SPATIOTEMPORAL DISTRIBUTION AND GIS DATABASE
DEVELOPMENT FOR NATURAL DISASTERS: THE CASE OF
THE SUMADIJA REGION, SERBIA

Ana Milanovi¢ Pesi¢, Dragoljub Strbac, Suzana Lovié¢ Obradovié

Dr. Ana Milanovi¢ Pesi¢

Geographical Institute “Jovan Cviji¢” Serbian Academy of Sciences and Arts
Djure Jaksiéa St. 9, 11000 Belgrade, Serbia

Tel. +381112636594 Email: a.milanovic(@gi.sanu.ac.rs

Dragoljub Strbac

Geographical Institute “Jovan Cviji¢” Serbian Academy of Sciences and Arts
Djure Jaksi¢a St. 9, 11000 Belgrade, Serbia

Tel. +381112636594 Email: d.strbac(@gi.sanu.ac.rs

Suzana Lovi¢ Obradovié

Geographical Institute “Jovan Cviji¢” Serbian Academy of Sciences and Arts
Djure Jaksi¢a St. 9, 11000 Belgrade, Serbia

Tel. +381112636594 Email: s.lovic@gi.sanu.ac.rs

Abstract

Every year, a large number of natural disasters are recorded in Serbia. One of the most endangered regions is Sumadija,
located in central Serbia. Therefore, this study aims to present the GIS created for the spatial analysis of natural disasters
in Sumadija Region, as well as for assessing the different levels of vulnerability of this territory to specific types of natural
disasters.

Through geospatial analysis of the collected data, areas with different degrees of natural hazard in Sumadija were
identified. The integration of physical-geographical and demographic-economic parameters showed that the greatest risk
of natural disasters is in the eastern and southeastern parts of Sumadija. By identifying municipalities with high natural
hazard risk, this study provides a valuable basis for decision-makers in improving the planning of preventive measures
and establishing a sustainable natural disasters management system, with the aim of mitigating their consequences.
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INTRODUCTION

Natural disasters, as devastating events with significant impact on the environment and society, are one of the challenges
that humanity has consistently faced and remain a current topic for scientific research. Special focus in modern research
of this issue is placed on spatio-temporal analysis in a Geographic Information Systems (GIS)environment, an essential
tool for comprehensive assessments of natural hazards (Bartolini et al., 2017; Mitsova, 2019; Salvati et al., 2021, Van
Westen, 2013). Creating a GIS for natural disaster management requires an interdisciplinary approach that integrates
spatial and temporal data from different sources, using remote sensing and analysis of relevant literature (E1 Morjani et
al., 2007; Giardino et al., 2012)to assess disaster risk. Recent research indicates that GIS systems for natural disasters
analysis need to be designed to overcome the complex issues associated with collecting geodata from different sources
and linking them through spatial analysis, enabling the identification of high-risk areas and vulnerability assessment,
which is crucial for disaster risk mitigation and building societal resilience to natural disasters (Daud et al., 2024, Giiven,
2018). Furthermore, through detailed mapping, GIS enables the visualization of disaster risk, serving as a basis for the
creation of disaster risk mitigation strategies (Han & Liu, 2025, Singh, 2024). In addition, GIS implementation in
contemporary research often includes machine learning to enable real-time monitoring of phenomena, the development
of advanced early warning systems, and the application of innovative visualization techniques (Diehr et al., 2025).

GIS development for the analysis and management of natural disasters in Serbia began in the first decade of the 21st
century and intensified after the floods of May 2014. These floods, which affected the central parts of Serbia, represent
the largest natural disaster in the 21st century in Serbia, resulting in 51 fatalities, over 32,000 residents being displaced,
and material damage estimated at 2.2 billion dollars (Milanovi¢ Pesi¢, 2015; UroSev et al., 2017). In the first decade of
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the 21st century, the use of GIS in the study of natural disasters referred to the development of these systems for the study
of these phenomena in smaller territories, such as the study of hydrological processes in the Lepenica River Basin
(Milanovié¢ & Strbac, 2017), in the detection of landslides in the City of Jagodina (Milogevi¢, 2010) and the assessment
of vulnerability to natural hazards of the FruSka Gora and Perdap national parks located in the Serbian Danube region
(Dragicevic¢ et al., 2013). The catastrophic flood of 2014 served as a turning point in GIS development, leading to the use
of satellite imagery and remote sensing technologies for mapping affected areas in western Serbia. Also, the development
of GIS for natural disaster management has progressed significantly through the implementation of the National Spatial
Data Infrastructure and the IGIS project (Aleksi¢ et al., 2017). During that period, at the Geographical Institute “Jovan
Cviji¢” SASA, the first comprehensive GIS for natural disaster analysis was developed for the Sumadija Region in 2014
and 2015. In addition, many studies are beginning to use GIS to assess certain natural hazards, most notably floods and
flash floods, and vulnerability to these disasters in smaller territories. Thus, Mani¢ et al. (2015) used GIS to assess flood
risk in the Kolubara River Basin, Risti¢ et al. (2017) implemented GIS and digital elevation models to calculate water
flow and sediment transport in the Cadavica River Basinin order to mitigate flood risk, Stankovi¢ et al. (2021) used GIS
to visualize the vulnerability of municipalities in Serbia to flood risk through mapping and spatial analysis of precipitation
and loss data, Novkovi¢ et al. (2021) applied GIS in the analysis of landslide and flash flood vulnerability in LuZnica
River Basin, and Luki¢ (2023) conducted geospatial analysis using GIS to determine flash flood vulnerability in the
Porecka River Basin. Recently, Deep Learning and Machine Learning Models Based on Multi-Sensor Satellite Data have
been increasingly used for natural disaster risk assessment, alongside GIS, as in the case of forest fire assessment in Serbia
(Durlevi¢ et al., 2025).

This study aims to present the state of the art of the first GIS developed for the comprehensive analysis of natural disasters
in Serbia, for example, the Sumadija region, which was created at the Geographical Institute. The novelty and specificity
of this study is represented by a holistic approach to integrating a wide range of spatiotemporal data into the GIS
framework. Unlike most research that focuses on specific hazards, this study combines several segments, including natural
disaster inventory, damage and loss data, as well as geological, climatic and hydrological data and analyses. This enables
the combination of GIS with multi-criteria analysis, allowing the creation of multi-hazard maps that take into account
various factors and different spatial scales, from local to regional studies. In addition, the created GIS was used for
vulnerability assessment of the population to multiple hazards at the municipal level in this study.

MATERIALS AND METHODS
Study area

The Sumadija Region, located in the central part of Serbia, has an area coverage of 8,569 km2 (Milanovié Pegi¢, 2015)
and an average density of 1,305 inhabitants/km? (Milanovi¢ Pesi¢ & Milovanovi¢, 2016). The borders of this territory are
defined by rivers: Sava and Danube in the north, Velika Morava in the east, Zapadna Morava in the south, to the confluence
of Di¢ina, Cemernica, Di¢ina, and Mala Di¢ina in the southwest, and Slavkovacka Reka, Ljig, and Kolubara in the west.
According to the Spatial Units Register of the Republic of Serbia, 617 settlements from 35 municipalities belong to
Sumadija, with 22 municipalities located entirely within this territory (Milanovi¢ Pegi¢, 2015).

Data

Given that the creation of a GIS for natural disasters in the Sumadija Region required integrating multiple data layers, it
was necessary to use different data sources. The Spatial Units Register of the Republic, as well as topographic maps at
1:500,000 and 1:300,000, were used to define the boundaries of the territory, as well as the administrative division. In
order to analyze geological, geomorphological and pedological characteristics of the studied area, the Geotectonic Map
1:2,000,000, the geological maps 1:100,000, the Erosion Map 1:500,000 and the Pedological Map 1:600,000 were used.
Data on water levels and flows from the Hydrological Yearbooks, Volume 1, as well as data on climate elements from the
Meteorological Yearbooks, Volumes 1 and 2, for the period 1961-2020, published by the Republic Hydrometeorological
Institute of Serbia, were used to create databases and hydrological and climatological analyses. In the assessment of
natural hazards, the following maps were used: Map of Indicative Flood Zones 1: 500,000, Maps of significant flood
areas 1: 500,000, Seismic hazard maps - macroseismic intensity on the surface of the local soil for return periods of 95
years, 475 and 975 years 1: 1,000,000, Engineering Geological Map 1: 2,000,000, Terrain Map according to Engineering
Geological Favorability 1: 2,000,000, Neotectonic Map 1: 2,000,000. To create natural disaster inventory, which included
collecting data on natural disasters occurences, losses and economic damage, the Catalogue of Earthquakes Part I, 1901-
1970, Part II, prior 1901 (1974) published by UNDP/ UNESCO Survey of the seismicity of the Balkan region, publications
Municipalities and Towns in the Republic of Serbia published by the Republic Statistical Office of Serbia, international
databases provided by the United Nation Office for Disaster Risk Reduction — The Emergency Events Database Centre
for Research on the Epidemiology of Disasters (EM-DAT) and the Disaster Information Management System were used.
In addition, numerous scientific papers dedicated to specific disasters that occurred in this area, a large number of spatial



plans, strategies, and newspaper articles from Politika starting in 1927, and a large number of archival documents served
as sources in the inventory's formation.

To construct a composite index of population vulnerability for municipalities and cities that fully or partially belong to
the Sumadija region, data from the 2022 Census of Population, Households and Dwellings (Statistical Office of the
Republic of Serbia, 2024) were used as the most recent available source. The indicators were selected based on their well-
established association with social vulnerability in the relevant scientific literature (Panié¢, 2022). They were grouped into
five thematic domains: Demographic characteristics (the share of population aged 65+ and minors under 18), Education
and human capital (the share of population aged 15+ without formal education or with incomplete primary education in
the total population 15+ and the share of illiterate and computer illiterate population aged 10+ in the total population 10+),
Economic characteristics (the share of unemployed in the total population), Household, housing, and family structure (the
share of single-person households in the total number of households, the share of single-mother families in the total
number of families, and the share of dwellings without basic utilities (water supply, sewage, and electricity) in the total
housing stock), and the Health (the share of persons with disabilities aged 2+ in the total population 2+).

Methods

In the initial phase of creating a GIS system for natural disasters management in the Sumadija Region, the GeoMedia
software was used to connect the digitized territory with the appropriate database. As external databases, MS Excel and
MS Access databases were used. GeoMedia is one of the important tool for creating a GIS due to its ability to directly
integrate and analyze data from different databases and heterogeneous sources without the need for conversion. It enables
the simultaneous execution of complex spatial queries and analyses, with all results automatically updated in real time
whenever the source data changes (Morova, 2014; Souza & Farias, 2011). This software has been used, among other
studies, to analyse and manage water resources data in protected natural area Rebio Unido in Brazil (Souza & Farias,
2011) and to create a digital atlas for twelve Pacific island countries (Lartigou et al., 2021). For further development of
this GIS, it was recently converted from GeoMedia to ArcGIS Pro (version 3.6).For hydrological and climatological
analyses included in the formed GIS, various statistical methods were used, including the Mann-Kendall test and the Sen
method for identifying trend changes in air temperature, precipitation, water levels and flows, thresholds for extreme air
temperature values, Lang and Gracanin's rain factor, De Marton's drought index. In addition, to calculate maximum water
levels and flows, theoretical probability distribution functions commonly employed in stochastic hydrology were used:
Normal, Log-Normal, Gumbel, Pearson III and Log-Pearson III distributions. Testing the agreement between the
empirical and theoretical distribution functions was performed using the 2, Kolmogorov-Smirnov, and Cramér—Mises
tests to select the relevant theoretical distribution function, after which the corresponding confidence intervals were
calculated.

To quantify vulnerability in this study, Principal Component Analysis (PCA) was applied, enabling the reduction of a
larger number of intercorrelated indicators into a smaller set of dimensions while retaining the maximum proportion of
variance (Nardo, 2005). Prior to the analysis, all indicators were standardized using min—max normalization to ensure
comparability. PCA was conducted in Jamovi software, using the Pearson correlation matrix with varimax rotation. The
adequacy of the method was confirmed by the Kaiser—Meyer—Olkin measure (Kaiser, 1958) of 0.841, indicating very
good sampling adequacy, while Bartlett’s Test of Sphericity (Bartlett, 1950) was statistically significant (y* = 621; df =
45;p <0.001), confirming the suitability of the data for PCA. The first component, explaining 67.5% of the total variance,
was retained and used to derive the composite vulnerability index. The index values were subsequently scaled to a 0—1
range (min—max standardization), where higher values indicate higher levels of vulnerability. The index was classified
into four categories (very low, low, high, and very high vulnerability) using the natural breaks (Jenks) method (Jenks,
1967), and spatial visualization was performed in ArcGIS Pro (version 3.6).

RESULTS AND DISCUSSION
Database formation and GIS creation

In the first phase of creating the GIS, after digitizing topographic and thematic maps and determining the mathematical-
geographical position of Sumadija, the length of rivers and the area of river basins, settlements belonging to Sumadija
Region were selected and defined from the Register of Spatial Units of the Republic of Serbia using GeoMedia. After
defining the boundaries of municipalities, this territory was connected to the appropriate database using GeoMedia. MS
EXCEL and MS ACCESS databases were used as external databases. The formed GIS of Sumadija Region contains the
following data:

— locations of seismological centers in Sumadija and the immediate surroundings;
— locations of earthquakes with a magnitude of over 5 MCS whose epicenters were in the territory of Sumadija region,
with data on the epicenter, magnitude, date and time;



— locations of hydrological stations with data on the largest recorded floods — maximum water level or flow, date,
probability of occurrence and return period (Figure 1);
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Figure 1. Hydrological station Drazevac (Kolubara River) in GIS

— locations of meteorological stations with data on average, absolute maximum and absolute minimum air temperatures,
thresholds for extreme air temperatures, De Marton drought index, number of days with frost, thunderstorms and hail,
data on the largest registered storm-hail disasters and droughts;

— locations of precipitation stations with average monthly and average annual precipitation amounts.

In the next phase, data on demographic consequences (number of deaths and injuries) and economic loss (collapsed and
damaged buildings, damaged roads and degraded agricultural land) at the municipal level for registered natural disasters
that occurred in the period 1986-2015 based on data from the Republic Statistical Office of Serbia, the EM-DAT database
and the Disaster Information Management System (Figure 2). Subsequently, the database was updated with data on natural
disasters up to 2025.
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Figure 2. Data on registered natural disasters in the City of Kragujevac

The created GIS database contains the locations of measuring stations with relevant datasets, and information on
registered natural disasters, including descriptions, demographic data (victims and injured), and economic losses. This
GIS database enabled access to geospatial data by type of natural disaster and by municipalities in the Sumadija Region.

Vulnerability to natural disasters

In the next phase, the shapefiles of seismic hazard with return periods of 95, 475, and 975 years, obtained from the
Republic Seismological Institute of Serbia, were imported into the GIS, and then significant flood-prone zones and zones
with varying terrain stability due to landslides were defined. These data were used for further analyses of natural hazards
assessment of the Sumadija Region and contributed to the creation of relevant thematic maps

The integration of physical-geographical parameters showed that the greatest risk of natural disasters is in the eastern and
southeastern parts of the Sumadija Region. High hazard areas are located mainly in the valleys of larger rivers and cover
about 10% of this territory.
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The obtained results regarding the socio-economic vulnerability index point to pronounced spatial differences in the level
of population vulnerability (Figure 4; Table 1). The lowest index values were recorded in the northern part of Sumadija,
more precisely in the central municipalities of Belgrade, with Vracar (0.00) standing out, followed by Zvezdara (0.02),
Stari Grad (0.03), Savski venac (0.05), and Palilula (0.08). These municipalities are characterized by a more favorable
socio-economic structure of the population and better infrastructural conditions (Matovi¢ & Lovi¢ Obradovi¢, 2022), and
they also demonstrated low levels of vulnerability during the COVID-19 pandemic (Lovi¢ Obradovi¢ et al., 2022). In
contrast, the highest index values were observed in the municipality of Vozdovac and in the peripheral municipalities of
the City of Belgrade. Higher index values are also present in certain municipalities and cities in central and western parts
of Sumadija, such as Kragujevac (0.83), Cacak (0.82), and Gornji Milanovac (0.79). A clear spatial clustering of
municipalities with similar index values can be observed, indicating the presence of regional patterns of vulnerability and
confirming the importance of the spatial dimension of social inequality. This spatial imbalance may represent a significant

Figure 3. Natural hazards map of the Sumadija Region

barrier to balanced regional development, as emphasized by Miljanovi¢ et al. (2010).
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Figure 4. Composite index of socio-economic vulnerability of the population in municipalities and cities belonging to
Sumadija; Table 1. Component loadings of the PCA.

Beyond map and index values, the PCA output, i.e., component loadings, suggests that the composite vulnerability index
is predominantly shaped by a combination of educational, health, and housing-related factors. The highest positive
loadings are associated with variables reflecting low levels of education. This finding is consistent with evidence from
Eghdami et al. (2023), who state that educational disadvantage often coincides with heightened vulnerability and exposure
to flood risks. Besides, indicators disability, poor housing conditions, illiteracy, unemployment, and computer illiteracy,
play a central role in defining the overall dimension of vulnerability. Demographic factors, such as the share of the elderly
population and minors, also contribute to the index, but to a lesser extent, thus having a complementary role in shaping
the spatial patterns of vulnerability. Variables with negative loadings, such as the shares of single-mother families and
single-person households, are inversely associated with the vulnerability dimension, indicating that higher values of these
indicators correspond to lower overall vulnerability as captured by this component. However, this result diverges from
the conclusions of Lanza-Leon & Cantarero-Prieto, who emphasize that lone-parent households, particularly those headed
by mothers, represent one of the most socially and economically vulnerable population groups.

CONCLUSION

The application of GIS in the study of natural disasters enables easier and more efficient spatial analysis, modeling of
phenomena and processes, and prediction of future events. This is especially important when investigating processes that
degrade the environment and endanger people and material assets. Unlike numerous studies in which GIS is applied with
a focus on specific aspects, one type of hazard or one methodology, the created GIS provides a comprehensive approach
combining several key elements: a complete inventory of natural disasters, integration of damage data, inclusion of
geological, geomorphological, climatological and hydrological data and analysis. Based on this, the formed GIS enables
systematic monitoring and analysis of different types of natural disasters and multihazard risk assessment. Additionally,
the statistical analyzes included in GIS provide a good basis for further scientific research and the generation of complex
hazard maps that take into account various factors. Apart from this, the formed GiS also has practical value for developing
strategies for disaster risk reduction, resource allocation, defence planning and strengthening society's resistance to natural
disasters.
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