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Abstract

This study maps and analyzes the spatiotemporal flood hazard dynamics
in the 216 km? Kelarud watershed, Babol (northern Iran). With an
elevation range of 45-2272 m and a 19.46% average slope, this basin is
highly flood-prone. A hybrid approach combining Shannon Entropy (SE),
Evidential Belief Function (EBF), and Markov Chain (MC) models was
applied. Nine conditioning factors—elevation, slope, aspect, drainage
density, distance from rivers and roads, land use, soil, and TWI—were
analyzed in GIS.SE results identified elevation (0.1983), aspect (0.1517),
and slope (0.1423) as the most influential factors. EBF (AUC=0.83,
RMSE=0.219) outperformed SE (AUC=0.71, RMSE=0.293), while the
Markov model (AUC=0.79) showed stable temporal forecasting from
2013 to 2030. Findings indicate that 26.4% of the basin, primarily central
and southern sectors including Shiyadeh, Anjilak, and Lamsukola, falls
within high to very high hazard classes. The integrated EBF—Markov—SE
framework effectively addresses spatial uncertainty and temporal
dynamics, providing a robust tool for flood risk management, watershed
planning, and sustainable development in northern Iran.
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1. Introduction

Floods are among the most destructive natural hazards, significantly affecting human settlements,
agricultural lands, infrastructure, and ecosystems. In recent decades, rapid land-use changes,
deforestation, and intensified rainfall events associated with climate variability have increased flood
hazards across northern Iran. Mazandaran Province, located within the humid Caspian Basin and
characterized by steep slopes and dense drainage networks, is particularly vulnerable to flash floods.
Within this region, the Kelarud watershed—covering an area of approximately 216 km? with elevations
ranging from 45 to 2272 m—exhibits pronounced topographic variability that intensifies flood
occurrence. To identify flood-prone areas, data-driven and statistical models integrated with
Geographic Information Systems (GIS) have been widely applied. Among these, the Shannon Entropy
(SE) model evaluates the informational importance of each flood-conditioning factor based on
probability distributions, whereas the Evidential Belief Function (EBF) model applies Dempster—Shafer
theory to incorporate uncertainty and multiple sources of evidence. However, these static models do not
capture the temporal evolution of flood risk. To address this limitation, the Markov Chain model was
employed to evaluate changes in hazard dynamics between 2013 and 2030. Accordingly, this study
develops a hybrid spatial-temporal framework that integrates SE, EBF, and Markov Chain models,
providing a robust methodology for flood hazard assessment in complex humid basins such as the
Kelarud watershed.

Data and Methodological Framework

Nine flood-conditioning factors were selected based on their hydrological and geomorphological
relevance: elevation, slope, aspect, drainage density, distance from rivers, distance from roads, land use,
soil type, and the Topographic Wetness Index (TWI).Spatial datasets were derived from SRTM DEM
(30 m), Sentinel-2 imagery (2024), 1:25,000 topographic maps, and field-based hydrological surveys
using GIS 10.8.Shannon Entropy (SE):The normalized probability of flood occurrence in each class
(Pij=Nij/Nj) was used to compute entropy (Hj=-k>PijlnPij) and the informational weights
(Wj=1-Hj). Evidential Belief Function (EBF): Using conditional probability functions, belief (Bel),
disbelief (Dis), and uncertainty (Unc) values were calculated for each class. Final weights were obtained
through log-likelihood normalization. Marcos Chain Model: Temporal transition matrices of flood
hazard classes between 2013 and 2030 were generated using Terr Set 2020 to estimate class transition
probabilities and future spatial distributions. Validation: Model performance was evaluated using the
Receiver Operating Characteristic (ROC) curve, the Area Under the Curve (AUC) index, and Root
Mean Square Error (RMSE), calculated in SPSS and Excel.

2. Materials and Methods
Study Area

The Kelarud watershed is located in Babol County, Mazandaran Province, northern Iran (36°08'—
36°24' N; 52°27'-52°37" E). The basin drains northward into the Babolrud River after passing through
the Hyrcanian forests. The soils are moderately to heavily textured (clay—loam), generally acidic to
neutral, and are classified mainly as Inceptisols with moderate permeability. The mean basin slope is
approximately 19.46%, and the climatic regime is humid temperate, with annual precipitation
exceeding 1000 mm.
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2.2 Data and Methodological Framework

Nine flood-conditioning factors were selected based on their hydrological and geomorphological
relevance: elevation, slope, aspect, drainage density, distance from rivers, distance from roads, land
use, soil type, and the Topographic Wetness Index (TWI).Spatial datasets were derived from SRTM
DEM (30 m), Sentinel-2 imagery (2024), 1:25,000 topographic maps, and field-based hydrological
surveys using GIS 10.8.Shannon Entropy (SE):The normalized probability of flood occurrence in
each class (Pij=Nij/Nj) was used to compute entropy (Hj=—k) PijInPij) and the informational
weights (Wj=1—Hj). Evidential Belief Function (EBF): Using conditional probability functions,
belief (Bel), disbelief (Dis), and uncertainty (Unc) values were calculated for each class. Final weights
were obtained through log-likelihood normalization. Marcos Chain Model: Temporal transition
matrices of flood hazard classes between 2013 and 2030 were generated using Terr Set 2020 to
estimate class transition probabilities and future spatial distributions. Validation: Model performance
was evaluated using the Receiver Operating Characteristic (ROC) curve, the Area Under the Curve
(AUC) index, and Root Mean Square Error (RMSE), calculated in SPSS and Excel.

3. Results
3.1 Shannon Entropy

The weights of flood-related factors ranged from 0.073 (drainage density) to 0.198 (elevation). The
three dominant parameters were elevation (0.1983), aspect (0.1517), and slope (0.1423), highlighting
the strong influence of topography on runoff concentration.

3.2 Evidential Belief Function (EBF)

The EBF results indicated that elevation classes between 700 and 1400 m and slopes ranging from 25°
to 45° exhibited the highest flood hazard probabilities. The combined weight of topographic factors
(~0.48) exceeded that of all other variables. Classification results showed that 26.4% of the basin area
(approximately 5,585 ha) falls within high and very high hazard zones, primarily in the middle to
southern sub-basins encompassing the villages of Shiadeh, Anjilak, and Lamsukola. Validation results
demonstrated that the EBF model (AUC=0.83; RMSE=0.219) outperformed the SE model
(AUC=0.71; RMSE =0.293).

3.3 Markov Chain Analysis

The Markov transition matrix indicated an increasing trend in high-hazard areas by approximately 8.7%
between 2013 and 2030, mainly driven by the expansion of agricultural and residential areas at mid-
elevations. The highest weighting values were associated with slope (0.159) and elevation (0.157),
confirming their dominant predictive role. The model achieved an AUC value of 0.79, demonstrating
robust temporal predictive performance.

4. Discussion and Conclusion

The integrated Markov—Shannon—EBF hybrid model provides a comprehensive understanding of flood
hazard dynamics. Comparative analysis indicates that while Shannon Entropy effectively quantifies the
informational importance of individual conditioning factors, the EBF model substantially improves
prediction accuracy by incorporating uncertainty. The Markov Chain model further captures temporal
transitions, enabling the framework to forecast future flood risk evolution. The integration of these
models bridges the gap between spatial precision and temporal adaptability. The dominance of
elevation, slope, and aspect highlights the geomorphological control of flooding in mountainous humid
basins. Secondary factors such as land use and soil texture contribute indirectly by influencing
infiltration capacity and runoff generation. Overall, the hybrid approach (combined AUC ~0.85)
improves predictive reliability by more than 20% compared with individual models. The resulting flood
hazard map can therefore serve as a scientific guideline for watershed management, infrastructure
planning, and flood mitigation strategies in Mazandaran Province. Future studies should incorporate
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remote sensing time-series analysis and machine learning approaches (e.g., Artificial Neural Networks
or Random Forest) to further enhance temporal adaptability and sensitivity to climate chang.
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