model, the results obtained in this study were compared
with slope stability coefficients published by Zelinskyi et al., 1993. For comparison, nine coastal
sections were selected where the slopes were delineated, and average landslide susceptibility values
calculated from the model were obtained (Table 1). To ensure an unbiased delineation of the slope
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sections for which average susceptibility values were calculated, boundaries were determined using
slope contour lines with a threshold value exceeding 2.3°.

Table 1. Values obtained for the control sites.

Average Average Slope stability
No Control site slope angle landslide coefficient (Zelinskyi
(degrees) susceptibility etal., 1993)
1 | Sychavka village 7,03 54,3 1,03
2 | Hryhorivka village 7,38 53,32 1,1
3 | Fontanka village 8,45 55,95 1,09
4 | Primorsky Boulevard (Odesa city) 8,66 50,55 1,07
5 | Otrada (Odesa city) 7,72 47,59 1,88
6 | 10th—16th stations of Velykyi 8,068 52,7 1,81
Fontan (Odesa city)
7 | Zelenaya Skelya (Odesa city) 10,51 56,65 0,93
8 | Sanzhiyka village 6,33 55,88 0,81
9 | Lebedivka village 4,51 57,09 0,74

Comparison of the average landslide susceptibility values calculated in this study with the slope
stability coefficients reported by Zelinskyi et al., 1993 revealed a strong negative correlation with a
correlation coefficient of r = —0.77 (the inverse correlation is explained by the opposite scales)
(Fig. 2). This indicates an acceptable level of agreement between the modeling results and the actual
slope stability conditions, considering the study scale and the limited spatial resolution of the satellite
data.
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Figure 2. Relationship between slope stability coefficients (Zelinskyi et al., 1993) and average
landslide susceptibility value.

A correlation analysis was also performed between the slope stability coefficient according to
Zelinskyi et al., 1993 and the slope gradient, which was the most significant factor in the obtained
landslide susceptibility model. The analysis revealed no statistically significant relationship between
these values (r = 0.32), highlighting the need to consider factors collectively rather than individually.

The use of remote sensing data provides extensive spatial coverage and makes the proposed approach
suitable for large-scale assessments of slope stability, even in the absence of instrumental
investigations and ground observations. Future studies should consider expanding the set of factors
and comparing modeling results with historical observations of slope retreat.
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Conclusions

This study conducted a spatial assessment of landslide susceptibility of coastal slopes along the
northwestern coast of the Black Sea using remote sensing data. The developed assessment model
considers the combined influence of seven factors: morphometric terrain parameters and NDVI and
NDWTI indices, enabling evaluation of slope stability against landslides.

The most landslide- and avalanche-prone slopes were identified within the settlements of Kurortne,
Sanzhiyka, and Chornomorske. Potentially hazardous areas cover a significant part of the coast from
Ochakiv city to Lebedivka village, excluding sand spits. Low landslide risk was observed in areas
where lagoons (Sasyk, Budak, Dniester, Tuzly) are separated from the sea by accumulative forms, as
well as within the Danube Delta. The results align with the general understanding of spatial
differentiation of landslide and avalanche processes in the region.

Comparison of mean landslide susceptibility values calculated in this study with slope stability
coefficients from Zelinskyi et al., 1993 showed a strong correlation, indicating an acceptable level of
agreement between the modeling results and actual conditions, considering the regional scale of
analysis and the limited spatial resolution of satellite data.

The proposed methodology is based exclusively on open remote sensing data, ensuring its
accessibility and versatility. It can be effectively applied for operational assessment of coastal slope
conditions over large areas.
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