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Abstract 

Heavy rainfall and rapid snowmelt frequently overwhelm the natural drainage capacity of catchments in the Eastern 

Rhodopes. The region’s rugged topography and long-term erosional processes have created a landscape naturally 

prone to rapid flooding. This vulnerability is aggravated by active tectonics, steep eroded slopes, sparse vegetation 

from ineffective afforestation, and loose soil deposits. These flooding events drive significant geomorphological 

changes and increase geological hazards, specifically landslide development. This paper proposes a GIS-based 

framework using open-source remote sensing data to assess hazard for large areas and particularly those surrounding 

cultural heritage monuments and sites. Utilizing Sentinel-1 and Sentinel-2 satellite imagery alongside bedrock, soil, 

land cover and elevation datasets, the study generates comprehensive hazard maps. These outputs illustrate 

susceptibility to flood-triggered geological processes, providing a vital tool for improved disaster management and risk 

understanding in the Eastern Rhodopes. 
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INTRODUCTION 

Geological risk constitutes the probabilistic intersection of different types of terrestrial processes and human and 

infrastructure vulnerability, demonstrating the potential for harmful impacts on anthropogenic structures and public 

safety. These risks are mainly result of tectonic activity, where the release of lithospheric strain results in seismic 

events, volcanic eruptions, and tsunamis, but are not limited to them in case local phenomena are considered. Such 

endogenous forces represent a primary risk vector, as they possess the capacity to induce large-scale crustal deformation 

and soil liquefaction. The reliable estimation of this risk is centered not only on the geomechanical magnitude of the 

event, but rather upon a multilateral relationship involving hazard frequency, the exposure of high-value assets, and the 

inherent structural fragility of the environment.  

Hydrological phenomena, specifically torrential rains, serve as primary catalysts for secondary geohazards by 

destabilizing the mechanical equilibrium of the layer between topsoil layer and the stable bedrock. As large quantity of 

water caused by high-volume precipitation raises pore-water pressure within soil and rock masses the result is a 

decrease of effective stress and finally producing slope failure through disastrous landslides or debris flows. Also, the 

hydraulic action of floodwaters promotes significant erosional processes, such as bridges destruction and the 

undercutting of riverbanks, thus posing serious threat to the infrastructural assets as homes and roads. This convergence 

of meteorological and geological variables necessitates a multidisciplinary approach to the overall risk mitigation, as the 

geomechanical consequences endure well beyond the cessation of the rainfall event. 

To achieve better precision in prognostic modeling, existing risk assessment relies on the improved integration of multi-

parameter datasets. By combining high-resolution temporal data from torrential rain events with more fixed spatial 

variables such as topographic complexity, slope inclination, aspect of the slope, soil thickness, and land cover one can 

identify critical thresholds for hillside instability. For example, the interaction between steep gradients and thin, 

saturated soil layers over impermeable and stable bedrock creates a high-probability zone for mass movements. 

Additionally, land cover data serves as a vital proxy for surface solidity and interception rates, where deforestation or 

urban sealing significantly augments the water overspill and finally increase the erosional potential of certain areas. As 

global climatic shifts intensify the frequency of extreme precipitation and urban expansion continues into seismically 

active zones, this data-driven approach to geological risk assessment becomes vital for the preservation of societal well-

being, a key component of which is the preservation of cultural heritage.  
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The primary objective of this research is to develop and validate a scientifically based, multi-criteria methodology for 

the assessment of geohazard risks within the Eastern Rhodopes region. By establishing a processing framework within a 

Geographic Information System (GIS), this study integrates open access satellite imagery from active and passive 

instruments with localized in-situ geological, pedological and climate data. This dual-sourced approach ensures a high 

degree of spatial accuracy, providing a scalable model for envisaging environmental instabilities, thereby enhancing 

regional disaster mitigation strategies targeting various tasks: population protection, the safety of industrial assets, and 

the safeguarding of single cultural heritage monuments and larger sites. 

METHOD AND DATA 

The proposed methodology is centered on establishing the values for Factor of Safety (FoS) parameter, which serves as 

the basic, quantitative index for assessing slope stability at regional scale. This index is derived from the established 

concept of shear failure, which is a cornerstone principle in several disciplines such as geotechnical engineering, 

mechanical design, and structural analysis. The most widely accepted definition for slope stability FoS, as codified by 

Duncan et al. (2014), represents it as the direct ratio between the available shear strength of the soil and the mobilizing 

shear stress required to maintain equilibrium. 

  
(1) 

Typical and widely applied minimum value for FoS for long-term static loading is 1.5, while for high moisture medium 

it decreases to 1.2. By adopting this principle within GIS framework, the method proposed in this study allows for 

calculation of FoS across the investigated areas part of Eastern Rhodopes. The methodology adapts the Mohr-Coulomb 

failure criterion to quantify this ratio. In this application, the shear stress is a function of the slope steepness (derived 

from validated high-resolution DEM) and the localized depth-to-bedrock data derived from variety of sources. The 

available shear strength is modeled as a dynamic output variable, directly influenced by soil cohesion and internal 

friction, both derived from soil types present, and fluctuating pore water pressures caused by rains. These pressures are 

estimated using satellite-derived NDWI and active SAR moisture indices, allowing for a spatially explicit and 

temporally dynamic determination of the FoS.  

In the following analysis, a comprehensive overview of the datasets anticipated for use and the methodological 

framework employed to quantify geological risk within the Eastern Rhodopes region is presented. This assessment 

necessitates a robust integration of endogenous and exogenous variables, as the region’s complex geological history and 

contemporary climatic patterns create a unique susceptibility to diverse geohazards. The primary data acquisition 

strategy for this assessment relies upon the integration of open access Earth observation (EO) satellite imagery, which 

provides the requisite for spatiotemporal monitoring of both fast occurring events (e.g. heavy rains) and long-term 

geomorphological changes. These remote sensing data facilitate the derivation of critical variables, such as land cover 

dynamics and multispectral soil moisture indices derived from optical instruments like MSI (Sentinel-2) or OLI 

(Landsat-8/9). Furthermore, they enable the production of precise topographic models and the detection of surface 

deformations using the latest advances in Interferometric Synthetic Aperture Radar (InSAR) processing. By utilizing 

satellite-based sensors, it is possible to track and evaluate the immediate impact of torrential rains on slope stability and 

surface runoff patterns across the heterogeneous landscape of the Eastern Rhodopes, offering a level of oversight that 

traditional ground-based monitoring cannot achieve at such scale. 

To calibrate and validate these satellite-derived observations, the methodology incorporates a suite of ancillary 

geospatial datasets, including modern geological maps, lithological records, and soil catalogs. These maps provide the 

initial context for understanding the region's tectonic activity by delineating fault lines, bedrock composition, and 

stratigraphic unconformities that dictate the mechanical behavior of the crust under stress. Moreover, these data are 

cross-referenced with localized data on soil type and thickness, and engineering properties to refine the susceptibility 

models. The synthesis of contemporary remotely sensed data with geological, climate and pedological archives ensures 

a multi-layered analytical framework, capable of reconciling large-scale tectonic drivers with the site-specific physical 

parameters that manage localized geological risk. (Frantzova, 2026) 

The Sentinel-1 and Sentinel-2 satellite missions, part of the Copernicus Programme, offer a synergistic approach to 

Earth observation, providing the medium-resolution spatial and temporal data necessary for integrated and multifaceted 

geohazard modeling. The synthetic aperture radar onboard Sentinel-1 due to its ability to penetrate the cloud cover 

delivers essential data for assessing the flood risks as well as to quantify the consequences from them. This peculiarity 

is of significant importance for the Eastern Rhodopes, a region where Mediterranean cyclonic activity is frequent and 

often leads to intense atmospheric disturbances. The last results in high-volume precipitation events for short time 

intervals, which directly intensify the hydrological and geological vulnerabilities typical to this region. Primarily, the 

use of an active SAR instrument, which measures the backscatter of microwave pulses in specific band, allows for the 
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delineation of soil moisture levels and extents, regardless of illumination or meteorological conditions. Another 

advantage of incorporating SAR data is the possibility of applying radar interferometry, which enables the detection of 

small surface deformations and, furthermore, the establishment of temporal trends in land surface movements a well-

known precursor for identifying potential landslide activations triggered by single intense precipitation event. On the 

other hand, the integration of data from optical instruments with moderate to high spatial resolution, such as the 

MultiSpectral Instrument (MSI) aboard Sentinel-2 or the OLI onboard Landsat-8/9, is essential for the precise 

delineation of landslide-prone zones. Those sensors deliver essential observations within the optical and infrared 

regions of the electromagnetic spectrum, which complements radar-based measurements. Using optical data, two 

critical biogeophysical indices – the Normalized Difference Water Index (NDWI) and the Normalized Difference 

Vegetation Index (NDVI) – can be derived to establish surface moisture levels and vegetation density, both of which are 

considered essential variables for hazard modeling. This way it can be argued that middle and high resolution optical 

imagery is instrumental for change-detection analysis, enabling the comparison of pre- and post-event datasets to 

quantify land-cover shifts and geomorphological disturbances across the region. The integration of these 

multidimensional datasets is achieved within a unified GIS environment, which serves as the analytical tool for 

synthesizing radar-derived deformation trends and optical-based biogeophysical indices. By leveraging the spatial 

layering capabilities of GIS, the methodology allows for the cross-correlation of surface moisture dynamics (NDWI), 

vegetation density (NDVI), and high-precision InSAR displacement maps. This integral approach facilitates the overlay 

of environmental variables onto topographic and geomorphological datasets, ultimately producing a comprehensive and 

spatially explicit georisk model for the Eastern Rhodopes region.  

The proposed modeling framework is underpinned by several verified datasets – including a high-resolution Digital 

Elevation Model (DEM), a detailed geological map, and a comprehensive soil map – that provide the necessary spatial 

context. Most significantly, the inclusion of information for the depth-to-bedrock estimation serves as the cornerstone of 

this study’s novelty since this way the sliding plane could be appraised. By integrating this subsurface parameter with 

surface-level observations, the research moves beyond traditional georisk assessments, offering a 3D perspective on soil 

stability that is often overlooked in regional hazard modeling.  

To ensure high analytical accuracy, the proposed methodology utilizes a multi-criteria decision-making approach that 

makes use of dynamic satellite observations with static physiographic parameters. This involves the overlay of high-

resolution displacement trends (InSAR processing) and rainfall-induced moisture (derived from NDWI and SAR 

backscatter) considered together with spatial layers of topographic relief (DEM), slope steepness and aspect, and the 

study’s novel depth-to-bedrock estimations. Such integration allows for the identification of geomechanical thresholds 

where the combination of steep gradients and saturated, thin soil covers creates a possible threat of surface instability. 

Furthermore, variations in land cover, obtained from NDVI-based vegetation density and anthropogenic sealing, are 

analyzed to determine their role in regulating surface runoff and soil cohesion. By quantifying the interplay between 

these variables within a GIS environment, the model provides a sophisticated, data-driven basis for assessing the 

resilience of infrastructure and the safety of human settlements within the Eastern Rhodopes. 

RESULTS  

Systematic assessment of geological hazards requires a framework capable of integrating environmental variables from 

various sources; this study offers a robust model for achieving that integration. The final outcome is the development of 

methodology able to establish the georisk profile of the East Rhodopes region as graphically illustrated in the figure 1. 

This approach utilizes a multi-criteria spatial analysis to delineate areas of vulnerability in the studied region. The 

proposed methodological framework relies on multi-source geospatial data to establish a robust pipeline for geohazard 

characterization and risk assessment. The primary sources of data for regular temporal observations are from satellite-

based remote sensing instruments, complemented by data from in-situ campaigns for verification purposes. In addition 

to standard input parameters, this methodology incorporates depth-to-bedrock data to characterize the mechanical 

interactions between the soil profile and the underlying stable base. The final feature includes a one more variable into 

the georisk estimation framework. To improve the robustness and trustworthiness of the result additional geospatial 

variables, namely the soil type and position of the fault systems, have been integrated into the risk assessment scenario. 

The inclusion of these variables contributes to better simulation of geotechnical stability, thereby providing improved 

valuation of potential environmental hazards.  

All source data processing and their integration is executed within a common open source Geographic Information 

System (GIS) environment, where raw data is converted into high-order environmental variables, including soil 

moisture, deformation velocities, and biomass density. This computational architecture enables the creation of static 

hazard susceptibility models, into which high-risk zones are identify based on representative geological vulnerabilities, 

and dynamic monitoring protocols that correlate the ongoing surface deformation trends with some triggering factors 

like precipitation. By modeling these complex NDVI-precipitation-deformation relationships, the system provides 
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means from simple Earth observation monitoring to a prognostic understanding of landscape evolution of the areas of 

interest. 

 

Figure 1. Schematic of the proposed method for risk estimation.  

The final results from the GIS processing allows estimation of current risk assessments within this Geo‒Environmental 

Risk Information System (GERIS) that are easily integrated in different practical applications. The key objective is the 

improvement of public safety by providing timely and reliable information for population protection and the continuous 

structural health monitoring of significant infrastructure assets. Moreover, the inclusion of cultural heritage 

safeguarding underlines the capacity of the developed methodology for operational monitoring of well-known historical 

sites. Consequently, this holistic approach provides a scalable and technically rigorous solution for managing the 

intersection of geological instability and anthropogenic development. 

CONCLUSIONS 

This research presents an advanced methodology for enhanced geohazard risk estimation using data resulting from 

operational satellite remote sensing instruments combined with multi-source and verified geospatial datasets. To 

enhance the predictive accuracy of the model, the framework incorporates a large sets of environmental variables 

extracted from high-resolution landcover classification maps, lithological and structural geological data, and 

meteorological parameters. By fusing near-real-time Earth observation data with these variables, the proposed method 

provides a more dynamic and robust assessment of regional vulnerabilities. It is also to mention that this research paves 

the way for creation of Digital Twin or reliable virtual 3D models of the investigated region of East Rhodopes. Having 

in mind the frequent revisiting of the satellites this method adds the temporal dimension in investigating the landscape 

dynamics.  
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